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PREFACE 
 
The THERMINIC Workshop is an annual event that makes it possible for researchers from around the world to discuss 
essential and emerging thermal questions and best practices in the field of microelectronics. These questions are becoming ever 
more critical with the increasing element density of circuits and with the continual move toward nanotechnology. Dealing 
effectively with these trends calls for an array of thermal simulation, measurement, and management approaches. Thermal 
management is expected to become an increasingly dominating cost factor at all levels. The growing power dissipation and 
mobility of packaged microsystems raise new thermal challenges in the near horizon, making regular discussions among experts 
in these fields highly desirable. Finally, there is an increasing need for accurate assessment of the boundary conditions used in the 
analysis of electronic parts, which requires a concurrent solution of the thermal behaviour of a whole system. 
 
Previous THERMINIC Workshops have been held in Grenoble (1995), Budapest (1996), Cannes (1997 and 1998), Rome (1999), 
Budapest (2000), Paris (2001), Madrid (2002), Aix-en-Provence (2003), Sophia Antipolis (2004), Belgirate (2005), Nice (2006), 
Budapest (2007), Rome (2008), Leuven (2009), Barcelona (2010), and Paris (2011).  
 
This year, Workshop participants will address the “traditional” thermal management problems as well as thermal-stress-related-
reliability issues, emerging novel materials, and advanced modelling and metrology systems, in both the micro- and opto-
electronics fields. These issues, including various nanotechnology applications, are of significant importance and of high interest 
to the engineering community engaged in the field of thermal phenomena in “high-tech” systems. 
 
The programme includes plenary invited talks by Prof. Ephraim Suhir on thermal stress failures in electronics and photonics 
systems, by Prof. Erik Janzén on silicon carbide as the power device for the future, and by Prof. Ali Shakouri on nanoscale 
electrothermal energy conversion devices. The programme also includes special sessions on: Dynamic thermometry, Smart 
power, Thermal stress, and the Therminator project. In total, the schedule comprises 38 oral presentations in 10 sessions, 8 poster 
presentations, and a vendor session. 
 
We would like to extend our sincere appreciation to the authors for their valuable contributions to the Workshop. We are also 
grateful to the members of the Programme Committee who have given of their time and expertise to review and help select the 
papers contained herein. We hope that you will find the contents of these Proceedings beneficial to your own work. 
 
 
 

Márta Rencz  
General Chair 

   Bernard Courtois 
Vice General Chair
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Programme Chair 
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Programme Vice Chair: 
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Thermal Stress Modeling in Electronics and Photonics: Brief Review 

Ephraim Suhir 
University of California 

1156 High Street, Santa Cruz, CA  95064 USA 
Tel. 650-969-1530,  fax. 850-968-4611, suhire@aol.com 

 
 

Abstract-Major findings in the field of modeling of thermal 
stress in electronic and photonic systems are briefly discussed, with 
an emphasis on analytical modeling. The addressed areas include  
the role and significance of thermal stress modeling;  bi-metal 
thermostats and bi-material assemblies models,  employed in 
electronics and photonics engineering, and particularly die-
substrate assemblies; attributes of and challenges in analytical and 
finite-element modeling;  thermal stress in solder material and 
joints;  global and local thermal expansion mismatch;  assemblies 
bonded at the ends and assemblies with low modulus adhesive at 
the ends;  design recommendations based on modeling;  thermal 
stress in thin films fabricated on thick substrates; plastic packages 
of IC devices subjected to thermal loading;  thermal stress induced 
bow and bow-free assemblies;   application of the probabilistic 
approach;  thermal stress in coated optical fibers; and thermal stress 
in some nano-systems.  It is concluded that predictive modeling, 
both analytical and numerical (finite element) should be widely 
used in the stress-strain analyses and physical design-for-reliability 
of electronic and photonic systems subjected to thermal loading. 

 
I. THERMAL LOADI�G A�D THERMAL STRESS FAILURES 

Thermal loading is the main cause of the finite lifetime of 
electronic and photonic systems. These systems are 
comprised of dissimilar materials (Fig.1) and are subjected to 
the change in temperature and temperature gradients [1-5]. 
Typical thermal stress failures are ductile rupture, brittle 
fracture, thermal fatigue, creep, delaminations, excessive 
deformations and displacements, stress relaxation (that might 
lead to excessive displacements in optical systems and affect 
the coupling efficiency), thermal shock, stress corrosion. 
Elevated thermal stresses and strains can lead also to 
functional (electrical, optical, heat transfer) failures.  If the 
heat, produced by the chip, cannot readily escape, the thermal 
stress can result in failure of the p-n junction [6]. Low 
temperature micro-bending (buckling of the glass fiber within 
the low modulus primary coating) in dual-coated optical 
fibers, although might be insignificant enough to lead to 
appreciable bending stresses and delayed fracture (“static 
fatigue”) in the silica material, can result in significant added 
transmission losses. Complete failure (loss) in optical 
coupling efficiency can occur, because of the thermally 
induced displacement in the lateral (often less than 0.2 
micrometers) or angular (often less than a split of one percent 
of a degree) misalignment in the gap between two light-
guides or between a light source and a light-guide. The 
requirements for the mechanical (“physical”) behavior of the 
materials and structures in optoelectronics and photonics are  
 
 
 

 
 
often based on their functional (optical) performance. The 
requirements for the structural (“physical”) robustness might 
be less stringent.  

II. THERMAL STRESS MODELI�G 
Thermal failures in electronic and photonic materials, 
components, devices and equipment can be predicted and 
prevented only if adequate modeling is consistently used in 
addition, and, desirably, prior, to experimental investigations 
and reliability testing [7, 8]. Accelerated life testing (ALT) 
[9-11], the major experimental approach in electronics and 
photonics engineering, cannot do without simple and 
meaningful predictive modeling. Pioneering work in 
modeling of thermal stress in bodies comprised of dissimilar 
materials was conducted by Timoshenko [12], based on the 
strength-of-material (structural analysis) approach, and by 
Aleck [13] who applied theory-of-elasticity technique. Both 
approaches were later extended and advanced by numerous 
investigators in application to systems employed in various 
fields of engineering, including the areas of electronics and 
photonics. It is noteworthy that Timoshenko published his 
classical paper in the Journal of the Optical Society of 
America. The state-of-the-art in the mathematical theory of 
thermal stresses regardless of a particular application can be 
found in the classical monograph by Boley and Weiner [14], 
and in the recently published books by Noda, Hetnarski and 
Tanigawa [15], and Lanin and Fedik [16]. The current state 
of knowledge in the field of thermal stress in electronic 
equipment, including modeling, has been addressed by Lau 
[1]  and by Suhir [17]. 
 

Typical Microelectronic Chip Package StructureTypical Microelectronic Chip Package Structure

Heat Sink
Thermal Interface material (TIM)TIM

Thermal Interface 
material

Fig.1. Typical electronic package design 
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III. BI-METAL THERMOSTATS A�D OTHER 
BI-MATERIAL ASSEMBLIES 

Timoshenko addressed the thermal stress problem in 
application to bi-metal thermostats [12].  Many years later 
Timoshenko’s model proved extremely useful for many 
applications in electronics and photonics and is referenced in 
numerous publications. There are nonetheless several 
essential differences between Timoshenko’s bi-metal 
thermostat and assemblies employed in electronic and 
photonic engineering. First of all, it is imperative that a 
thermostat structure exhibits high flexural compliance, i.e., is 
prone to significant bending deformations caused by even 
small “external” thermal strains. Second of all, the thermostat 
materials are quite different of the materials employed in 
typical electronic and photonic structures, and so is their 
propensity to failure. Metals are among the best structural 
materials, while silicon and especially compound 
semiconductors (GaAs, InP, GaN, etc.) are among the worst. 
The most important difference between a bi-metal thermostat 
and an electronic or a photonic assembly has to do with the 
mechanical behavior of these structural elements and their 
response to thermal loading. Bi-metal thermostat experiences 
significant bow because of the deliberately introduced and 
significant CTE mismatch of the strip materials. Therefore 
the thermal stress related response of primary concern is the 
normal (bending) stresses in the cross-sections of the 
thermostat strips.  The main concern in electronics and 
photonics assemblies is usually the interfacial shearing and 
peeling stresses that could lead to delaminations and cracks 
in the vulnerable assembly components. These stresses were 
not addressed by Timoshenko who considered an infinitely 
long assembly. The problem of thermal stresses in assemblies 
of finite length, including the interfacial stresses, was 
addressed only in the late 1970s-early 1980s, primarily in 
connection with the needs of the electronic industry [14-48].  
Zeyfang [18], Grimado [19] and many others applied 
strength-of-materials approach. Kuo [23], Eischen et al [24], 
and others used the theory-of-elasticity treatment of the 
problem.  Solutions based on the application of the structural 
analysis approach enable one to determine, often with 
sufficient accuracy and always with extraordinary simplicity, 
the thermal stresses acting in bi-material assemblies. The 
application of the structural analysis approach resulted in 
simple closed form solutions and easy-to-use formulas (see, 
e.g., [20-22]).   
Die-substrate assemblies occupy a special place among bi-
material assemblies in electronics and photonics, partially 
because one of the assembly components in this case is a 
low-expansion and a brittle semiconductor material. One of 
the first models [20,21] addressed adherend (die or substrate) 
failure, as well as the adhesive and cohesive failure of the 
bonding material.  The obtained data, based on the concept of 
interfacial compliance, indicated that the elastic thermal 
stresses in small-size assemblies (e.g., those with chips, not 
exceeding, say, 5-7mm in size), increase with an increase in 
the assembly size and with the decrease in the compliance of 
the attachment layer. Timoshenko’s model can be obtained as 
a special case of the finite-assembly-size theory, when the 
assembly is long and/or when the interfacial compliance is 

zero.  The product, kl , of the parameter k of the interfacial 
shearing stress and half-the-assembly-size l can be used as a 
suitable criterion of the effect of the assembly size and the 
interfacial compliance on the thermal stress level (Fig.2). 
When the product kl  is below 3.0-4.0, the assembly can be 
viewed as a small-size assembly, and the change in this 
product has a significant effect on the stress.  In the region 

0.40.3 −≤kl  the stresses of all the categories decrease 
with a decrease in the assembly size and an increase in the 
interfacial compliance. In the region 0.40.3 −≥kl  the 
assembly size does not affect the already high stresses. The 
models [20-22] were applied to many problems in 
electronics, photonics and beyond by numerous investigators.  
Luryi and Suhir [27] suggested a new approach to the high 
quality (dislocation free) epitaxial growth of lattice-
mismatched materials in heteroepitaxial semiconductor 
crystal grown structures. The work [27] triggered a 
substantial experimental effort and numerous publications. 
Suhir and Sullivan [28] have developed an axisymmetric 
version of the [20-22] model for the experimental evaluation 
of the adhesive strength of molding compounds used in 
plastic packaging of IC devices.  Cifuentes [29] considered 
the situation when the bonding material at the assembly ends 
exhibits elasto-plastic behavior.  Fan et al [30] used the 
concept of free-edge energy to predict delaminations in a bi-
material system. Wen and Basaran [31] expanded the model 
[20] to multi-material assemblies.  Klein [32] applied 
“Suhir's analytical method for assessment of interfacial 
stresses in multilayered structures” and developed “relevant 
formulas to the mitigation of the impact of thermoelastic 
stresses in diamond coated ZnS windows”. Sujan et al [33] 
applied “the existing uniform temperature model proposed by 
Suhir… to account for different temperatures of the layers by 
incorporating a temperature ratio parameter” and come up 
with “a correction factor to Suhir's model”. Hall et al. [34] 
were the first to apply the model [20] to tri-material 
assemblies.  An analytical model for a tri-material assembly, 
in which all the materials are treated as “equal partners” of 
the assembly was developed in [35].  
 

Fig.2. Effect of the assembly size and interfacial stiffness on the 
induced thermal stresses 
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IV. A�ALYTICAL A�D FI�ITE-ELEME�T MODELI�G 
Finite-element analysis (FEA) has become, since the 
mid-1950s, the major resource for computational modeling 
in engineering, including the area of electronics and 
photonics (see, e.g., the pioneering work by Glaser [36]).  
Broad application of FEA computer programs has, however, 
by no means made analytical solutions unnecessary or even 
less important, whether exact, approximate, or asymptotic. 
Simple analytical relationships have invaluable advantages, 
because of the clarity and compactness of the obtained 
information and clear indication on the role of various 
factors affecting the behavior of the given structure.  It is 
noteworthy that FEA was originally developed for structures 
with complicated geometry and/or with complicated 
boundary conditions, when it might be difficult to apply 
analytical approaches. Consequently, FEA was originally 
used in areas of engineering where structures of complex 
configuration are typical: aerospace, marine and offshore 
structures, some complicated civil engineering structures, 
etc. In contrast, a relatively simple geometry and simple 
configurations usually characterize electronic and photonic 
assemblies and structures. Such structures can be easily 
idealized as beams, flexible rods, circular or rectangular 
plates, or composites of simple geometry lending themselves 
to effective analytical modeling. 

 
V. SOLDER  JOI�TS  

Numerous experimental and FEA-based studies have been 
conducted for the evaluation of thermal stresses in, and 
prediction of the lifetime of, solders joint interconnections in 
assemblies subjected to temperature excursions (see, e.g., 
[32-42]). The majority of the today’s studies address the 
predicted thermal fatigue life of ball-grid-array (BGA) 
interconnections [37-39] experiencing inelastic strains. The 
emphasis is on lead-free solder materials (“green 
electronics”). In BGA structures the thermally induced 
stresses and strains are caused by the mismatch of the chip 
package and the printed circuit board (PCB). The suggested 
models predict  the solder material fatigue, caused by the 
accumulated cyclic inelastic strain. The state-of-the-art in the 
prediction of the lead-free solder interconnect reliability can 
be found in the recent book by Shangguan [39]. One effective 
way to reduce the thermal stress in solder joints is by 
employing a flex circuit [40-42]. Juskey and Carson [42] 
suggested that flex circuits be used as carriers for the direct 
chip attachment (DCA) technology.  
Solder materials and joints are as important in photonics, as 
they are in electronics. There are, however, some specific 
requirements for the photonics solder materials and joints: 
ability to achieve high alignment, requirement for a low 
creep, etc. [43-44]. “Hard” (high modulus) solders (such as 
gold-tin eutectics) have better creep characteristics than 
“soft” (such as silver-tin) solders. “Hard” solders can result, 
however, in significantly higher thermal stresses than “soft” 
solders. For this reason their ability to withstand creep might 
be not as good as expected, not to mention the short-term 
reliability of the material, when time dependent responses 
have not manifested yet.   
Solders are often used in electronic and photonics assemblies 

as continuous attachment layers. In general, as long as all the 
materials are considered elastic, the models developed for 
adhesively bonded joints can be applied to soldered 
assemblies as well. However, elevated stresses at the ends of 
soldered assemblies often lead to plastic deformations of the 
material. The problem has become particularly important in 
connection of using Indium and other low-yield-stress 
materials as bonding material of choice to bond quantum 
wells in GaAs lasers to metal substrates (sub-mounts).  There 
is an obvious incentive to assess the size of the plastic zone 
and, to an extent possible, minimize it. This could be done 
based on the model [44] that considers and ideally-elastic 
solder below the yield point and an ideally plastic one above 
this point.. Clearly, the actual elasto-plastic stress condition is 
between the two extreme situations addressed by the elastic 
model [20] and the [44] model. The gap turned out to be 
quite narrow. 

 

 
Fig.3. Bell Labs Advanced Si-on-Si VLSI package design 

 
VI. GLOBAL A�D LOCAL THERMAL MISMATCH  

When the bonding layer is inhomogeneous (as is in solder 
bump systems, such as, e.g., the one in Fig.3), or when the 
components are just partially bonded or soldered to each 
other, both global and local mismatch loading takes place 
[45-50]. Local thermal expansion (contraction) mismatch 
loading is due to the mismatch of  the dissimilar materials 
within the bonded or soldered region, while the global 
mismatch loading is caused by the mismatch of the assembly 
components (adherends) in the unbonded region. The 
interaction of the global and local thermal mismatch stresses 
can be summarized based on the developed models as 
follows: 
• Interfacial shearing stresses caused by the local 
mismatch are antisymmetric with respect to the mid-cross-
section of the bonded area. i.e., are equal in magnitude and 
opposite in directions (signs).  
• Local shearing stresses concentrate at the ends of the 
bonded area and, for sufficiently long bonded joints and/or 
joints with stiff interfaces (thin and high-modulus adhesive 
layer) are next-to-zero in the mid-portion of the bonded area.  
• For short-and/or-compliant bonded areas, the local 
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shearing stresses are more or less linearly distributed over the 
length of the area, and their maxima at the assembly ends can 
be significantly lower than the stresses in long-and/or-stiff 
assemblies. 
• Shearing stresses caused by the global mismatch act in 
the same direction over the entire length of the bonded joint. 
This direction is such, that in the inner portions of the joints 
(i.e., in the portions located closer to the mid-cross-section of 
the unbonded region, which is also the mid-cross-section of 
the assembly as a whole), the total interfacial stress should be 
computed as the difference between the local and the global 
stress. In other words, the interaction of the local and the 
global stresses at the inner portion of the joint is always 
favorable, as far as the induced stresses are concerned, i.e.,   
leads to lower total stresses. In the outer portions of the 
bonded areas, however, the total stress should be computed 
as the sum of the local and the global stress.  
• In the case of small size joints and/or joints with 
compliant interfaces, the total stress at the outer end of the 
joint can be considerably larger than each of the stress 
categories taken separately. Since both the local and the 
global stresses in short-and/or-compliant joints can be very 
low compared to the stresses in long-and/or-stiff assemblies, 
the total stress can be low as well, despite the fact that, for 
the outer (peripheral) portions of the joints, this stress is 
obtained as a sum of the local and the global stresses. It is 
noteworthy, however, that enough “real estate” might be 
necessary to provide good adhesion, and therefore small size 
joints with compliant interfaces might not be advisable 
despite the possible significant stress relief.  
• In the case of long-and/or-stiff joints, the global 
stresses concentrate at the inner edges of the joints and 
rapidly decrease with an increase in the distance of the given 
cross-section from these edges. In such a situation, as has 
been indicated above, the interaction of the local and global 
stresses is always favorable: at the inner edge of the 
assembly, this interaction results in the total stress, obtained 
as a difference between the local and the global stress, while 
local stress only exist at the outer edge of the assembly.  
• For sufficiently long-and/or-stiff bonded joints, the 
magnitude of the global stress at the inner end is equal to the 
magnitude of the maximum local stress, so that the total 
shearing stress is simply zero. In other words, the state of 
stress is the same for the joint with a continuous bonding 
layer and for an assembly adhesively bonded at the ends, 
provided that in the latter case the joint is long enough. 
 The interaction of the local and the global stresses, with 
consideration of the effect of the coefficient of thermal 
expansion (contraction) of the epoxy material itself, was 
addressed in [51] in application to a glass fiber interconnect 
whose ends are epoxy bonded into capillaries. The necessity 
of taking into account the CTE of the adhesive material was 
due to the fact that the cross-sectional area of the adhesive 
ring was considerably larger than the cross-sectional area of 
the glass fiber. For this reason the longitudinal axial 
compliance of the low modulus adhesive ring was 
comparable with the compliance of the fiber itself and could 
not be neglected.   
Interfacial stresses that concentrate at the assembly ends can 

be reduced by using a low modulus bonding material. There 
is no need to employ a low modulus material throughout the 
interface: it is sufficient to use it only at the assembly ends 
[45-47] and/or, if possible, by slanting the edges of the 
assembly components [46]. The stresses at the ends of 
polymer coated optical fibers can be reduced by using a low 
modulus coating at the fiber ends [40]. The mechanical 
behavior of assemblies with a low modulus adhesive layer at 
the ends is, in a sense, opposite to the situation that takes 
place in an assembly adhesively bonded at the ends: in an 
assembly with a low modulus bond (coating) at the end, it is 
the midportion of the assembly that is characterized by an 
elevated Young’s modulus of the adhesive (coating), while in 
the case of an assembly bonded at the ends,  its mid-portion 
is characterized by a “low” (actually, zero) Young’s modulus 
of the “attachment”. 

 
VII. DESIG� RECOMME�DATIO�S 

Based on the modeling of thermal stresses in typical 
adhesively bonded or soldered assemblies the following 
general recommendations  can be  provided:  
• equalize the in-plane and bending stiffness of the 
adherends, and use identical adherends, if possible;  
• use  as high an adherend in-plane stiffness as possible;  
• use low modulus and thick bonds, having in mind, 
however, that if an adhesive layer is thick enough (say, 2-
3mils or so in a typical adhesively bonded or soldered joint), 
the further increase in its thickness does not lead to an 
appreciable reduction in the interfacial stresses;   
• as an alternative to using a low modulus adhesive 
throughout the joint, use such an adhesive, for lower 
interfacial stresses, only at the ends of the joint, i.e. in the 
region of high interfacial stresses, while a higher modulus 
adhesive could used, for better adhesion and better heat 
transfer, in the mid-portion of the assembly;  
• vary, if possible, the adherend thickness along the 
assembly in a proper way and/or slant the adherends edges, if 
possible, for a thicker adhesive layer at the assembly ends; 
•  keep the stresses within the elastic range, if possible; 
with this in mind, lead-free solder joint interconnections, 
although experience higher stresses and require higher 
soldering temperatures, might exhibit longer fatigue life that 
tin-lead solders; “hard” lead-free solders might affect, 
however, the PCB; 
• minimize peeling (in the case of multi-material and 
thin film structures) and axial (in the case of solder joints) 
stresses and strains: it is these stresses and strains that are 
primarily responsible for the short fatigue lifetime of the 
bond;  
• consider using, in soldered assemblies, solders with 
the adequate yield-stress, for lower peeling stresses in the 
assembly and satisfactory fatigue life of the solder material 
itself. 

 
VIII. THERMALLY MATCHED ASSEMBLIES 

There is an obvious incentive to employ thermally matched 
materials in electronic and photonic assemblies [52-56].  
Such an assembly was employed particularly in the Bell Labs 
Si-on-Si flip-chip (FC) design (Fig.3) [51], in a ceramic 
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Cerdip/Cerquad package [52], and in the advanced low-cost 
holographic memory storage assembly [53-56], where a 
highly compliant (thick and low modulus) adhesive of the 
silicone gel type was used.   An actual solder joint in a flip-
chip design was substituted in the model [51] by a short 
(”finite”) circular cylinder subjected to the axisymmetric 
shear loading applied to its plane ends. The analytical 
predictions were in good agreement with FEA data.  It has 
been demonstrated particularly that although the “external” 
thermal loading was due to the shearing deformations of the 
end planes, the maximum stresses and strains were the 
normal stresses acting in the axial direction.  
The physical design of the improved structural design of a 
ceramic package [52] was based on the requirement that the 
probability that the normal stress in the cross-sections of the 
seal glass is always negative (i.e., the glass material is always 
in compression) is high and that this compression is low 
enough, so that the interfacial stresses at the glass/ceramic 
interface do not exceed an allowable level.  It was concluded 
particularly that in order to successfully apply a probabilistic 
approach (see, e.g., [56]) in the designs of the type in 
question, customers (like, e.g., Bell Labs) should require that 
vendors provide information concerning not only the nominal 
(mean)  CTE values, but also the CTE standard deviations. 
An inhomogeneous adhesive layer was addressed in [54, 55] 
in application to holographic memory assemblies. The 
developed models can be used to evaluate and minimize 
stresses, to determine the width of the peripheral ring, in 
which the boundaries between the dissimilar segments of the 
inhomogeneous bond are non-planar (and because of that 
cannot be used for a satisfactory optical behavior of the 
holographic bond), to select the most appropriate materials 
and grating writing techniques, etc. 

 
IX. THI� FILMS  

Typical thermal stress failures in thin films fabricated on 
thick substrates are interfacial delaminations (including 
delamination buckling), film cracking and blistering. It has 
been found particularly [57-59] that the thermal stress in the 
given film layer of a multilayer film structure is due to the 
thermal expansion mismatch of this layer with the substrate, 
and not with the adjacent film layers;  that the edge stresses 
in the film are affected by the edge configuration (circular 
assemblies are somewhat “stiffer” than the rectangular ones, 
i.e., result in higher stresses that concentrate at a more narrow 
peripheral portion ( ring) of the assembly); and that the stress 
in a thin film, which experiences bending deformations,  is 
not affected by the assembly bow, while the assembly bow 
and the stresses in the substrate are strongly affected by the 
stresses in the film.  
The effect of the lattice mismatch of semiconductor materials 
during crystal growth of thin Germanium (Ge) films on a 
thick Silicon (Si) substrate was addressed, along with the 
effect of thermal mismatch, by Luryi and Suhir [27].  It has 
been shown that by using a “tower-like” surface of the 
properly engineered substrate (such a surface can be achieved 
by high-resolution lithography, by employment of porous 
silicon, etc) one can indeed grow dislocation free 
semiconductor films of any thickness.  

X. PLASTIC PACKAGES 
Polymeric materials are widely used in electronic and 
photonic engineering. They are inexpensive and lend 
themselves easily to processing and mass production 
technologies.  The reliability of these materials, however, is 
often insufficient for particular applications. Let us indicate 
just several models of thermal stress in polymeric materials 
and plastic packages of IC devices.   
Although recent improvements in the mechanical properties 
of molding compounds, plastic package designs, and 
manufacturing technologies have resulted in substantial 
increase in the reliability of plastic packages, there still exists 
one major industry-wide concern associated with these 
packages – their moisture-induced failures (“popcorn” 
cracking). Such failures typically occur during surface 
mounting the packages onto PCBs using high temperature 
(220˚C-280˚C) reflow soldering.  “Popcorn” cracking is 
usually attributed to the elevated pressure of the water vapor, 
generated due to a sudden evaporation of the absorbed 
moisture, however thermal stresses also play an important 
role, both directly, due to their interaction with the 
“mechanical” vapor-pressure-induced stresses in the 
underchip portion of the molding compound, and indirectly, 
by triggering the initiation and facilitating the propagation of 
the interfacial delaminations.   It has been suggested [60] that 
constitutive equations, obtained as a generalization of von-
Karman’s equations for large deflections of plates, be used as 
a suitable analytical stress model for the prediction and 
prevention of structural failures in moisture-sensitive plastic 
packages. Such a generalization accounts for the combined 
action of the lateral pressure, caused by the generated water 
vapor, and the thermally induced loading. The developed 
model can be used for the selection of the low stress molding 
compounds, for comparing different package design from the 
standpoint of their propensity to “popcorn”-cracking, in the 
development of “figures-of-merit” that would enable one to 
separate packages that need to be “baked” and “bagged” from 
those that do not.  It has been shown, in particular, that, from 
the standpoint of structural analysis, the distinction between 
“thick” and “thin” packages should be attributed primarily to 
the level of the in-plane (“membrane”) normal stresses in the 
underchip portion of the compound: in “thick” packages this 
portion exhibits bending only, while in “thin” packages it is 
subjected to both bending and in-plane loading. The obtained 
data have indicated that the geometric characteristics of the 
package (the underchip layer thickness, chip and paddle size, 
etc.) have a strong effect on the package propensity to failure.  

 
XI. THERMAL STRESS I�DUCED BOW  

A�D BOW-FREE ASSEMBLIES 
Significant thermal stress induced bow can prevent further 
processing of the BGA packages or of thin (TSOP) plastic 
packages of IC devices, can lead to cracking of ceramic 
substrates in thin over-molded packages, or can have another 
adverse effect on the design and processing of plastic 
packages of IC devices.  Ceramic substrate cracking has been 
observed in overmolded packages of IC devices [61, 62].  It 
has been shown that employment of additional (surrogate) 
layers can dramatically improve the situation. Two major 
approaches had been considered: application of a thin 
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surrogate layer of a high-expansion, high-modulus and high-
strength layer of a polymeric material fabricated at the 
opposite side of the ceramic substrate [61] and the 
application of a thin surrogate layer of a negative-expansion 
ceramics over the plastic material [62]. 

 
XII. PROBABILISTIC APPROACH 

Probabilistic models might be useful and even inevitable in 
situations where the "fluctuations" from the mean values are 
significant and when the variability, change and uncertainty 
play a vital role [56].  Probabilistic models enable one to 
quantitatively assess the degree of uncertainty in various 
factors, which determine the performance of a product. A 
good illustration to this statement is the success of the design 
described in [52], where probabilistic analytical thermal 
stress modeling was applied to design and manufacture a 
viable and reliable ceramic package of an IC device.   
Additional information on the application of the probabilistic 
approach can be found in Refs. 66 and 67. 

 
XIII. OPTICAL FIBERS 

Various problems of thermal stress modeling in bare and 
coated optical silica fibers were addressed in numerous 
investigations. Some of them[68-92] are as follows.  Low 
temperature micro-bending can result in substantial added 
transmission losses in dual-coated optical fibers. This 
phenomenon is due to the loss of elastic stability of the silica 
optical fiber within the low modulus primary coating in a 
dual-coating system. Based on the developed analytical stress 
models [69,70], it has been shown that the initial curvatures 
can play an important role in the low temperature behavior of 
a silica fiber and that, from the standpoint of the possible 
fiber buckling; certain curvature lengths are less favorable 
than others. This is because a dual-coated fiber behaves like a 
narrow-band filter that enhances the initial curvatures, which 
are close to the post-buckling configuration of the fiber, and 
suppresses the other curvatures.  It has been shown also that 
the spring constant of the elastic foundation provided by the 
primary coating has a significant effect on the buckling 
conditions.  Application of the mechanical approach to the 
evaluation of low temperature added transmission losses [71] 
enables one, based on the developed analytical stress model, 
to evaluate the threshold of the low temperature added 
transmission losses from purely mechanical calculations, 
without resorting to optical evaluations or measurements. 
Mechanical behavior and elastic stability of bare, polymer 
coated and metalized optical fiber interconnects was 
addressed in [72-92]. The models address bending and axial 
thermal stresses in an optical fiber interconnect experiencing 
ends offset, angular misalignment of its end cross-sections, 
and the effects of thermally induced compressive or tensile 
loading because of the thermal expansion (contraction) 
mismatch of the silica material with the material of the 
enclosure.  In those cases when low buckling stresses are a 
problem, thicker polymer coatings can be used to improve 
the elastic stability of a polymer coated fiber.  It has been 
shown particularly that, as far as the thermal stresses in the 
coating (metallization) are concerned, low modulus polymer 
coatings have significant advantages over high modulus 

metallizations, and should be preferred despite of their 
sensitivity to moisture. Shue [82.84,86,87] developed several 
analytical stress models for the evaluation of the mechanical 
(physical) behavior of double-coated and jacketed (single-
coated) optical fibers at low temperature conditions. Suhir 
and Vuillamin[73] have demonstrated, based on the 
developed analytical and FEA models, that the gradient in the 
distribution of the CTE along one of the diameters of a glass 
fiber cross-section can be responsible for the undesirable 
“curling” phenomenon that often occurs during drawing of 
optical silica fibers. Suhir[74] developed analytical models 
for evaluating thermal stresses and strains in fused bi-conical  
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taper (FBT) couplers.    An effective method for thermostatic 
compensation of temperature sensitive devices was suggested 
in [76] application to Bragg gratings. It has been shown that 
there is no need to use, for particular applications, 
mechanically vulnerable ceramic materials with a negative 
CTE: regular and more mechanically reliable materials can 
be successfully used for the objective in question.  Analytical 
models for the prediction of the critical force in a dual coated 
optical glass fiber subjected to a combined action of the 
mechanical and thermal loading enable one to evaluate the 
elastic stability of dual-coated optical fiber interconnects in 
optical fiber arrays used in termination structures [88] 
.Thermal stress can certainly cause material reliability 
problems in laser chips, but it can result also in spectral 
broadening and “smile” (near-field non-linearity) in laser 
arrays.  “Smile” (a slight bend of the horizontal line 
connecting the emitters) is a potentially disturbing property 
of diode bars. Smile errors can have detrimental effects on 
the ability to focus beams from diode bars.   
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IX. �A�OSYSTEMS 

It has been recently demonstrated [82-92] that a newly 
developed nano-particle material (NPM) can make a 
substantial difference in the state-of-the-art of coated optical 
fibers: this material possesses all the merits of the polymer 
coated and metallized optical fibers without having their 
drawbacks. Several analytical predictive models for the 
evaluation of thermally induced and mechanical stresses in 
carbon-nano-tube (CNT)/carbon-nano-fiber (CNF) arrays 
were developed by Zhang et al [93, 94] in application to 
nano-systems intended for heat transfer in high power IC 
devices. The diagram in Fig.4 can be used to determine if a 
nano-rod embedded into a low-modulus high-expansion 
matrix might buckle at low temperature conditions. The same 
diagram can be used to determine the elastic stability of a 
dual-coated optical fiber interconnect subjected to the 
combined action of the thermally induced and external 
compressive loading. This is, actually, the beauty of an 
analytical stress model whose formalism can be useful in 
quite different fields of engineering. 

 
X. CO�CLUSIO� 

The role and attributes of, as well as the state-of-the art and 
major findings in, the analytical thermal stress modeling in 
electronic and photonic engineering, has been addressed. It 
has been shown that such modeling is an effective and 
indispensable tool for the prediction of stresses arising in 
electronics and photonics materials, structures, packages and 
systems, subjected to thermal loading. Analytical modeling 
should be used, whenever possible, in addition to finite-
element modeling in any effort aimed at the analysis and 
rational design of a viable, reliable and cost-effective 
electronic and photonic system. 
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Abstract 
The problem of minimizing the level of the thermally induced 
interfacial shearing stress in a Thermo-Electric Module 
(TEM) is addressed using analytical and finite-element-
analysis (FEA) based modeling. The maximum stress is 
calculated for different leg sizes. Good agreement between the 
analytical and FEA predictions has been found. It is 
concluded that the shearing stress can be effectively 
minimized by using thinner legs with compliant interfaces.  
 

I. Introduction 

deformations can be defined as those that are associated with 
the change in temperature, and/or as those, which depend on 
thermomechanical properties of the employed materials. 
Thermally induced stresses and strains can be due to 
dissimilar materials that expand/contract at different rates 
during temperature excursions, and/or to the nonuniform 
distribution of temperature (e.g., temperature gradient).  
Examples of the devices that are prone to be inversely 
affected by the thermal stresses during their operation are   
Thermo-Electric Modules (TEMs). TEMs are receiving 
increasing attention with the development of energy 
technology and thermoelectric materials [1,2]. Although most 
of the research focused on improving thermoelectric material 
properties [3], few researchers pay attention to the mechanical 
properties of these materials as well as mechanical stability of 
module under operational condition [4, 5]. 
In this work, an analytical model is developed to evaluate the 
level of thermal stresses in a simplified two-leg TEM design. 
The goal of this analysis is to develop and employ the 
simplest and most physically meaningful model for the 
assessment of the role of the finite size (length) of the bonded 
areas (legs) on the maximum stress in the assemblies of the 
TEM type.  Finite Element Modeling (FEM) software, 
ANSYS 14 [6], is used to confirm the analytical model 
presented in this work.  The numerical examples are expected 
to guide the design of a mechanically robust TEM structure. 
The rest of this paper is organized as follows. In section II the 
analytical model is described. In section III case studies are 
presented and the results for these case studies are discussed. 

The paper concludes in section IV with a summary and 
possible future plans. 

II. Analytical modeling 

A. Interfacial compliance 

Analytical modeling has been based on the approach 
using the interfacial compliance concept [7, 8]. In accordance 
with this concept, the longitudinal interfacial compliance of a 
strip subjected to shear loading applied to its long edge (Fig. 
1) was found from the following approximate formula for the 
displacements of this edge:  
 

    (1) 
 
Here E  ratio 

h is the 
thickness of the strip, b is its width, q(x) is the shear force per 
unit strip length, and Q(x) is the force at the x cross section. 
The interfacial compliance  can be calculated as  
 

  (2) 
where 

 

&          

&   
 

 
Fig.1. Elongated strip subjected to shear loading. 
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geometry and the material properties of the structural element 
in question and is only slightly dependent on the applied 
shearing load.  The general expression (2) can be 
approximated by simplified relationships [7, 8]  
 

  (3) 

 

 
Fig.2. Evaluation of longitudinal interfacial compliance coefficient for linear 
shear load distribution (blue curve) as well as uniform shear load distribution 
(red curve). 
 

Accordingly, in our further analysis we use the formulas (3) 
when the h/l ratio is below 0.5 or above 2, and the general 
formula (2), when the h/l ratio is between 0.5 and 2.0. The 
values computed for different materials employed in TEM are 
shown in Fig. 3, assuming that the shear loading is uniformly 
distributed along the interface. 
 

B. Shear Stress in a Thermo-Electric Module 

       For the TEM schematically shown in Fig.2, the 
longitudinal interfacial displacements can be predicted using 
the following approximate equations  

 

 (4) 
 

which are similar to those used in [7], where, however, 
dissimilar adherend materials were considered. In the 
equations (4 the coefficient of thermal expansion (CTE) 

1 2 are the 
change in temperature of the components (from the 
manufacturing temperature to the operation temperature), 1 is 
the axial compliance of one of the bonded components, E1 and 

1 are the elastic modulus and  ratio of the 
1 is the component thickness, T(x) is 

the axial thermally induced force acting in the cross-sections 
of the 

1 is the longitudinal interfacial compliance. The latter is due 

to both the material of the components and the material(s) of 
the bond.  
The condition of the compatibility of the interfacial 
displacements can be written as 

  (5) 
0 is the interfacial compliance of the buffering layer, if 

any. Substituting the displacements (4) into the compatibility 
condition (5) and solving the obtained equation for the 
interfacial shearing stress, with appropriate boundary 
conditions, one can obtain the following expression for the 
interfacial shearing stress: 
 
 

 
Fig.3. Thermo-Electric Module 2D structure. 
 
 

   (6) 

Here   

  (7) 

is the parameter of the interfacial shearing stress.  
 
The maximum interfacial shearing stress takes place at 
assembly edge: 

=  (8) 
 

This relationship indicates that by decreasing the product kl 
one could reduce the maximum interfacial shear stress at the 
bonding region.  

 
Table I 

Mechanical properties of materials employed in TEM 
Material Young Modulus (GPa)  

Ceramic Component 380 0.28 

Copper Stripe 
(metallization) on Ceramic 

115 0.31 

Sn-Sb solder layer 44.5 0.33 
Be2Te3 leg 47 0.4 
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III. Case studies 

The analytical solution described in section 2 is applied 
to the TEM structure Fig. 2. The material properties are given 
in Table I. Three different assembly sizes of 10, 20 and 40mm 
(L=5, 10, and 20mm) were chosen. The value of l, the half-
length of the bonded regions, has been varied to evaluate its 
effect on the maximum interfacial shear stress. The 
temperature difference between the top and the bottom 

is 130ºC (160-30). Fig. 4 shows how the 
maximum interfacial shearing stress is changing versus 
bonded region length for different assembly sizes based on 
the analytical model. As it could be seen, as the bonded 
region length decreases the maximum interfacial shear stress 
reduces.  
Finite Element Modeling (FEM) software, ANSYS, has been 
used to simulate the same TEM assembly. 8 nodes plane 223 
element in plane strain mode were used. The structure is 
meshed with very fine square elements. Each element is 

2 and there were around 400000 elements in this 
structure. The boundary conditions of the simulations were set 
according to the boundary conditions in the analytical model. 
The material properties are set according to Table I. The 
coefficient of thermal expansion (CTE) for the ceramic plates 
is set to 6.5 × 10-6 (1/ºC).   
 
 

 
 
Fig. max) vs 
length for different assembly lengths, 2L= 10mm (blue), 20mm (red), and 
40mm (green). 
 

The meshed 2D structure and material properties are shown in 
Fig. 5. The maximum shearing stresses for different assembly 
and bonded region length sizes, as well as for different leg 
thicknesses were obtained and the results were compared with 
analytical solution. The comparison for L=5mm (assembly 
length 10mm) are shown in Fig. 5, and Fig. 6. As it can be 
seen in these figures, analytical and numerical solutions are in 
good agreement. 

 
Fig.5. Dimensions, materials, meshing of a 2D TEM with L=3.3l. 
 

It is shown that by decreasing the bonded region length the 
maximum shear stress would drop by a factor of 5. On the 
other hand, by decreasing the TE leg thickness, the maximum 
shear stress would increase. Therefore, employment of thinner 
and longer legs could indeed result in a substantial stress 
relief, thereby leading to a more mechanically robust TEM. In 
[5] a similar conclusion was achieved with 3D simulation of 2 
leg thermoelectric module. 
 

3D simulation has been done to confirm what is obtained 
analytically. The meshed structure is shown in Fig. 8. 
Symmetry is used and a quarter of the model is simulated. In 
these simulations the assembly length was 10mm and the TE 
leg thickness was 4mm. By changing the bonded region 
length from 4mm to 0.2mm (l changed from 2mm to 0.1mm), 
the maximum shear stress dropped by a factor of 13. A 
comparison between the results is shown in Fig. 9.  

 

 
Fig.6 (a). Maximum interfacial shear stress obtained by ANSYS (Red curve) 
and Analytical model (Blue curve) for h=4mm and L=5mm. 
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Fig.6 (b). Maximum interfacial shear stress obtained by ANSYS (Red curve) 
and Analytical model (Blue curve) for h=4mm and L=10mm.  
 

IV. Conclusion 

The longitudinal interfacial compliance for the uniform and 
linearly distributed shear loading along the interface of a long-
and-narrow strip has been evaluated in application to 
assemblies of the TEM type. The evaluated compliances were 
employed, using analytical modeling, to calculate the 
maximum shear stress in a TEM design with two legs at the 
ends. It is shown that the maximum interfacial thermally 
induced shearing stress occurs at the corner and 
employment of thinner and longer legs could indeed result in 
a substantial stress relief. This leads to a more robust design 
than in the existing (conventional) TEM systems.  
 

 
Fig.7. Maximum interfacial shear stress obtained by ANSYS (Red curve) and 
Analytical model (Blue curve) for L=5mm and l=2mm, while h changing 
from 0.4mm to 4m. 
 

 
Fig.8. 3D meshed structure. 
 

 
Fig.9. Comparison between Analytical results with 3D and 2D ANSYS 
results. 
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Abstract- This paper presents the main activities on 

reliability, robustness and failure of photonic devices. The 
approach is different if the system is manufactured of if it is 
developed or elaborated. The building reliability is exposed on 
the new photonic devices using for future numerical data 
storage for archiving. The robustness is deal with the laser 
transmitter in marketing position. Finely, the blue light 
emitting diode is treated with operational reliability. This paper 
has a main line on the model and measurement of thermal flow 
or temperature. Since 10 years and actually, the thermal flow is 
the main cause of degradation of photonic devices. But, 
additionally, in comparison with electronic devices, the light is 
the new parameter to take into account in the failure 
degradation. The blue light interaction with material, especially 
polymer, is important and the modification of fluorescence 
change can change function of the photonic devices. This paper 
underlines the kind of problems.  

 

I.  CONTEXT AND OBJECTIVES 

Actual research on reliability is based on study of the 
material durability and impact on the new design. The 
building reliability is expected at the elaboration of the 
devices and specifically for photonic applications. The 
integration of reliability in the design process is due to the 
high cost of development and designing of this technology. 
The knowledge of science, chemical, material and 
methodologies to understand the failure mechanisms in 
photonic devices is necessary. This paper proposes some 
example of association of different laboratory and 
manufacturer to estimate and build a guideline for 
conception of new reliable photonic devices.   

In parallel, the thermal flow and the temperature 
distribution is the main cause of degradation like in 
electronic devices. But the novel problem arrives with the 
short wavelength transmitter as Blue LED because of the 
interaction between blue light and plastic material. The 

plastic material is useful in main technology because of the 
practical elaboration, good association with semiconductors 
and the reduction of the packaging cost. But the interaction 
with blue light is well established and the new solution is 
engaged by chemical industry to change the chemical 
composition of plastic material.  

 
II.  EXPERIMENTAL SETUP 

A.  1.55 µm Butterfly package Laser module 

Figure 1 presents a technological description of 1.55 µm 
Butterfly package Laser module.  

Qualification procedures, in particular power drift 
measurement, must be conducted to validate the system with 
respect to tolerances through temperature cycling or storage 
temperature characterizing the limits and the margins of the 
technology. Actual standards tend to be 500 cycles in the 
temperature range -40°C/+85°C with a failure criterion of 
10% of optical power drift [1]. The methodology of failure 
diagnostic for optoelectronics components and modules for 
telecommunication applications imposed to do ageing tests 
to validate different assumptions coming from the simulation 
results [2]. In order to calculate levels of stresses and strains 
after Nd:YAG Laser welding process between the Laser 
diode platform and the lens holder, simulations are 
performed using FEM ANSYS software [3]. The different 
models and boundary conditions are defined in this part. 
Sub-assembly 1 is composed of the Laser platform and the 
lens holder essentially in Kovar. The model is based on 
electrical, thermal and mechanical simulation using a 
multiphysics approach and will allow to extract isothermal 
contour plots to evaluate magnitude of thermal gradients in 
the sub-assembly 1. 
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1- Lens 1 
2- Laser platform 
 
3- Thermoelectric cooler 
 
4- Lens 2 
 
5- Fiber 
 
 
6- Ferule 
 
7- Butterfly package 

Sub-assembly 1 

Sub-assembly 2 

 
Fig. 1. Description of the Laser module showing the two main sub-

assemblies. 
 
B.  472 nm Blue Light Emitting Diode 
 
Figure 2 propose a schematic of 472 nm Blue Light 

Emitting diode.  
Accelerated ageing tests (30mA/85°C/1000h) have been 

performed on GaN MQW LEDs coated with a silicone oil 
(C7H8OSi)n. Electrical and optical characteristics indicated a 
65% loss of optical power and the presence of leakage 
current on both sides of the chip. First physico-chemical 
analyses demonstrated that failure mechanisms might be due 
to a degradation of silicone oil [4, 5, 6]. That last would 
interact with the chip and let the current to spread over the 
chip through the oil. Moreover, absorption coefficient of 
silicone oil has been suspected to increase and contribute to 
optical losses. The complete NMR 1H and ATR analyses 
will be investigated before and after ageing tests to precise 
all failure mechanisms involved in GaN MQW LEDs. 
Finally all these investigations will be used to extract the 
physical degradation laws. 

 
Fig. 2. Schematic diagram of the GaN blue MQWLED packaging. 

C.    Durability study of structure writing by femtosecond 
laser for numerical data storage for archival applications 

 
The innovations of recent decades have increased the 

storage capacity on the media, CD, CD-R and DVD-R up to 
Blue Ray, but the life span of each new support decrease. 

This last point is a real high-stakes topic because 
nowadays, no support can save files during more than 100 
years. Many players in the economic and social life are 
directly affected by this problem. First we must mention the 
archivists. Their interest is to find a medium for storing 
information at vitae eternam. From the PSN group report "It 
becomes urgent to develop innovative materials for a long-
term information storage” (12/2009) [7]. 

Actual French research is focalized on the possibility to 

elaborate a durable optical glass disc with femtosecond laser. 
The first study on this problematic considers thermal stress 
at 100°C for more than 3100 hours of a fluorescent optical 
memory composed of laser written silver nanoclusters 
embedded in glass has been performed [8, 9].  

This environmental ageing test is in accordance with the 
reference of reliability study on CD and DVD supported by 
LNE (Laboratoire National de Metrologie et d’essais) [10]. 
Measurements of the luminescence spectra have been carried 
out at different times, showing a decreasing and an 
increasing evolution of the red and the blue part of the 
spectrum, respectively. This evolution has been attributed to 
the diffusion and the reorganization of different silver 
species inside the matrix, altering the internal electric field. 
Tunneling effect based modeling enables the estimation of 
the lifetime of the memory. 

The Archive & Forget French program is based on this 
first research to elaborate the new glass optical disc. The 
main key of the success is the compatibility of writing 
process using femtosecond laser with DVD considering: 
writing speed and design of data structure. 

III.  RESULTS AND DISCUSSIONS 

A. 1.55 µm Butterfly package Laser module 

Actual standards tend to be 500 cycles in the temperature 
range -40°C/+85°C with a failure criterion of 10% of optical 
power drift. 

Experimental and simulation results lead to give failure 
modes and assumptions on failure location : 

- sudden total optical power drop explained by a break 
located in the optical fiber core, 

- gradual optical power drift outside the failure criteria 
limit in relation with thermomechanical aspect responsible of 
columns deformation in sub-assembly 1 and related by 
stresses relaxation phenomenon, 

- gradual optical power drift inside the failure criteria 
demonstrating the relative instability of optical coupling in 
Laser module especially on sub-assembly 1. 

 

Fig. 3. Ageing test results on 1550 nm InGaAsP/InP Laser module. 

Nd:YAG Laser welding process involves a highly focused 
Laser beam responsible of a non-uniform temperature 
distribution on the focal print. Simulated energy deposed 
allows to be close to melting temperature of Kovar material 
(1723 K). Figure 4 shows the nodal solution contour plot of 
thermal cartography of Laser platform after first Laser 
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welding process. 

 
Fig. 4. Variation of the temperature along the column of the Laser submount. 

The temperature variation along the column of Laser 
platform can be fitted by a Gaussian law expressed as : 

( )0
22

101 Wr-exp)T-T(T)r(T +=  (1) 

with T0 = 1427 K, the maximal temperature of Laser weld, 
T1 = 600K the minimal temperature of Laser weld and W0 
the beam waist defined as the minimum radius of the Laser 
beam. 

Experimental and calculated beam waist values are the 
same and evaluated around 150 µm. The good agreement 
between experimental and calculated values validate the 
simulation approach for Laser Nd:YAG welding process. 

Figure 5 clearly shows the residual effective Von Mises 
stresses close to 55 MPa located in the column base of the 
Laser Platform after Laser welding. 

Thermal gradients (≈ 1100K) along columns of Laser 
platform induce maximal displacements close to 2 µm 
located in the column base after Nd:YAG Laser welding 
process in manufacturing conditions and maximal strains of 
0.05%. These displacements are observed by optical axis 
angular deviation θ ( and Δx, Δy and Δz axial deviations.  

- An angular deviation θ of 0.02° between sub-assembly 1 
and sub-assembly 2. 

- Δy, Δz deviations of 10 µm between Laser diode and 
Lens holder. 

 
 

Fig. 5. Residual effective Von Mises stress after Laser welding on the 
sub-assembly 1. 

After Nd:YAG Laser welds, intrinsic and extrinsic stresses 
can appear. Intrinsic stresses are generally related to only 
Laser YAG energy deposition on metal surface. The most 
important accumulated stress is located inside the heat-
affected zone (HAZ) caused by plastic deformation and very 
rapid thermal variation in welded joints [11, 12]. Extrinsic 

stresses are caused by external loads applied during process 
and discontinuity of materials on the interface [13]. In our 
case, the most important external load is represented by 
pressure strength Fpres used to ensure an adjustment 
between Laser platform and lens holder. 

Relaxation of accumulated stresses in the sub-assembly 1 
can occur and could be accelerated by defects induced in the 
welded zone [14, 15]. Rapid solidification processing in 
HAZ leads to a metastable phase formation, solid solution or 
dispersion strengthened alloys and intermetallics and the 
whole physical phenomenon is at the origin of defects 
formation located in welded joints [16, 17]. It has been 
demonstrated that metallic alloys creep fatigue is related to 
defects rate located in welded joints considered as a metallic 
alloy zones [18]. In particular, a model based on molecular 
dynamics calculations, developed by J.D. Vazquez, has 
discussed on isotropic and anisotropic relaxation 
phenomenon from simulations of lattice relaxation of 
metallic alloys considering the sudden appearance of 
vacancy or an interstitial site in the crystal [19]. This 
microscopic relaxation model allows to highlight 
macroscopic effective displacement of system responsible of 
relaxation phase. Experimental measurements, using in 
particular an optical method, have been also conducted to 
observe strains, stresses and fractures of welded joints at the 
mesoscale level by V.E. Panin [12]. This study has 
characterized, in bulk material, the accumulated stresses 
located in HAZ and their evolution after Laser welding 
process. So our interpretation of gradual optical power drift 
between the sub-assembly 1 and the pigtail can be explained 
by relaxation phenomenon and time evolution can be 
directly related to the number and the location of defects into 
the welded joints but also in the structure. 

B.  472 nm Blue Light Emitting Diode 

Active storage (30 mA/85°C/1000 h) has been performed 
to three GaN MQW LEDs. Three steps of electrical and 
optical measurements (0 h, 168 h, 500 h and 1000 h) have 
been achieved. First results highlight the gradual changes of 
optical power P/P0 about 65% at 1000 h as shown in figure 
6. 

 
Fig. 6. Variation of the optical power as a function of ageing 

Time. 

Figure 7 plots optical spectra for a constant junction 
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temperature (300K) before and after ageing tests. 

A 65% loss of light emission has been extracted in 
agreement with total optical power loss. In addition, figure 
11 evidences a 3 nm shift of central wavelength (λc) towards 
blue range for a constant TJ. Another mechanism occurs 
when we look that λc keeps constant independently from 
operating temperature. Such phenomenon cannot be due to 
chip degradation given the fact that it is well-known in 
literature that energy gap depends on temperature [20, 21]. 
That is why we may assume an external mechanism is 
responsible for both temperature insensitivity of λc and 
optical power loss. As we have previously demonstrated that 
silicone oil has a strong effect on GaN-based optical spectra, 
and considering that polymers are sensitive to blue/near-UV 
light which is even more the case of λc after ageing (461 
nm), we may suggest that silicone coating molecular 
structure has changed after 1500 h of active storage. This 
fact could be due to either a different kind of fluorophor 
molecules or a positive/negative variation of LMWM 
concentration thereby implying a different fluorescence 
emission. Fluorescence emission of optical lens has been 
eliminated from hypotheses as power density of GaN LED 
chip is too weak (2,88 Wcm-2) to be activated. Therefore, 
fluorescence analyses have been performed after ageing in 
addition to 360 nm UV excitation to understand polymer 
molecular structure change. 

 

Fig. 7. Optical spectrum  before and after ageing tests. 

Figure 8 proposes a comparison between fluorescence 
emission spectra of silicone oil sample at 360nm excitation 
wavelength before and after ageing. 

 

Fig. 8. Fluorescence emission spectra of silicone oil sample at 360 nm 
excitation wavelength before and after active storage. 

Two main mechanisms have been clearly observed after 
ageing :  

• First of all, a strong increase (close to 60%) of 
fluorescence emission occurred in the red range (564 nm). 
Here, we may suppose High Molecular Weight Molecules 
(HMWM) presence could be responsible for such increase 

• Another observation has been made on the 
fluorescence intensity inversion and the spectral shift of the 
two initial wavelengths (435 nm, 415 nm) at higher energies 
(from 2,8 eV to 3,1 eV).  The most significant shift is that of 
3 nm from 415 nm to 412 nm in good agreement with the 3 
nm spectral shifts of λc (LED light) observed from 464 nm 
to 461 nm. 

Silicone coating has lost more than 90% of its initial 
absorption (only coming from fluorophor molecules) when 
lighted by LED light (464 nm). Under UV excitation, 
silicone oil fluorescence emission in the red range (564 nm) 
has increased about 15% that might be slightly linked to the 
HMWM presence. By looking at 464 nm and below (415 
nm, 435 nm), fluorescence efficiency (ηfluorescence) is 
much better after than before ageing whereas about 70 % of 
fluorescence emission has been lost after ageing. Moreover, 
a decrease of fluorophor molecules absorption of 87 % 
highlights LMWM capability to absorb and reemit 
fluorescence. 

Fluorescence analysis confirms there is a molecular 
change into molecular structure of silicone oil after ageing. 
The origin of such change could be linked to polymerization 
or cross-linking process. Indeed, both light and temperature 
are often considered as aggravating factors for polymer 
materials. It has been demonstrated in the literature that 
either one of those factors or a combination of both, can 
strongly degrade polymer coating thereby leading to 
polymerization or cross-linking process [22-25]. At ambient 
temperature (25°C), the junction temperature of the chip 
amounts 100°C. Therefore, when the device is operating 
under ageing conditions (i.e. at 85°C), the junction 
temperature is suspected to be highest than 160°C. Due to 
thermal heat diffusion through silicone oil, polymerization or 
cross-linking mechanism could occur over ageing time (1500 
h). 

Molecular change has also been confirmed through 1H 
NMR and Mass spectrometry analyses. 

 

C.    Durability study of structure writing by femtosecond 
laser for numerical data storage for archival applications 

 

Silver clusters are created by a pulse train from a near 
infrared (NIR) femtosecond laser focused with a microscope 
objective inside a FPL glass (Figure 9a). Such a 
photosensitive glass belongs to the phosphate family and 
was initially designed for gamma irradiation dosimetry [26, 
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27]. In the present case, the composition is slightly modified: 
It is a zinc phosphate glass containing silver ions [28] 
presenting an ultraviolet (UV) absorption band below 280 
nm. Detailed descriptions of its fabrication and properties 
can be found in the Experimental section. 

Following exposure to a high-repetition-rate femtosecond 
pulse train, the glass presents a broad excitation band (300–
450 nm). 

When excited by NUV radiation, it emits homogeneous 
white fluorescence, the properties of which (intensity, 
spectrum, and lifetime) depend on the irradiation dose 
(fluence, number of pulses, and repetition rate [29]. This 
fluorescence is attributed to the presence of Agm

x+ silver 
clusters with m < 10 the number of atoms and x the 
ionization degree [26, 30, 31]. These silver clusters are 
created inside the focusing voxel (Figure 9a) and are 
arranged into a pipe shape along the propagation axis, with a 
length corresponding to the Rayleigh range and a wall 
thickness of about 80 nm [32]. For a given fluence range 
(from 2 Jcm– 2 to 6 Jcm− 2), the silver clusters are produced 
without significant linear refractive index change ( < 10− 4 ), 
while they exhibit appreciable fluorescence and nonlinear 
optical properties. 

 

Fig. 9. Fluorescence emission spectra of silicone oil sample at 360 nm 
excitation wavelength before and after active storage. 

This glass has already shown its potential for 3D optical 
data storage that takes advantage of the third-order 
susceptibility contrast of the photo-induced clusters with 
respect to the glass matrix [33].The fluorescence intensities 
emitted by the silver clusters can be much higher (50 times) 
than those from fluorescent molecules such as dyes 
(Rhodamine 6 G at 10− 4 mol.L− 1) [34]. The quantum yield 
of these species is very high, on the order of 17%. [30] In the 
FPL glass, the emission can be tuned from yellow to red [26, 
30]. The fluorescence time decay of the clusters is on the 
order of a few nanoseconds [26], allowing a reading speed as 
high as 500 MHz. In the FPL glass, the fluorescence 
intensity of the silver clusters varies linearly with the 
irradiance and logarithmically with the deposited number of 
pulses, within the range of interest. This last behavior is well 
known in photographic processes [35]. Therefore, when the 
dose is adjusted properly, the fluorescence intensity of the 
photo-induced species can be controlled exactly as in silver 
photographic film. 

After 3100 hours of passive storage at 100°C, the 
fluorescence response not change. The Ag nanoclusters are 
stable in glass matrix and the diffusion process is stop by the 
pseudo potential well coming from the different charge 
concentration organized by femtosecond Laser. 

IV.  CONCLUSIONS 
This paper reports three different results on photonic 

devices.  

The demonstration of robustness is applied on the 1550 
nm butterfly transmitters using finite element model. The 
estimation of residual stresses (55 MPa) coupled to analyses 
of defects locates in laser welding joints explain the optical 
losses of transmitters (40%) after 500 thermal cycles. The 
initial misalignment is around 0,02 ° corresponding to more 
than 40% of optical losses.  The solution find is to reduce the 
height of columns in sub-assembly 1 to reduce the impact of 
laser welding process. After this modification, laser 
transmitters are qualified. 

The Blue Light Emitting Diodes are composed by plastic 
glob top on chip. This part of packaging is sensitive to both 
temperature and blue light. The modification of molecule in 
polymer is responsible to both absorption of blue light and 
fluorescence. The efficiency of fluorescence is weak before 
the direct lighting. The 65% of optical losses is mainly 
explained by this last phenomenon. The chemical analyses, 
based on both 1H NMR and mass spectroscopy, confirm the 
modification of molecular composition of polymer. 

Finely, the new photonic devices using for new numerical 
data storage support seems to be robust but some ageing 
tests must be done to estimate the lifetime of it. Considering 
the good behavior of glass matrix regarding ageing test 
(Fresnel lens used in lighthouse, Egyptian glass and 
perovskite structure). 

The guideline of this paper is both the consideration of 
reliability estimation and the thermal analyses of the 
different photonic devices. Different tools have been used to 
develop model and understand the failure mechanisms. The 
link between experimental procedure and models has been 
performed to build useful tools.  
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Abstract- In the present study, thermally induced stresses in 

inductive proximity sensors are investigated using the finite 
element method. High residual stresses are developed in the 
inductive proximity sensor because of hygro-thermal 
mismatches among components during the operation. Its 
operating temperature is from –40°C to 85°C. During thermal 
cycles, residual stresses inside the sensor are calculated based 
on global and local finite element analyses. Failure 
mechanisms and stress distributions in the sensor as well as 
the components are discussed in detail.  

 

I.  INTRODUCTION  
Inductive proximity sensors have been widely used in 

many industries in order to sense the presence of steel 
objects without physical contact. The proximity sensor 
produces an electro-magnetic field within a sensing range 
and has a semiconductor switching element.  Over years, 
this sensor has faced steadily increasing demand to achieve 
very high reliability performance on harsh and unforgiving 
applications. The sensor must operate between –40°C and 
+75°C temperature conditions with its electronic 
components kept protected from intrusion of moisture. A 
cross section of a typical sensor is shown in Fig. 1.  

 
A schematic drawing of a typical sensor is shown in Fig. 

1. Electronic components are surrounded by foam resins in 
order to provide physical protection. Thus the foam resin 
must possess adequate mechanical strength, good adhesion 
to various package components, good corrosion and 
chemical resistance, matched coefficients of thermal 
expansion (CTE) to the materials, and high moisture 
resistance in the use temperature range.   

 
In particular, the ability to maintain good adhesion with 

the various package components under the adverse 
manufacturing and service conditions is of paramount 
importance as delamination along interfaces is a major 
reliability issue for plastic IC packages [1-7]. Residual 
stresses arise due to hygro-thermal mismatches between 
foams and transistors or diodes in the inductive proximity 
sensor and cause delamination and cracks during service. 
Therefore, the stress analysis of the inductive proximity 
sensor is essential to achieving accurate prediction of 

reliability of the product. In the present study, thermally 
induced stresses in inductive proximity sensors are 
investigated using the finite element method. 

 
 

IC

Core + Cup

Pre-fill Resin Foam Resin Sealing
element

Plug

Steel Housing

PCB

 
 

Fig. 1    A typical inductive proximity sensor 
 

II. FINITE ELEMENT MODELS 

The sensor consists of many parts including the steel 
housing, the PCB with the transistors, resistors and diodes, 
the foam, and so on. The stresses inside the sensor are 
developed when temperature changes. Moreover, to 
investigate the stresses inside the transistor or the diode, the 
outside forces acting on these components should be 
determined first.  
 
Since the dimensions of the SOT89 transistor and the diode 
are very small to those of the sensor.  Therefore, it is difficult 
to analyze the sensor including the details of the transistors 
and diodes using one finite element mesh. The global and 
local analyses are adapted in order to overcome such a 
difficulty in this study. 
 
Firstly the global finite element mesh is constructed for the 
inductive proximity sensor. Then a second-level model is 
developed for the individual component and areas that are 
concerned. The displacement field is extracted from the 
global model, and applied to the local model as boundary 
conditions at the interfaces between the two models.  In the 
present study, 3-dimension solid elements are used. The 
special attention has been paid to the failure mechanism of 
the transistor and the diode.  For the local model, the 
transistor and the diode are included and the very fine 
meshes are used. 
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III. Materials 

The material properties play an important role in the finite 
element analysis. Numerical results would be far from the 
real situation if the inadequate material information were 
supplied. The materials including foams, PCB, sealing, 
housing, etc. are characterized. Temperature dependent 
mechanical properties of those materials are obtained using 
the dynamic mechanical analyzer and universal material 
testing machine. The coefficients of thermal expansions are 
also measured using the thermal mechanical analyzer. The 
materials properties of these materials are listed in Table 1 
and the temperature dependent properties of foams are 
shown in Fig. 2.  

 
Experimental results show that the properties of foams are 

dependent on temperature significantly. As shown in Fig. 2, 
the Young’s modulus of the foam decreases rapidly near 
65°C that is its glass transition temperature (Tg). It is about 
22.5 MPa at 80°C which is only about 2% of 1130 MPa at 
55°C. 

Table 1.  Material Properties (at 25°C) 
 

Material Young’s 
modulus 
(MPa) 

Poisson’s 
ratio 

CTE 
(×10-6/°C) 

Housing 210000 0.32 8.00 
Wire 123000 0.33 9.20 
PCB 17700 0.14 21.5 

Diode 1160 0.30 3.67 
Molding 

Compound 
        1280 0.30 16.5 

Silicon Die 202240 0.28 3 
Core 1131 0.23 2.80 
Foam 1190 0.35 41.5 
Plug 1260 0.30 118 

Sealing 10.9 0.30 157 
 

Boundary Conditions 
The sensor is considered as a self-balanced system without 

any connection to other components. The symmetrical 
conditions are applied when a quarter of the sensor is 
analyzed. 

 
The sensor is assembled from several parts and the parts 

may separate from others during the thermal cycling. In the 
present study, the contact conditions near two ends are 
ignored because they play the minor effect on the stresses in 
the central part of the sensor when the transistor and the 
diode are main focused on. It is also reasonable if the 
adhesive property of the foam is considered. A typical 
experimental curve is shown in Fig. 3. Suhir and Sullivan [1] 
reported that the typical adhesive strength was about from 
10 to 20 MPa. Yi et al. [5] also measured the normal and 
shear interfacial strengths of the leadframes to the molding 
compounds and the normal and shear interfacial strengths 
obtained are about 11.5 and 13.5 MPa, respectively.  
Therefore, it can be expected that an interface will keep in 

contacting while the tension stress is less than 10MPa. 
Otherwise it may be opened. The numerical results show 
that the maximum tension stress is less than 10MPa, which 
means the foam would not separate from other components 
and provide a good adhesion function in working 
environments.  
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Fig. 2    Young’s modulus of the foam 
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Fig. 3   A typical adhesive strength curve of the foam 
 

Temperature Loading Conditions 
The thermal loading cycle is applied to the sensor. As shown 
in Fig. 4, a cycling period is about 4 hours including 2 hours 
for the low temperature at -40°C and 2 hours for the high 
temperature at 85°C. Residual stresses are determined with an 
assumption that the temperature field is uniform inside the 
sensor. The loading cycle is divided into two parts: one is from 
the room temperature (25°C) to the low temperature and the 
other is from the room temperature to the high temperature. A 
nonlinear relationship between stresses and temperature is 
obtained because the glass transition temperature (Tg) of the 
foam is about 65°C that is in the high temperature loading 
range.  
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Fig. 4     Thermal cycles 

 
 

Global Models 
Finite element models for the whole sensor are constructed 
including the housing, the plastic sealing, the plastic cup, the 
copper coil, the core, the PCB, the foam and so on. The diode 
and transistor are also meshed to investigate their effect on the 
global stress fields. The sensor is cut by two symmetrical 
planes and a quarter is meshed to minimize the model scale 
without losing any accuracy. The global model is shown in 
Fig. 5 as assembled with several main parts represented by 
different colors. 
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Fig. 5     Global finite element models 

 
Local Models 
In the local models, the much-refined meshes are created for 
the small part of the global models in order to determine the 
stress fields in the local area. The detail location of the local 
model is depicted in Fig. 6. The transistor is modeled 
corresponding to its physical parts including the aluminum 
leadframes and the molding compound. The diode consists of 
a glass body and two aluminum terminators. The solder is also 
modeled as the connection between the components and the 
PCB. The foam is filled the space in the local models. The 
local model is shown in Fig. 6. 
 

As the gap between the transistor and the PCB is small, the 
foam often fails to fill it. In the present study, two filling 
conditions such as complete filling and cavity are considered. 
As shown Fig. 7, the foam fills the gap completely or it 
remains as a cavity.  

 

 
Fig. 6    A local finite element model 
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Fig. 7    Two filling models  

 
IV. NUMERICAL RESULTS 

Numerical Results of Global Models 
Two loading conditions such as case 1 and case 2 are 
considered in the global models. Case1 is the cooling case in 
which the temperature is dropping from 25°C to -40°C, while 
it increases from 25°C to 85°C for case 2.  

Loading case 1 
Perfect bonding between the foam and the components is 
assumed for this case.  The CTE of the foam is much larger 
than that of the steel and the steel housing prevents the foam 
from shrinking. As a result, the compressive stress filed is 
induced in the foam as shown in Fig. 8.   
 
Von Mises stress is less than 0.1 MPa, which means the shear 
stresses inside the foam are low. It results from the steel 
housing prevents the foam from shrinking freely while the 
temperature dropping because CTE of the later is much 
greater. The transistor and the diode are under a lifting-off 
force that may take them from the PCB. 
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Fig. 8    The global stress distribution for case 1 

 

Loading case 2 
The temperature increases from 25°C to 85°C. As the foam 
has the largest CTE among all components, the foam would 
push the housing during the temperature increase while 
expanding. Then the interface between them will keep in 
contact while the temperature rising. The stresses in the sensor 
reach their maximum values at about 65°C which is the glass 
transition temperature (Tg) of the foam. Von Mises stress is 
quite low. The normal stress field in the foam is positive. The 
positive stresses push the transistor and the diode towards the 
PCB and prevent them from being lifted off. Fig. 9 shows the 
stresses developed in the transistor.  
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Fig. 9 The stresses in the transistor due to temperature 

increase for  case 2 
 
Numerical Results of Local Analyses 
For the local analysis, the displacements obtained from the 
global analysis are used as boundary conditions. Two filling 
models for a very thin gap between the transistor and the PCB 
are considered.  

Loading case 1.a 
It is assumed that the foam is completely filled into the gap 
between the chip and the PCB. The stresses at the interface 
between the aluminum terminators and the encapsulant are 

calculated.  The tension stress distribution is shown in Fig. 10 
at the interface and the maximum tension stress is about 
13MPa.  
 
The deformation of the diode reflects that a bending force is 
induced in the current loading case. A clear crack path in 
which von Mises stress is above 40MPa is indicated in Fig. 11.  
It is noticed that the crack path starts the end of the diode and 
extends to the center of the glass body. The symmetrical part 
can be implied due to the symmetrical conditions. It can be 
expected that cracks may occur only at the ends of the diode, 
never start from the central part where the stress is about 
11MPa. 
 

Loading case 1.b 
In this case, it is assumed that the foam does not fill the gap 
and leave a cavity. The nromal stress distribution inside the 
chip is shown in Fig. 12. The maximum tension stress reaches 
20MPa in the central area, while the stresses inside diode are 
similar to case 1.a. 
 

 
Fig. 10 The tension stress distribution in the chip for case 1.a 

Loading case 2.a 
In this loading case, the complete filling is assumed. The 
temperature rises from room temperature to 85 °C. As being 
pointed out in the global analysis, the stresses reach their 
maximum values near the glass transition temperature (65°C). 
All results listed here represent to their values at this 
temperature. As shown Figs. 13 and 14, the compressive stress 
is observed in the transistor and the von Mises stress in the 
diode is less than 8MPa. The magnitudes of stresses are much 
lower than those in case 1. It can be expected that the sensor is 
reliable in the high temperature than in the low temperature.  
 

10~13 MPa 
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Fig. 11    Von Mises stress distribution in the diode for case 1.a 
 

 
Fig. 12   The  stress distribution in the chip and aluminium 
leadframe for case 1.b 
 

 
Fig. 13  The stress distribution inside the chip for case 2.a 

 
Fig. 14    Von Mises stress distribution in the diode for case 2.a 

(The maximum value is less than 8 MPa) 
 

Loading case 2.b 
Taking the same filling model as loading case 1.b, the stresses 
in the sensor are investigated for high temperature loading. In 
this case, both compressive stresses and von Mises stresses are 
quite lower compared with case 2.a.  
 

V. DISCUSSION AND CONCLUSIONS 

As shown in the results from the global models, quite 
uniform stress fields are observed inside the foam, which 
means the mesh size is small enough to determine the 
boundary conditions for the local models. The CTE mismatch 
among the components of the inductive proximity sensor 
results in the development of the residual stresses during the 
thermal cycling. The foam has the large CTE while the steel 
housing has a much small one. Consequently, the metal 
housing prevents the foam from expanding or shrinking 
freely. As a result, the high tensile and compressive normal 
stresses are developed in the foam. The compressive normal 
stress is observed in the foam because of the strong adhesive 
strength of the foam to other components and the metal 
housing, which can cause the foam can not separate from 
other components while shrinking. This normal stress may 
lead to lifting the transistor off the PCB during the cooling. As 
shown Figs. 10 and 12, the normal stress can be as much as 
20MPa at the interface between the aluminum terminators and 
the encapsulant. The failure may occur along this interface to 
separate the terminators from the molding compound and then 
the chip is damaged. 

 
For the high temperature case, the stresses reach their 

maximum values at the glass transition temperature of the 
foam 65ºC rather than 85ºC. However, it is also fingered out 
that the interconnection is much safer for this case since the 
foam pushes the transistor towards the PCB while expanding. 
The diode is under bending state since the two aluminum 

Crack Path 

16~20 MPa 

Negative 

- 23 -



25-27 September 2012, Budapest, Hungary 

©EDA Publishing/THERMINIC 2012  ISBN:978-2-35500-022-5  

terminators are connected to the PCB through the solders. A 
failure mode can be predicted at the temperature of -40ºC. The 
failure may occur from one end to another by passing the inner 
central part of the glass body. However, the stresses are very 
low in the outer central layer. It can be expected that there is 
no mechanical failure in this area.  
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Abstract—Tight timing/area constraints produce on-chip lay-
outs with non-regular shapes for RTL entities. Thus, grid-like
floorplans where RTL entities are abstracted as rectangular
blocks for thermal simulation lead to inaccurate results. In
addition, spatial and temporal variability of chip workload causes
localized temperature variations. Exact localization of hotspots
at gate-level necessitates an extremely detailed spatial resolution
which is very computationally intensive.

We propose MiMAPT, a tool capable of performing thermal
simulation at RT and gate-level with multiple scales of spatio-
temporal resolution. To demonstrate the tool advantages we run
various tests for a sample chip. We show that our tool provides
high level of flexibility in terms of speed vs. accuracy of results.

I. INTRODUCTION

High power densities of today’s integrated circuits lead to
on-chip thermal hotspots which can compromise chip func-
tionality. As [1] describes, the volumetric power density of a
20nm device is on the order of 10 TW/cm3. Consequently,
researchers and CAD vendors are developing tools to facilitate
design-time prediction and identification of thermal hazards.

Spatial and temporal variability of chip workload results in
non-uniform on-chip power density and localized temperature
variations which significantly affect device parameters. [2]
Shows an example of this. Considering the above facts, precise
localization of hotspots at gate-level is necessary for many
high-performance designs. This however requires an extremely
detailed spatial resolution for power/thermal simulation which
is very computationally intensive and almost impossible for
large designs. This is where multi-scale analysis techniques
can help. Conceptually, power and temperature estimation can
be done at low resolution when it provides satisfactory level of
accuracy at a high level of speed. Resolution (and computa-
tional effort) should be increased only for areas of interest,
where hot spots are likely. The challenge lies in avoiding
false negatives (i.e. missing hot spots) while minimizing false
positives to achieve significant speedups w.r.t. fine-grained
(gate-level) thermal analysis.

We propose MiMAPT (Micrel Multi-scale Analyzer for
Power and Temperature), a tool capable of performing pow-
er/thermal simulation at RT and gate-level with multiple
scales of resolution and speed. The tool starts coarse-grained
transient power/thermal analysis at RTL for a user-defined time
interval. It considers non-uniform shapes of on-die units during
analysis. MiMAPT switches to accurate gate-level simulation
only when a likely hot-spot is suspected. At gate-level it
performs iterative power/thermal simulation while refining

spatial resolution just for the areas which are suspected to
contain hotspots.

II. RELATED WORK

We categorize published results from academic researchers
into three areas:

• Thermal simulation platforms which estimate chip/pack-
age temperature distribution based on a given power and
floorplan.

• Power estimation packages, which calculate dynamic and
static power of a target architecture based on activity
statistics.

• Concurrent power and temperature computation solu-
tions, which mainly mix the capabilities of the above
instruments.

For chip/package thermal simulation [3] introduces Hotspot,
a boundary conditions independent compact thermal model.
Hotspot package assumes that a per-floorplan-block power
trace is given as an input. It performs thermal simulation
based on a given floorplan and does not perform automatic
mesh refinement and iterative thermal simulation based on
the results. [4] and [5] introduce ISAC and NanoHeat. The
two packages together create a platform capable of performing
thermal simulation at different scales of spatial and temporal
resolutions. The tool provides two solvers, one based on
Fourier heat conduction, and the other based on Boltzman heat
transfer equations (BTE)[1].

The multi-scale analysis capability of the mentioned tools is
confined to the provided power trace by the user from outside.
This is one important motivation that our solution, MiMAPT,
performs joint power and temperature calculation at different
scales of resolution.

[6] introduces Logi-Therm. The tool performs concurrent
electrical and thermal simulation of standard cell ASIC cir-
cuits. It takes standard cells of digital design as basic building
blocks and based on cell’s power characteristics and switching
activity calculates a power/thermal distribution map of the
chip. Analysis done by Logi-Therm however are based on a
fixed mesh resolution.

[7] introduces ICTherm, a tool developed for thermal anal-
ysis of 3D chips. The tool first performs a thermal evaluation
of the target with a very high spatial resolution. Based on the
results it creates a multi-granularity mesh which is used for
thermal simulation. The mesh however is fixed during the rest
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of the analysis. Instead, MiMAPT changes the mesh dynami-
cally based on the current on-die temperature distribution.

Power estimation is an extensively explored research area:
Wattch [8] and SimpleScalar [9] provide basic power mod-
els for CPU cores. McPAT [10] extends this capability to
wider range of architectures including multi-core clusters with
network-on-chips, DRAM-controllers and high-speed inter-
faces. The above tools however, do not provide power at
different levels of granularity. Moreover power estimation is
based on pre-defined full-custom architectures thus, in practice
these tools do not produce accurate enough results for newly
designed hardware and for an ASIC implementation style.

[11] provides a tool for concurrent power, performance and
temperature estimation. The tool however works at micro-
architecture level and not RTL and so it does not provide
enough accuracy for power and temperature estimation espe-
cially with new hardware blocks.

As of the author’s best knowledge, no academic package,
meets the following requirements together:

1- Power and temperature estimation at RT and Gate level
with different scales of spatial resolution.

2- Handling non-uniform shapes of design sub-modules for
thermal simulation.

3- Seamless integration into major design tool flows and
compatibility with widely used library standards.

4- Compatibility and open interfaces with commercial and
academic thermal analysis tools (such as Hotspot[3], 3D-
ICE[12] and FloTHERM[13]).

Considering commercial software packages, Gradient De-
sign Automation is known to be able to perform concurrent
power/thermal analysis with multiple scales of temporal and
spatial resolution in transient and steady state [14], [15]. Com-
pared to Gradient’s solution, MiMAPT provides wider range
of analysis speed and accuracy, since it basically performs
thermal analysis at RT level, which is very fast, and switches to
gate-level only when higher levels of resolution are demanded.

III. MIMAPT ARCHITECTURE

Our approach leverages power analysis features provided
by state-of-the-art commercial tools. Recent versions of logic
synthesis tools (e.g. Cadence RC R© and Synopsys DC R©) are
capable of estimating power at RTL before doing synthesis
based on switching activity obtained from functional logic
simulation. RTL power estimation can be done very fast, but it
is not very accurate[16], [17]. On the other hand, very accurate
power at gate level can be obtained after (or during) back-end
flow. The power analysis tool should be provided with the
finished (placed, routed, clock tree synthesized) design and
also switching activity statistics obtained from logic simulation
of the finished netlist with timing delays annotated through an
SDF file.

In classical thermal simulation flow the power estimation
at gate-level is used to obtain per cell power values. This
fine-grain power map is then used as input to fine-grain
thermal simulation [5], [3]. MiMAPT instead performs pow-
er/thermal simulation at RT level with the goal of avoiding
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Fig. 1. MiMAPT Block Diagram

time consuming gate-level simulation when hotspots do not
exist. This is achieved by using faster but less accurate, RT
level power/thermal simulation to filter out non-critical (non-
hotspot) portions of a die floorplan. A die area is defined as
hotspot when its temperature (T ) is higher than a specified
threshold (TH). Figure 1 shows the basic building elements
of MiMAPT which are two major parts: RTL and gate-level.

We partition the simulation input sequence in subsequences,
called test frames, typically representing different use cases in
a real design. We then dynamically switch to gate-level for any
arbitrary test frame if needed. We use the RTL state to initialize
the gate-level simulation and prepare the input patterns for the
test frame to simulate at gate-level.

A. RT Level Hotspot Detection

We perform logic simulation for each of the test frames at
RTL to obtain switching activity (SA(t)). This information
are then fed to the synthesis tool to obtain power estimation
for each of the design sub-modules.

We define a new thermal floorplan for the design which
divides chip area into equally sized rectangular blocks. For
each floorplan block (FB), we calculate what percentage of
each sub-module is located inside this block. Based on the
percentage we add a fraction of sub-module’s power to the
total power of the block.

Figure 2 shows this procedure in more detail for a sample
design. In this figure, (a) shows the defined floorplan for the
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Fig. 2. Generation of power map for thermal simulation at RTL

chip in the layout tool. (b) shows the traditional method of
creating thermal floorplan in which we use the dimensions
defined by the default chip floorplan directly. (c) shows the
chip after placement, as we can see, the real placement of
sub-modules is different than the default floorplan thus an
accurate thermal simulation is not possible using traditional
methods. In (d) we show our method of defining a new thermal
floorplan. Each floorplan block contains one or more design
sub-modules. The synthesis tool provides us with the power
consumption of each sub-module. Using chip placement infor-
mation that we have, we obtain the percentage of each sub-
module inside each floorplan block by counting the number
of cells owned by this sub-module inside the floorplan block.
We suppose that the sub-module’s power is uniformly divided
between its cells thus, we use the obtained percentage to add
the fraction of sub-module’s power to the total power of the
floorplan block.

Final obtained power map is then used by the thermal
simulator[3] to estimate per-block temperature map. This
thermal map is then compared with a set of adaptive thresholds
to identify if the test frame contains critical areas. If this
situation is detected we trigger the gate level hotspot detection
for the same frame. As shown in experimental results, RTL
hotspot detection executes significantly faster than the gate-
level simulation.

Estimated power at RT level is usually not equal to gate-
level power since the design is not fully synthesized yet.
Consequently, using a unique temperature threshold value to
identify hotspot blocks at RT and gate-level may not lead to
accurate detection of hotspots at RTL. Thus we use an adaptive
method to detect hotspots at RTL.

We first select the test frame in which every design sub-
module has highest level of activity and thus power, as
reference. We perform thermal simulation for this test frame

at RTL and gate-level and we mark critical floorplan blocks
(FB) by comparing their temperature values at gate-level
(CMapGate) to a threshold (THigh) which contains a safe
margin with respect to TH and is slightly lower (e.g. 1◦C) than
it. We use the computed critical blocks map (CritMatrix) for
identifying hotspots at RT level for the rest of test frames.

For each test frame we perform thermal simulation at
RTL and we compare each block temperature value with an
adaptive threshold. If the block is marked as critical, we act
more carefully, thus we create a reduced threshold value by
multiplying a coefficient A smaller than 1.0 to the reference
block temperature (CMapRTL). If the block is not critical we
use an increased threshold value by multiplying a coefficient
B bigger than 1.0 to the reference block temperature to avoid
un-necessary hotspot detection. The smaller values for A make
detection of hotspots at RT level safer however, they decrease
overall operation speed. Psudocode 1 describes this in detail.

Algorithm 1 Adaptive Hotspot Detection
Require: CMapRTL, CMapGate= Highest-workload frame,

temperature map at RTL and gate-level
Require: TMapRTL= current frame temperature map
Require: THigh= threshold value for critical block
Require: A, B: Coefficients (A < 1.0) and (B > 1.0)
Require: N= Total number of thermal floorplan blocks

for i = 1 → N do
t = CMAPGate(i)
if t > (THigh) then

CritMatrix(i) = 1
else

CritMatrix(i) = 0
end if

end for
for i = 1 → N do

t = TMapRTL(i)
if CritMatrix(i) == 1 then

if t > A× CMapRTL(i) then
This Block is hotspot!

end if
else

if t > B × CMapRTL(i) then
This Block is hotspot!
CritMatrix(i) = 1

end if
end if

end for

B. Gate Level Hotspot Detection

If test frame (j) is detected as critical in RTL hotspot
detector, it will be processed with high accuracy at gate-level
to correctly estimate the hotspot position and temperature. This
is done by first performing logic simulation at gate-level to
obtain circuit switching activity (SAGate(j)) used for power
estimation. The power map (PGate(i, j)) is then converted to
temperature (TGate(i, j)) using an iterative multi-granularity
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Fig. 3. Increasing spatial resolution of thermal analysis for the area of interest

meshing scheme. Starting from an initial mesh granularity
(initL) in each iteration (i) we increase spatial resolution
for on-die areas which are suspected to contain hotspots.
Indeed, in each iteration, we examine the temperature map
for the current thermal floorplan. For every floorplan block
with a temperature value higher than TH we break the block
into M × M equal sized smaller blocks. The process will
continue until the finest spatial granularity (finL) is reached.
initL, M and finL are constants mainly defined by the user.
They should be selected according to the chip die area and
the desired spatial resolution and the accuracy with which
detection of hotspots should be done. Figure 3 shows an
example output of our multi-granularity thermal simulation
for three continuous iterations.

IV. EXPERIMENTAL RESULTS

We first evaluate our adaptive hotspot detection algorithm
at RTL. Based on real power values, we create an ensemble of
virtual gate-level and RTL power maps. RTL power maps are
obtained by adding Gaussian random variables to per-floorplan
block power values at gate-level. We change random variable’s
characteristics to simulate different situations of RTL power
estimation.

Figure 4 shows total power values for 180 different
virtual test cases that we have. For each power map at
gate-level we create 10 different power maps at RTL by
changing the mean of the Gaussian random variable (μ =
{−0.2,−0.1, 0.0, 0.1, 0.2}). We compare the output of thermal
simulation for all of the gate-level and RTL power pairs. For
each pair we obtain the number of hotspots and their locations
at gate-level and we compare it with the output of hotspot
detection methods at RTL.

Figure 5 shows the performance of our adaptive method (A-
Temp) compared to using a unique user defined threshold value
(TH Only). In this figure, (a) shows the percentage of situations
that hotspots exist in the chip and gate-level simulation should
be triggered, compared to percentage of situations that each of
A-Temp and TH Only trigger gate-level simulation. (b) shows
percentage of cases in which the estimated spatial location
of hotspot by each of A-Temp and TH Only is different than
its estimated location at gate-level. As we can see, A-Temp
estimates the spatial location of hotspots correctly in all of
the situations. Finally, (c) shows the percentage of detected
false positives and false negatives for each of A-Temp and TH
Only methods considering all of the 180 test cases. Different
than TH Only, false-negative for our method is equal to zero
which means it captures all of the hotspots completely.
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Fig. 4. virtual power values at RTL and gate-level used for evaluation of
adaptive method.

TABLE I
SAMPLE CHIP : AES, FFT AND FPU. (3 SEPARATE CLOCK DOMAINS).

Block Area(mm2) #Cells FFs ClkBuf F(MHz)
FPU 0.2730 41477 499 13 143
FFT 0.6997 81651 42684 875 525
AES 0.4758 110758 7882 167 1328
Top 1.49 233887 51065 1055 -

To evaluate MiMAPT for a real test case, we create a sample
chip containing 3 widely used digital IP blocks (AES, FPU and
FFT), and fully perform synthesis, placement, CTS and routing
using TSMC 65nm standard-cell library. The results are based
on typical corner case of V DD = 1.2V and T = 25◦C.
Table I shows chip’s key specifications.

Six different test frames are created to evaluate MiMAPT.
Figure 6 shows for each test frame, total power of the design

Fig. 5. hotspot detection methods comparison (Adaptive vs. TH only)
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estimated at RTL and gate-level. Duration of each test frame
is 0.2 seconds.

We execute MiMAPT for all test frames and we store
spatial and temporal information related to detected hotspots.
We then perform power and temperature estimation of the
design without MiMAPT for the same set of test frames at
gate-level and at the finest level of granularity. We perform
comparison between MiMAPT and fine-grain simulation for a
sample value of TH = 358K.

The finest level of granularity (finL) is 50um and fine-
grain floorplan contains 24x24 (total 576) blocks. RTL floor-
plan and initial floorplan at gate-level are 8x8 blocks (initL).
For increasing spatial resolution of the multi-granularity mesh
at gate-level, we divide each hotspot block into 3 × 3 equal
sized smaller blocks (M = 3). A and B coefficients in RTL
hotspot detection are 0.9 and 1.1 respectively.

We represent the results in terms of execution time and ac-
curacy of detecting hotspot location and temperature. Among
6 available test frames, for 3 of them MiMAPT detects critical
blocks at RTL and triggers gate-level, for the other 3, gate-
level is not triggered saving time. The difference between
estimated temperature by MiMAPT and fine-grain is around
0.02K. For every hotspot block at fine-grain, there exists a
corresponding block in MiMAPT which has the same location
and size and is announced as hotspot. As a result, the distance
between location of hotspots detected by MiMAPT and fine-
grain is zero. MiMAPT detects all of hotspots with a very good
level of accuracy, thus there is no false negatives. When gate-
level is triggered MiMAPT performs two iterations of thermal
simulation to achieve required spatial resolution of 50um. For
the first iteration (i = 1) the thermal floorplan contains 64 and
for the second one (i = 2) 168 blocks.

Table II shows the execution time of MiMAPT compared to
fine-grain. Considering all the six test frames, total execution
time at fine-grain is 26520 seconds, it includes required time
for gate-level simulation and obtaining switching activities
(Tgatesim = 1610s) and time for fine-grain thermal simula-
tion (Tgatefinthr = 24910s). In contrast, total execution time
for MiMAPT is 1446 seconds. It contains the time for RTL
logic simulation and obtaining switching activities (Trtlsim =
83s), time for RTL thermal simulation (Trtlthr = 72s) and
time for gate-level simulation for each of the 3 detected critical
test frames (Tgatesim = 908s). Two of the test frames are
false-positives thus they do not have hotspots at gate level and
gate-level thermal simulation will be done for them only at
coarse grain (Tgatethrc = 24s). One of the test frames is
critical and thus contains hotspots at gate-level and triggers
MiMAPT multi-granularity engine (Tgatethrm = 335s). In
total, MiMAPT is 18.3X times faster than fine-grain at the
same level of accuracy.

In order to provide a better perspective on the range of pos-
sible speedups for MiMAPT, we calculate average MiMAPT
time for one test frame when it is either a non-critical, false
positive or a critical frame. As shown in table III, for our
sample chip, for an assumed experiment in which every test
frame is non-critical, MiMAPT reaches the maximum speedup

TABLE II
EXECUTION TIMES COMPARISON: MIMAPT VS FINE-GRAIN. (TIME IN

SECONDS)

Method

RTL
logic
Sim

RTL
Thermal

Sim

Gate-level
logic
Sim

Gate-level
thermal

Sim Total
Fine-grain - - 1610 24910 26520
MiMAPT 83 72 908 359 1446

TABLE III
AVERAGE MIMAPT SPEED-UP OVER FINE-GRAIN FOR A GENERIC TEST

FRAME FOR DIFFERENT FRAME TYPES.

Test frame
Type

MiMAPT
Time RTL

MiMAPT
Time Gate

Example
SpeedUp

Non-critical
Trtlsim
+Trtlthr - 171X

False positive
Trtlsim
+Trtlthr

Tgatesim
+Tgatethrc 13X

Critical
Trtlsim
+Trtlthr

Tgatesim
+Tgatethrc + Tgatethrm 7X

of 171X. However when every test frame is false-positive, the
speedup decreases to 13X. Finally if every test frame is critical
the speedup reaches a lower bound of 7X.

V. CONCLUSIONS

We proposed MiMAPT, and described its approach to
power/thermal simulation at RT and gate level. MiMAPT
highly accelerates power/thermal simulation while keeping
accuracy at acceptable levels. For the developed sample chip,
we observed an speed-up range between 7X to 170X (with
a typical value of around 18X) over classical method while
providing the same level of hotspot detection accuracy.
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Abstract-Three Dimensional Integrated Circuit (3DIC) technology 
has been introduced to address the interconnect issues in nanometer 
circuit design that often limit performance improvement and power 
reduction. However, stacking active layers of silicon will lead to 
increased power density and overall higher temperatures in a 3D 
chip implementation for many designs. Thermal sensors are 
therefore crucial for run-time thermal management of 3DICs. A 
thermal sensor distribution method customized for 3DICs is 
introduced in this paper. A new 3D thermal map modeling which 
facilitates efficient and very fast analyses is embodied in this thermal 
sensor distribution algorithm. The 3D thermal map modeling is 
based on scaled hotspot areas, depending on the distance of a 
stacked layer from the heatsink and also thermal effects of the 
layers on each other. Our results indicate that for a 4-layer stacked 
3DIC, consisting of two layers of quad-core processors and one layer 
of L2 cache and one layer of main memory, less than 4.4% in 
maximum sensors reading error can be accomplished with a 53x 
speedup in the thermal evaluation time and thermal sensor 
distribution algorithm implementation. Furthermore, the number of 
needed sensors is 44% lower than that of conventional 2D thermal 
sensor distribution methods.

I. INTRODUCTION

Three Dimensional Integrated Circuit (3DIC) technology is emerging 
to extend Moore’s law along a vertical dimension. Device scaling is 
reaching a limitation because of short-channel effects, increasing 
variability and power dissipation. 3DIC technology makes it possible to 
continue Moore’s law further not by scaling, but by stacking active layers 
of transistors on top of each other [1]. 3D stacking can potentially 
improve interconnect performance by reducing the total wire length on a 
chip, which decreases both latency and power consumption. Also, 3D 
stacking has the potential to reduce chip area and makes it possible to 
integrate dissimilar technologies in one chip. There are also some 
challenges for this technology to mature and be widely used, e.g., 
accommodating layers of differing technologies using TSVs (Through 
Silicon Vias), testing of the stacked layers, and higher junction 
temperatures due to increased power density. Thermal issues will also 
worsen because of limitations in using cooling channels between the 
layers, and because the layers which are further from the heatsink may get 
overheated [2] [3]. A good understanding of the thermal behavior of 
3DICs is necessary for devising design and packaging techniques and 
power saving methods to mitigate the thermal problems in 3DICs.  

Thermal sensors must be allocated inside 3DICs for run-time thermal 
measurement and management of the chip. The thermal sensor 
distribution problem has been widely studied for conventional 2D chips. 
In [4] locations of the sensors are determined after providing an analytical 
model that describes the maximum temperature difference between a 
hotspot in the IC and a region of interest. In [5] uniform and non-uniform 
sensor allocations are compared. The non-uniform allocation identifies an 

optimal physical location for each sensor such that the sensor’s attraction 
toward steep thermal gradients is maximized. In [6] after locating high 
energy regions of the chip, two methods of energy-center sensor 
allocation and energy-cluster sensor allocation are compared, while in the 
latter, sensor locations are determined using the k-means clustering 
algorithm, which attempts to strike a balance between hotspot estimation 
and full thermal characterization. These methods should be further 
developed and customized for 3DICs, considering the special thermal 
behavior of this technology. 

Any reasonable thermal sensor allocation algorithm for 3DICs requires 
a 3D thermal map of the IC, and such a thermal map, which is generated 
by a power profile of the chip, is workload dependent. A thermal sensor 
allocation algorithm should consider possible thermal maps of the 3DIC 
to find an optimum number of sensors and their locations for minimum 
possible reading errors. Using detailed thermal map modeling is therefore 
very time consuming given all the workload scenarios that must be 
considered. In this paper we provide a very fast and efficient 3D thermal 
map modeling approach to be used for thermal sensor allocation. The 
model, while very fast in execution, yields acceptable error tolerance for 
the purpose of a thermal sensor distribution algorithm. Furthermore, the 
approach gives insight for general thermal behaviors in 3DICs, including 
possible locations of hotspots. 

In recent years different methods for thermal map modeling of 3DICs 
have been proposed. The methods are mainly divided into three 
categories. The Finite Difference Method (FDM) solves Partial 
Differential Equations (PDE) of the heat conduction with constraint 
boundaries. The method is very accurate in modeling both steady-state 
and transient thermal behavior in the rectangular geometry of a 3DIC. 
The main disadvantage of this method is its high computational cost 
[7][8].  Compact modeling divides a 3DIC into thermal grids and based 
on electrical-thermal analogy equations, solves the thermal relationship 
between neighboring cells. A transient temperature response is calculated 
given the physical characteristics and power consumption of units on the 
die. Compact modeling still very accurately reduces the problem size and 
expedites thermal simulations [9][10][11]. Fast methods sacrifice some 
accuracy to reach faster thermal modeling simulation and can be used in 
thermal management algorithms to get insight into the spatial thermal 
map of the 3DIC for all possible applications. In [12] a fast thermal 
simulation for 3DICs is proposed using a Neural Network heuristic. 
Although the speedup is considerable, using this model still needs a time 
consuming training phase for random power inputs for each thermal cell. 

We approached the problem of 3DIC thermal map modeling from a 
new angle. Our model is based on common thermal scaling behaviors of 
3DICs and can be used for both transient and steady-state thermal 
analysis of a 3DIC. The method is based on scaled hotspot areas, 
depending on the distance of a stacked layer from the heatsink and also 
thermal correlations between the layers. We model each layer’s thermal 
map in a 3DIC as a superposition of its own thermal map, after proper 
scaling based on its location in the 3DIC, and scaled reflections of other 
layers’ thermal maps on that specific layer. By finding proper thermal 
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scaling factors between layers, a characterization of the chip thermal map 
for all applications can be obtained. 

The thermal sensor distribution method for 3DICs proposed in this 
paper is developed in two steps. First, a 3D thermal map model is 
provided to be used in the thermal sensor distribution algorithm. Then a 
thermal sensor distribution algorithm for 3DICs is proposed which is 
thermal gradient-aware and employs a k-means clustering algorithm in a 
3D manner. Taking advantage of the high thermal correlation between 
adjacent layers, we claim that any thermal sensor distribution algorithm 
should be solved as a 3D problem, not for individual layer separately, to 
avoid excessive assignment of sensors to the same spatial hotspot.  

The organization of the paper is as follows: Section II provides the 
explanation of the proposed 3D thermal map model. In section III an 
algorithm for thermal sensor distribution for 3DICs is given. 
Experimental results are presented in section IV, and section V concludes 
the paper.  

II. 3D THERMAL MAP MODELING FOR 3DICS

In this section we propose a method for 3D thermal map modeling of 
3DICs. In the proposed method we rely on the facts that any hotspot area 
in a layer inside the 3DIC will enlarge if the layer gets further from the 
heatsink, and a scaled version of each layer’s thermal map will be 
reflected on other layers. This method helps us to apply a detailed thermal 
analysis on each 2D layer using the existing IC thermal analysis CAD 
tools and apply a simplified scaling method to attain the whole 3DIC 
spatial thermal map.   

A. Thermal map scaling based on the layer location in 3DIC 
In the first step toward the accomplishment of the 3D thermal map 

model we study how the thermal map of a single layer will change based 
on its location in the 3DIC. 

Theorem: With the same source of heat, the hotspot area increases as a 
layer gets further from the heatsink (hotspot area is the area around a heat 
source that has the possibility of having a temperature greater than a 
Tcritical).

Proof: Let’s assume that a heat source is located in layer i and the 
hotspot area around it has radius r. The border of the area has a 
temperature of Tb. The layer’s thermal resistance to the heatsink is Ri-HS.

By going to layer j which is further from the heatsink we attain Rj-HS >
Ri-HS . To have an area with the same temperature of Tb on its border, 
based on Equation (1), Rl (equivalent lateral thermal resistance from heat 
source to the border) must increase and that means radius r must increase. 
Therefore with the same source of heat the area of the hotspot in layer j
will be greater. 

(1)

By finding the proper scaling factors, any layer’s thermal map can be 
obtained and then scaled based on its location relative to the heatsink. It is 
also necessary to model the other layers’ thermal effects on a specific 
layer to obtain the complete solution. Layers’ thermal effects on each 
other will be studied in the next section.  

For now we assume that we have only one active layer in the 3DIC 
(located in layer k), and its thermal map will be solely obtained by a 
proper scaling of the thermal map of the layer derived from the 
conventional 2D method that we call original-thermal-map of the layer 
and show by the matrix O. The original-thermal-map of the layer is 
divided into an n×n grid, and the average temperatures of the grid cell 
points form the n×n matrix O. The scaling model is obtained by data 
interpolation of the temperature change of each grid cell for each active 
layer location in the 3DIC. The active layer thermal map matrix in layer k
as a function of its original-thermal-map matrix can be formulated as 

Equation (2). We call this matrix intermediate-thermal-map matrix and 
show it by I.

(2)

Based on Equation (2) each element of the intermediate-thermal-map 
matrix in layer k is a function of the corresponding element in the 
original-thermal-map matrix, , the horizontal thermal gradient 
matrix of the original-thermal-map matrix, , and the vertical 
thermal scaling matrix, from the heatsink up to layer k. ak, bk,
and ck are scalar fitting factors which are functions of lateral thermal 
conductivity and the location of layer k.

Each element in the thermal gradient matrix  is calculated by 
taking the difference of the temperature of grid cell (i,j) from its 
neighboring cells’ temperatures. This factor arises from the fact that a cell 
with much hotter neighbor cells suffers more from their temperatures as it 
gets further from the heatsink, and a larger scaling factor is applied 
accordingly.   

Each element in the vertical thermal scaling matrix, , is a 
function of an equivalent vertical thermal conductivity from the 
corresponding element in the thermal matrix of layer k to the heatsink.  

Equation (3) shows how to calculate .

(3)

In this equation layer m is the closest layer to the heatsink and Di,i+1 is an 
n×n vertical scaling matrix between layer i and layer i+1. Each element 
in Di,i+1 is a function of the vertical thermal conductivity between 
corresponding grid cells in layer i and i+1 and also the location of the 
layers in the 3DIC relative to the heatsink.  

B. Modeling of other layers’ thermal effects on a specific layer 
The thermal effects of layers in a 3DIC on each other can be studied 

through primary and secondary paths of heat transfer. The primary path 
of heat transfer is responsible for conducting the heat toward the heatsink 
and removing the heat through the heatsink. The secondary path of heat is 
the one toward the PCB (Printed Circuit Board). In a conventional 2D IC 
chip, the secondary path of heat transfer is always insignificant, because 
there are no additional layers of circuitry between the primary heat source 
and the PCB. Clearly this is not the case in a 3DIC. The secondary path of 
heat transfer in a 3DIC is more problematic. 

If there is a source of heat in the middle of a 3DIC, the layers between 
the heat source and the PCB will be greatly affected because the path to 
the heatsink has high thermal resistivity, practically trapping the heat in 
these layers. Fig. 1 compares the maximum junction temperature of each 
layer in both the primary and secondary paths of heat transfer in a 3DIC. 
This sample chip consists of 7 layers (each of them consists of bulk, 
active Si, and metal sublayers which comprise a total of 21 sublayers 
under study) with the processor in the middle layer and 3 passive layers 
both above and below it. Thermal simulation was performed using 
HotSpot 5.0 [9]. 

Fig. 1. Primary vs. secondary path of heat transfer in a 7-layer 3DIC using 
HotSpot 5.0.  
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Fig. 2. Thermal map of different layers in a 7-layer 3DIC using HotSpot 5.0. 

As can be seen in the figure, the temperature drops dramatically for the 
layers closer to the heatsink along the primary path of heat transfer, while 
it remains almost constant for the layers between the source of heat and 
the PCB along the secondary path of heat transfer.  

Through both primary and secondary paths of heat transfer, a scaled 
replicate of a layer’s thermal map will be reflected on other layers.  Fig. 2 
shows how the thermal map of the processor will be replicated on other 
layers in both primary and secondary paths for a chip with a processor in 
the middle layer and 3 passive layers both above and below it. This effect 
can be formulated as shown in Equation (4). 

(4)

where  is a thermal map in layer k generated solely based on the 
thermal effect of layer l. If Tk is located between Tl and the heatsink, the 
thermal map generated on it is through the primary path of heat transfer 
from layer l, and if Tk is located between Tl and the PCB, the thermal map 
generated on it is through the secondary path of heat transfer from layer l.
Each element in the thermal gradient matrix  is calculated by taking 
the difference of the temperature of grid cell (i,j) from its neighboring 
cells’ temperatures. This factor arises from the fact that a cell with much 
hotter neighboring cells generates hotter grid cells on other layers. al, bl,
and cl are scalar fitting factors which are functions of lateral thermal 
conductivity and the location of layer l.

The scaling matrix on the primary path is shown by Pkl and on the 
secondary path by Skl. The elements of the scaling matrices are a function 
of equivalent thermal conductivity between corresponding elements in 
layer k and l and location of the layers. As the layers between the active 
layer l and PCB have high thermal resistance to the heatsink, with the 
same distance from the active layer l, elements in matrix Skl are greater 
than elements in matrix Pkl , and layer l has lower thermal effect on the 
layers between itself and the heatsink. Each element in the scaling matrix 
between layer k and l is obtained by the product of corresponding 
elements in scaling matrices of adjacent layers between layer l and k as 
shown in Equation (4). 

C. Scaling elements calculation 
Each element in the matrices of , , and  depends on the 

equivalent  thermal  conductivity  of  that  grid cell and the location of the 
corresponding layer. To compute the equivalent thermal conductivity the 
fraction of the grid cell being occupied by TSVs must be considered as 
shown in Fig. 3. This fraction can be calculated using smaller grid cells. 

Fig. 3. Vertical thermal scaling matrix elements calculation based on the fraction 
occupied by TSVs (face-to-back configuration in a flip-chip 3DIC). 

1% accuracy yields acceptable error tolerance. 
Each scaling element can be calculated as follows: 

     

(5)

In which f is the fraction of the grid occupied by TSVs and R values are 
thermal resistivity of each layer as a function their height, the size of the 
grid cells and the material of the layers. As the grid cells are assumed to 
be equal in size, R values are calculated only once. For each grid cell p, s,
and d which are corresponding elements of the scaling matrices of Pi,i+1,
Si,i+1, and Di,i+1 respectively are calculated as shown in (5). i,i+1 and i,i+1
are scaling parameters which are proportional to the distance of the layer 
from the heatsink. Parameters (i,i+1),l and (i,i+1),l are inversely 
proportional to the distance from the source layer l.

D. 3D thermal map modeling 
Each layer’s thermal map is a combination of its scaled original 

thermal map and the effects of other layers. By combining Equations (2) 
and (4), each layer’s final-thermal-map shown by F can be calculated as 
follows: 

(6)

Pki models the thermal effect of layer i on layer k, in which layer k is 
located on its primary path of heat transfer, while Ski models this effect 
when layer k is located on the secondary path of the heat transfer of layer 
i. (Layer m is the closest layer to the heatsink.) Oi and Ok are original-
thermal-maps of layers i and k, and Ii and Ik are their intermediate-
thermal-maps. Fk is the final-thermal-map of layer k.

This model can be used for efficient 3D thermal map estimation of a 
3DIC with any number of active layers and any possible application set 
without requiring tedious, detailed, time-consuming simulations for every 
application and configuration. The model also gives a very clear insight 
into the thermal behavior of 3DICs. The model can be used for both 
steady-state and transient modeling of 3DICs. For the 3DICs employing 
cooling channels [14] the model can be extended after finding proper 
scaling factors corresponding to the layer containing cooling channels.  

The 3D thermal modeling steps are summarized in Fig. 4. To pinpoint 
possible hotspots for the thermal sensor distribution algorithm, in step 7 
the maximum temperature of each grid cell in each layer for all 
considered applications is calculated.  

Existing 3D thermal analysis tools like HotSpot [9] and 3D-ICE [10] 
conduct very detailed thermal analyses by finding the thermal resistance 
and thermal capacitance between thermal nodes to model lateral and 
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vertical heat conduction paths. As the number of active layers and the 
number of applications to be run on a 3DIC increase, this kind of detailed 
thermal simulation is very time consuming, especially for the purpose of 
thermal control algorithms like thermal sensor allocation which requires a 
global view of the thermal maps of the 3DIC. Using the proposed method 
we can attain a significant savings in simulation time especially when the 
number of active layers and applications increases. The proposed model 
reduces the complexity of the problem of solving 3DIC thermal modeling 
by decomposing the 3D problem into interactions among essential 
components only in 2D layers.   

Fig. 4. 3D Thermal map modeling steps. 

III. THERMAL SENSOR DISTRIBUTION FOR 3DICS

The 3D thermal sensor distribution method used in this paper is 
thermal-gradient-aware using a k-means clustering algorithm in the 3D 
space and employs the 3D thermal map modeling technique described in 
section II. 

A thermal-gradient-aware k-means clustering algorithm for sensor 
allocation in conventional 2D ICs is proposed in [5]. However, in this 
paper we describe the necessity of considering the spatial thermal map of 
the 3DIC instead of each individual active layer’s thermal map for 
optimum sensor allocation. The k-means clustering algorithm is defined 
as follows: Given an integer k and a set of n data points 

 in an m-dimensional space, 
determine k centers such that the mean-square distance from each data 
point to its nearest center is minimized [5]. 

In the sensor allocation problem, n data points are n hotspot locations 
in the chip, and k centers are optimum sensor positions for monitoring the 
hotspots.  To find the hotspot locations, each layer in the 3DIC is divided 
into n×n grid cells, and the spatial thermal map of the 3DIC for the 
application set is derived. Because of the large set of applications, 
especially for multi-core processors, thermal map modeling should be fast 
while accurate enough to give the location of all possible hotspots. A 
hotspot is any grid cell with possibility of having a temperature higher 
than a specified Tcritical.  A hotspot will be located by its three Euclidian 
coordinates in the 3DIC. The k-means clustering algorithm will then be 
solved considering the position of the hotspots in the 3D space. To make 
the allocation thermally aware, the maximum temperature of each hotspot 
will be added as the 4th dimension of that hotspot and will be applied to 
the k-means clustering algorithm. In this way a sensor will be allocated 
closer to the hotspots with higher temperatures. Although in this way the 
problem will be solved in a 4 dimensional space, we call the algorithm 
3D k-means clustering as it is solved in a 3D Euclidian space in contrast 
with the problem to be solved for each 2D layer individually that we call 
2D k-means clustering algorithm. 

Because of the physical adjacency and use of high thermal conductive 
TSVs between the layers, the thermal maps of adjacent layers are highly 
correlated to each other. Table 4 shows the thermal correlation between 
the layers in a typical 4-layer 3DIC. Because of this high thermal 
correlation any sensor’s temperature can also represent the temperature of 
its  immediate  neighbor  cells  in  the  adjacent  layers.  The  high thermal  

Fig. 5. 3DIC stacked layers (Flip-chip configuration).

correlation between the layers also shows the necessity of monitoring 
spatial  hotspots  in  3DICs  instead  of  planar  hotspots  in  each layer for 
further thermal control of the 3DIC. A hotspot in a layer sometimes needs 
to be controlled by applying thermal control techniques on its adjacent 
layers.  

In the next section through experiments we show the efficiency of 
using k-means clustering considering a 3D thermal map of the chip 
instead of solving thermal sensor allocation for each individual active 
layer separately. 

IV. EXPERIMENTAL RESULTS

This section provides experimental results for the proposed thermal 
modeling and sensor allocation technique described in previous sections. 
In all experiments the Alpha 21264 is used as a baseline processor [15]. 
SPEC2000 benchmarks are used as the benchmarks to be run on the 
processors [16]. The Wattch infrastructure [17] is used for architectural-
level power modeling of the system, and HotSpot 5.0 [9] is used for grid-
based thermal simulation of the 3DIC. For the packaging parameters, we 
used HotSpot 5.0 defaults [9].  

The 4-layer 3DIC in our experiments as shown in Fig. 5 consists of 8 
cores of Alpha 21264 in 90nm.  The top two layers by the heatsink 
consist of 4 cores each, and the next layer is dedicated to the L2 cache. 
The last layer which is the closest to the PCB contains main memory. The 
second layer is rotated 180 degrees to balance the chip power profile [18]. 
The 3DIC layers are stacked face-to-back. 16MB of L2 cache is shared 
between all cores, and the size of main memory is 1024MB. The Alpha 
21264 configuration is shown in Table 1. The material properties of the 
3DIC in our experiments are shown in Table 2. 

Each layer is divided into 128×128 grid cells. The elements of the 
128×128 scaling matrices D, S, P for each two adjacent layers is obtained 
based on the percentage of the prism, connecting two corresponding 
elements in two adjacent active layers vertically, occupied by TSVs. The 
data  is  then  gathered  in  a  lookup  table  to  be used for any considered 

TABLE 1. ALPHA 21264 CONFIGURATION.
Die size 4.65×4.65mm2

Frequency and Voltage 2GHz, 1.2V 
Instruction Queue 64 entries 

Functional unit 4IXU, 2FPU, 1BPU 
Branch predictor 1K local, 4K global 
L1 DCache/core 32KB, 2-way, 64B blocks, 3 cycle lat 
L1 ICache/core 64KB, 2-way, 64B blocks, 1 cycle lat 
Shared L2 cache 16MB, 8-way LRU, 64B blocks, 25 cycle lat

TABLE 2. 3DIC MATERIAL PROPERTIES.

3DIC layers 
Specific heat 

capacity (J/m3K)
Thermal 

Conductivity 
(W/m.K) 

Thickness 
(µm) 

Bulk (SiO2) 1.96×106 1.2 100 
Active (Si) 1.63×106 100 0.1 
Metal (Cu) 3.45×106 400 10 
Heat sink 3.55×106 400 6900 
Heat spreader 3.55×106 400 1000 
TIM 4×106 4 20 

3D Thermal Map Modeling Steps 
0   Fill the lookup table of scaling elements 
1   For each benchmark 
2     For k=1:m 
3             Find Ok from 2D thermal methods 
4             
6     For k=1:m 
7             
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TABLE 3. POWER PROFILE OF THE BENCHMARKS.

Benchmarks
Avg

power 
(W) 

Power Distribution (%) 

branch
pred Icache Dcache Functional

units Clock Others 

apsi 33.5 2.4 13.4 43.8 7.2 22.5 10.7 
equake 25.3 2.6 8.1 47 8.1 20.8 13.4 
gcc 28.3 2 6.5 53.2 6.5 19.8 12 
bzip 21 4.6 17 14 12.3 31.9 20.2 

application. For each two layers this scaling factor is then obtained by a 
combination of the scaling factors of each two adjacent layers between 
these two layers. 

We evaluated six different applications run on the 3DIC’s 8-core 
processor. These applications are combinations of the benchmarks shown 
in Table 3. With different power profiles of the selected benchmarks we 
attained a wide variety of spatial thermal maps for the 3DIC to examine 
our 3D thermal map modeling and the efficiency of the 3D k-means 
clustering algorithm for sensor allocation in a 3DIC. The applications are 
shown in Table 5. 

Using the 3D thermal modeling steps shown in Fig. 4, we modeled the 
spatial thermal map of the 3DIC for our six applications. The maximum 
of the modeling error observed was in the layer closest to the PCB in 
application 4. Fig. 6 shows the histogram of the 3D thermal map 
modeling error for that layer. The layer is divided into 128×128 grid cells, 
and the error represents the difference between the temperatures of the 
grid cells calculated with HotSpot 5.0 and the results provided by our 
proposed 3D thermal map modeling. As shown in the figure the mean of 
the modeling error is 2.5% while the maximum error is less than 5.5% 
which is quite acceptable for the purpose of thermal sensor allocation 
algorithms. 

For each individual application, using the same platform, the speedup 
in using our 3D thermal map modeling is 53x compared to HotSpot 5.0 
thermal modeling. HotSpot 5.0 would have to be run again for each 
application for the entire 3DIC, while our model would just need to be 
re-evaluated but not recalibrated. This speedup is significant, given the 
vast number of scenarios that must be evaluated for a complete thermal 
analysis of typical 3DIC systems and applications.  

Because of the high thermal correlation between the layers in a 3DIC 
we contend that the k-means clustering algorithm should be solved as a 
3D problem instead of solving it for each layer individually. Table 4 
shows the high thermal correlation of the layers tested for a large set of 
applications.
To show the efficiency of using the k-means clustering algorithm in the 
3D space instead of solving the problem for each individual layer we 
conducted the following experiment. Each layer in the 4-layer 3DIC is 
divided  into  16×16  macro  cells  (each  macro  cell  consists of 8×8 grid 
cells). After deriving the spatial thermal map of the 3DIC and pinpointing 
possible hotspots, we run both 2D and 3D k-means clustering algorithms. 

Fig. 6. Histogram of 3D thermal map modeling error. 

TABLE 4. THERMAL CORRELATION BETWEEN LAYERS IN THE 4-LAYER 3DIC. 

Thermal 
Correlation

layer 1 
Main 

Memory 

layer 2 
L2 

Cache

layer 3 
Quad-core
processor 

layer 4 
Quad-core
processor 

layer 1 1.00 0.98 0.93 0.87 
layer 2 0.98 1.00 0.97 0.92 
layer 3 0.93 0.97 1.00 0.97 
layer 4 0.87 0.92 0.97 1.00 

In both methods a sensor located in a macro cell represents the 
maximum temperature. For a macro cell that contains no sensor, if its 
immediate lateral or vertical macro cell neighbors contain sensors, its 
temperature is the average temperature of its neighbor sensors [4]. This 
approximation is reasonable because of the high vertical and lateral 
thermal correlation between the neighbor macro cells but will also be 
evaluated in the experimental results. If the temperature of any macro cell 
cannot be determined using this method we say that this macro cell is not 
in the coverage area. The goal is to cover critical areas, which are any 
macro cells containing possible hotspots with acceptable sensor reading 
error tolerance. 

Fig. 7 shows percentage of critical area coverage for both 2D and 3D 
k-means clustering as the number of sensors increases. The sensor 
reading error tolerance for both methods is kept the same, which is less 
than 5%. To attain a much smaller error tolerance, the size of macro cells 
must be set smaller.  

We can see that with the same number of sensors and error tolerance, 
using 3D k-means clustering covers a much higher percentage of the 
critical macro cells than 2D k-means clustering, due to the high thermal 
correlation between the layers. For the case using 2D k-means clustering 
for each layer separately, a sensor allocation results with sensors 
vertically close to each other because any planar hotspot creates hotspots 
on adjacent layers too. On the other hand by using 3D k-means clustering 
a spatial hotspot will be considered one data point, so a smaller number of 
sensors will be assigned to it. We can see that with 60 sensors we can 
monitor all critical macro cells in the 3DIC for an error of less than 5% 
while a much greater 108 sensors are needed if we use a 2D k-means 
clustering algorithm. Fig. 7 also shows that with increasing the number of 
sensors and using 2D k-means clustering we may not reach higher 
coverage, again because of assigning an excessive number of unnecessary 
sensors to the same spatial hotspots.  

The optimum thermal sensor positions using a 3D k-means clustering 
algorithm for sensor allocation are shown in Fig. 8. We can see that with 
a minimum number of sensors, for 100% coverage of the critical area and 
an acceptable reading error of less than 5%, thermal sensors are only 
located in middle layers and they also monitor their adjacent layers’ 
temperatures. Note that the 3D thermal map shown in the figure is for one 
application, while the sensor allocation considers all six thermal maps of 
the 3DIC. Figure shows the macro cells that contain sensors. 

Fig. 7 Sensors’ monitoring area vs. number of sensors using 2D and 3D k-
means clustering algorithm. 
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Fig. 8. Thermal sensor allocation using 3D thermal map modeling and 3D k-
means clustering algorithm. 

Table 5 shows the combination of benchmarks for each application 
used to create various 3D thermal maps for the 3DIC. The “Max 
Modeling Error” column shows the maximum grid cell’s temperature 
error of our 3D thermal map modeling as compared to the temperature 
calculated by HotSpot 5.0 grid-based thermal simulation. The “Max 
Sensors Reading Error” column shows the maximum sensor reading error 
for the critical areas that are covered by the proposed thermal sensor 
distribution. The sensor reading temperature is determined based on the 
temperature of the grid cell in which it is located and using our 3D 
thermal map modeling. The maximum temperature of critical macro cells 
determined by the sensors is then compared with the actual maximum 
temperature of those macro cells computed with HotSpot 5.0. The column 
shows the maximum of these errors.  

 The small magnitude of the sensor reading errors demonstrate the 
efficiency of our distribution method. The maximum sensor reading error 
in the critical areas is less than the maximum 3D thermal map modeling 
error of the whole 3DIC, demonstrating that the model can predict steep 
thermal gradients quite precisely. This shows another great advantage of 
using this fast 3D thermal map modeling. 

The table shows that the maximum 3D modeling error is 5.46%, and 
the maximum sensor reading error is 4.40%. This small sacrifice in 
accuracy is impressive given that the solution was attained with a 53x 
speedup compared to HotSpot 5.0 thermal modeling and uses 44% fewer 
sensors than the number needed if using conventional 2D k-means 
clustering.

V. CONCLUSION

In this paper we proposed a new thermal map modeling and sensor 
distribution technique for 3DICs. The proposed 3D thermal map 
modeling relies on two factors: the scaled hotspot area based on the 
distance of the stacked layer from the heatsink, and the thermal effect of 
each active layer on other layers. The model is very fast and efficient and 
gives a clear insight into the thermal behavior in 3DICs. The model is 
utilized to generate the 3D thermal map of a sample 4-layer stacked 
3DIC, consisting  of  two layers of quad-core processors and one layer of  

TABLE 5. MAXIMUM 3D THERMAL MODELING AND SENSOR READING ERROR FOR 
SIX APPLICATIONS.

Applications Benchmarks running on core 1 through 
core 8 

Max 
Modeling 
Error (%)

Max Sensor 
Reading

Error (%) 
1 apsi/equake/gcc/bzip/bzip/gcc/equake/apsi 2.72 2.95 
2 apsi/equake/gcc/bzip/apsi/equake/gcc/bzip 2.35 3.27 
3 apsi on all cores 2.13 3.28 
4 equake on all cores 5.46 4.40 
5 gcc on all cores 3.53 4.08 
6 bzip on all cores 2.96 3.63 

L2 cache and one layer of main memory. For different applications 
running on the processor the proposed modeling yields maximum error of 
less than 5.5%, which is quite acceptable for the purpose of a sensor 
distribution algorithm. The 3D thermal sensor distribution is based on k-
means clustering algorithm in 3D Euclidian space. With the proposed 
method for the 4-layer stacked 3DIC, less than 4.4% error in maximum 
sensor reading of the temperature of the chip for all applications is 
accomplished. The algorithm uses the proposed 3D thermal map 
modeling, which improves evaluation time by 53x for six different 
applications to be run on the 3DIC, compared with the situation in which 
detailed 3D map modeling using HotSpot 5.0 is embodied in the 
algorithm. This speedup will become even more significant as the number 
of evaluation scenarios increases for more complicated 3DICs and 
applications. Furthermore, as demonstrated, thermal sensor distribution 
for 3DICs must be solved as a 3D problem, which results in 44% fewer 
sensors, as compared with conventional 2D methods, while maintaining 
the same sensor reading error tolerance. 
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Abstract-In CFL lighting applications one of the main 

topics to address is the thermal situation of the driver 
electronics. With a relative high local ambient temperature 
the package for the CFL driver IC needs to be optimal 
designed for cost, size and thermal behavior. For the CFL 
application a compact thermal model was made and 
thermal measurements were done, showing a clear relation 
between used package technology and maximum CFL 
output power. The results can be used for optimal co-design 
of new CFL IC’s and their packages. 

 

I.  INTRODUCTION 
In line with the worldwide focus on energy saving 

traditional light bulbs will be banned in the years to come 
and will be replaced by more intelligent CFL solutions. The 
widely used standard E14/E27 connectors were designed 
already in the beginning of the last century with little or no 
attention for heat transfer. Therefore the current replacement 
for traditional light bulbs must make use of these connectors. 
Building reliable electronics in these lamp mounts is by no 
means a simple task since the lamp itself significantly 
contributes to a local high ambient temperature. Due to the 
use of electronic components there are boundary conditions 
on maximum allowable temperatures for the individual 
components. In order to understand the thermal management 
of these applications a study was initiated to investigate 
these heat transfer mechanisms. 

 
II CFL application and package 

In the CFL IC application the output power is usually in 
the range from 5 up to 25W. We offer several CFL driver 
IC’s in the market with integrated power switches in HV-
SOI technology. Fig 1 shows an opened example of a CFL 
application. 

 

 
Fig 1. CFL application. 

 
 
In the CFL application three main factors are limiting the 

maximum output power of the CFL: 1. The lamp burner 
heating up the local ambient near the IC, and thus limiting 
heat transfer between IC and local ambient. 2. The 
dissipation inside the CFL driver IC, mainly caused by Ron 
losses in the integrated power switches. 3. The thermal 
performance of the package of the CFL driver IC.  

This study focuses on the thermal behavior of the package 
within the CFL application. Measurements were done for 
several existing packages and the new µSIL package. This 
package was specifically developed for the low to medium 
power range, since current available package solutions are 
considered too large and too expensive. For this purpose a 
miniaturized version of a through-hole SIL package was 
developed. This novel package is compared to standard SO 
and currently used DIP outlines for reference. On the other 
side of the power spectrum a traditional DBS9 power 
package was evaluated. 

The dissipation within the CFL strongly depends on the 
lamp burner used in the application. The impedance of a 
CFL burner can vary a lot due to different dimensions used. 
To limit the variable influence of the CFL itself, all 
measurements were done with the same type of lamp burner. 
This implies that with a typical fixed CFL output power the 
currents through the lamp and driver are also fixed. Then the 
dissipation within the IC is determined by the current 
through the integrated switches and the temperature of the 
IC. This is variable, since the Ron of the HV-SOI switches 
are temperature dependent. So by measuring the die 
temperature also the Ron losses and dissipation within the IC 
can be determined. 
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III Thermal measurements CFL application 
In the CFL application thermal measurements were done 

using thermocouples and IR imaging techniques. Fig 2 shows 
an IR image of the CFL PCB, showing the CFL driver IC as 
local hot spot (indicated with the arrow). 

 

 
Fig 2. IR image of CFL PCB. 

 
IR measurements are done to identify which components 

are of interest and heat up during operation and which remain 
relatively cold. The nature of the IR measurement requires a 
direct view on the components. To do so the application needs 
to be open and therefore cannot be used as real application 
temperatures.  For this purpose thermo couples were used. 

 
To get a good understanding of the impact of package 

technology on the thermal behavior in the CFL application 
several different packages have been measured. Thermal 
measurements were done on the µSIL, SO, DIP and DBS 
packages.  

 
The measurement set up used in the investigation is based 

on the standard set up as is being used by a major light source 
manufacturer as shown in Fig 3 [1]. The lamp mount is placed 
in a tube with a diameter of 100mm and with a length of 
~300mm. The tube is placed on a metal grid and elevated from 
the table leaving the bottom side open to free air.  

 

 
Fig 3. Measurement setup for CFL. 

 
Thermocouples are glued on the components or positioned 

in areas of interest as shown in Fig4. The thermo couples are 
connected to a datalogger on individual channels and the 
channels are scanned at the desired time interval. 

 

 
Fig 4. Positions of thermo couples. 

 
Thermal measurements were taken while the system is 

warming up during operation from room temperature until the 
temperature in the application stabilizes. Each package 
configuration was tested under different power conditions. The 
CFL output power was regulated by means of variable supply 
voltage. 
 

A typical package used in CFL applications is a DIP 
package which is reference in this study. Fig 5 shows the 
warming up curve compared to a low cost SO package 
solution. In this evaluation the SO package is mounted in two 
different ways, on the burner side (green line) and opposite the 
burner (blue line). Both SO configurations are becoming 
significantly warmer mainly due to the fact that the SO 
package is much smaller compared to the DIP package. The 
temperature of the SO package mounted on the burner side 
becomes even higher due to the warmer environment in which 
the package is positioned. The difference in air temperature on 
the burner side and opposite of that is about 5°C. 

 

 
Fig 5. Heating up curves of DIP and SO package. 

 
Several driver IC solution have been evaluated in the 

reference package. These different IC’s clearly impact the  
package temperature as shown in Fig7. 
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Fig6. Impact of IC type on package temperature. 

 
The DBS package family has some thermal enhancements 

incorporated in the package which allow for a better thermal 
performance, an exposed die pad and one fused lead.  
Measurements are as shown in Fig 8. A deliberately made 
modification of the application resulted again in a further 
decrease of the package temperature, showing an interaction 
between system design and thermal performance. 

 

 
Fig7. Impact of application modifications on temperature. 

 
Further modification of the application by using a different 

burner type gives the possibility to achieve much higher output 
power levels then before as can be seen in Fig9 or when power 
levels are limited the package temperature remains 
significantly lower. 

 

 
Fig8. Impact of burner type on temperature. 

 
One of the main drivers in CFL applications is cost. For this 

purpose a novel package (Fig 9) has been developed with the 
purpose to include seemingly contradicting requirements such 
as low cost and high power capability. This has resulted in a 

new package family which, with modifications, can be used in 
the low to medium power range.  

 

 
Fig 9. New package development. 

 
The initial temperature measurements are compared with 

DIP and SO as shown in Fig10. 
 

 
Fig 10. New package development versus DIP and SO. 

 
The measurements show that there is a strong interaction 

between package technology, IC type and application on the 
maximum output power and thermal performance of the CFL 
application. 

IV Thermal modeling 
One of the objectives of this study was to develop a 

simulation platform that enables package and IC developers to 
evaluate new package and/or IC designs in the virtual world. 
To develop such a platform one needs to make sure that the 
model predicts the correct temperatures. The above described 
µSIL package was used to validate this modeling approach. 
This approach is built on the well known thermal compact 
model technology [2]. A Finite Element Model (FE-model) for 
the µSIL package was made. A picture of this model can be 
seen in fig 11. 
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Fig 11. 3D FE-model of the µSIL package. 

 
This model was exposed to the standard set of 38 boundary 

conditions which is described in [2]. Next, the results of these 
calculations were fed to the program DOTCOMP. A tool, 
especially designed to calculate the optimum resistor network 
[3]. The Compact Thermal Model (CTM) derived is shown in 
the figure below. 

 

 
Fig 12. 3D FE-model of the µSIL package. 

 
The maximum differences of the predicted junction 

temperature and heat fluxes of the CTM are well below 10% of 
the FE-model, which makes that he derived CTM can be called 
boundary condition independent [2]. 

 
The next step to do was to setup this CTM model as a 

network assembly in Flotherm which is a powerful 3D 
Computational Fluid Dynamics (CFD) software tool that 
predicts airflow and heat transfer in and around electronic 
equipment, from components and boards up to complete 
systems.  The network assembly and the resistor network as 
used in Flotherm are given in Fig 13 and 14. 

 

 
Fig 13. Network assembly in Flotherm. 

 

 

 
Fig 14. Resistor network in Flotherm. 

 
All the electronic components in the lamp foot and the burners 
are modeled as cuboids. And for each of these parts estimations 
were made how much power was dissipated while the burner 
was in operation. These estimations are given in the table 
below. 
 

Table 1 
Dissipated power for each component 

 
mW 

Fusistor 150 
Coil 100 

Capacitor 50 
Air Coil 500 

6x Single tube 11160 
IC 450 

Total 12410 
   

The total of 12.4W is the measured power drawn from the 
power grid. The amount of power for each of the CFL tubes 
was chosen to match the total power.  

 
The Flotherm simulations for the µSIL package are 

compared with the measurements see table 2. Locations of the 
thermo-couples can be seen in Fig 4.  
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Table 2 
Comparison between measurement and model 

 
 
As can be seen there is a reasonable agreement.  One other 

experiment to validate the model has been conducted. The 
electronics of one CFL light bulb was used to fire the burners 
in a second light bulb. See figure 15 below. Purpose of this 
experiment was to determine the individual contributions of the 
electronic components on one hand and the burner on the other. 

  
Fig 15. Electronics and burner separated. 

 
Results for electronics only and burners only are given in 

tables 3 and 4. 
 

Table 3 
Electronic only 

 
 
 
 
 
 
 
 
 

 

Table 4 
Burner only 

 
 
Again fairly good agreement between model and 

measurements was achieved.  
 
The same principle has been applied to the DIP and DBS 

packages showing equal good relation between model and the 
actual measurements.   

 

V Conclusions 
The obtained results clearly indicate that a relation between 

packaging technology and CFL output power range exists. 
Furthermore it gives a good direction in which areas thermal 
bottlenecks can be minimized and thermal enhancements can 
be incorporated in a new package and application design. 
Comparing the experiments and modeling results it can be 
concluded that the developed simulation platform is suitable 
for future developments of new IC/package design with respect 
to the thermal performance.  
This is a typical illustration that shows that co-design of 
package and application becomes more important for these 
kinds of applications.  
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Abstract — This work examines the difficulties associated with 
using optical techniques to measure temperature when the device 
itself emits a significant level of light over a wide spectrum, 
making it a challenge to separate the useful measurement signal 
from the device emission.  The specific situation considered here 
is that of using a thermoreflectance (TR) thermography approach 
to characterize the thermal behavior of semiconductor laser 
devices. A lowpass filter was placed in the optical path to 
minimize the primary laser irradiation on the TR imaging and 
then the TR response of the region of interest was determined 
over a wide range of visible light wavelengths to locate the 
maximum response. TR measurements performed at the optimal 
light wavelength successfully provided a submicron-resolution 
map of the active area of sample lasers. 

 

I.  INTRODUCTION 

Optical methods have been widely used to capture the 
thermal behavior in areas of interest on microelectronic 
devices.  Optical methods have the major benefit of being 
non-contact and non-invasive and work by recording the 
optical energy associated with the material of interest.  
Methods based on IR physics capture the radiation 
emanating from a hot surface, while thermoreflectance-based 
methods measure the relative change of reflected light 
resulting from a change in the temperature of a surface.  
These methods have been successfully used to characterize 
the thermal behavior of devices down to the submicron 
levels. 

This article examines the difficulties associated with using 
optical measurement techniques when the device itself emits 

a significant level of light over a wide spectrum, making it a 
challenge to separate the useful measurement signal from the 
device emission.  The specific situation considered here is 
that of using a TR thermography approach to characterize 
the thermal behavior of semiconductor laser devices.   The 
devices used in this work are 980 nm chips with a cavity 
length of 3.9 mm, whose properties and technology details 
have been discussed in previous papers [1, and refs. therein] 
and are wavelength stabilized for improved performance in 
Erbium Doped Optical Amplifiers (EDFAs). Wavelength 
stabilization is obtained by locking the emission wavelength 
to a Fiber Bragg Grating (FBG) inscribed in the fiber pigtail. 

II. EXPERIMENTAL APPROACH 

The experimental temperature mapping system used in 
this work is the TMX Scientific T°Imager™ [2], which is 
based on the thermoreflectance (TR) method [3-6], where 
the change in the surface temperature is measured by 
detecting the change in the reflectivity of the sample.  A 
photo and functional schematic of the TTRG system are 
shown in Fig. 1.  The measurement methodology involves a 
calibration phase and a device activation phase, which have 
been detailed in previous publications.  In the calibration 
phase, the thermoreflectance coefficient, CTR = (ΔR/R)·ΔT-1, 
is determined for each of the surface materials in the region 
of interest at a given wavelength of light.  The activation 
phase yields the relative change in surface reflectivity in that 
region of interest, which is then scaled with the calibration 
data to obtain the temperature map over the DUT. 

   
 

Fig. 1. Photo and Schematic of TRTG system. 
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Optimizing the response of the TRTG system is achieved 
by scanning the wavelength range of visible light in order to 
identify those wavelengths where the TR response is highest.  
Knowing that the laser devices considered in this work emit 
light at approximately 980 nm, it was evident that we needed 
to introduce low pass filters to ensure that the laser energy 
does not overwhelm the TR signal.  Filters, however, also 
attenuate the useful signal, so it is not practical to use too 
many of them in the optical path.  Optimally, one should 
perform a spectrum analysis of the light emitted by the laser 
package under investigation, and then use a single bandpass 
filter around the wavelength where both the TR response is 
maximum and the laser emission energy is minimum.  To 
determine the TR response of this laser device, 750 nm 
lowpass filters were introduced in the optical path to 
minimize the primary laser irradiation on the TR imaging. 
Figure 2 depicts the TR response over a wide range of 
wavelengths in the visible spectrum. 

By comparing the TR response to the emission power 
spectrum of the laser in the visible range (Fig. 3), it is clear 
that an optimal wavelength for the TR measurements would 
be 600 nm where the laser’s secondary emission is relatively 
small and away from sharp local peaks which are also 
temperature dependent.  While the TR response is higher at, 
for example, 665 nm for Laser #976, 600 nm provides the 
advantage of being the same for the two laser devices 
considered as well as being in region of higher measurement 
stability, i.e., where small changes in wavelength do not 
result in large changes in TR response. 

IV.  RESULTS AND DISCUSSION 

The DUT, shown in Fig. 4, was activated at five different 
current levels from 250 mA to 1000 mA and at two different 
base temperatures of 25˚C and 45˚C.  As an example, Fig. 5 
shows a temperature rise map superimposed on the DUT in 
the thermally active area coinciding with where the laser is 
emitting at its primary wavelength. 

A semi-cylindrical pattern in the temperature field can be 
observed around the laser emission port.  Also, there appears 
to be an asymmetry toward the left pad.  The submicron 
resolution of the T°Imager system not only makes it possible 
to detect this asymmetry but also provides a resolved 
distribution over the middle pad region where the thermal 
behavior is of interest. 

 

 
 

Fig. 2. Thermoreflectance response of region of interest 
for range of visible light wavelengths 

 
 

Fig. 3. Power spectrum over a range of visible light wavelengths  
below the primary laser emission wavelength 

 
 

 
 

Fig. 4.  Image of DUT with active area in the center. 
 
 

  
 

Fig. 5.  Thermal map around area from which the laser emits. 
Field of view corresponds to the dashed area in Fig. 4. 
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Figure 6 below is a plot of the average temperature values 
over the three pads for the five current levels at the two 
different base temperatures.  As expected, the middle pad is 
hotter than the outer ones, and all temperature curves exhibit 
linear behavior with the applied current.  Also, the average 
temperature values on the right pad are lower then those on 
the left pad, which is consistent with the asymmetry of the 
temperature field in the middle pad.  Finally, increasing the 
base temperature results in a consistent increase in the 
average temperature rise for all levels of applied current. 

This work has demonstrated the capability of using an 
optically-based measurement system to map the temperature 
field at the deep submicron level of devices that emit strong 
light, such as lasers.  This was accomplished by selecting an 
optimal TR measurement wavelength from a comparison 
between the power spectrum of the laser in the visible light 
range and the TR response over that same range. 

 

 
 

Fig. 6.  Plot of average temperatures in thermally active area  
of interest for Laser #974 at two different base temperatures. 
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Abstract—Temperature is among the most important factors
limiting CPU performance. To ensure stable and reliable oper-
ation temperature has to be limited. In this paper we present
a method for predicting temperature of a multi-core micro-
processor based on it’s high-level thermal model. Temperature
prediction is then utilised in a Dynamic Thermal Management
algorithm that can exploit performance optimisation opportuni-
ties while ensuring operation below temperature limit. The DTM
algorithm uses frequency and voltage scaling of the CPU cores
and task migration and was evaluated on a physical computer
with a quad-core CPU.

Index Terms—CMP thermal model, power and temperature
prediction, Dynamic Thermal Management, DVFS, Linux kernel

I. INTRODUCTION

High power densities in contemporary microprocessors
cause hotspots that negatively impact reliability. To ensure
stable operation and long lifetime of the devices, power
dissipation in hotspots has to be limited. Therefore, temper-
ature is a strong performance-limiting factor. This situation
is aggravated by high cost of cooling (e.g. heat sink with
forced air convection or water cooling) which can amount
to substantial fraction of the total cost of computing device.
Moreover, miniaturisation, forced by portability requirements
in consumer electronics market and high-density scaling re-
quirements in the High Performance Computing limits the
allowable power densities. Also, operation in high temperature
leads to extra power consumption, due to exponential depen-
dence of leakage current on temperature.

Traditionally a worst-case analysis is performed during the
design to ensure that temperature limits will not be exceeded.
However, in most cases both the operating conditions and
workloads cause far less thermal stress on the processor than
it is assumed in the worst-case scenario. This observation
is the foundation of Dynamic Thermal Management (DTM)
concept [1] where microprocessor performance and power
dissipation is bound more strictly when temperature reaches
some predefined limit. Presently most microprocessors em-
ploy some form of hardware-controlled DTM. Mechanisms
that dynamically limit temperature, such as clock throttling,
Dynamic Voltage and Frequency Scaling (DVFS) or thread

migration, also reduce performance of the processor. With
proactive thermal management it is possible to reduce the
negative impact of DTM mechanisms on performance by
operating closer to the temperature limit. However, accurate
power-performance and thermal models of microprocessor are
needed to predict its temperature and act accordingly to the
current load.

Maximizing the total processor throughput can stand in
contradiction to respecting task priorities. The Operating Sys-
tem holds unique information on task priorities, deadlines and
resource utilisation. To be able to exploit optimisation opportu-
nities microprocessor temperature should be managed on the
OS-level. To be effective, DTM algorithms must work with
low latency. Therefore, any temperature prediction algorithm
must work with small computation overhead.

Most of the work on Dynamic Thermal Management for
multi-core microprocessors published up to date uses an
elaborate simulation setup or analytical modelling to verify
the effectiveness of the proposed algorithm or policy. Rao
and Vrudhula [2] addressed the problem of efficient online
computation of the speeds of different cores of a multi-core
processor to maximize throughput subject to an upper bound
on the core temperatures. They found an analytical solution to
determine the local optimum speeds of cores. Authors of [3]
developed a frequency selection algorithm for multi-cores that
maximizes operating frequency of the critical core (running
high-priority task). Optimal processor performance subject to
thermal constraints with thread priorities, where each core runs
a thread of varied importance was also the subject of [4]. Kadin
and Reda [5] developed a frequency planning methodology
that maximizes the total performance of multi-core processors.
They also analysed the implications of technology scaling
on the performance limits of multi-core processors. In [6]
central and distributed DVFS management approaches were
compared.

With the advent of affordable multi-core processors more
works emerged that were focused on aspects of practical
implementation of DTM policies on real processors. Authors
of [7] show, with an Intel Core 2 Duo processor, that the
current Linux scheduler can easily be enhanced with thermal-
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awareness to improve its performance in terms of both tem-
perature conditions and total application throughput. Liu and
Quan implemented a number of thermal aware scheduling
techniques for a desktop computer with a quad-core processor
and studied their performance [8]. Their experimental results
demonstrate that the dynamic thermal management imple-
mented in operating system is an effective method to control
processor temperature. Similar conclusions were presented
in [9] and [10].

Most authors of the papers on DTM of microprocessors
employ some form of temperature or hotspot prediction to
improve efficiency and throughput of a processor subject to
temperature limits. A popular Method of temperature predic-
tion is based on ARMA (Autoregressive Moving Average)
model of chip temperature. In [11] ARMA-based approach is
validated and compared to other methods based on temperature
history. A method of temperature prediction similar to that
presented here in terms of thermal model has been proposed
in [12]. It’s authors use least squares regression to derive state-
space thermal model of the microprocessor. Yang et al. predict
future power dissipation of CPU cores based on the former
measurements which may lead to high prediction errors in
some cases [13]. Temperature prediction based on thermal
history of each core can be inaccurate under changeable
operating conditions, e.g. starting the new tasks on neighboring
cores.

Main contributions of this work are: high-level temperature
and power-performance models based on measurements of a
multi-core microprocessor; a temperature prediction algorithm
of low computation overhead and a heuristic DTM algorithm
using thread migration and DVFS. Our high-level power-
performance model of microprocessor core uses data from
performance monitoring counters and current frequency setting
to calculate performance and power dissipation. We use an RC
thermal model of the CPU to provide temperature predictions
based on microprocessor activity history.

II. POWER, TEMPERATURE AND PERFORMANCE MODELS

To build high level models of the CPU we collected power,
performance and temperature traces from a computer with
quad-core CPU Intel Core 2 Q9400. We used a custom
program written in C that provided high temporal resolution of
1 ms with minimal overhead on normal operation of the com-
puter. We obtained power-performance-temperature profiles
during runs of PARSEC [14] parallel benchmarks. PARSEC
is a broad collection of programs with very different behavior
in terms of workload size, inter-thread communication and
processor resources utilisation. Therefore, the data obtained
should be representative of many computing scenarios.

To obtain power consumption trace of the CPU we used
a digital power meter. We logged power consumption of the
whole computer at the power outlet, and then subtracted the
idle power consumption Pidle from the trace. Since we min-
imised the number of peripherals in the computer, the dynamic
changes in power consumption could be attributed mainly to
CPU and memory activity. Overall power consumption of the
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Figure 1. Total power dissipation of a computer as a function of CPU
temperature

computer Pc can be described as:

Pc = Pidle + Pdyn + Pstat + Pmem + ε, (1)

where Pdyn is the dynamic power associated with computation
in the CPU, Pstat is the static, temperature-dependent power
dissipated by the processor, Pmem is the power dissipated by
main memories.

Temperature of each core was read using Digital Thermal
Sensors (DTS) embedded in each of the CPU cores [15].
Each sensor has resolution of 1 K and is available through one
of Model Specific Registers (MSR) of the core. Changes of
the processor temperature can be attributed to intestine power
dissipation or changes in ambient temperature and hence it
must be controlled. We measured the temperature inside the
computer case Tambusing the DS18B20 thermometer.

To measure the static power associated with leakage in the
CPU we measured power dissipated by the computer while
changing the temperature of the CPU from 45 to 90◦C under
constant workload. The CPU was heated by using a stream
of hot air directed at the heat sink. The measurement data
along with results of regression against an exponential function
Pc = α+ β · (T − 45)γ , with α equal to power dissipated at
45◦C, are presented in Fig. 1. However, γ ≈ 1 so the static
power model can be linearised with minimal error.

We logged two performance metrics, namely Instructions
Per Cycle (IPC) and Last-level Cache Misses (LLCM). These
are available from MSRs of each CPU core. IPC is a good
approximation of the activity of a processor core and LLCM
can be related to the amount of off-chip communication (i.e.
reads and writes in main memory).

Based on measurements of computer power and numbers
of instructions executed we formulated models relating core
power and number of instructions committed in a fixed time
ts. Denoting the number of cores as Nc and using kA to
kE as fitting parameters, we used power, performance and
temperature measurements to formulate a high-level power
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Figure 2. Microprocessor floorplan and RC thermal model of the CPU and
package

model of a computer:

Pk = Pidle + kA + kB ·
Nc∑
c=1

IPCkCc +

+kD ·
Nc∑
c=1

LLCMc + kE ·
Nc∑
c=1

(Tc − Tmin).

(2)

From (2) we derived a dynamic power model of one CPU
core:

Pcore = P idlecore +
1

Nc
· kA +

1

Nc
· kB ·NkC

c · IPCkC (3)

To get a power-performance model of a processor using
DVFS, we run all the benchmarks on all three available
frequency settings. The average number of instructions com-
mitted in one clock cycle (IPC) changes with the frequency
ratio between CPU and the main memory. Based on performed
measurements, we formulated the following model to describe
IPC as a function of frequency, cache misses and IPC at fmax.

IPC(f) = IPC(fmax) + kF · LLCM ·
(
fmax

f
− 1

)
. (4)

We also used performed regression of the following formula
on the power-performance traces to find how dynamic power
changes with frequency.

Pdyn = Pdyn(fmax) ·
(

f

fmax

)kG
, (5)

Since each frequency has a fixed voltage level, only frequency
is used in (5). We obtained kG ≈ 2.44.

W use a well known thermal model based on analogy
between thermal and electrical phenomena (see Fig 2). One
node in a thermal RC circuit was assigned to each core of
the CPU as well as portions of level 2 cache. Also Thermal
Interface Material (TIM), processor package and heat sink are
modeled. Each node is described by it’s thermal capacitance
and resistance to neighboring nodes. Thermal behavior of such
thermal RC circuit can be described with a state equation:

dT

dt
= AT+BP(s,T, t), (6)

where T is temperature of the circuit nodes, P is a column
vector of power values dissipated in time t, while A and B

Table I
ERROR OF TEMPERATURE PREDICTION BASED ON LAST VALUE: MEAN
SQUARE ERROR (MSE) AND MAXIMAL ABSOLUTE PREDICTION ERROR

(|ε|max) IN K FOR VARYING PREDICTION PERIODS

prediction time [ms]
1 5 10 20 40 100

SPEC CPU 2000 int
MSE 0.0018 0.0322 0.0905 0.1658 0.2371 0.3261
|ε|max 0.3 1.4 2.4 3.0 4.0 4.0

SPEC CPU 2000 fp
MSE 0.0013 0.0234 0.0560 0.1252 0.2078 0.3787
|ε|max 0.4 1.4 2.6 3.8 4.9 5.2

PARSEC -n 4
MSE 0.0013 0.0238 0.0678 0.1324 0.2086 0.2698
|ε|max 0.7 3.3 4.7 6.0 6.0 8.0

are matrices describing thermal properties of the system. To
obtain A and B we used the HotSpot tool [16]. We used
default HotSpot configuration except for the chip thickness and
heat sink thermal capacitance and resistance which we updated
based on the processor datasheet. Also since our processor
consists of 2 separate parts connected in one package, each
holding 2 cores and half of the total cache memory, we had
to manually increase thermal resistance between proper nodes
of the model and recalculate the state and input matrices A
and B. Finally, we verified that the model response to a fixed
input power reflected closely that of the real processor.

III. PREDICTION OF CPU TEMPERATURE

As can be seen in Tab. I, even short time step ts = 5ms
can lead to temperature change exceeding 3 K. Therefore,
predicting temperature equal to previous measurement can lead
to high errors and breaking the set temperature limit.

As in [13], [17], to predict the temperature after ts, we solve
(6) for t and substituting:

E = eAts and F = A−1(E− I), (7)

we get the formula for system temperature:

T(t+ ts) = ET(t) + FP(t+ ts). (8)

Using (8) and the calculated power dissipation (4,5) one can
predict temperature of the linear system in time t+ts. Matrices
E and F describe thermal properties of the system and need
only be calculated once. Therefore, each prediction is associ-
ated with only two matrix multiplications and a vector addition
which add very little overhead to normal OS operation.

To be able to predict temperature for long time steps
(≈100 ms), we need a reliable way to predict power dis-
sipation. Since dynamic power is highly correlated to core
activity measured in IPC [18], it is possible to use IPC
prediction to assess future power dissipation. Many programs
exhibit repetitive behavior with recurring phases of low and
high activity that result from control flow in loops and in
functions [19]. This repetitive behavior can be exploited by
using a table-based predictor that is similar to global branch
predictors in CPUs. It uses a recent activity (IPC) history to
index table with prediction for the next step. With programs
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Algorithm 1 Prediction of CPU temperature T

Require: current system temperature Tcurr, previously predicted
temperature Tpred, current core frequencies, current IPC and
LLCM values of all cores, current speeds of all the cores
Scurr = s1, .., sNc , demanded speeds of all the cores,

Ensure: predicted temperature of CPU cores T(t+ts) = T1, .., TNc

1: for each core i do
2: update core temperature Ti

3: calculate prediction error εi = T pred
i − Ti

4: scale IPCi on DVFS level change using (4)
5: calculate dynamic power Pdyn,i using (3) and scale using (5)
6: calculate static power Pstat,i based on linear approximation

of the leakage power model
7: calculate dynamic and static power of last-level cache based on

it’s temperature and cumulated LLCM of all cores
8: update state vector T using current temperature of the cores
9: adjust temperature of the heat sink using kε ·

∑Nc
i=1 εi

10: update input vector P using previously calculated dynamic power
Pdyn and static power Pstat dissipated in cores and caches

11: calculate Tpred = T(t+ ts) using (8)

that do not exhibit repetitive behavior our IPC predictor falls
back to last-value predictor.

The temperature prediction is presented with Algorithm 1.
It can be used to predict temperature of the CPU cores given
current temperature (state) of the system, previous prediction,
current or predicted performance metrics (IPC and LLCM) of
each core, and the speed of each core – DVFS setting. If the
DVFS settings are not constant the dynamic power for the next
interval is recalculated.

First, Algorithm 1 updates temperature and performance
data on all the cores by reading the required MSRs. The
IPC for the next period can either be predicted using the
table-based approach or assumed constant. In the next step
the prediction error is updated and calculates dynamic and
static power dissipated by each core using high-level power-
performance models. Since temperature of the heat sink is
not measured directly, we adjust the relevant part of the state
vector T using previously calculated prediction error. This
step also effectively mitigates the problem with changes in the
ambient temperature, since ts << τambient. In the last part,
the input vector P is updated and new temperature prediction
is calculated.

This temperature prediction algorithm was tested using off-
line traces from a quad core computer and also used on-line
in a DTM mechanism. We took performance and temperature
traces from an Intel Q9400 processor during execution of
benchmarks from SPEC CPU 2000 suite and multi-threaded
tests from the PARSEC collection. The traces were collected
every 1 ms and later sampled every 10, 20, 40 and 100 samples
to emulate longer periods.

Fig. 3 holds temperature, temperature prediction error for
20 ms period and IPC plots for all 4 cores during execution
of the full PARSEC benchmarks using 4 threads. As can be
seen from the middle plot, the prediction error was smaller
than 1 K for most of the execution time.

Cumulative results of the prediction algorithm evaluation
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Figure 3. Temperature, temperature prediction error and IPC of 4 cores
during execution of full PARSEC benchmark suite

are presented in Tab. II. It holds the number of prediction
errors higher than 2 K and maximal absolute error for different
prediction times. The results are for the last-value prediction
and our prediction algorithm based on core activity. We eval-
uated 3 scenarios of IPC prediction: last-value IPC prediction,
our table-based IPC prediction and perfect (oracle) IPC pre-
diction. It can be seen that even using last-value prediction of
core activity greatly enhances temperature prediction accuracy
relative to last-value prediction.

IV. DYNAMIC THERMAL MANAGEMENT

Our DTM algorithm uses temperature prediction to control
operation of the CPU under thermal constraints. It uses Thread
Migration (TM) to reduce thermal gradients and DVFS to
ensure that temperature limits are not exceeded. Based on the
current temperature and characteristics of executed tasks the
algorithm calculates maximal frequency for each core that will
not lead to overheating. We take into account task priority and
performance characteristics to ensure sufficient performance of
high-priority programs as well as good overall throughput.

When the number of active tasks is much smaller than the
number of available cores TM is used to level out temperature
between the cores and lower the possible hotspots. Tasks are
migrated between cores with the highest differences in temper-
ature, provided that this difference is higher than a predefined
threshold Tth.

The predicted temperature can be used to find the frequen-
cies of each CPU core that guarantee that maximal temperature
will not be exceeded in the next step of the DTM algorithm.
Denoting vector of maximal allowed temperatures as Tmax one
can write:

Tmax = ET+ FPmax. (9)

and compute Pmax – the vector of maximal power dissipation
allowed in each node of the thermal model during the next
step:

Pmax = F−1 (Tmax −ET) ≥ P′. (10)
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Table II

NUMBER OF PREDICTIONS WITH ERROR HIGHER THAN 2 K AND MAXIMUM ERROR FOR LAST-VALUE AND OUR PREDICTION METHOD

|E2| εmax

pred. method 10 ms 20 ms 40 ms 100 ms 10 ms 20 ms 40 ms 100 ms
last-value T 4 4 310 320 2.88 2.88 9.29 7.7

act. last-value IPC 4 4 36 123 2.84 2.81 3.47 6.50
act. tab. pred IPC 4 4 29 112 2.83 2.85 3.22 6.17

act. oracle pred. IPC 4 4 23 94 2.92 2.82 3.00 5.99

Algorithm 2 Proposed Dynamic Thermal Management
Require: previous temperature prediction Tpred and it’s time tp
Ensure: new temperature prediction Tp

1: update performance coefficients (IPC, LLCM) and current fre-
quency of each core

2: read the list of currently active tasks Z
3: make initial temperature prediction using the current core fre-

quencies and task-to-core mapping using Alg. 1
4: sort CPU cores descending by their predicted temperature
5: for all core pairs i ∈ 〈0..Nc

2
− 1〉, j ∈ 〈Nc − 1..Nc

2
〉:

Tj − Ti ≥ Tmig
th do

6: if LLCMi < LLCMth and LLCMj < LLCMth then
7: switch tasks between cores i and j

8: update power prediction Ppred using the new task assignment
9: determine max power of each core Pmax with inequality (10)

10: calculate priority weights wi for each core according to (11)
11: for cores i sorted by priority weights wi do
12: determine max allowable core frequency of i-th core fmax,i

based on (4) and (5) such that: P (fmax, i) ≤ Pmax,i

13: if i = 0 or fi−1 == fmax then
14: set fi ← fmax,i

15: else if frequency of the previous core fi−1 = fmax then
16: set fi ← min(fmax,i, fi)
17: else
18: set the frequency one step smaller than fmax,i

19: update temperature prediction using (8) and save it

Next, using (4) and (5) and iterating over all available frequen-
cies, frequency f ′max can be found for each core that does not
lead to power dissipation P′ that would violate the condition:
T(t+ ts) ≤ Tmax.

Lowering the clock frequency of a core has smaller influ-
ence on the execution time of programs with relatively larger
number of cache misses (see Eq. 4). Therefore, we assign each
core i a weight wi:

wi =
kp − pi

−kl · log10LLCMi
, (11)

dependent on current cache misses (LLCM) and priority of the
task that it’s executing. Then, in case of thermal stress, cores
with higher weights have priority to increase their frequency.
Coefficients kp and kl are manually chosen to equalise the
influence of task priority pi ∈ 〈−20, 19〉 and cache misses
(we observed LLCM values from 10−5 to 10−2).

The proposed DTM mechanism presented with Algorithm 2
was implemented in Python programming language. Standard
Linux mechanisms: taskset program and cpufreq mod-
ule were used to migrate tasks between cores and change
clock frequency of cores. The list of active processes is read

using ps program and the information on temperature and
current CPU activity are read from MSR registers of their
respective cores. The algorithm was tested on the Intel
Core 2 Quad Q9400 processor. To ensure that the user-
land implementation will activate every 100 ms high priority
was assign to it.

To assess the effectiveness of the presented DTM algorithm
we prepared scripts running SPEC and PARSEC benchmarks.
SPEC integer and floating point programs were started in fours
until completion of all programs. Since runtime of individual
programs differs, this test reflected the varying workload in
real-world computing scenarios. To test the algorithm with
multi-threaded programs, we used the PARSEC test suite with
default (native) input data sets. Tests were run with 2, 3 and 4
threads to asses the effectiveness of the algorithm is moderate
to severe thermal stress scenarios.

All tests runs were separated in time by 600 s to ensure equal
thermal conditions. Also room temperature and CPU ambient
temperature (inside the PC case) were monitored. To account
for cool environment (room temperature of around 23◦C) we
set temperature threshold to only 55◦C. All the tests were
run 10 times to minimise the influence of random events on
the results. After removing the results with the shortest and
longest operating time, mean value of the rest of the results
was calculated. We present comparison of our DTM algorithm
with simple DTM algorithms using only task migration (TM)
and DVFS in Tab. III. Since our DTM implementation has
high overhead associated with calling external programs, we
run the performance and temperature monitoring part also in
the case without DTM.

Our DTM algorithm reduces both the maximal temperature
and total time of thermal violation relative to simpler DVFS
and TM-based algorithms. Also by migrating tasks from hot
to cooler cores it reduces temperature variance between cores.
It can be seen that adding temperature prediction to a simple
DVFS mechanism, that changes frequency setting by one step
when temperature crosses predefined thresholds, results in
quite good temperature reduction. However in some situations
migrating tasks can improve the total throughput by lowering
temperature of the active core and allowing higher clock
frequency to be used.

V. DISCUSSION AND SUMMARY

In this paper we have presented a temperature prediction
algorithm suitable for dynamic thermal management of multi-
core microprocessors. The prediction is based on high level
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Table III

EXECUTION TIME, MAXIMAL TEMPERATURE, AND MEAN VARIANCE OF
CORE TEMPERATURES OBTAINED WITH NO DTM, REACTIVE AND

PREDICTIVE DVFS AND TASK MIGRATION (TM) AND THE PRESENTED
PREDICTIVE DTM ALGORITHM.

SPint SPfp PARS2 PARS3 PARS4
execution time [s]

no DTM 453 655 3175 2501 2633
DVFS 502 745 3380 2752 2949
pred. DVFS 495 732 3431 2647 2891
TM 456 645 3511 2929 3096
pred. TM 456 650 3317 2700 2637
our DTM 472 732 3360 2695 2811

maximal temperature [◦C]
no DTM 68 68 69 67 70
DVFS 59 60 60 59 59
pred. DVFS 58 59 59 58 58
TM 67 69 64 67 70
pred. TM 69 68 67 67 70
our DTM 58 57 57 56 58

no. periods: max(T ) > Tmax

no DTM 4359 6746 21780 14704 20919
DVFS 52 30 8937 100 3503
pred. DVFS 17 3 15 1 13
TM 4214 6704 23794 14872 23009
pred. TM 4498 6647 19978 14079 21985
our DTM 0 0 5 0 11

mean variance of core temperatures
no DTM 2.82 1.68 5.37 4.60 4.74
DVFS 1.49 0.63 3.39 2.85 3.25
pred. DVFS 1.66 0.69 3.92 3.66 3.69
TM 2.15 1.28 2.99 2.59 2.29
pred. TM 4.27 1.68 3.69 3.00 3.04
our DTM 1.23 0.61 1.83 1.98 1.81

power-performance and thermal models of a quad core mi-
croprocessor. These models are based on off-line analysis
of detailed traces taken from a real computer. The main
disadvantage of this approach is the need to repeat the
measurements for any other microprocessor. Therefore, the
temperature prediction requires an off-line phase in which
parameters of the thermal model are determined and would
greatly benefit from an automated on-line model learning
approach.

The presented dynamic thermal management algorithm uti-
lizes dynamic voltage and frequency scaling combined with
task migration. It was implemented as a standalone application
for the sake implementation simplicity. However this results
in a high overhead associated with calling external programs.
This overhead was prohibitively high with short cycle below
100 ms. On the other hand, contemporary operating systems
schedule tasks with millisecond granularity and voltage tran-
sition takes tens of microseconds. Therefore, the full potential
of this approach could not be verified. Implementing the
algorithms presented here in the operating system will allow to
operate with much lower latencies with negligible overhead.
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Abstract —Besides their important place in space education, 

the significance of CubeSats as technological and scientific 

demonstrators is also increasing, due to the miniaturization and 

their low cost associated with the maturing CubeSat technology. 

The primary energy sources for these spacecraft are solar cells. 

It is a key question to maximize the available electrical energy 

gained from the minimal solar cell area available, while coping 

with the extreme thermal conditions of space which the panels 

are exposed to. In this paper we describe the structural design of 

solar cell arrays aimed at maximal energy yield in space along 

with the thermal characterization techniques used during the 

thermal optimization of the structure. The presented procedure 

resulted in an enhanced solar array design which was 

successfully used in the Masat-1 CubeSat mission, supported by 

flight telemetry data regarding solar cell temperature values. 

I. INTRODUCTION 

The CubeSat standard is developed by the California 
Polytechnic State University and the Stanford University 
together [1]. This standard defines the main characteristics of 
the satellite, including overall size and the weight. Beyond the 
mechanical properties it also contains specifications about the 
operation and the materials ought to be used. However there 
are no specifications regarding the electronic components and 
their certifications (screening) and as a consequence a pico-
satellite can be sent to space cost-effectively by academic 
institutes using relatively cheap, COTS components. 

The primary energy sources of pico-satellies are solar 
arrays (Figure 1). In addition, a secondary power source is 
needed to store the electrical energy and to balance out the 
temporal differences in the supply (the solar energy supply 
ceases in the shadow of the Earth) and consumption. The 
needed extra energy is usually stored in batteries (secondary 
energy source). 

Beyond energy balance, thermal stability is also crucial for 
any CubeSat mission. Both of these are tightly related to solar 
arrays. Solar cells usually cover a significant amount of outer 
surface of the satellite. Because of this, the emissivity and 
absorptivity of the solar cells largely determine the same 
properties of the whole outer surface. It is known that the ratio 
of the emissivity and reflectivity of the outer surface is the 
most significant factor in the radiative heat exchange balance 

between the satellite and the outer environment. This ratio, 
together with the Joule dissipation of the on-board systems, 
determine the long-time-average temperature of the satellite 
surface, and via conduction, the temperature of the whole 
satellite. 

 

Figure 1: The complete side panel of Masat-1 with solar array 
 

Cell efficiency [2] is highly influenced by the temperature; 
increasing temperature having a significant adverse effect. 
This is summarized by Table 1. 

Temperature [°C] 80 70 60 50 40 30 20 10 0 -10 -20 -30 -40

Power/panel [W] 2.1 2.1 2.2 2.2 2.3 2.3 2.4 2.4 2.4 2.5 2.5 2.6 2.6  

Table 1: The generated power of a solar array function of 
temperature 

If cell efficiency has to be increased, one must aim for a 
low surface temperature, with minimal spatial and temporal 
fluctuations to higher values.The average temperature can be 
influenced, as we have seen, by the thermo-optical properties 
of the surface and the on-board dissipation.  

The thermo-optical properties of the solar cells are largely 
determined by photovoltaic design criteria, and the surface 
areas not covered by cells are also occupied by other features 
such as sensors or fastening elements. There is little room 
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therefore to modify surface temperature by tuning the thermo-
optical properties of the surface. It must be also noted that an 
average temperature lower than 0°C would cause difficulties 
in operating the other on-board systems. Decreasing on-board 
dissipation is also difficult, since one would like to use as 
much electric power as possible, and increasing solar cell 
efficiency is done to this end. 

The fluctuation of the solar cell temperature, however, is 
an interesting point to investigate, especially because this 
phenomenon proved to be a problematic issue during earlier 
flights. At most pico-satellite missions it can be observed that 
the temperature of the solar arrays is increased during the 
daylight phase of orbit. If the solar arrays are significantly 
overheated they might reach 60-80°C as measured in earlier 
missions. It can be observed that such a high operational 
temperature leads to 8-10% power decrease. Conventional 
satellites might not be affected by this problem because larger 
safety margin in power balance. At a pico-satellite mission, 
however, even this decrease can cause serious difficulties in 
the execution of mission. 

More effective energy production could be achieved by 
decreasing this overheating by optimizing the heat conduction 
path from solar arrays to solid structure of the satellite. Such a 
path consists of the several material layers of the side panel on 
which the solar cells are mounted as well as the layers of 
adhesive between them and interface area on the structural 
components directly in contact with the side panel (Fig. 2). 

 
Figure 2: The heat conduction area between side panel and 

solid structure 
 

Such an optimization would result in a smaller temperature 
difference between the solar cell surface and the structure and 
also in smaller temperature differences between the different 
points of the same panel, when there is a positive or negative 
heat flux trough the side panels.  

The goal is to use materials with small Rth for the side 
panel stack and it is also important to keep good thermal 
conductivity between the mounting plate and the satellite’s 
primary structure. In this case the heat absorbed by the solar 
cells can be effectively transferred to the satellite structure. 
Using this setup lower surface temperature can be reached and 
additionally another advantage is that it reduces the thermal 
gradient on side panel. The large temperature gradient in the 
side panel causes high mechanical stress. Due to cyclic 
extreme temperature changes solar panels (depending on orbit 
and orientation) go through aging, combined with the 
mechanical stress this leads to increased risk of delamination. 
Similar problem occurs in case of analyzing heatsink fixtures 
used in power LED applications. If the solar cell delaminates 
from the surface, then the thermal resistance will be increased 
significantly between the solar cell and the satellite structure. 
This leads to increased solar cell temperature and decreased 
power production. In case of CubeSats you have to take into 
account these design considerations and comply with mass 
limitations. Unfortunately, the space environment is 
significantly limiting the selectable materials, but materials 
with good heat conductivity properties can be chosen as a 
heat-spreader for solar cells. 

II.  STUCTURE OF SOLAR ARRAYS  

Space technology sets high expectations concerning 
applied materials so one is able to choose from a short list of 
materials for producing structure of solar arrays (for example 
mounting plate). Furthermore side panels are used for multiple 
purposes in CubeSat missions, such as radiation shielding, 
accommodation of sensors, etc. The mass of the side panel 
assembly has a mass constraint; therefore solar arrays are 
frequently thinned as much as possible. Typical thickness of 
mounting plate is 1.6mm or 2.4mm, in few cases it is between 
0.4-0.7mm. 

Our purpose is to produce a solar array structure for certain 
space missions with maximal thermal conductance and keep 
mass of the array low at the same time. First, it is suggested to 
examine the layer of the substrate structure itself. The most 
commonly used material for this is FR4 which is mass-
effective as its density is 1850kg/m³ but its thermal 
conductivity is very low (0.8 W/mK).  

We suggest the use of Aluminum, which has a very high 
thermal conductivity (237.7 W/mK). Although, Aluminium 
density is greater (Aluminium alloy 7075T6 density = 2810 
kg/m³) than the density of FR4 we do apply 7075T6 alloy 
which is a well-used material in space technology. It has good 
heat conductivity and also has great mechanical parameters. In 
this case we can use 1mm thick Aluminium alloy instead of 
the commonly used 1.55mm thick FR4. The mass difference is 
in our case approximately 2%. Figure 3. presents the 
difference between the above mentioned two stacks.  
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Figure 3: Different solar array structures 

 

The thermal resistance of proposed aluminum alloy-based 
side panels are significantly reduced compared to the baseline 
design. Table 2 is clearly indicating the difference in thermal 
resistance between the proposed and used material of 
mounting plate. The thermal resistance was calculated using 
(1). 

A

L
Rth



1
  (1) 

Material Heat 

conductivity

λ [W/m·K]

Area

A [mm2]

Thickness

L [mm]

Thermal 

resistance

Rth [K/W]

FR4 0.8 8000 1.55 0.24219

Aluminium 237.7 8000 1 0.00053

Kapton 0.37 7758 0.13 0.04529

Adhesive 0.2 7758 0.2 0.12890

Solar cell 60.2 6036 0.15 0.00041  

Table 2: Thermal resistance of used and proposed materials  

The heat capacity of the two materials does not differ 
significantly. (see Table 3.) Thermal capacitance was 
calculated using the equation 2. 

LAcC vth   (2) 

Material Heat capacity

cv [Ws/m3K]

Area

A [mm2]

Thickness

L [mm]

Thermal 

capacitance

Cth [Ws/K]

FR4 2.000E+06 8000 1.55 24.80

Aluminium 2.391E+06 8000 1 19.13

Kapton 1.668E+06 7758 0.13 1.68

Adhesive 1.430E+06 7758 0.2 2.22

Solar cell 1.703E+06 6036 0.15 1.54  

Table 3: Thermal capacitance of used and proposed materials  

thth CR   (3) 

The thermal capacitance of the two designs are about the 
same, however, the thermal resistance is significantly 
decreased, so the calculated (using equ. 3.) time constant of 

FR4-based mounting plate is 6s, while the time constant of the 
aluminum-based mounting plate is 0.01s. Of course, beyond 
the favorable thermal parameters the suggested structure 
provides further advantages.  

First, thanks to Aluminium alloy the satellite becomes less 
sensitive for radiation in space. Second, we set a Kapton foil 
into the structure that improves even more the thermal 
characteristics of structure and brings additional defense for 
the satellite. Heat capacity and thermal conductivity data of the 
materials in Tables 1 and 2 were collected from catalogs 
except for the thermal conductivity of the adhesive, which was 
measured with a setup for thermal conductivity measurement 
of thermal interface materials (TIM’s), a development of the 
ASTM D5470-01 standard [3]. In the newly developed setup a 
power diode is used as a heater, which also serves as the 
temperature sensing element. The heat-flow dissipated by the 
diode serves as a probe for the TIM measurements. The 
thermal interface material is put between the cooling surface 
of the diode package and an aluminum block kept at known 
temperature. The distance between the cooling surface of the 
package and the metal block is adjusted in 10 um steps. By 
making a power step on the junction of the diode the cooling 
curve describing the thermal system is captured. The cooling 
transients at different TIM thickness values are converted to 
thermal structure functions, which provide the cumulative 
thermal resistances of the heat flow path. By plotting the 
resulting thermal resistance values as a function of the TIM 
thickness, the thermal conductivity of the TIM is calculated 
from the inverse of the slope of the line fit on the measurement 
data. 

III. SIMULATIONS 

First we performed preliminary simulations to examine the 
chosen materials and we investigated the effect on the solar 
array temperature.  
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Figure 4: Simulation of simple structure 
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We made simulations with both of the above described 
stacks in SunRed thermal simulation tool [4]. We considered 
the thermal relation between the solar array and the satellite 
structure. Fig.4. presents spectacularly the structure’s effect on 
solar array. The array is fixed to the structure on its border as 
the thermal gradient shows. The higher thermal resistance 
resulted in higher thermal gradient and it means at the same 
time that the risk of delamination is high. Figure 4. shows to 
the simple structure in SunRed simulation. In this case the 
solar cells’ temperature in the cross section can reach 77.6°C. 
Figure 5. presents SunRed simulation of the suggested 
structure. By comparing the topside temperatures of two 
structures it can be observed that the Aluminium alloy 
remarkably reduces solar cell temperature. Due to this it is 
capable to produce more energy. Thanks to low thermal 
gradient in this case we don’t need to consider delamination. 
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Figure 5: The Simulation of proposed structure 

 

We performed a complete simulation of the mounting plate 
that was essential for thermal design of Masat-1. 

IV. RESULTS 
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Figure 4: The temperature of side panels 

The actual, in-orbit measured temperature of the side 
panels are shown on Figure 4. The orbital period is clearly 
visible on the results. The thermal peak of each side panel is 
lower than in the simulated case because the satellite is 
rotating along its axes. This led to a periodical temperature 
swing between a minimal and maximal value. 

V. CONCLUSION 

The article describes the procedure for thermal design and 
characterization of CubeSat’s solar arrays used in extreme 
thermal conditions in orbit. With this method we have defined 
a mass effective structure of the side panels for Masat-1 
mission. The surface temperature of the solar cells and the 
thermal gradient are significantly reduced, resulting less 
chance of solar cell delamination. Based on the simulations 
solar energy production is increased by 10% compared to 
other FR4 based solutions. 
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Abstract -In view of the trend towards higher power densities in 
ever shrinking geometries, understanding heat spreading 
fundamentals is gaining in importance. In this paper heat 
spreading in thin longitudinal geometries is considered. This 
geometry is of practical interest in one-dimensional Cartesian 
geometries. A characteristic length is derived and it is shown that 
this is has physical significance for the distance that heat spreads, 
and for the total amount of heat cooled away. Furthermore, it is 
investigated when “thin” is a viable assumption. The use of the 
characteristic length is illustrated for the case of a line source 
cooling to a plate. The results are compared to numerical 
simulations. The work is an extension of the authors’ earlier work 
on heat spreading in infinite longitudinal geometries and heat 
spreading in infite and finite circular geometries.

Keywords-Heat spreading, thin longitudinal fin, plate heat sink, 
line source, characteristic length 

Nomenclature 

Bi Biot number (-) 

h heat transfer coefficient W/(m2K) 

k thermal conductivity W/(mK) 

L length m 

Lc characteristic Length m 

q  transferred heat W 

Q scaled transferred heat (-) 

R thermal resistance K/W 

T temperature C 

t  thickness m 

w  width m 

x distance along the lenght m 

η scaled length distance (-) 

θ scaled temperature (-) 

0  (subscript)  at x=0 

e  (subscript) at x=L 

I.  INTRODUCTION 

Simultaneous advances in miniaturization and 
performance are a continuing trend in the development of 
new generations of electronic products. Therefore, source 
power densities are increasing while at the same time 
allowable source temperatures stay the same or are lowered. 
To cool small sources to realistic temperatures, and obtain 
realistic power densities at the component and system level, 

heat spreading is gaining in importance.  
The thin longitudinal geometry is an important form factor 

in heat spreading. It covers spreading along the fin height in 
pin fin and plate fin geometries, spreading along a line in 
narrow strip geometries, and heat spreading from line 
sources to a thin plate.  

Heat spreading in the thin infinite longitudinal case was 
addressed previously in [1], and radial heat spreading from a 
small heat source on a thin plate has been addressed in [2]. 

The present paper addresses the derivation of the 
characteristic length for the longitudinal (Cartesian) case in 
section II, and investigates the physical meaning of this 
length in section III. In section III also approximations are 
derived for the temperature distribution along the fin and for 
the amount of heat transferred to the ambient. In section IV, 
criteria are given as to under what circumstances a fin can be 
considered thin. Section V shows an application example for 
the case of a strip heat source on a thin plate and compares to 
numerical results.  

The results demonstrate the engineering relevance of the 
derived characteristic length based approximation in 
enabling quick engineering estimations.  

II. DERIVATION OF LENGTH SCALE

In [1] the characteristic length for the infinitely long, thin 
longitudinal case was derived directly from the differential 
equation. An alternative approach was taken in [2], inspired 
by the work of Adrian Bejan [3], [4]. A similar approach is 
now demonstrated for the longitudinal case. 

 One of the guiding principles in the constructal approach 
is that relevant length scales appear when competing 
physical effects are of the same magnitude. In heat 
spreading, the competing mechanisms are the conductive 
heat spreading in the thin plate and the convective heat 
transfer from the thin plate to the ambient.  

Figure 1: Longitudinal fin geometry 
Consider the case depicted in Figure 1. A thin flat plate of 

thickness t (m), width w (m) is heated at the left side surface 
at x=0. The far right surface at the end is adiabatic. The 
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thermal conductivity is k W/(mK). Cooling is by means of 
heat transfer coefficient h W/(m2K) on one side. The heating 
and cooling are uniform over the width direction of the plate 
and the plate is so thin that the temperature is uniform over 
the thickness1. The plate’s temperature distribution is a 
function of the coordinate x along the length direction. The 
thermal resistances for conductive and for convective heat 
transfer of a fin section of length L are: 

twk

L
Rconduction =

(1)

Lwh
Rconduction

1
=

(2)
Equating the resistances leads to: 

h

tk
L =

2

cL
h

tk
L ≡=

 (3)
Expression (3) is the same Lc expression as derived from 

the governing differential equations in [2]. 

III. WHAT DOES THE LENGTH SCALE MEAN? 

We now define a scaled length η and scaled temperature θ, 
which are used to investigate the physical meaning of Lc.. 

ambient

ambient

c

TT

TT

L
x

−

−
≡θ

≡η

0
(4)

Furthermore we define L as the total length of the fin, θ0

=1 as the scaled temperature at x=0, the edge of the source, 
and θe as the scaled temperature at the fin tip x=L or in 
scaled variables η=ηe=L/Lc. 

The total heat transferred is given by 

∫ ∫
η

η−θ=−=

L

cambientambient

e

dL)TT(whdx)TT(whq
0 0

0

(5)
Which is conveniently scaled as 

∫
η

ηθ=
−

≡

e

d
)TT(whL

q
Q

ambientc 00

(6)
Note that (6) demonstrates that Q equals the area below 

the θ(η) curve. 
The temperature field in this geometry is well known [5]: 

)sinh()tanh()cosh(
)cosh(

)cosh(
e

e

e
ηη−η=

η

η−η
=θ

(7)

                                                
1 Relevant criteria as to “thinness” are found in section IV 

A.  Infinite case 

For long fins, ηe>2, tanh( )≈1 and  
η−

=η−η=θ e)sinh()cosh(
(8)

The temperature decays exponentially with rate 1 from 
θ=1 at η=0, to θ=0. In exponential decay, the influence of the 
imposed end temperature continues indefinitely but it 
diminishes fast: At η=1, θ=0.37; at η=2, θ=0.14, and at η=3, 
θ=0.05. In other words less than 5% of the imposed 
temperature is found beyond a distance of 3Lc.  

The area below the exponential curve is finite and equal to 
1. It was shown earlier that the scaled heat loss to the 
ambient, Q, is equal to this area. Thus, the heat lost to the 
ambient is finite as well. From (6)

)TT(whLq

)TT(whL

q
Q

ambientc

ambientc

−=

=
−

≡

0

0

1

(9) 

This shows that the infinitely long rectangular fin with T0

imposed at the end x=0, experiences heat loss to the ambient 
as if a length Lc is heated to T0, and the remainder of the fin 
stays cold.  

A linear temperature drop over distance 2Lc has an equal 
area below the curve, and is a good approximation for the 
exponential decay. 

The exponential temperature decay, the step temperature 
distribution and the linear temperature drop are compared in 
Figure 2. In all three cases, the temperature loss to the 
ambient, equal to the area below the curve, is the same. The 
linear temperature drop with slope 1/(2Lc) is a reasonable 
approximation for the exponential decay. 

Figure 2: Temperature distribution for the infinite fin 
This result has significant engineering applications. The 

validity of the linear approximation effectively says that in 
case of a long fin (longer than 2 times Lc), an approximate  
distance 2Lc from the source is used for cooling and the 
temperature can be assumed to drop linearly over this 
distance. Furthermore, the amount of heat lost is as if a 
section of length Lc was heated to temperature T0  

Thus, a source of length Lsource on an infinite thin plate 
looses heat both from its own area and from the heated area 
on the plate. A distance of 2Lc from the edge of the source is 
used for cooling. The remainder of the plate stays cold and 
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does not contribute to heat transfer  
)TT(wh)LL(q ambientcsource −+= 0

This is illustrated in Figure 3.  

Figure 3: Temperature distribution and heat loss for the infinite fin 

B. Finite case 

Figure 4 shows the temperature distribution in a finite fin 
of 1.5Lc length. The solution according to (7) results in a 
curved line, and the linear drop with slope 1/(2Lc) results in 
the straight line. At short distances, the straight line 
overpredicts the temperature, while at the end of the fin, the 
temperature is underestimated. The area’s below both 
curves, which are related to the amount of heat loss to 
ambient, are similar in size. 

Figure 4: Temperature distribution for a finite fin
It shows that also for the finite case the linear 

approximation gives a reasonable first quick impression of 
the temperature drop and heat loss over the fin. 

Figure 5: Fin end temperature for finite fin 
Figure 5 compares the scaled temperatures at the insulated 

tip of the fin for a range of fins up to ηe=5, corresponding to 
fin lengths up to 5Lc. This confirms that the linear estimate 
for the temperature at the tip of the fin, is an 
underestimation, but can be used as a first estimate. 

Figure 6: Heat loss for finite fin 
Figure 6 compares the transferred heat, so the area below 

the curves, for the two approaches. It shows that linear 
approximation is correct within 5%.  

This confirms that both for infinite and for finite 
longitudinal fins, the temperature distribution and heat 
transfer can be approximated by assuming a linear 
temperature drop with slope 1/(2Lc). 

For finite thin fins, 0<ηe≤ 2  

4

2
1

2
1

2
e

e

e
e

Q

)(

η
−η=

η
−=θ

η
−=ηθ

(10)
For infinite thin fins, ηe> 2 

1

0

=

=θ

Q
e

For 0<η≤ 2  
2

1
η

−=ηθ )(

For η> 2  0=ηθ )(
(11)

IV. WHEN IS THE FIN THIN? 

To determine when the fin is sufficiently thin, we turn 
again to the constructal approach of comparing the 
competing thermal resistances. (9) shows that the fin looses 
heat as if a distance Lc is at temperature T0. This 
corresponds to a the convective resistance of an area of 
width w and length Lc 

hwL
R

c
convection

1
=

(12)
The conductive resistance over the fin thickness for this 

area is 

kwL

t
R

c
conduction =

(13)
The ratio of the two resistances is  

Bi
k

th

R

R

convection

conduction
≡=

(14)
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Comparing the thermal resistances for the two competing 
effects leads to the appearance of the dimensionless 
parameter group th/k, which is by definition the Biot numer 
[6]. If the convective resistance is much larger than the 
conductive resitance, the temperature drop over the thickness 
of the fin is negligible, and the fin can be considered thin. 
This corresponds to a small Biot number. 

To illustrate the effect of the Biot number, 2 D conduction 
numerical simulations are performed on the geometry 
illustrated in Figure 7 
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Figure 7: Geometry 
A temperature source T=100 C, is embedded in the top 

surface of a fin. The fin is either cooled on the top surface, 
on the bottom surface, or on both surfaces. The Biot number 
is calculated as  

k

)th(t
Bi

bottomtop +
=

(15) 
The Biot number is varied by applying different 

combinations of heat transfer coefficients h and thermal 
conductivity k, and the temperature of the point T-bottom 
and T-top are compared Because of the presence of the 
temperature source, T-top is always 100 C. The results are 
shown in Table 1 and Figure 8. Table 1 shows the calculated 
temperature opposite the heat source on the bottom of the 
plate, in case the heat transfer coefficient is applied on the 
bottom surface (‘h on bottom’), on the top and the bottom 
surface (‘top and bottom’), or on the top surface (‘top’). 

�����

����
�����

#����	
����%�

#����	 ���
�����

#����	
����%�

#����	 ���
� � � � � � �

�&����� ��� ��� ��� ��� � � �
�&���� ��� ��� ��� ��� � � �
�&��� ��� ��� ��� ��� � � �
�&�� ��� '( ') ') * + +
�&� ��� ), '� '- �- �� ,
� ��� -) ,� )( .+ *' �*

�� ��� �* �' )� )( )� +�
��� ��� , , () '- '- ++

���� ��� . . () '. '. ++

��#����	 ���!!����������#����	

Table 1 

�

��

+�

*�

-�

.�

,�

(�

)�

'�

���

�&������ �&���� �&�� � ���

��������	��

��������
���


�

������

����
�	����

�����#����	
���������%�#����	
��������

Figure 8: Temperature  difference as function of Bi 
For the fin to be thin, the three lines should coincide. 

Figure 8 shows that the fin can be considered thin if Bi≤0.1. 
Up to Biot = 0.1, the calculated temperatures at the bottom 

for the three cooling cases equal to each other within 10%. 
The temperature difference over the thickness of the plate is 
below 10% for top cooling only, and below 15% in the 
bottom cooling and top/bottom cooling case. This means that 
for Bi≤0.1 there is no significant difference if the cooling is 
applied on the top or on the bottom, only the total combined 
heat transfer of the top and the bottom is relevant.  

The threshold value Bi=0.1 is confirmed by looking at the 
temperature distributions: Figure 9 and Figure 10 show the 
temperature distributions for cooling at the top surface only, 
cooling at the bottom surface only, and cooling on both top 
and bottom surface for Bi=0.1 and Bi=1. Figure 9 shows that 
at Bi=0.1 the temperature distribution for the three cases is 
quite similar, and isotherms are nearly vertical over the 
thickness of the fin, which means that the temperature 
differences between the top surface of the fin and the bottom 
surface of the fin are small. This corresponds to the 
assumptions of “thinness.”  

In contrast, the temperature fields at Bi=1 shown in Figure 
10 have non vertical isotherms and significant temperature 
differences between the top and the bottom surface. 
Furthermore top cooling, bottom cooling and top/bottom 
cooling have significantly different temperature 
distributions. Clearly for Bi=1 the fin is not thin.  

Figure 9: Temperature fields for Bi=0.1 

Figure 10: Temperature fields for Bi=1 
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V. APPLICATION EXAMPLE  

In order to demonstrate the use of the characteristic length 
approach, cooling of a narrow strip source to a thin plate is 
considered for various plate materials, and the results are 
compared to numerical simulations.  

A. Geometry and boundary conditions 

Consider the geometry depicted in Figure 11: an 
isothermal 5 W strip line source of 1 mm thick, 10 mm wide, 
located centrally on a plate of 1 mm thickness of dimensions 
100 mm x 100mm. The plate is cooled on both sides with 
h=10 W/m2K, corresponding to free convection cooling with 
some radiation. What will be the source temperature if the 
plate is made of plastic (k=0.2 W/mK), thermally conducting 
plastic (k=1 W/mK), ceramic (k=25W/mK) or aluminium 
(160 W/mK)? What if natural convection is applied without 
radiation (h=5 W/m2K), or if forced convection is applied 
(h=20 W/m2K)? And what if the plate is 10 mm thick plastic 
with the heated strip embedded in the one side?  

/�
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Figure 11: geometry and boundary conditions 

B. Characteristic length based solution 

Table 2 shows the Biot number calculated for the different 
options, using (15). Note that, since the plate is cooled on 
both sides, the heat transfer coefficient in the table is the sum 
of the heat transfer coefficient on the top and on the bottom 
surface. In cases a through e, Bi<0.1, so the use of the linear 
approximation is OK. In case f Bi = 0.2, so some difference 
can be expected, as the plate is not thin. In case g, Bi=1, so 
the characteristic length estimate is invalid. The worked case 
is presented for the purpose of illustration. 
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Table 2 
The heatspreading on the plate is approximated by 

application of (10) and (11).Table 3 shows the calculated Lc

and corresponding scaled fin length ηe, scaled power Q and 
scaled temperature at the edge of the plate, θe,  
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Table 3 
The results in Table 3 show that in case a, b, e, f and g the 

plate acts as an infinite fin. The 45 mm distance between the 
edge of the source and the edge of the plate is much larger 
than 2Lc, the distance that the heat will spread over the 
plastic. The edge of the plastic plate is not heated by the 
source and will be at ambient temperature. In contrast, if the 
plate is made from ceramic or aluminum, as in case c and d, 
the characteristic length Lc is much larger, heat will spread 
further, and the edge of the plate will be heated by the 
source.  

The source will transfer heat to the ambient in three ways: 
by its own surface, by heatspreading to its left side on the 
plate, and by heatspreading to its right side on the plate. 

The Rth for heatspreading on the plate is found by 
rewriting (9): 

hQwLq

TT
R

c

ambient
Rside/plateLth

10
=

−
=−

(16)
The Rth for the source surface itself is given by 

hwL
R

source
gselfcoolin_sourceth

1
=−

(17)
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Table 4 
Table 4 shows the thermal resistances for spreading on the 

plate (16) and for self cooling of the source (17), as well as 
the total thermal resistance from application of the three 
thermal resistances: a plate resistance on the left of the 
source, the source itself, and a plate resistance to the right, in 
parallel. Furthermore, the resulting calculated temperatures 
for the source and for the edge of the plate are shown, based 
on the source power dissipation of 5 W and relative to the 
ambient temperature. 

C. Comparison to numerical solution 

2D conduction numerical simulations were performed, 
with a heat transfer coefficient applied to the top and to the 
bottom surface.  
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Table 5 
Table 5 shows the approximated source and edge 

temperatures are in good agreement with the simulation 
results except for the last case. This was as expected for case 
a through e, which had Bi <0.1. Some difference was 
expected for case f, with Bi=0.2. In case g, with Bi=1, no 
agreement was expected between the estimation and the 
numerical result as the estimation was invalid; the plate is 
not thin. 

Figure 12: Temperature field for case a 

Figure 12 shows the simulated temperature field for case a. 
This confirms that in case a, the plate acts as an infinite fin 
and the heat from the source does not reach the edge of the 
plate. 
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Figure 13: Temperature comparison 
Figure 13 shows  the simulated temperature distributions 

versus the linear approximation for case a. The temperature 
distributions are in good agreement.  

Figure 14: cross-sectional temperature distribution  for case g 

Figure 14 shows the cross-sectional temperature 
distribution for case g. It confirms that indeed the 10 mm 
plastic plate cannot be considered thin, as was already 
apparent from Bi=1. Therefore, the characteristic length 
approximation is invalid, and the estimated value from the 
approximation does not agree with the numerical results. 

VI. SUMMARY AND CONCLUSION

The characteristic length approach from was extended to 
longitudinal fins of finite length. It was shown that the 
temperature field extending from the heated edge of the fin 
can be approximated by a linear drop towards ambient 
temperature over a distance of 2Lc, with 

h

tk
Lc ≡

For finite thin fins, 0<L≤ 2Lc 
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For infinite thin fins, ηe> 2  
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Furthermore it was shown that the plate is sufficiently thin 
if the corresponding Biot number is <0.1 , which boils down 
to t<0.1 k/h. 

The characteristic length approach has significant 
engineering value as it enables quick engineering estimations 
and a means of translating thermal quantities to dimensions 
and material choices relevant to the mechanical design 
engineer. 

The Characteristic length approach was demonstrated for 
cooling of a line source on a thin plate of different thermal 
conductivities, and results agreed well with expectations.  
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Abstract- This paper explains the design decisions and the 

different measurements we have done in order to characterize 
the thermal coupling and the characteristics of temperature 
sensors embedded in a integrated circuit implemented in a 
CMOS 65nm technology. The circuit contains a 2GHz linear 
power amplifier, MOS transistors behaving as heat sources and 
two differential temperature sensors. Temperature 
measurements performed with the embedded sensor are 
corroborated with an Infra-Red camera and a laser 
interferometer used as thermometer. 

 

I.  INTRODUCTION 

 One of the applications of embedding temperature sensors 
in a silicon die along with other circuits (so called circuits 
under test) is to characterize either their structural integrity 
[1, 2] (i.e. the presence of structural defects) or their 
performances [3].  

Examples can be found in the literature where the circuit 
under test is a high frequency analog circuit: the work of [4] 
presents the characterization of the central frequency and 
1dB compression point of a 1GHz low noise amplifier from 
low frequency temperature measurements. In [5], the 
efficiencies of two Power Amplifiers (PAs), operating at 
2GHz and 60GHz, respectively, are monitored through DC 
temperature measurements. The basic principle behind this 
proposal is that as temperature depends on the power 
dissipated by the circuit, and power depends on the voltage 
and current signals within the circuit, then temperature is an 

indirect way to observe the magnitude of voltages and 
currents. 

The understanding of the correlation between the 
temperature measurements and the performances of the high 
frequency analog circuit requires of an accurate thermal 
coupling characterization between the circuit to monitor and 
the temperature sensor placed close to it, as well as a good 
characterization of the temperature sensor that is used to 
perform the measurements. 

The aim of this paper is to show the design decisions and 
the thermal coupling characterization that exists between 
differential temperature sensors and devices/circuits 
embedded in the same silicon die and to show the complete 
procedure we follow in order to understand the behavior of 
the sensor. The integrated circuit (IC) we use in this paper to 
perform the measurements is the same that has been used in 
[5] to correlate DC temperature measurements with high 
frequency performances of a 2GHz CMOS power amplifier 
fabricated in a commercial 65nm CMOS technology.  

The paper is structured as follows: in the following section 
II we describe the integrated circuit. Section III presents a 
detailed characterization of the temperature sensor. 
Temperature measurements performed with the embedded 
sensor are corroborated with other off-chip temperature 
sensing strategies: an IR camera and a laser interferometer 
used as thermometer. These comparisons are performed in 
section IV. Finally, section V concludes the paper. 
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II. INTEGRATED CIRCUIT DESCRIPTION 

Fig. 1 shows the schematic of the PA designed for a 2GHz 
transmitter for coax-cable communications. It has been 
implemented using a CMOS 65nm process. The inductors L1 
and L2, as well as the CDC capacitors, are off-chip 
components, and are used to center the PA in one of four 
possible sub-bands (2-2.5GHz). Details about this design can 
be found in [6]. The main characteristics measured from the 
PA are: Gain @2.3GHz = 17.8 dB, PDC@VDD=1.1 V = 
96mW, OCP1 = 10.5 dBm. 

 

 

 
 
Fig. 2 shows the schematic of the differential temperature 

sensor embedded with the power amplifier. This sensor is 
based on the structure published in [7]. The name differential 
comes from the fact that the sensor output voltage variations 
are proportional to the difference of temperature of two 
devices of the sensor circuit, acting as temperature 
transducers. The two temperature transducers are the bipolar 
transistors Q1 and Q2, whose temperature is T1 and T2 
respectively. Then, the output voltage of this sensor can be 
written as: 

 
  OffsetTDOUT VTTSV  21

  (1) 

 
where STD is the differential sensitivity of the sensor in 

V/˚C, and Voffset is the sensor output voltage when there is no 
thermal imbalance between both temperature transducers. In 
this design, the temperature transducers are vertical NPN 
bipolar transistors built using the deep-nwell/pwell 
/n+diffussion structure available in this CMOS process. The 
working principle is as follows: when the temperature 

transducers operate with different temperature, the 
differential pair is unbalanced. The current mirrors and the 
high impedance of the output stage convert the change 
appearing in the transistors collector current provoked by 
changes of the temperature difference (T1 – T2) into changes 
of the output voltage VOUT. To avoid self-heating, the power 
consumption of the sensor is PDC(@VDD=1.2V) = 800 µW. 

Fig. 3 shows the placement of the temperature sensor and 
the PA devices in the IC layout. The temperature transducer 
Q2 is placed close to the power amplifier (at 25 microns from 
the PA Cascode MOS transistor of one of the branches of the 
PA, M3 in Fig. 1). The temperature transducer Q1 is placed at 
240 microns from Q2, together with the other devices that 
form the temperature sensor. The goal of this placement is to 
make the temperature imbalance between both transducers 
proportional to the power dissipated by the PA. As thermal 
coupling will affect more Q2 than Q1, the former is called hot 
transistor, whereas we named the latter cold transistor. The 
hot transistor is placed closer to the cascode MOS transistor 
(M3 in Fig. 1) than the Input MOS (M1 in Fig. 1) as the first 
will experience higher RF amplitude in the drain to source 
voltage, thus having a power dissipation with stronger 
correlation to the RF PA behavior [4]. 

 

 
To perform a detailed thermal coupling characterization, in 

the same silicon die we have placed another identical 
differential temperature sensor (same dimensions, same 
device placement, same distance between hot and cold 
transducers) jointly with three heat sources. The heat sources 
are MOS transistors in diode configuration, i.e. with their 
gate tied to the drain and connected to an external pin, 
whereas their source is tied to ground. Two of the heat 
sources are sized 20/0.5. The first, named Heat Source A in 
Fig. 4, is placed at 11 microns from the hot transducer, 
whereas the second, called Heat Source C in Fig. 4, at 11 
microns from the cold transducer. The third transistor, called 
Heat Source B in Fig. 4, has been placed at 25 microns from 
the hot temperature transducer. This latter heat source has 
the same dimensions than the PA cascode transistor (100/10) 
and the distance between the hot transducer and this 
transistor is the same than the existing between the PA 

Cold BJT Q1

Hot BJT Q2

Cascode MOS
100  10 m2

Input MOS
80  1  m2

24
0

m
 

25m

Sensor core

PA output

P
A

 input

 
Fig. 3.  Placement of the sensor and the PA devices within the integrated 

circuit layout. 
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Fig. 2.  Schematic of the differential temperature sensor embedded in the 

same IC than the Power Amplifier. 
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Fig. 1.  Schematic of the 2GHz Power Amplifier. 
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cascode transistor and the hot transducer of its temperature 
sensor. This last heat source is intended to provide an 
environment for thermal characterization as close as possible 
to the one existing between the cascode transistor in the 
power amplifier and the hot temperature transducer. 

 

 

III. TEMPERATURE SENSOR CHARACTERIZATION 

A.  Characterization of the differential sensitivity. DC 
measurements 

The differential operation of the sensor can be 
characterized if the temperature between both transducers is 
unbalanced. To achieve this, we activate only one of the heat 
sources. 

 First, we characterize the heat sources: Fig. 5 shows the 
power dissipated by each heat source as a function of the 
gate voltage applied to its gate. As we will not be able to 
measure the real temperature at the transducer location, we 
will characterize the temperature sensors as a function of the 
power dissipated by each heat sources. As a matter of a fact, 
this is more interesting to our final application: to derive the 
power dissipated by the Power Amplifier by observing the 
sensor output voltage. 

Fig 6 shows the sensor output voltage evolution as a 
function of the power dissipated by each heat source when 
the other two are off (Sensor power supply VDD = 1.2V). The 
sensor output voltage variations that appear when the heat 
source A and C are activated show the symmetrical behavior 
of the sensor expressed by equation (1): when the heat 
source A is active, the hot transducer increases its 
temperature and the sensor output voltage decreases. On the 
other hand, when the heat source C is active, the cold 
transducer increases its temperature and the sensor output 
voltage increases. As these two heat sources are identical in 
size and placed at the same distance from each temperature 
transducer, they are supposed to induce similar temperature 
increase to the closest temperature transducer. However, heat 
sources B and A are different in size and distance. Therefore, 
it is interesting to see that due to the different power density 
and to the different distance between the heat source and the 
transducer, the plot obtained when Heat source B is activated 
is different from the one obtained when the Heat source A is 
activated: clearly, for the same amount of dissipated power, 
the heat source A induces a higher temperature increase to 
the hot temperature transducer than the heat source B. 

Since we cannot measure the temperature of the 

transducers, we can only express the sensitivity of the sensor 
as a function of the power dissipated by each heat source. 
We define the sensitivity as the slope of the static transfer 
function (i.e. the derivative of the functions extracted in Fig. 
6). To get this figure of merit, we have fit the measurements 
of Fig. 6 with a second order polynomial function. Fig. 7 
shows the three sensitivities (expressed in V/W) as a 
function of the power dissipated for the three heat sources 
obtained in this way. There are some interesting points to 
analyze from the results shown on these plots: first, as 
expected from equation (1), the sensitivity associated to the 
heat source A is negative, whereas the one associated to the 
heat source C is positive. However, from equation (1), we 
would expect identical sensitivity in absolute value, which is 
not the case. This can be attributed to several factors. The 
first one is the sensor topology itself: the differential 
sensitivity depends linearly on the sensor output resistance 
[7]. Due to the topology of this sensor, the output resistance 
has strong dependence on the operating point of the two 
output MOS transistors: M3 and M7 in Fig. 2. So, if the 
output voltage value changes, so does the sensor output 
resistance. In addition to this, heat source C also modifies 
the temperature of the sensor core devices. Moreover, the 
base current of both bipolar devices depends on temperature, 
which introduces an additional source of unbalance. Finally, 
the low VDD value and the fact that the information is given 
through voltage and not current: when the output voltage is 
close to any of the supply rails, the sensor enters in 
saturation and sensitivity nulls. 

 

 

 
 

Fig. 6: Sensor output voltage as a function of the power dissipated by each 
heat source (the other two are off). VDD = 1.2V. Sample 1. 

Fig. 5: Power dissipated by each heat source as a function of the voltage 
applied to its gate.  Left Axis: Heat source B. Right Axis: Heat sources A or 

C. Sample 1. 
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S
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Fig. 4: Detail of the placement of the temperature sensor used for the thermal 
coupling characterization and the three devices acting as heat sources.. 
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The dependence of the sensitivity on the sensor output 
voltage and on the proximity to the rail voltage can be easily 
demonstrated by measuring the evolution of the sensor 
output voltage as a function of the power dissipated by heat 
source A in two different conditions. First, when both heat 
source B and C are off, second when the heat source C is 
dissipating 12.48mW (i.e. 1.2V applied to its gate). This is 
plotted in Fig. 8. As it can be seen, the fact of activating the 
heat source C introduces an offset to the sensor output 
voltage (as expected from equation 1). This plot shows also 
the polynomial approximation that we can get from the 
measurements. The discrepancy with the fit got in Fig. 6 
comes from the fact that these measurements are performed 
on another sample, thus we observe as well process 
variations. The main difference between the sensitivity 
measured with the sample 2 from the one measured with the 
sample 1 is that in the sample 2 the sensor starts to saturate 
when its output voltage reaches 250 mV approximately. The 
sensitivity extracted from the previous measurements is 
plotted in Fig. 9. As it can be seen, the sensitivity that we 
obtain when the heat source C is activated is much more 
constant, due to the fact that the sensor output voltage is 
always far away from saturation. 
 

 

 
 

 
 

B.  Characterization of the common sensitivity. DC 
measurements 

 
Ideally the output voltage of the sensor should be only 

sensitive to the difference of temperature between both 
temperature transducers. There are two factors that make the 
output voltage change due to variations in the common 
temperature of both transducers (i.e. (T1+T2)/2). One factor 
is the systematic mismatches that are present between the 
two branches of the differential pair, either introduced by 
process variations, or introduced by the design. An example 
of such systematic mismatch is the base current that biases 
both temperature transducers, which is taken from one of the 
branches. Another factor is the finite value of the output 
resistance IBIAS in Fig. 2.  

Common sensitivity should be low in order to avoid 
output voltage changes due to ambient temperature changes 
or due to the power dissipated by devices that have been 
intentionally placed equidistant from both temperature 
transducers, in order to precisely cancel the sensitivity of the 
output voltage to the power dissipated by these devices. 

In order to evaluate the common sensitivity of the sensor, 
we activate simultaneously heat source A and heat source C 
with the same voltage source. In this configuration they 
dissipate the same amount of power and generate similar 
temperature increases at the transducer location. Results are 
shown in Fig. 10 for both samples. As it can be seen, the 
output voltage varies from sample to sample. Whereas in 
sample 1 it changes about 60mV, it only changes about 
15mV in Sample 2. In both cases, variations are almost zero 
when the power dissipated by the heat sources has a low 
value.  

 

 

 
Fig. 10: Sensor output voltage as a function of the power dissipated 

simultaneously by heat sources A and C. Sample 1 = Sample A. Sample 2 = 
Sample B. 

  

Fig. 9: Sensor differential sensitivity (V/W) as a function of the DC power 
dissipated by the heat source A. Sample 2. 

Fig. 8: Sensor output voltage as a function of the power dissipated by heat 
source A. Two values of power dissipation by heat source C: 0W and  

12.48mW. VDD = 1.2V. Sample 2. 

Fig. 7: Sensor differential sensitivity (V/W) as a function of the DC power 
dissipated by each heat source. Sample 1. 
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C.  AC Differential Measurements. 

 
The goal of this section is to extract the bode diagram that 

relates the amplitude and phase of the spectral component of 
the sensor output voltage at the frequency f when the heat 
source B dissipates power following a sinusoidal function at 
the same frequency. The interest of such measurement is to 
characterize the frequency response of the sensor and the 
frequency response of the thermal coupling, which is of 
interest when heterodyne temperature measurements are 
performed [3, 4]. To achieve a controllable sinusoidal power 
dissipation, the heat source B is biased with a gate voltage of 
Vg=1+0.05·cos(2πft). The MOS transistor is a non-linear 
device. Therefore, this sinusoidal voltage will generate a 
dissipated power that can be written as the sum of different 
harmonic functions of frequency multiple of the input 
frequency f. According to the results shown in Fig. 5, these 
harmonic functions are superimposed to a continuous term 
of 70mW. From Fig. 7, the DC sensitivity of the sensor is -
4.1 V/W when the dissipated power is 70mW. Focusing on 
the fundamental harmonic of the temperature variation, the 
measured bode diagram is shown in Fig. 11. As it can be 
seen, at 100Hz (the lowest frequency measured) the sensor 
has a response of 4.08V/W of magnitude and a phase shift of 
173˚, very close to the expected -4.1V/W. As the frequency 
increases, the sensitivity of the sensor decreases, due to the 
limited bandwidth of both the temperature sensor and the 
thermal coupling.  

 

 
IV.  CORROBORATION WITH OTHER MEASURING 

STRATEGIES 

In addition to the sensor characterization performed using 
the devices that dissipate power in a controllable way that 
are placed within the IC, we corroborate the information 
extracted from the embedded sensor with other sensing 
strategies. On one hand, this can give additional information 
about the sensor. On the other hand, this corroboration 
ensures that the information given by the sensor depends on 
temperature variations and not due to electrical couplings 
that may appear in the IC between the dissipating devices 
and the sensor. 

  
 

A.  IR measurements.  

We have used IR measurements in order to validate DC 
temperature measurements. The IR measurement set-up 
consists of a camera that senses the IR radiation in the short-
wavelength range (3-5 μm). The lens used allows for a 
spatial resolution of 6 μm.  The sample has been mounted on 
a xyz micropositioning stage to focus and select the 
inspected areas. In this paper we are going to show 
measurements of the average IR emissions coming from an 
area of 6 μm x 6 μm (i.e. the reading provided by just on 
pixel of the 2D image provided by the camera). In the 
measurements, no emissivity correction has been performed. 
However, when relative measurements are performed IR 
measurements do not depend on the sample surface 
emissivity and this compensation is not required [8]. 

To perform the corroboration, we have biased the power 
amplifier with 1.2V and we have swept the VBIAS (see Fig. 1) 
from 0V to 0.9V. This bias voltage controls the DC current 
that flows through the amplifier and, therefore, its DC power 
dissipation. The lower the VBIAS voltage, the lower the DC 
current flowing through the amplifier and lower its power 
dissipation. Fig. 12 compares the power dissipated by the 
power amplifier, the information given by the embedded 
sensor and the IR camera. We have focused the camera over 
the cascade transistor M3 (see fig. 1). Values are normalized 
to its maximum value. As it can be seen, both the readings 
from the camera and from the embedded sensor are directly 
proportional to the DC power dissipated by the amplifier, 
meaning that the embedded temperature sensor is correctly 
reacting to the temperature increases generated by the power 
amplifier. 

 
B.  Interferometry measurements  

With the help of a laser interferometer we have validated 
the AC sensor characterization. Details about the laser 
interferometer used as thermometer can be found in [9]. Fig 
13 indicates where the laser has been focused next to heat 
source B (Diode in Fig. 13) in order to perform the 
measurements. Fig. 14 compares the measurements 
performed with the interferometer and the differential 
sensor, normalized to its maximum value. In this figure we 
have also included the amplitude of the bode diagram that 
exists between the heat source B and the hot temperature 
transducer obtained by solving the heat transfer equation in 
the Laplace domain. The agreement between the laser and 

Fig. 12: Comparison of the power dissipated by the power amplifier, the 
embedded sensor output voltage and the IR camera readings as a function of 

the power amplifier bias voltage. Values are normalized to its maximum 
value. 

Fig. 11: Frequency response of the sensor. Sensor biased with Vgate= 1V + 
0.05V·cos(wt).Amplitude and phase of the sensor output voltage as a function 

of the input frequency.  Sample 1. 
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the differential sensor measurements indicate that it is the 
thermal coupling which is imposing the lowest cut off 
frequency, not the differential temperature sensor. 

  
 

 IV.  CONCLUSIONS 

In this paper we have presented design decisions and the 
strategy we have followed in order to characterize the 
thermal coupling and the performances of a differential 
temperature sensor implemented in a standard 65nm CMOS 
technology.  

We have characterized the differential and common modes 
operation of the embedded temperature sensor by using 
MOS transistors connected in diode configuration that are 
used as controllable heat sources. Such results indicate that 
the on-chip sensors are suitable for tracking the temperature 
changes produced by different operating condition of the RF 
circuits. 

The measurements performed with the embedded 
temperature sensor have been corroborated with external 
sensing techniques: an infra-red camera and a laser 
interferometer used as thermometer. 
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 Fig. 14: Comparison of the bode diagram amplitude obtained with the 
interferometer, the embedded temperature sensor and the analytical solution 
of the thermal coupling between the heat source B and the Hot transducer. 

Values are normalized to its maximum value. 

 
Fig. 13: Point where the laser is focus in order to perform interferometric 

measurements. Diode is the heat source B: MOS transistor in diode 
configuration. 
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Abstract- This paper deals with a comparison between 

electro-thermal nonlinear simulation and measurements 
performed on a Silicon Germanium (SiGe) Heterojunction 
Bipolar Transistors (HBTs). The first part describes the 
simulation approach developed with ANSYS 3D Finite Element 
(FE) model. The second part describes the measurement 
process. This one is based on Low Frequency electrical 
impedance measurements generally achieved with S-
parameters Vector Network Analyzer setup. Finally the FE 
model is compared to a Cauer circuit extracted to represent the 
measured data.  

 

I. INTRODUCTION 

 HBTs have become of great interest for high power 
and high frequency applications. The needs to increase 
electrical performances, cut-frequency as well as the reduction 
of geometrical dimensions induce many changes which 
sometimes cause an increase of the device temperature. Self-
heating in bipolar transistors is a crucial point for many 
circuits that used silicon (Si) and silicon dioxide (SiO2). The 
increase of self-heating for advanced SiGe technologies is 
mainly due to the use of the silicon dioxide in the Deep Trench 
Isolation (DT) used to reduce the parasitic capacitances of the 
circuit and their poor thermal dissipation properties [1]. 
 The first section presents the simulation aspects and 
the FE model of the SiGe HBTs performed with ANSYS. The 
second one is dedicated to the measurement method and some 
results concerning the theory to determine the thermal 
impedance using h-parameters approach. Measurements will 
be fitted with a Cauer network. Finally in the last section the 
transient simulation of the model is performed with Advanced 
Design System (ADS) and compared to the FE approach. 
 

II. ANSYS THERMAL MODEL 

The transistor used in this study is a two finger Infineon’s 
high-frequency SiGe bipolar technology B7HF200 [3]. A cross 
section of this device is given in figure 1. 

This transistor is a two finger transistor with four 
metallization levels. Only the first one is represented on figure 
1, but all are fundamental for the thermal aspects and have 
been taken into account for the thermal study. 

The major parts of the materials that make up this 
transistor are silicon (Si) and silicon dioxide (SiO2). The 
thermal conductivity of SiO2 increases the thermal impedance.  

 
The Deep Trench protects the circuit for the parasitic 

capacitances and increases also the thermal effects which are 
harmful for the circuit reliability. The material properties used 
for the simulation are non-linear. The thermal conductivity KT 
(1) [4] and the specific heat CT (2) [4] of some materials 
depend on the temperature according the following laws. 
 

 
 

Fig. 1. Schematic cross section NPN transistor [9]. 
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KT0 and CT0 are respectively the thermal conductivity and 
specific heat at 300K. C1 is a constant depending on the 
material. The parameter values for the simulation are 
summarized in Table 1 and 2. 
 

Material KT0(W/K.m) b 
Si 148 1.3 
Ge 60 1.25 
SiO2 1.38 -0.33 
SiC 340 1.5 

 
Table I. PARAMETER VALUES FOR THE THERMAL CONDUCTIVITY 
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SiC parameters obtained from [5] are relative to a doping level 
near 1017 cm–3. 
The thermal conductivity of SiGe depends on the two materials 
percentage with formula (3).  
 

( )

kGeSi

SiGe

CKK

TK
3.07.03.07.0

1
0 ×++

=               (3) 

 
The exponent b of formula (1) is linearly interpolated because 
of the lack of experimental data at temperatures other than 
300K [4]. Ck = 2.8 W/K.m is introduced to reduce the thermal 
conductivity with the increase of material composition [4]. 
 

GeSiSiGe bbb ×+×= 3.07.0  

 
Material C T0 (J/K.Kg) C1(J/K.Kg)   β 
Si 711 255 1.85 
Ge 360 130 1.3 
SiO2 1000 820 1.5 

 
Table II. PARAMETER VALUES FOR THE SPECIFIC HEAT 

 
For SiGe the expression of the specific heat is calculated by 
expression (4) with the percentage of germanium of 30%. 
 

( ) ( ) ( )SiCGeCSiGeC TTT ×+×= 7.03.0           (4) 

 
The ANSYS element used for the mesh of the SiGe transistor 
(2x0.3x5.8µm2) is SOLID 70 (Fig.2). 
 

 
 

Fig. 2. Finite Element model of the B7HF200 

 
Conditions for the simulation are the following. The 

dissipated power is 20 mW for both transistors so 10mW for 
each transistor and the baseplate temperature is 300K.  
A transient simulation is performed between 10ns and 3ms. 
Simulation results are shown in the figure 3. 
 
 

 

 
 

Fig. 3.ANSYS Thermal impedance model of B7HF200. 

 
The thermal resistance obtained by ANSYS simulation is  
1280 °C/W as shown in figure 3.  
 
 

III.  THERMAL IMPEDANCE MEASUREMENT 

The method used to determine the device temperature is an 
electrical based method. This method has been developed in 
our labs since several years and has proved to be efficient on 
several technologies.  

Generally speaking, a transistor can be considered as a two 
port network as shown in figure 4. 

 
 
 
 
 
 
 

Fig. 4. Two port network 

 
When the device is biased, non-linear relationships between 

currents, voltages, and what we call the junction temperature 
that can be expressed by equation (5). 
 

)T ;V ;g(I = I

)T ;V ;f(I = V

JCEBC

JCEBBE
   (5) 

 
Tj results from a heat dissipation in the thermal impedance 

of the device. 

P Zth T = T 0J +   (6) 
 
 Small signal parameters can be measured around this DC  
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- 

Port 1 

 
     + 
VCE      Port 2 
     - 
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bias point. They correspond to the linearization of the device 
around this fixed point. The terminal controlling any part is 
specified by voltage VBE and VCE at port 1 and 2 respectively 
and current IB and IC entering at port 1 and 2 respectively.  

Several basic relationships between electrical AC currents 
and voltages can be derived (Z-parameters, Y-parameters, S- 
parameters…). 

Among these various relationships, the h-parameters 
depend respectively on currents and voltage parameters with 
an hybrid form as shown in equation (7). 

If the input current IB and output Voltage VCE are taken as 
independent variables, the input voltage VBE and output current 
IC can be written as: 
 

 
CE22B21C

CE12B11BE

 vh +  i h =  i

 vh + i h = v
  (7) 

 
Measurements are based on the S-parameters by using a 

low frequency Vector Network Analyzer (VNA). The S-
parameters are then transformed into h-parameters using 
classical transformation [8]. The current collector IC and the 
base-emitter voltage VBE [11] depend on the collector-emitter 
voltage VCE, the base current IB and the temperature junction 
TJ. 

It has been shown in [6] [12] that the thermal impedance 
can be derived from the bias parameters (IB0, VBE0, ICO, VCE0), 
the thermal behavior of VBE vs T (where φ is the slope) and IC 
vs T (where γ is the slope) and finally the h-parameters. The 
relationship between h-parameters, the current, the voltage and 
the thermal impedance of the transistor is given in [2]. 
Computation of the thermal impedance detailed in [2] is 
remembered here:  
 

( ) ( )
ISOISO

ISO

hhVVhIhIco

hh
Z

CECEB
TH

1212022012

1212~

−+++Φ
−

=
γ

(8) 

 
The index “ISO” denotes the values of the h-parameters 

when the temperature is maintained at a constant value. φ, γ are 
respectively the derivatives of Vbe and Ic versus temperature. 
Many simplifications can be performed regarding the 
numerical value of parameters. They are presented in [2].We 
obtain finally:  

  
Ico

h
ZTH Φ

≈ 12~
                                 (9) 

 
So the thermal impedance for HBTs is the image of 

h12.The thermal impedance magnitude and phase [2] obtained 
by using expression (9) is shown in figure 5. 

The thermal resistance RTH is 1270°C/W (value obtained at 
low frequency). Phase of Zth is 90° at 200MHz and magnitude 
equal to zero. It means that thermal effects do not affect the 
device if the frequency of the AC signal is higher than this 
frequency limit. 
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Fig. 5: Thermal impedance measurements 

 
In the ADS circuit simulator a simplified Cauer network 

model has been developed to fit with frequency measurements. 
The Cauer network time constants [7] depend on all the 
resistances Ri and capacitors Ci, RTH is the thermal resistance 
and ZTH the thermal impedance. The Cauer network model is 
composed of 9 resistors and 8 capacitors. All the resistors and 
capacitors are proportional respectively to R0 and C0. This 
relationship is given in (9). 
 

i
i KRR ×= 0  and i

i KCC ×= 0 (9) 
 
R1=0.1 Ohm  R0=310 Ohm; 
C0= 1.9e-11 F  K=2.5. 
R0, C0 and K are obtained by optimization 
 

Vth2

C2I_AC
SRC7

Freq=freq
Iac=polar(1,0) A

C1
RTH

R2R1

 
 

Fig. 6. Cauer network for transient thermal impedance [2].  

 
The Cauer model is compared to measurements in the 
frequency domain of measurements: 10Hz-100MHz. 
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Fig. 7: Comparison between measurements and Cauer network 

 
There is a good agreement between measurements and the 
Cauer Network model [10]. This step validates our lumped 
distributed model. 
 

IV.  COMPARAISON ANSYS MODEL AND CAUER 

NETWORK MODEL 

 
In this section we compare the simulation results obtained in 
section II with the Cauer model but this time in the time 
domain. 
Transient response (fig.6) between 0.01µs-1ms is compared 
with the finite element solution of the ANSYS model depicted 
in figure 3, only the magnitude is compared and presented in 
figure 8. 
 

   
 

Fig. 8. Comparison transient Cauer network and ANSYS simulation 

 
Figure 8 exhibits also a good agreement between Cauer  

 
network transient model and ANSYS simulations.  

The difference between the two thermal resistances is 
10°C/W or 0.8 percent. This can explained by the fact that 
some materials used are linear they are independent of 
temperature namely copper, aluminum and poly-silicon. 
Moreover the transistor model described in ANSYS is not the 
real model. Some assumptions have been made to limit the 
number of nodes for decreasing the computation time. 
 

V. CONCLUSION 

In this paper a comparison between 3D thermal model of SiGe 
bipolar transistors performed in ANSYS and original 
measurements obtained with h-parameters approach has been 
presented. Results cross validated both approaches on the band 
[10Hz-100MHz]. A Cauer Network model is proposed for 
electro-thermal coupled simulation.  
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Abstract — Operating temperature and temperature gradients 

are of critical concern in the design of planar integrated 

circuits (ICs) and are bound to be exacerbated in the 

upcoming 3D technologies. However, a thermal aware design 

of ICs allows thermal issues to be kept to the minimum. 

Previously, a simulator integrated in the Cadence
®
 

environment that allows electro-thermal simulations to be 

carried out at transistor levels has been presented. In this 

paper, a methodology used to build high-level electro-thermal 

model compliant with this simulator is detailed. 

Index Terms — Electro-thermal, Circuit Simulation, High-

Level Model, Verilog-A, VHDL-AMS. 

I. INTRODUCTION 

The operating temperature as well as the temperature 

distribution over integrated circuits (ICs) is a major issue. 

Indeed, increase of delays in lines [1-3], power leakage, 

mismatches in analog circuits, thermal noise or mechanical 

stress are some of critical hindrances due to high operating 

temperatures [4-8]. In the upcoming 3D technologies such 

issues are bound to be ever more critical than in planar 

technologies [5, 7, 8]. If these issues cannot be totally 

avoided, it is at least possible to minimize them by optimizing 

the floor plan of ICs [6, 7, 9-11]. Therefore, it becomes 

necessary to take accurately the electro-thermal behavior of 

the IC into account since the early stages of the design flow. 

In our previous works [12-13], a direct electro-thermal 

simulator developed for this purpose has been presented. Its 

operation principle consists in generating a thermal network 

representing the silicon die and to couple it to the electrical 

schematic of the IC. For this purpose, the standard electrical 

models of the devices are replaced by their electro-thermal 

counterparts. Those electro-thermal models have an 

additional terminal which is used to keep track of the 

temperature and to inject the heat flux generated by the device 

in the thermal network. 

Standard electrical simulations cannot be performed for LSI 

or VLSI systems at transistor level. For such systems, 

simulations rely on electrical high level behavioral modeling 

[14-15]. This consists in describing the electrical behavior 

between the different analog or digital ports of functional sub-

circuits with a reduced set of equations. For instance, the 

electrical behavior of an operational amplifier (op-amp) can 

be described by an arctangent like function that links the 

output voltage to the differential input. Concerning electro-

thermal simulations, high level modeling is even more critical 

since both the electrical and the thermal aspects are modeled. 

However, accurate high-level electro-thermal models need to 

be sensitive to the temperature profile that appears on the sub-

circuit during the simulation. For example, a temperature 

difference between the transistors of the differential pair of an 

op-amp will be responsible for an offset variation.  

The proposed high-level modeling principle is described in 

the next section. Then, three different modeling approaches 

which depend on the surface occupied by the considered 

electronic sub-circuit are presented. In the third section, the 

modeling of a proportional to absolute temperature (PTAT) 

sensor formerly presented in [13] is detailed. Then, the results 

obtained from the simulations at transistor level of a test chip 

including 16 PTAT sensors are compared to the results 

obtained with two different high-level models of the sensor. 

II. HIGH-LEVEL ELECTRO-THERMAL BEHAVIORAL 

MODELING 

A. Principle 

In a conventional electrical high-level modeling process, one 

assumes a flat and constant temperature profile over the 

modeled sub-circuit. Such models are built through the 

analysis of the electrical behavior between the electrical ports 

of the sub-circuit. The more, since conventional electrical 

simulations operate at a preset temperature, the temperature 

sensitivity is extracted through parametric simulations. The 

high-level model of a n-terminals sub-circuit can thus be 

described by a set of n equations: 

Vi = fi(V1,…, Vn, I1, …, In, T) (1) 

with i ∈  [1, n] and where Vi and Ii are the voltage and the 

 
Figure 1 – Symbol of an n-electrical ports functional block  

Ii Functional block 

Vi n 
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current at the i
th

 port and T is the constant operating 

temperature of the functional sub-circuit during the 

simulation. However, such an approach is not suited for 

accurate high-level electro-thermal modeling. 

In electro-thermal analysis the information of temperature 

profile is available in the thermal network and this profile 

may be heterogeneous during the simulation. Also, the heat 

generated by each component has to be reported in the 

thermal network. This information can be included in the 

model by adding as many thermal terminals as components 

included in the modeled sub-circuit. In such a situation, for an 

electrical sub-circuit (figure 1) which has n electrical ports 

and made of m components, m thermal terminals are needed. 

Thereby, an electro-thermal model can be extracted through 

parametric analysis where the electrical behavior between 

each electrical port is studied for every setup of components 

temperature. The extracted model can thus be written as 

follow:  

 
                                 

                                 
  

(2) 

with i ∈  [1, n] and j ∈  [1, m] and where Pj are the powers 

dissipated (heat flux) by the m components and passing 

through the j
th

 thermal terminal. Finally, the obtained model is 

very accurate but may be too complex and may be too much 

time consuming to extract. Building such high-level model is 

thus meaningless. However, the complexity of this model can 

be strongly reduced by using only a few thermal terminals. 

The temperature map can be sampled from the thermal 

network and thus an approximate heat flux map can be 

reported into the thermal network. The number of thermal 

terminals sets the tradeoff between accuracy and simplicity. 

This point is detailed in the following subsections. 

B. Single thermal terminal modeling 

Previously, it was stated that generally the conventional high-

level modeling approach is not suited to build an electro-

thermal model. However, if the thermal profile of a functional 

sub-circuit remains essentially flat when used in its targeted 

application then such an electrical model can be converted 

into an electro-thermal one by simply adding a single thermal 

terminal to sample in the thermal network the average 

temperature over the surface covered by the sub-circuit. This 

assumption is generally correct in small sub-circuits made of 

only few components. Nevertheless, in this case the heat flux 

generated from the sub-circuit can only be reported as 

homogeneous in the thermal network. Consequently, the 

temperature dependence of the sub-circuit can be extracted 

through conventional electrical simulations for a given range 

of temperatures. Finally, the high-level electro-thermal model 

is written so that its electrical behavior depends on the 

temperature at its single thermal terminal (instead of the 

conventional fixed temperature) and the heat flowing through 

this terminal is defined as equal to the electrical power 

dissipated by the whole sub-circuit. The extracted model can 

be written as: 

 
                           
                         

  (3) 

with i ∈ [1, n]. 

C. Multiple thermal terminals modeling 

When the requirements for one thermal terminal modeling are 

not met, several thermal terminals must be used. Usually, 

such modeling is needed for sub-circuits of large dimension 

where a heterogeneous temperature map may appear on it. In 

this case, the surface of the sub-circuit is split in p columns 

and in q lines. This leads to a p × q thermal terminals model. 

Here, the thermal terminals are used to sample the 

temperature map of the sub-circuit and to report the heat flux 

map generated by the sub-circuit in the thermal network. The 

resolution of this map is one p
th

 of the sub-circuit width and 

one q
th

 of its length. Consequently, the power consumption 

map and its electrical behavior when the sub-circuit is 

submitted to different temperature profile need to be 

analyzed. For didactical reasons, the modeling principle of a 

      thermal terminals high-level model is described in the 

next paragraph. 

a) Temperature dependence extraction: 

In this case, the governing equation set (2) is reduced to the 

following system: 

Vi = fi(V1,…, Vn, I1, …, In, T00, T01, T11, T10) 

 (4) 

where Txy is the temperature of the thermal terminal 

corresponding to the zone located in xth column and the yth 

line (figure 2). 

Running a parametric analysis by setting fixed temperatures 

on the areas covered by the Txy thermal terminals creates 

thermal discontinuities in the temperature profile of the block 

and convergence problems arise. As a result, another 

temperature setup has to be devised. The temperatures at each 

Txy terminals represent four averages of values sampled in a 

two-dimension temperature distribution (scalar field). From 

these temperatures, an interpolated approximation of the real 

distribution is used in the model. Thus, these temperatures 

represent projections of the effective thermal distribution on a 

 
Figure 2 – Symbol of a four thermal terminals model 
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specific four vectors base presented in figure 3. However, 

many different bases may be used to describe the temperature 

scalar field. Especially, the temperature profile can be 

expressed as a linear combination of the average temperature 

over the whole sub-circuit and its spatial derivatives: 

 

                                 
  

  
 
  

  
 
   

    
   

 (5) 

This formalism is more convenient since these four 

parameters can be controlled by setting specific thermal 

boundary conditions during the extraction process of the 

model. Also, during electro-thermal simulations these 

parameters are evaluated in the high-level model from the 

individual temperatures obtained on the thermal terminals. In 

the case of a block which area is divided in four identical 

regions, the correspondence for each of the thermal terms is 

given by the following equations set: 

 

       
                

 
 

  

  
  

                
   

 

 

  

  
  

                
   

 
(6) 

   

    
  

                
     

 

 

where W and L are the width and length of the modeled sub-

circuit. 

To extract the model's parameters, it is necessary to generate 

the electro-thermal network representing the portion of the die 

holding the sub-circuit and to apply the thermal boundary 

condition depicted in figure 4. However, the self-heating of 

the components must be disabled during the extraction 

process otherwise artifacts on the required imposed 

temperature profile will appear. To extract the dependence on 

the first order derivatives, the opposite sides of the thermal 

network are connected to ideal temperature sources while the 

other ones are left unconnected (adiabatic conditions). 

Therefore, data are obtained through parametric simulations 

in which the temperature set on one side is increased by dT 

while the temperature on the other side is decreased by dT. 

Finally, the influence of the gradients can be modeled as a 

perturbation of the electrical behavior obtained for a flat 

temperature profile. Similarly, the second order derivative 

dependent terms are extracted by controlling the temperatures 

of two opposites' edges by connecting them to the same ideal 

temperature source while the remaining edges orthogonal to 

the top surface of the die are connected to a second 

temperature source (figure 4). Again, by increasing the 

temperature difference between the two temperature sources 

while maintain the average temperature constant, the 

dependence over 
   

    
 is extracted and modeled as a second 

order perturbation. 

 

b) Heat distribution extraction: 

The power distribution of the block has to be distributed 

between the four thermal terminals. Unfortunately, it cannot 

be done by enabling the self-heating in the models of the 

block components. Indeed, the heat produced by the devices 

would flow through the thermal network and would modify 

the thermal map imposed by the boundary temperature 

sources. However, since the heats produced by the 

components correspond to their electrical power 

consumptions, the needed information is get from the 

electrical parameters obtained in the previous simulations set: 

the electrical power is calculated for each component and the 

total power dissipated from the components located in each 

area is affected to the corresponding thermal terminal. 

III. RESULTS 

In order to compare the results given by an electro-thermal 

simulation to experimental data, we designed a 2.5×2.5mm 

chip made of a 4 × 4 temperature sensors matrix [13]. These 

temperature sensors are PTAT (Proportional To Absolute 

Temperature) functional sub-circuits made of 39 elementary 

components (MOSFET, bipolar transistors, resistors and 

capacitor). This sub-circuit possesses one electrical terminal, 

its output, which provides a voltage proportional to its 

temperature. The more, eight resistors (two by side) are 
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Figure 4 – Thermal boundaries conditions 
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placed around the sensor matrix and are used to warm up the 

chip and create thermal gradients (figure 5). 

 

We first simulated the behavior of the full chip at transistor 

level for several voltage steps (0, 2.95, 3.5 and 4.5 volts) 

applied on the two right resistors. At low level, the number of 

nodes of the full electro-thermal network was about 72,500 

and the simulation took 115 minutes to perform a 

1,600 seconds transient simulation in which a 615 seconds 

voltage step is applied. 

In order to increase the simulation speed, we developed a four 

thermal terminals high-level model of our elementary PTAT 

sensor. Since many devices in this temperature sensing circuit 

must be matched, we expect to find a strong dependence of 

the output voltage on      
  

  
 
  

  
     

   

    
. 

The output voltage of the PTAT sensors has thus been 

modeled by the following equation:  

                 
  

  
     

  

  
    

   

    
  

(8) 

From the low-level simulation of a single PTAT sensor, the 

functions A, B, C and D have been extracted accordingly to 

the procedure described previously. Since the thermal sensor 

power density is very low and almost homogeneous, the heat 

flow passing through each thermal terminal has been evenly 

split. The more, in the particular case of our test chip, the 

thermal distribution essentially depends of the heat produced 

by the heating resistors. The electro-thermal network obtained 

in this configuration was made of roughly 12,000 nodes and it 

took 5 minutes and 45 seconds to make the same transient 

 
Figure 5 – Layout of the experimental chip 

Voltage [V] 
Relative error [%] 

1T 

Relative error [%] 

4T 

0 0 0 

2.95 -2.46 0.6 

3.5 -2.35 0.8 

4.5 -2.56 0.7 

a – Upper right sensor 

 
Voltage [V] 

Relative error [%] 

1T 

Relative error [%] 

4T 

0 0 0 

2.95 -0.7 -0.1 

3.5 -0.9 -0.1 

4.5 -1.4 -0.1 

b – Lower left sensor 

 Figure 6 – Relative error between low-level and high-level 

simulations 

 

 

Figure 7 – Voltages output of the upper right sensor 

 

 

 

Figure 8 – Resulting thermal map 
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simulation. The simulation speed has thus been increased by a 

factor 20 while the accuracy loss is always lower than 1% 

(figure 6.a). 

To demonstrate the benefits provided by using a multi-

thermal terminals model, we also ran the same simulations 

with our high-level model in which the functions B, C and D 

have been removed. The output voltage equation in this last 

case is the following and the high-level model behaves as if it 

has only one thermal terminal: 

               (9) 

Here, the number of nodes of the electro-thermal network 

remained the same and the simulation time was roughly 

identical. However, as shown in figure 7, the accuracy of 

these last simulations was strongly reduced, especially for the 

upper-right sensor which is placed in a region where strong 

thermal gradients take place (figure 8). These results are 

summarized in tables 6.a and 6.b. 

IV. CONCLUSION 

A high-level electro-thermal modeling methodology is 

presented in this paper. This methodology consists in 

extracting the behavior of the sub-circuit as a function of its 

temperature distribution from low-level simulations. 

Depending on the size of the sub-circuit, its area is split into a 

reduced number of sub-areas. The dependence on the spatial 

derivatives of the temperature distribution is extracted from 

low-level simulations. Our approach consists in evaluating the 

thermal distribution from the knowledge of the temperatures 

sampled in each sub-area. A convenient way to do this is to 

express the electrical quantities as functions of the average 

temperature and its spatial derivatives over the covered area. 

Indeed, by using our electro-thermal simulation tool, it is easy 

to create linear thermal distributions at low level thanks to 

perfect temperature sources connected to the underlying 

thermal network. The efficiency of this methodology has been 

demonstrated. It allows reducing dramatically the number of 

thermal terminals which, in turns, allows strongly reducing 

the underlying thermal network leading to faster while 

accurate simulation at chip level. 
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Abstract- This paper reports on the development of new 

design of Light Emitting Diode (LED) metal package and its 

thermal and optical performance. The new package exhibits a 

reflector integrated with a heat slug as one body. Thermal and 

optical performance of the package was evaluated and 

compared with that of commercial plastic LED package for 

reference. The new metal package showed excellent thermal 

performance compared with the plastic package (Rth,j-a of 27 

K/W vs. 49 K/W and Tj  of 57 ℃ vs. 86 ℃ at a driving current of 

350 mA). Unexpected from the much better thermal 

performance, optical power from the metal package was not 

noticeably higher than that from the plastic package when 

measured by an integration sphere. Comparison of optical 

simulation results from 50 cm radius far field and near field 

receiver indicated a significant optical loss at the reflector 

surface of the metal package. It was demonstrated that the 

external optical power of the metal package be significantly 

improved by the change of reflector design. The external optical 

power was improved from 145.29 mW to 170.15mW by 

optimizing the two reflectors’ angles (from 80 °and 80 ° to 55 ° 

and 50 °, for the 1st and 2nd reflector, respectively). 

 

I.  INTRODUCTION 

High power Light Emitting Diodes(LEDs) have been 

widely used in many applications due to their advantages over 

conventional lighting sources such as incandescent lamp or 

fluorescent lamp. The advantages include low power 

consumption, long life time, and environmental friendliness. 

They opened up many new applications such as backlighting 

for displays, automotive lighting, and general indoor/outdoor 

lighting [1]. As the demand for light output and the driving 

power increase, thermal management of LED packages 

became one of critical issues for successful application of 

LEDs for high power operation. High temperature at the 

junction of LED leads to degradation of optical performance 

and is directly related with a life time of devices. Therefore, 

effective thermal removal from the junction is the key to meet 

the high flux requirements in many applications of LED 

Package [2]. Various thermal designs with different materials 

and structures of LED packages have been developed and 

commercialized [3-5]. In general, thermal resistance is 

reported to be very high for LED packages with  plastic 

bodies such as Polyphthalamide (PPA) or FR4 mainly due to 

the low thermal conductivities of the materials (typically less 

than 1 Wm-1K-1) [6]. Of particular interests are the ceramic 

materials as LED packages because of their various 

advantages over plastic materials including high thermal 

conductivity. Thermal analysis on the ceramic packages has 

been reported and better thermal characteristics were 

demonstrated compared with plastic package [7]. However, 

higher thermo mechanical stress was calculated from the 

ceramic package due to its lower elastic modulus. 

Discontinuity of packaging materials between the heat slug 

and package body (reflector) results in a barrier to efficient 

thermal dissipation, which is a common case for plastic and 

ceramic packages. The mismatching of coefficient of thermal 

expansion (CTE) between two attached packaging materials 

leads to delamination in many cases when the LED package 

experiences thermal stress from self heating or fabrication 

processing. The delamination is known as one of major 

factors which degrade the performance and life time of LEDs 

[8]. In this paper, we propose a new LED metal package 

which has an all-in-one structure of heat slug and reflector. 

Thermal and optical performance of the package has been 

evaluated and compared with other commercial plastic 

package. Optical reflection from the new package was 

carefully investigated using an optical simulator for far filed 

and near field receiver. The structure of metal package was 

optimized as a function of reflector angle for the improved 

optical performance. 

 

II. EXPERIMENTAL METHOD 

The new metal package exhibits one body frame of Cu 

reflector cup and heat slug as is shown in Fig. 1(a). 

Nano-sized Cu powder was mixed with organic binder and 

squeezed into a mold for shaping as a metal package followed 

by a sintering and polishing process. The surface of the 

package was electroplated with 2㎛ thickness of Ni and 4㎛ 

thickness of Ag. The package has inside (1st) and outside 

(2nd) reflector and the reflector angle is defined as an angle 

between the surface of heat slug and the reflector's surface as 

is depicted in Fig. 1(a). Two holes were formed by a punching 

process for the connection of electrodes on the upper side of 

PCB to the wires from LED chip. One GaN-based LED chip  
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(a) 

 

 
(b) 

 
Fig. 1 Schematics of high power LED packages; (a) metal 

package and (b) plastic package. 

 
(0.8mm x 0.8mm x 0.09mm, C460XB900 by CREE) was 

placed in the center of the cup. For a comparative thermal 

evaluation of the new metal package, the same chip was also 

loaded into a typical plastic package where the reflector is 

made of PPA (Fig. 1(b)). 

 

 
(a) 

 

 
(b) 

 

Fig. 2 Measured (a) cooling curves and (b) structure 

functions from the metal and plastic packages. 

Thermal analysis was performed by utilizing a Thermal 

Transient Tester (T3Ster, MicReD Ltd.). Based on the 

thermal R-C network and structure function theory, the heat 

path can be determined quantitatively and detailed process of 

thermal analysis is described elsewhere [9, 10]. The junction 

temperature and thermal resistance of the LED packages were 

determined under the driving current of 350 mA at an ambient 

temperature of 25℃  for both natural cooling and forced 

cooling conditions. Optical characteristics of the samples 

were measured by using 50 cm radius integrating sphere 

(OPI-1000, WITHLIGHT Co., Ltd) with the temperature of 

the package bottom being fixed at 25°C. To evaluate the 

detailed optical performance of high power LED packages, a 

numerical optical simulator, LightTools (Optical Research 

Associates, America) was utilized.  

The simulator is based on Monte Carlo method and makes 

use of the generation of photons with random direction 

according to a distribution function describing the nature of 

the light emission. In this analysis, the light source was 

considered as being isotropic from a single point situated in 

the center of the device [11]. The light path from a light 

source was evaluated using optical ray tracing to calculate the 

final light distribution. Optical rays started from random 

locations and directions of the source, traced through the 

optical system, and collected on receivers specified by 

distance and area. 

   

III.  RESULTS AND DISCUSSIONS 

 The metal package showed better thermal performance 

than the conventional plastic package under the both natural 

and forced cooling conditions as is shown in Fig. 2(a). The 

junction temperatures were around 57℃ and 86℃ for metal 

and plastic package, respectively under the forced cooling 

condition and 85.5℃, 127℃ under the natural cooling 

condition. The lower junction temperatures from the metal 

packages led to lower thermal resistances as is expected from 

the relationship; 

 

j a

th

T T T
R

P P

 
 

                             (1) 

 

where Rth is the thermal resistance, Tj the junction temperature, 

Ta the ambient temperature, P power, and △T the junction 

temperature rise. Under the forced cooling condition, the 

measured thermal resistances are 27 K/W and 49 K/W for 

metal and plastic package, respectively (Fig. 2(b)). The values 

are in agreement with calculated ones using the Eqn. (1). 

Structure functions in Fig. 2(b) clearly represent the 

excellent thermal dissipation of metal package in the thermal 

paths from the chip to die attach, die attach to heat slug, and 

heat slug to the air. Optical characteristics of the metal LED 

packages have been measured in an integrating sphere with 

one meter of diameter. The optical power per unit area in the 

detector of integrating sphere is given by the Eqn. (2) [12]; 
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where Φin is the luminous flux, R the radius of the integrating 

sphere, ρ the reflexibility of inside wall of integrating sphere, f 

the area ratio for total area integrating sphere, ρD the surface 

reflexibility of detector. The measured optical power of metal 

package was 161 mW. Unexpectedly, the optical performance 

from the metal package is only slightly higher than that from 

the plastic package which exhibited optical power of 152.4 

mW. Only considering the thermal performance, metal LED 

package is better than plastic LED package. However, higher 

optical efficiency and uniform color distributions are also or 

even more important key issues for real application of the 

metal LED package compared with the thermal performance. 

Therefore, we investigated the extraction of light and its 

interaction with the surface of packages by using optical 

simulator, LightTools. First, the optical power was simulated 

for both metal and plastic packages setting a distance of far 

field receiver as 50 cm which is consistent with the size of the 

integrating sphere used in the measurement. The simulated 

optical powers were 145.29 mW and 138.72 mW for the 

metal and plastic package, respectively. They are in good 

agreement with the measured ones, but the simulated values 

are slightly lower than the measured ones. The reason for the 

difference is still under investigation. However, it was 

confirmed that the significant advantage of thermal 

performance from the metal package over the plastic package 

did not lead to excellence in optical performance, which is 

consistent with the measured data. Thus, optical simulation 

was performed for the near field receiver with a distance of 

8.5 mm from the LED chip so that the light flux can be 

determined before any possible light loss by interaction with 

the package surface. Fig. 3 compares the light flux at the near 

field receiver for the metal package and plastic package. It is 

clear that more light flux is generated from the chip loaded 

into the metal package rather than the plastic package. The 

near field optical powers from the metal and plastic packages 

are 199.42 mw and 144.72 mw, respectively. 

 

 
(a) 

 

 
(b) 

 

Fig. 3. Ray tracing for near field receiver; (a) plastic 

package, (b) metal package. 

  
                          (a)                                    (b)  

  
                          (c)                                   (d) 

Fig. 4. Simulated ray tracing in the reflector cup of different 

1
st
 and 2

nd
 reflector angle; (a) side view for 80°-80°, (b) top 

view for 80°-80° (original structure),  (c) side view for 

55°-50°, (d) top view for 55°-50° (optimized structure). 

 

The result is a clear demonstration that the new metal 

package has an advantage in light emission over the plastic 

package due to the higher reflectivity of metal. Comparison 

between the data of the near field and far field receivers leads 

to a conclusion that the metal package has higher light 

extraction in near the chip, but the emitted light experiences 

more interaction with the package surface before it reaches 

the far field receiver (surface of integrating sphere as well in 

measurement). It means that the reflecting structure is not 

efficient so an optimization is required. 

In order to investigate the optical performance variation 

with reflector angles, we simulated the optical performance of 

sixty two metal packages with different pair of 1
st
 and the 2

nd
 

reflector angle in a range 40° to 85°.  

 

       
(a)                                      (b) 

Fig. 5. Distribution of luminous intensity of the metal LED 

package with (a) original structure and (b) optimized 

structure. 

 

 
(a)                                         (b) 

Fig. 6. Light propagation in the package of different reflector 

angles (a) 90 degree (b) 50 degree. 

 

- 78 -



25-27 September 2012, Budapest, Hungary 

© EDA Publishing/THERMINIC 2012  ISBN: 978-2-35500-022-5   

Actually, it was found that the reflector angles in metal 

package (Fig. 1(a)) make significant effects on the light 

interaction after emission from the chip. Both the 1
st
 and the 

2
nd

 reflector angle in the fabricated metal packages is 80°. 

Fig. 4 presents the simulated ray tracings for the fabricated 

metal LED package structure and for optimized structure. 

Compared with the original structure (145.29mW), the 

optimized structure exhibits much higher optical power of 

170.15mW. The inlets in Fig. 4(b) and (d) clearly demonstrate 

more interaction of rays with package for the original 

structure. The distribution of luminous intensity of the metal 

LED package with original structure and optimized structure 

was shown in Fig. 5. Comparison the original structure (Fig. 

5(a)) with the optimized structure (Fig. 5(b)) shows a great 

improvement of the luminous intensity and the optical 

extraction efficiency increased from 77.1% to 89.7%. Optical 

extraction efficiency variation with various reflector angles 

was shown above. In order to make the explanation 

straightforward, a simplified ray trace results with limited 

rays were plotted in Fig. 6. At a high reflector angle, the 

emitted photons impinge the side surface of the reflector 

several times before they escape from the reflector cup (Fig. 

6(a)). These photons have high propagation angle relative to 

the vertical axis of the package. This means that the photons 

are difficult to be extracted from reflector cup. As the 

reflector angle decreases to a certain lever, photon tracing 

time becomes shorter (Fig. 6(b)) and photons escape from the 

reflector cup at a smaller incident angle. Therefore, the 

photon absorption by the package materials such as reflector 

and chip is reduced, and more photons are extracted out of the 

package. It is worth noting that there is a turning point for the 

extraction efficiency if we continue to decrease the reflector 

angle. In this paper, we did not give the results after the 

turning point. The variation of reflector angle is a good choice 

to improve the optical efficiency. 

It was confirmed that the optical power from the developed 

metal package was significantly diminished by the 

non-optimized reflector angles, otherwise it could excel the 

plastic package in optical performance as well as thermal 

performance. 
 

IV.  CONCLUSION 

We proposed a new LED metal package with one body 

structure of a heat slug and a reflector and investigated its 

thermal and optical characteristics. The metal package 

showed a good thermal performance inherently stemmed 

from the one body structure with a good thermal conduction. 

By comparative analysis in far field and near field simulation, 

the optical performance of the metal package was found to be 

significantly suppressed by the non-optimized reflector 

angles inside the package. Improved optical performance was 

demonstrated by the optimization of the angles of the 1st and 

the 2nd reflectors. 
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Abstract 

   A disruptive approach to thermal energy harvesting is 

presented. The new technique can be used for powering ultra-

low power electronics and autonomous systems. We propose a 

two step conversion of heat into electricity: thermal to 

mechanical and mechanical to electrical. Devices can work in a 

wide range of temperatures: from -40°C to 300°C, and the 

available mechanical power density is in the order of 1 mW/cm
2
. 

We evidenced that one of the keys to improve the generated 

power density is downscaling of individual devices. To 

demonstrate this point, laws modeling downscaling have been 

established and show that the miniaturization of the devices by a 

factor k increases the generated power density by the same 

factor, thanks to the higher speed of heat transfer.  

 

I.Introduction 

   Heat is one of the most abundant energy sources that can be 

converted into electricity in order to power circuits. 

Significant efforts have been made in order to harvest heat 

through the development of thermoelectric generators 

(TEGs), based on the Seebeck effect [1]. They require rare 

materials based on bismuth telluride (Tellurium has the same 

abundance as Platinum, and is one of the most rare solid 

elements on Earth: 1μg/kg), or complex nanostructures in 

order to work at ambient temperatures. These materials show 

low thermal insulating properties, which makes keeping 

temperature gradients difficult and the use of a heat sink 

necessary (Fig. 1). 

   An innovative way of harvesting, that allows to avoid the 

above mentioned difficulties is presented in this work. It 

enables the fabrication on thin modules that work without a 

heat sink at temperatures close to ambient. The key point of 

the integration of this technology is the ability to keep an 

important gradient on a device body by intelligent control 

over the thermal flow (Fig. 2). 
 

II. Working principle and first results 

   An elementary device of our technology is based on a 

thermal bimetal that snaps when it is being heated and then 

cooled down (Fig. 3). Thus if such a bimetal is put between a 

hot and a cold surface, it oscillates and generates mechanical 

power. By actuating a piezoelectric during snap action,   

electric pulses are generated (Fig. 4).  When the piezoelectric 

is connected to a harvesting circuit, electrical energy is stored. 

 

 

 

 

Figure 1. Seebeck module made of 

ceramic materials. A heat sink is 
needed. 

 

Figure 2. Module with thermal 

conductivity controlled by bimetals: 
no heat sink necessary 

 
   A thermal bimetal is a double layer consisting of a material 

of high coefficient of thermal expansion (>10·10
-6

 K
-1

) and a 

material of low CTE (≈1·10
-6

 K
-1

). It is necessary to give the 

layer a concave shape in order to make it snap, that is to move 

quickly from one stable position to another under the effect of 

rising or decreasing temperature [2].    

   By using a bimetal that snaps up at 122 °C and down at 117 

°C, with an area of 7 cm
2
, and a 0.3 mm thickness, an 

electrical power of 12 µW has been obtained on a hot plate at 

130 °C. The bimetal oscillates with a frequency of 0.5 Hz and 

develops a kinetic energy of 16 mJ per snap, that is 1,1 

mW/cm
2
 of mechanical power available. 

   By using a bimetal that snaps up at 50 °C and down at 40 

°C, a force as high as 3.6 N is generated (Fig. 5). 

To retrieve a maximum of mechanical power, the bimetal 

must have a snap frequency as high as possible. To achieve 

this: 1) the dimensions of the bimetal should be as low as 

possible to retrieve the temperature of the heat source (or the 

               
Figure 3. Up and down state of a bimetal. Tu and Td are the state change 

temperatures. 
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Figure 4. Example of measured signal for a piezoelectric actuated by a 

bimetal, Tu= 122°C. Signals are generated during snap action, which is the 

transition between  the up and down state of the bimetal. 8V peak to peak 

amplitude can be easily reached. 

 

 
Figure 5. Example of force signal developed by a bimetal working between 

50 and 40 °C. An amplitude of 3.6 N is reached for a bimetal thickness as 

low as 0.2 mm during the first instants of the impact on the force gauge. 

 

cold sink) as quickly as possible, while maintaining sufficient 

deflection in order to hit the mechanical-to-electric 

transducer, 2) the two temperatures of the bimetallic 

transition (up and down) have to be the closest, 3) the number 

of bimetals must be high (matrix) and their miniaturization 

must be technically possible, as shown in the next section. 

    

III. Thermo mechanical conversion by a bimetal. Scaling 

laws. 
  The heat flow equations governing our devices are 

established in this section. They lead to scaling laws that can 

enable power gain.     

  The heat flow from a hot source to a heated body can be 

modeled using the heat equation: 

   

   
 

 

  

  

  
     

with αT – thermal diffusivity, and x – the considered thermal 

propagation direction. 

   By supposing a bimetal at an initial temperature Tcold in 

contact with a heat source at constant temperature Thot, as 

shown in Fig. 3, the time dependence of the average 

temperature during the heating process can be expressed by:  

 ̅    
 

  
   (     

 

  
)                       

with αT – average thermal diffusivity of the bimetal materials. 

The constant αT can be expressed as the ratio between the 

thermal conductivity and the product of the density to the 

thermal capacitance: αT = k/(ρcp). L is the length of the 

bimetal. 

   It can be observed from (1) that the time needed to heat up a 

bimetal to a target temperature is proportional to its squared 

length: 

         

By supposing that the target to reach is the snap temperature, 

it can be understood that the smaller the bimetal is, the faster 

the snap action will take place. The time needed to have it 

will be k
2
 times smaller when the size is divided by a factor k.    

The same law will govern the cooling process. The snap 

frequency of a bimetal oscillating between a hot and a cold 

source is inversely proportional to the sum of the heating and 

cooling time. This implies that by diminishing the size of a  

bimetal by a factor k, the oscillation frequency will be 

increased by k
2
: 

                                      
 

  
        

   Analytical expressions show that snap temperatures should 

not change with scale [2].  

   The thermal stresses created during the heating step will 

lead to the accumulation of elastic energy inside the bimetal. 

The snap action will allow its liberation by conversion into 

kinetic energy. Calculations using the stress distribution in [3] 

show that the evolution of the elastic energy with temperature 

can be written as:   

       
 

  
       

           

with Y – the average Young modulus of the materials, α2- 

coefficient of thermal expansion of the upper layer, α1 – 

coefficient of thermal expansion of the down layer, ΔT – 

difference between  snap temperature and the ambient, Vb – 

the bimetal volume. 

   This energy will be partially converted into kinetic energy 

during snap action: 

   
      

 
     

 

 with ρ - density of the materials, and v – maximal bimetal 

speed. 

   The kinetic energy will be transmitted to the piezoelectric 

and make it vibrate. The bimetal speed resulting from the 

former expression is independent of scale: 

  √
 

 
               

   By replacing one large bimetal with several small ones 

occupying the same surface, with sizes divided by k (Fig. 6), 

the total mass will be decreased by k, since the thickness will 

Figure 6. Replacement of a large bimetal by a matrix of small bimetals 
occupying the same surface 
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be smaller. Meanwhile the frequency of each element will be 

multiplied by k
2
. The result will be a k times higher 

transmitted mechanical power:   
      

  
 

     

   

   

   
   

  

  

  
 

  
     √       

with Ptot s – the total mechanical power transmitted by small 

bimetals, Pl – the mechanical power transmitted by a large 

bimetal. Nb is the number of bimetals and V is the volume of 

a bimetal, the index s refers to small bimetals, and the index l 

to the large one. The main parameter of the calculation is k – 

the scaling factor. 

 

IV. Electromechanical conversion by the piezoelectric 

   The force developed by the bimetal for a given ΔT scales 

down as k
2 
[4], which leads to a deflection in the piezoelectric  

divided by k and an average stress that does not vary with 

scale, as for a piezoelectric cantilever: 

     
 

 

  

  
     

with s – thickness, A – deflection, Lp – length of the 

piezoelectric.   

The resulting piezoelectric voltage will depend on the stress 

and the piezoelectric thickness [5].  

  
   

 
        

 

 
         

with all the constants and variables referring to the 

piezoelectric: U – voltage, d31 – bending charge constant, ε – 

dielectric constant, σL – longitudinal stress. 

   The electric energy stored on the piezoelectric due to 

bending can be expressed using the plain capacitor formula: 

     
   

 

 
          

 

 
      

with Eel – electric energy on the piezoelectric, Cp – 

capacitance, S – surface of the piezoelectric. 

   The previous equations allow predicting the change in 

generated electric power when a large bimetal associated to a 

piezoelectric is replaced by several small bimetals, each 

acting on a miniaturized piezoelectric. 

   By combining (3) and (9) to (12) one can deduce that the 

generated electric power for several miniaturized 

piezoelectric-bimetal components will be k times larger 

compared to a single component occupying the same surface: 

                           
Thus miniaturization of the devices can enable power gain 

(Fig. 7). Small scale harvesters can be built using LSI 

processes. The predicted gain can help in obtaining superior 

electric power compared to Seebeck modules. 

   One of the encountered challenges as known from literature 

and shown by (10) is the voltage decrease with the thickness 

of the piezoelectric. The voltage should be kept high enough 

in order to overcome the threshold of the harvesting circuit. 

Also, decreasing the scale will accelerate the heat transfer 

through the bimetals, so the degree of miniaturization is to be 

chosen depending on the available external temperature 

difference. 

 

 

 

V. Conclusion 

   A disruptive thermal energy harvesting technology has been 

presented. It is based on the conversion of heat into 

movement by thermal bimetals that act on piezoelectrics and 

thus generate electrical signals.   

   The devices we developed can work in a wide temperature 

range, including ambient conditions (-40 °C to 300 °C). The 

mechanical power developed by a bimetal that snaps up at 

122 °C is of 1,1 mW/cm
2
. By converting this amount into 

electric energy, high-end autonomous sensor applications 

could be addressed.  

   The generated electric power density in the above-

mentioned case is of 1,7 µW/cm
2
 and can be enhanced at 

macro scale by increasing the electromechanical efficiency 

through mechanical optimization of the structure.  

   We evidenced that power density can also be increased by 

miniaturizing the harvesters. The predicted gain is equal to 

the scaling factor for each device. The optimal working scale 

will depend on the needed electrical power and the amplitude 

of the generated signals, which should be higher than the 

threshold of the harvesting circuit. This is an approach that 

can enable a superior performance for our technology 

compared to Seebeck devices, without need for a heat sink.  
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Abstract - In CubeSat-sized satellites the effective placement 

of the communication system's antenna is crucial both from 

weight and volume-wise point of view. Due to the size of the 

antenna, the only way it could be located inside the satellite was 

in a folded state. Thus a procedure had to be devised to open 

the antenna in a safe and reliable way using a thermal cutter in 

a wide temperature range. This paper summarizes the design 

considerations of the thermal cutter. It touches on the 

measurements and tests that were conducted in order to verify 

the design on the ground. The thermal cutter described in this 

article worked flawlessly on the Masat-1 CubeSat that was put 

into orbit in 2012. The results of the measurements conducted 

during the opening procedure in space are also described in the 

paper. 

I. INTRODUCTION 

The communication unit with its antenna is a vital unit in 

every spacecraft. Radios on CubeSats usually operate in the 

70 cm range, thus the antenna is 17 cm long [1][2]. This 

means that the antenna is larger than the satellite (which is 

100x100x100mm), so a solution had to be found to fold and 

safely open the antenna in the extreme space environment. 

The price, reproducibility, consumption and reliability were 

important factors. The antenna was fastened by using a 

plastic fiber in its furled state. The fiber was cut with a 

thermal cutter when the antenna was unwound. In order to be 

able to calculate the parameters of the system, a thermal 

model of the thermal cutter was created [3] [4] [5]. 

Calculations were made difficult by the fact that the battery’s 

terminal voltage depends on its current state and that the 

nominal operating range of the thermal cutter was between -

40°C and 80 °C. The question to be answered was that how 

long it takes for the cutter to get into a state of severe 

degradation in which it is no longer operable. We have 

created a novel procedure to calculate such a system and 

verified using a climate chamber. The procedure was 

successfully applied in space in 2012. 

II. BOUNDARY CONDITIONS OF THE DESIGN 

The melting point of the applied plastic fiber was 

determined by measurements (Tcut = 130 °C), but in order to 

ensure a clean cut, the temperature gradient around the 

melting point had to be at least 20 °C/s.  











s

C
20

dt

dT

min0mincut T,P,T



 (1) 

The solder materials used to fasten the component had a 

melting point of 260 °C (Tmelt). These two temperature 

values acted as boundary condition in the design. The 

battery’s nominal voltage was 4.2 V, but it was limited to 

3.5-4.1 V to ensure a safe operation and long lifetime. Its 

current was limited to 2.1 A (Imax). 

 
Fig. 0. – Antenna box schematic and operating principle 

 

In order to increase the reliability of the system, two 

thermal cutters were placed on top of the antenna box. The 

two cutters operate in parallel thus providing redundancy for 

the opening mechanism. Due to mechanical considerations 

0.6 W 1% THC resistors were chosen as cutters despite the 

fact that more power is needed to overheat them than in the 

case of lower power resistors. The operating range of the 

chosen resistor was -55 °C – 155 °C, thus the resistor had to 

be used outside its nominal operating range. 

III. ELECTRONIC DESIGN PROCESS 

According to the cutting temperature (Tcut) and the 

gradient criterion (1), the needed temperature can only be 

reached by overloading the resistor. The parameters of the 

thermal cutter were examined in a controlled overloaded 

state. The temperature of the resistor (Tcur) was measured 

using a thermal camera at given overload factors (OL), while 

the voltage (Vcur) and current (Icur) of the resistor were 

recorded. 

nom

cur

P

P
OL   (2) 

 

The resistance and current power of the resistor were 

determined using the values above (see Fig.1.). 
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Fig. 1. – The change of resistance and power as a function of the 

overload 

 

The measurement showed that the resistance is highly 

nonlinear at an overload factor of 4 and it starts to increase 

thus the resulting power dissipation is smaller than expected. 

Another diagram created during the aforementioned 

measurements shows that the resistor sustains its electrical 

parameters until 280 °C, above which the resistance 

increases due to thermal degradation. 

 

 
Fig. 2. – The resistance as a function of the overload 

 

In summary it can be stated that the temperature of the 

resistor should never exceed 280 °C, otherwise irreversible 

degradation occurs. The electronic model of the system 

created with respect to the previously described boundary 

conditions can be seen in Fig. 3. 

 
Fig. 3. – Electrical model of the thermal cutter 

 

Elements of the E24 series meeting the electrical 

conditions were investigated. The thermal resistance of the 

resistors (Rth_esti = 50 °C / 0,6 W  83.3 °C/W ) had to be 

determined in order to acquire the maximal overload rate. [6] 

 

 

 
Fig. 4. – The temperature rise of the applied resistor as a function of the 

dissipated power 

 

Using the estimated thermal resistance (Rth_esti) minimum 

and maximum criteria can be expressed for the nominal 

value of the resistor (Rnom). 

 

   

minerr

2

minBattesti_th

nom

maxerr

2

maxBattesti_th

TT

UR
R

TT

UR








  (3) 

 

According to the maximum current (Imax) criterion above, 

another limitation can be expressed for the minimum value 

of Rnom which is stronger than (3). 

 

 

max

maxBatt
nom

maxerr

2

maxBattesti_th

I

U2
R

TT
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  (4) 

 

The gradient criterion can be defined in parametric form 

(5) by using the time derivative of the function of time (8). 

 
















s
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 (5) 

 

The following diagram shows the chosen resistance value 

and the corresponding estimated temperature minimum and 

maximum. The maximum and the minimum values of the 

diagram were counted by using the following two equations 

(6) (7). 

 

nom

2

minBatt
esti_thmin0nommin

R01.1

)U(
RT)R(T


  

nom

2

Battmxax
esti_thmax0nommax

R99.0

)U(
RT)R(T


  

(6) 

 

(7) 

 

The limiting factors, cutting temperature and the 

resistance corresponding to the maximal current are also 

shown. It can be clearly seen in the diagram (Fig.4.) above 

that the values between 3.9  and 5.6  satisfy the 

conditions. 
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Fig. 4: - The resistance and the estimated maximum and minimal 

temperature showing the limiting factors 

IV. THERMAL DESIGN 

In the previous section the thermal parameters of the cutter 

were estimated using the parameters of data sheets. This 

method made it possible to give an estimation for the 

resistance value but further investigations were required to 

get a full picture of thermal behavior of the system. The 

measurements had to be performed in a still air chamber 

using a thermal camera in order not to alter the relatively 

small time constant of the system. The thermal transient was 

recorded with a resolution of 1 s and a curve was fitted on 

the measurement data in the time domain using (8). 

)e1(RPT)t(T i
Tau

t
n

1i

thi0





   (8) 

The fitting was performed for the values n = 2..4. Table 1 

shows the calculated coefficients and their corresponding 

mean squared errors. It can be seen that the error doesn’t 

decrease significantly for an order higher than 2. The first 

Rth element of the second order model is very close to the 

value given in the data sheet. This verifies the model and 

shows that the Rth_esti value used for the electrical 

calculations is in a good accordance with the real Rth value. 

Table I. 

The coefficients and mean square errors of the fitting 

 
 

In conclusion it can be stated that the system can be 

approximated to the needed extent using two time constant, 

so there is no need for a higher order model for the further 

calculations. 

 
Fig. 5. - Thermal model of the system 

 

Using the results above the following formula (9) can be 

deduced: 

 

)e1(R
R

U
T)T,U,t(T i

Tau

t
n

1i

thi

2

Batt
00Batt





   (9) 

 

In the expression above the UBatt voltage was stepped by 

0.1 V steps while the T0 temperature was stepped by 0.1 °C 

steps in order to determine the moment (terr) when the system 

reaches the Terr temperature. 

 

err0Batterr T)T,U,t(T   (10) 

 

The aforementioned experiments were conducted in a still 

air chamber. With respect to the fact that the application is to 

operate in vacuum, the previously calculated temperature 

value (280 °C) was reduced by 30 °C for safety reasons and 

the terr moments were determined using this figure. The time 

step was small enough to allow an accurate calculation of 

Terr with a maximum error of 0.1 °C. The system’s 

temperature reaches the highest allowed value at the 

resulting terr moments. This limitation in time ensures that 

the thermal cutter’s temperature is kept below the 

degradation limit at all times. The value of the gradient was 

defined at a tcut time by the gradient criterium (1) (5) 

supposing the worst case (Fig.6.). It can be seen in the 

diagram that two resistance values (3.9  and 4.3 ) meet 

the gradient criterion. 

 

 
Fig. 6. – The gradient values at a tcut time depending on the resistance 

value 

 

Both of them satisfied the conditions but the 3.9  was 

chosen for security reasons and for practical reasons based 

on the analysis of the video recording of the opening 

procedure. This choice resulted in a higher current 

consumption but also a steeper thermal gradient in the 

proximity of the cutting temperature. The task at this point is 

solved but there is another problem to solve. 
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Fig. 7. – The shutdown time as a function of the terr temperature and the 

UBatt voltage 

 

The resulting (Fig 7.) data array of 847 element is a 

difficult task to store in embedded systems. An efficient 

storing method was needed. A polynomial function was 

fitted on the curves. The order of the approximation that 

yields the desired accuracy had to be determined. The strong 

non-linearity at the lower section of the function excluded 

the low order fitting, thus a third order polynomial was 

chosen (11). 

DT]U[CT]U[BT]U[A)T,U(t Batt

2

Batt

3

Batt0Batterr   (11) 

The coefficients of the polynomial (A[n], B[n], C[n], 

D[n]) were determined using numerical methods. The 

approximation reduced the number of need elements from 

847 to 28. The error introduced by the approximation also 

had to be investigated. The following equation (12) was used 

to determine the difference of the originally calculated and 

approximated Terr values at the terr moments. 

C1T)T,U),T,U(t(T max0Batt0Batterr   (12) 

The error was below 1 °C in the entire operating range, 

which was considered acceptable. The formula above was 

implemented in a table form in C language in the satellite. A 

function taking the current temperature at a precision of 1 °C 

and the current battery voltage at a precision of 0.1 V as 

parameters returned the terr value in milliseconds. 

V. RESULTS 

The system described above was tested in a climate 

chamber at several temperature values and at different stages 

of the battery. The opening procedure was recorded using a 

video camera. The difference between the real and predicted 

opening times was below 0.5 s. The thermal cutters always 

remained operable afterwards. Having completed the 

thorough and exhaustive tests, the system was used on board 

Masat-1. The antenna opening mechanism worked 

impeccably on board the pico-satellite which was put into 

orbit on 13 February 2012. The length of opening procedure 

can be determined from the logged data (Fig. 8.): it took 6.4 

seconds at 16 °C external temperature and 3.8 V battery 

voltages. 

 

 
Fig. 8. – The current consumption of the thermal cutters 

 

The figure above contains a 3 s software delay, so the real 

length of the procedure was 3.4 s. The estimated time for the 

given temperature and voltage data was 3.5 s according to 

the algorithm, thus the error of the prediction was 0.1 s. 

VI. SUMMARY 

We have developed a design method for highly reliable 

thermal cutters applied in a harsh environment. The method 

was put into practice in the design of a pico-satellite. The 

component was thoroughly tested on ground and in space. 
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Abstract- The natural convection heat transfer from 

extended surfaces is, so far, the primary method of electronics 

cooling. With finned surfaces in air and natural convection, it is 

possible to manage a thermal power of 0.1 W/cm2 with a 

temperature difference of ΔT = 80 ° C [1, 2].  

Cooling techniques based only on natural convection are of 

particular interest in all those situations where demands for 

miniaturization and low noise are dominant, and it is also a 

simple, reliable and low cost. 

The study has been started analyzing the buoyancy induced 

heat transfer for an heat sink, commercially available, made by 

two aluminum horizontal rectangular thick fins per side 

positioned on a wide horizontal base plate. The time evolution 

of natural convection flow in the heating phase of the structure 

starting from t=0 (cold) to the development of the steady state 

has been investigated. The visualization of the buoyancy flow 

for the structure was implemented numerically by developing a 

computational fluid dynamics (CFD) model. The numerical 

solution of the problem was carried out by the discretization of 

the space in analysis. The mesh used were optimized according 

to an hexa unstructured structure, with a maximum size along 

the three axes fixed in 0.0075 m, 0.015 m, 0.01 m and a 

maximum spacing of 149.8 10-6 m. The post-processing 

tolerance has been set in 10-4. 

The time discretization for the transient analysis was 0.001 s 

(time step) and 20 iterations for each time step, in order to 

perform a transient analysis. The convergence criteria imposed 

(residues) for transient analysis were 0.001 for the flow and 

1x10-7 for energy. Each solution reached convergence with an 

average time of about 13 days. 

With a thermal load of 1 W localized in the middle of the 

base plate the temperature observed for the hot spot at the 

steady state in the commercial configuration was 60.8 ° C.  

To enhance the readability of the extension of the stagnation 

areas of overheated flow in convective motion some appropriate 

numerical probes were positioned. The CFD model was also 

developed to monitor the evolution of the boundary layer, 

highlighting, in the volume surrounding the heat sink, the time 

evolution of the low-speed flow recirculation areas. 

It was observed that the commercial heat sink presents a 

lower speed level of flow recirculation in the region between the 

vertical profiles in the side channels, as well as an extensive 

central area of stagnation.  

It was also studied the effect of the heat sink geometry 

rotation on the natural convection heat transfer. 

Keeping constant the structure of the heatsink in this work 

were investigated the effects connected with the simple rotation 

of the geometry and the expected increase of the heat exchange 

due to this choice 

We suppose a vertical rotation of 90 deg to match the natural 

buoyancy flow direction. The proposed configuration leads to a 

significant improved performances. The geometry rotation 

allows a better flow recirculation speed. Stagnation areas are 

quite disappeared.  In this way it is possible to reach a steady 

state conditions in a shorter time and lower (51.2 °C) operating 

temperatures for the hot spot of the system.  
 

I.  INTRODUCTION 

 
Natural or forced convection heat sinks is still the most 

used electronics cooling method. They are preferred due to 

their inherent simplicity, reliability and low long term costs 

in cooling simple or multi-chip circuit boards. The consistent 

trends in microelectronic design goes to higher packaging 

densities and higher power dissipation rates. 

In order to reduce the time to bring products to market the 

prediction of thermal performance of electronic equipment is 

becoming a necessity. The method of choice for making 

these predictions is mostly computational fluid dynamics 

(CFD) [3-5]. 

This paper presents a study oriented to analyze the 

convective heat transfer of a fin heat sink for power 

transistor. The analysis of the Thermo Fluid Dynamics has 

been performed through the development of a numerical 

model with Fluent inc. CFD software. 

A question that arises very frequently in the choice of a 

heat sink is whether a given area of the base should choose 

one with very thick fins or one with fins very sparse. 

An heat sink fins will have a very dense larger surface 

area for heat exchange but a lower coefficient for heat 

exchange because of the resistance of the fins to the fluid 

motion. In addition, an heat sink fins will have a very sparse 

coefficient of heat more but less heat exchange surface. 

You can determine optimal spacing that maximizes the 

heat transfer coefficient of the heat sink for a given area of 

the base WL, and W and L respectively, width and height of 

the base of the heatsink vertically oriented. If the fins can be 
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considered isothermal and the thickness of the single wing t 

is small compared to the distance between fins s, the optimal 

spacing for the vertical fins of a heatsink is determined by 

the formula proposed by Bar-Cohen and Rohsenow [7]: 

 

1 4
2.714ott

L
S

Ra


 (1) 

 

where the length L in the vertical fin is regarded as 

characteristic length to calculate the number of Rayleigh. 

The coefficient of heat exchange in the case of optimal 

spacing is: 

 

1.31
ott

h
S




 (2) 

 

The thermal power exchanged by natural convection fins 

can be calculated with the equation: 

 

  2 sQ h nLH T T 
 (3) 

 

where n is the number of fins on the heatsink and Ts is the 

superficial temperature of the fin heat sink. 

The heat sinks with fins close together are not useful in 

the case of natural convection [7]. The presence of fins close 

together, forming narrow channels, it tends to block or 

suppress the fluid, especially when the heat sink is long, an 

effect that degrades the heat exchange characteristics of the 

heat sink. 

The heat sinks with many vertical fins close together are 

not useful in the case of natural convection [6, 8]. In this 

case the narrow channels between vertical profiles tends to 

be an obstacle for the free convective motion of the heat 

transfer fluid.  

 

II. NUMERICAL MODEL 

 

The analysis of the natural convection flow for the heat 

sink was implemented numerically by developing an 

appropriate model of computational fluid dynamics (CFD). 

Anticipating, already at the design stage, how the natural 

convection fluid is distributed in the structure is 

fundamental. It allows thus to optimize the heat exchange 

process through the design of appropriate working volumes 

with effective reduction in the inefficient areas of heat 

stagnation. The visualization, even numerical, of the 

convective heat fluxes [9] plays a crucial role in the design 

of electronic components and systems.  

Fluent uses a finite volume formulation of the Navier-

Stokes and energy equations to discretize the problem. 

The convection phenomenon is described [3-5] in these 

methods from a system of Continuity, Momentum and 

Energy equations. These equations describe the behavior and 

the evolution of the speed components and of the 

thermodynamic properties: pressure p, density ρ and 

temperature T in function of the time and the spatial 

coordinates. This system of equations includes the Navier-

Stokes equations and the energy equation. 

The continuity equation, or equation for the mass 

conservation is: 

 

  0v
t





 


 (4) 

 

The equation for the momentum transport, or momentum 

equation, is described in a inertial reference system, from: 
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Where p is the static pressure,   is the density, v  is the 

velocity vector, t is the time,   is the stress tensor, g  is the 

gravity vector and F contains other source terms that run-off 

from the heating elements, the sources, etc. 

The stress tensor   is: 
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where   is the molecular viscosity, I is the unit tensor, 

and the second term in the second member is the effect of 

the volume expansion. 

The energy equation in a region of fluid can be written in 

terms of sensible enthalpy h as 
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Where k is the molecular conductivity, 
tk  is the 

conductivity due to turbulent transport ( Prt p t tk c  ) and 

the source term 
hS  includes any volumetric heat defined. 

It was analyzed the thermal exchange by natural 

convection of a fin heat sink, commercially available, two 

vertical profiles each side (ST338K) made of extruded 

aluminum. The object (figure 1) has been modeled in a 

Fluent ambient. This extruded aluminum material has been 

considered with the following specifics: density 2700 kg/m
3
, 

specific heat 0.929 /kJ Kg K , conductivity 209 /W m K .  

Referring to the real structure the dimension of the sink 

are: width 4.3x10
-2

 m; length is 2.02x10
-2

 m. The vertical 

profiles are 1.5x10
-3

 m thick, and 1.55x10
-2

 m tall, and the 

base is 2x10
-3

 m thick. The fin heat sink has been placed on 

a vertical support electrically controlled in temperature with 

a power load of 1 W. The cabinet has been defined as a 

rectangular prism 0.15 m wide, 0.3 m tall and 0.2 m long. 

The heat transfer fluid is air, with a temperature of 20° C, 

with pressure of 1 atm and a laminar flow regime set. 

The numerical solution of the problem leads to a 

discretization of the analysis space. The selected meshes 

structure are optimized with a hexahedral unstructured shape 

with maximum size along the three Cartesian axes of 0.003 

m and a maximum space of 199.8x10
-6

 m. The post-

processing tolerance has been set in 10
-4

.  
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Fig. 1. Shape of the heat sink and CFD meshes 

 

A non-stationary analysis has been performed, with a time 

step for the temporal discretization of 0.001 s and 20 

iterations for each time step. The residuals imposed for the 

convergence of the solution for the transitory analysis are 

1x10
-3

 for the flux and 1x10
-7

 for the energy. The solution 

reached convergence with an average computing time of 

about two weeks. 

 

 
III. RESULTS 

 
A.  Original geometry  

 

The convective flow generated during the heating of the 

heat sink described has been analyzed. Particular attention 

was devoted to the transient phase of the phenomenon during 

the heating of the structure: the distribution of the 

recirculating flow from t = 0 (cold fin) to the steady-state has 

been analyzed.  

The images are related to the speed profiles obtained by 

cutting planes, parallel to the x axis, at the middle of the 

extension of the heat sink (cut plane 0.506). 

To better analyze the temporal evolution of velocity 

profiles of the convective recirculation flow a series of 

reference points has been placed (Figure 3) starting at a 

height from the base of 1.5x10
-3

 m and equally spaced of 

0.003 m. A same distribution of the numerical probes has 

been positioned for the side channel identified by the vertical 

profiles. 

The results are presented as velocity profiles (m/s) of the 

convective fluid circulation across the entire field of view 

(Figure 2), with particular attention to time evolution 

monitored through the measurement points (Figure 3).  

In Figure 2 we can observe the convective flow emerging 

from the structure at t = 0.5 s of the transient heating. 

Natural convection flow are already organized in the lateral 

channels between the two vertical profiles; in other areas is 

only weak, as confirmed by the time trends recorded on the 

measuring points (figure 3). The region covered by the flow 

is mainly related to the vertical profiles of the structure. 

In Figure 3 is shown the time window (3 sec) in which the 

main changes occurs. The steady state is reached after 5 s. 

 

 
Fig. 2. Speed map at t=0,5 s. 

 

 
Fig. 3. Speed vs time for the numerical probes in the center channel. 

 

Alter 1 sec heating (figure 4) the recirculation zones 

appear more structured: high speed flow (red) becomes 

visible at each side channel. At the top of the structure 

begins to organize a single central stagnation zone, nearly 

triangular. The thermal “bubble” is positioned in the middle 

monitored by numerical probes point identified as “white”. 

At the baseplate, in the ground of the heatsink, occurs 

others discrete areas of stagnation. The overheated air below 

the structure can emerge only for convective floating 

laterally beyond the extent of the fin base plate (Figure 4-5). 

In figure 3 can be observed that the points with higher 
 

 
Fig. 4. Speed map at t=1 s. 
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Fig. 5. Speed map at t=1,5 s 

 
quote show a speed evolution that corresponds to their 

distance from the basis of the heat sink. The speed history 

show a minimum in 0.7 s. The lower points blue and green, 

that are always in the low recirculating zone, show a more 

constant trend, even if with low circulation speed. 

The convective heat transfer on lateral channels identified 

by vertical profiles, shows a growing tendency to expand 

laterally extending above the central area. The convective 

recirculation in the central area is still of low intensity, as 

confirmed by the trends in figure 3. 

In figure 5 is presented the velocity profile configuration, 

after 1.5 sec, of the convective flow for the examined 

structure. The central portion is now fully compressed at the 

top, according to a domed structure. At this moment the 

convective circulation is also well developed in the top 

center and it is observed a clearly defined border in the area 

of stagnation. The low recirculation bubble reaches its 

maximum compression (1.15x10
-2

 m quote from the heat 

sink baseplate); the border region descends until it reaches 

the point identified with white. The numerical probes reach 

their maximum speed of recirculation after 1.3 s. 

At the time of t=2 s the central area of stagnation of the 

fluid overheated is than organized into three discrete lobes. It 

can be seen that the dome reaches its maximum height at the 

top (12.8 10
-3

 m quote). The border region in the area of 

stagnation is in the point of maximum expansion, above the 

area of placement of the numerical probes just mentioned 

and next to the sky blue point. The stagnation zone returns to 

expand until it reaches a height level, from the heat sink 
 

 
Fig. 6. Speed map at t=3 s. 

 

 

base, of 12.3x10
-3

 m. The height described is almost stable 

and represents the final extension of the zone of stagnation. 

The steady state is reached after 5 s.  

The boundary of the stagnation zone extends from a 

minimum of 4.5x10
-3

 m. In the time evolution the border 

region tends to gradually increase their height level up to a 

distance of 6.1x10
-3

 m. When the steady state has been 

reached the area with low recirculation, of stagnation for the 

cooling air, is confined within a distance of 6.1 10
-3

 m from 

the base plate of the heat sink. 

The peak temperature observed measured in the middle of 

the heat sink at a quote of 5x10
-3

 m from the base fin (hot 

spots) is 60.8 ° C and is reached after a time of 1 sec. 

In the lateral channel the maximum speed registered after 

0.7 s is 1.05 m/s, the stabilizes after 2 s at 1 m/s. 

 

 

 

B. Effects of 90 deg vertical geometry rotation  

 

We have investigated the effects of a simple rotation of 

the original fin heat sink geometry. The new orientation was 

obtained after a 90° vertical rotation of the whole structure.  

The buoyancy flows (in a gravitational field) are always in 

vertical direction, against the direction of the gravity vector. 

After the 90° vertical rotation the aerodynamical obstacle for 

the buoyancy flow, represented by the heat sink baseplate, is 

now reduced only to the cutting section of the structure.  

In the following images the results of the CFD analysis 

are showed, according to the numerical model developed. 

The natural convection flows are now better organized 

and developed. Figure 7-11 shows the transient heating 

phase of the rotated geometry. It’s possible to observe that 

the stagnation areas with low air recirculation speed are quite 

completely disappeared.  

The same numerical probes of the situation A (original 

geometry) were disposed in the central and lateral channel in 

order to better understand the buoyancy flow distribution in 

the areas surrounding the heat sink 

 

 
Fig. 7.  Speed map at t=0.25s. CFD probes in central and side channels. 

 

- 90 -



25-27 September 2012, Budapest, Hungary  

©EDA Publishing/THERMINIC 2012  ISBN:978-2-35500-022-5  

 
Fig. 8. Speed map at t=0.35 s 

 
Fig. 9. Speed map at t=0.65 s. 

 
Fig. 10. Speed map at t=0.75 s. 

 
Fig. 11. Speed map at t=1s. 

 

 

 
Fig. 12.  Speed vs time for the numerical probes in the center channel. 

 
It can be observed that quite the same natural convection 

flow speed are measured inside the central channel in all the 

observation points (fig 12).  In the lateral channel (fig 13) 

the green and blue patterns, related to points closer to the 

heat sink baseplate, are both partially slowed down. The 

most intense convective flows are located outside the finned 

heat sink. 

The absence of the main aerodynamical obstacle (heat 

sink baseplate) to the free emersion of the buoyancy 

connective flows, leads to a shorter transient heating time. 

Temperature reaches the steady state after about 1 second. 

The maximum temperature in the hot spot is reduced to 

51.2° C (fig. 14). 
 

 
Fig. 13. Speed vs time for the numerical probes in the lateral channel.. 
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Fig. 14. Temperature vs Time for the hot spot at  t=5 s: steady state 

 

The 90 deg vertical geometry rotation clearly shows that the 

buoyancy flow is now better organized, with stagnation areas 

considerably reduced. This makes possible to reach the steady 

state in a shorter time with system’s hot spot lower 

temperature. 

Changing the orientation to the fin heat sink seems to be a 

cheap solution to increase the natural convection heat transfer. 

But a cooling geometry rotation needs often more working 

volume in the electronic system and different electrical 

interconnections. It’s not always possible or simple to apply. 

In the Figure 15 it is showed the buoyancy flow organization 

for the rotated finned heat sink with a larger field of view for 

the CFD cutting plane selected.  

 

 
Fig. 15. Speed map at t=0.65 s. 

 

 
IV. CONCLUSIONS 

 

The results of the CFD analysis of the natural convection 

heat transfer for an heat sink has been presented. The 

computational model developed was tested on a particularly 

recurrent geometry in the cooling of electronic components 

(heat sink ST338K). With the CFD model developed was 

possible to analyze the development of natural convection 

flow and the hot spot peak temperatures.  

Particular attention has been paid, in this work, to the 

study of the transient phase of the convective phenomenon. 

The work was focused to monitor the time history of the 

convective flow in order to show the distribution and the 

time evolution of the natural convection flow highlighting 

low-speed recirculating areas (stagnation zones). The heating 

phase of the structure was analyzed, starting from t = 0 

(cold) to the steady-state. The stationary configuration, is 

reached after a time of 5 sec. 

To enhance the readability of the boundary of stagnation 

zones were placed some numerical probes both in the large 

central body and in the narrow lateral channels. 

The time history shows how the convective heat transfer 

appears to be initially more developed on the side vertical 

profiles. Later (t=1.5 s) the area of high speed convective 

recirculation is closed on top with a clear identification of 

lower “bubbles” of stagnation for the overheated fluid. The 

peak temperature observed is 60.8 ° C reached after a time t 

= 1 s. 

The recirculating speed map history shows how the 

boundary zone proceeds compressing the heat sink  

base. The lower distance from the base is reached after 1.5 

seconds; the region of low-speed recirculation extends to an 

height of 11.5x10
-3

 m. The stagnation zone expands to a 

maximum height of 12.8x10
-3

 m (t = 2s) and stabilizes at a 

distance of 12.3x10
-3

 m (t = 3s) almost stable up to the 

steady state (t = 5 s). 

A simple change was also investigated in order to reduce 

the stagnation zones and the hot spot working temperature: a  

90° vertical rotation along the z axe..  

The proposed configuration has improved performance. 

The stagnation areas was clearly reduced leading to a 

significant reduction in the system hot spot temperature. The 

operating temperature of the hot spot of the system is 

stabilized at 51.2 ° C for the 90 deg rotated geometry. In the 

original “horizontal” configuration the temperature stabilizes 

at 60.8 ° C. A cooling geometry rotation needs often more 

working volume in the electronic system and different 

electrical interconnections; this operation not always simple 

to apply. 
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Abstract – In this paper we summarize the first steps of a new 

idea to create cost effective microcooler structures with high 
performance. Our basic idea is to use a cheap etching process 
instead of reactive ion etching or LIGA technologies. However 
before we go further into varying the layout in order to increase 
the cooling efficiency, the performances of the new structures 
have to be compared against others which were formed either by 
RIE or LIGA. In order to validate our structures’ cooling 
capability thermal transient tests were performed. These tests 
proved are expectation as the cooling efficiencies were almost 
identical. 

I.  INTRODUCTION 

The number of integrated components on the surface of 
integrated circuits and the operating frequency of IC-s are 
continuously increasing. In modern processors (e.g.: CPU, 
GPU, DSP) the dissipated power per unit area is reaching 
100W/cm2. Furthermore the stacked dies and 3D packaging 
possibilities result in even more elevated temperatures of the 
packaged devices. Also in high power applications (e.g.: 
power transistors, power LEDs) the temperature of the 
applied devices must be kept within an acceptable range 
avoiding the decreasing efficiency and failures of operation. 
The generated heat must be extracted on the shortest and 
lowest thermal resistance ways, thus the active or passive 
cooling of these devices is prominently important. The major 
cause of electronic failures is the elevated temperature; more 
than 55 % of failures are caused by overheating giving an 
urgent demand for new approaches in cooling solutions. 

Another important and emerging field with specific 
cooling requirements is concentrator solar cells. As the 
efficiency of solar cells is decreasing with the increasing 
temperature the appropriate cooling is not only important by 
the means of failure prevention, but energy optimization. In 
this case not only the capacity, but the effectiveness (i.e. the 
power consumed for cooling) of the applied cooling system 
is a crucial aspect. 

Conventional air-cooling systems are reaching their limits, 
thus new designs are investigated in order to be able to cope 
with the increased heat flux and to keep junction 
temperatures in an acceptable range [1][2][3]. An urgent 
demand for more efficient cooling has risen, which resulted 
in micro-scale thermal management solutions. Other 
approaches include application of integrated micro-
refrigerators attached close to the hot-spot locations. In these 
applications high heat-flux (up to 300 W/cm2) can be 

achieved with localized cooling [4]. 
Other often mentioned cooling solutions are applying 

microscale cooler structures. The basic idea of these devices 
is to use small, submillimeter size channels or patterns to 
bring the coolant as close as possible to the regions where 
the power is dissipated. Several approaches of microcoolers 
have been published, reaching from active (externally driven 
coolant transport) to passive (coolant transport driven by 
dissipation heat) devices, or from discrete devices to 
integrated implementation [1][2][3]. 

 

Fig. 1 The previous microcooler plate 

Liquid cooling structures realized by Through Silicon Via 
(TSV) and Reactive Ion Etching (RIE) techniques were 
introduced in [5]. However these cooling structures were not 
realized in the silicon die itself. By applying TSV and RIE 
techniques the integrated cooling system of a 3D packaged 
Multi-Processor System-on-Chip (MPSoC) stacked die 
structures were presented [9]. However applying RIE and 
DRIE in the fabrication process flow has some major 
disadvantage: only one wafer can be etched at once (single 
wafer processing), and the RIE equipment and the process 
itself are expensive. A promising method for integrated 
microcoolers could be the realization of micro channel 
structures in the semiconductor device by wet etching that 
has the advantages of allowing batch processing by using 
relatively cheap etchants. By realizing the potential of wet 
chemical etching we aim to investigate and develop etching 
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processes for the cheap high throughput processing for 
microchannels in integrated microcoolers which will be 
presented in the second chapter. 

The measurement of the exact thermal properties of 
different cooler structures is also a great challenge. 
Commercially available measuring systems and well known 
methods give only the thermal resistance from junction to 
ambient of the overall system. To be able to characterize the 
thermal impedance of only the components under 
investigation new approaches need to be developed.  

The thermal transient measurement is a well established 
method for the thermal characterization of electric 
components [10][11]. The measurement results of this 
technique do not only cover the junction to ambient 
resistance, but the thermal impedance (i.e. the thermal 
resistance and the heat capacitance) of each single 
component in the main heat path can be determined as well. 
Thermal transient testing has already been successfully 
applied to the characterization of non-integrated 
microcoolers, and proved to be a powerful and reliable tool 
for their thermal characterization [6][7][8]. In the third 
chapter the new ideas to improve the existing measurement 
techniques and setups for the application with integrated 
microcoolers in semiconductor devices will be presented, 
resulting in a reliable and stable combined electro-thermal 
characterization method for electronic devices containing 
integrated microcoolers. 

In parallel with the characterization methods thermal 
models were developed that can also be applied later for the 
design and the simulation of integrated microcoolers. Cross 
verified with the data received from the measurements, 
simulations based on the created models will help to predict 
further possibilities of different integrated microcooler 
structures. 

II. SAMPLE PROCESSING 

Integrated microcoolers were processed by wet anisotrpic 
etching of <100> n-type silicon wafers in tetramethyl-
ammonium-hydroxide (TMAH). The etching was performed 
in a 25 % solution of TMAH at 85°C resulting in an etch 
speed of ca. 0,3 microns/minute. The etching solution 
contained no additives, and was performed in an ultrasonic 
bath. Due to the ultrasonic bath the bubbles formed during 
etching are quickly removed from the silicon surface. This 
ensures homogenous etching even in case of batch 
processing. In addition the combination of ultrasonic 
excitation and slow etch speed results in a very low surface 
roughness. 

The samples were formed on 2" single side polished 
wafers, 4 devices with the size of 15 x 15 mm on each wafer. 
The channels for the microcooler were etched on the 
polished surface in radial directions (Fig. 2a). At the 
intersection in the middle of the chip a cavity of ca. 4 mm in 
diameter was formed for the gas inlet. On the other side of 
the wafer a p-n junction of the size 9 x 9 mm was formed by 
boron diffusion for each of the 4 microcooler structures. An 
aluminium metal contact is evaporated on the p layer and on 
the n substrate around the p-n junction (Fig 2b) to ensure 
good electrical contact to the sample. In an alternate version 

the metal layer is not deposited on the p-n junction. In this 
case the p-n junction can act as a solar cell and can be 
excited with light. 

 

a)                                                     b) 

Fig. 2 Processed wafers with samples: a) polished side with etched 
channels, b) backside with diodes and metal contacts 

Finally the wafers were diced and the channels on the 
polished side of the wafer were closed with borofloat 33 
glass attached by anodic wafer bonding. For the gas inlets a 
hole with a diameter of 1 mm was drilled into the closing 
glass substrate by laser cutting. One of the finished devices 
can be seen in Fig. 3. 

 

Fig. 3 Completed samples 

III. DESIGNING THE NEW MEASUREMENT SETUP 

The measurements have been carried out by thermal 
transient testing. However a new thermal characterization 
method are developed to determine the exact heat transfer 
coefficient and partial thermal resistance of the microcooler 
structure itself with different channel patterns and fluids 
flow rates. Since the cooler structures are formed in the 
backside of the semiconductor substrate that incorporates 
different electronic elements (simple diodes, solar cells, 
bipolar or MOS integrated circuits) on the topside a new 
measurement setup and support structure was also 
developed. In this case not only the fluid inlet(s) outlet(s) 
should be formed but the electrical connectivity should be 
provided as well. During the characterization steps the 
constant fluid flow rate must be ensured.  

By measuring the temperature change caused by a heat 
dissipation step the thermal resistivity of the whole structure 
can be easily determined. But in our investigations it was 
necessary to determine only the thermal resistance and 
capacitance (impedance) of the microcooler structure itself 
in order to give the exact thermal properties and compare the 
measured results with the simulated ones. Hence from the 
results of the thermal transient testing the integral structure 
function was derived. From this the thermal properties of the 
different parts of the heat flow path(s) can be determined. 
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During initial measurements the dissipating element is a 
power transistor on which the microcooler structure 
(semiconductor chip with integrated microcooler device) is 
placed. In this case the integrated devices are not used for 
power dissipation but due to this the measurement results 
can be directly compared to the previous measurements 
results of nickel microchannel plate formed by LIGA 
technology and presented in [6][7][8]. 

In future the integrated electronic devices will act as both 
heat source and temperature sensor during the 
measurements. In case of the integrated cooler structure 
expectedly the thermal resistance from junction to ambient 
will decrease due to the decreasing thermal resistivity 
between the active area and the cooling channels. 

In order to ensure the validity of the results the parallel 
heat flow paths should be eliminated besides providing 
proper electrical connection to the electronic devices on the 
top side and coolant supply to the microcooler structure in 
the back side of the semiconductor. Forasmuch the etched 
channels of the microcooler are covered by glass plate and 
the structure is placed onto a thermal insulator material. As a 
result the heat flow path from the microcooler structure 
(from the backside of the semiconductor devices) to the 
ambient by thermal conduction is nearly eliminated. On the 
top side of the semiconductor substrate the electrical 
conductivity is formed by pressing a proper printed wiring 
board (PWB) to the surface of the semiconductor device. 
During the measurements we must deal and calculate with 
the parallel heat flow path (heat flow from the active area of 
the semiconductor through the PWB to the ambient). As we 
expected we managed to determine the parallel heat flows by 
measuring an empty measurement setup (means without gas 
flow and without microcooler structure).  

The arrangements and pattern of the channels influence 
the property and characteristics of fluid flow and the thermal 
properties as well. By increasing the cross section of the heat 
flow path (semiconductor surface contacting the flowing 
fluids) the partial thermal resistivity of the microcooler 
decreases hence the heat transfer coefficient increases. 

IV. MEASUREMENT RESULTS 

We used the measurement support structure presented 
previously in [6][7][8]. An NPN power transistor was 
applied as a dissipator element and the silicon chip with 
integrated microcooler structure was placed on top of it. The 
thermal properties of the cooling structure (junction-to-
ambient thermal resistance and the partial thermal resistance 
of the microcooler structure) can be derived from the thermal 
transient response of the system. So the aim of the 
measurement is to obtain the integrated structure functions 
against different rate of gas flow. 

                   

Fig. 4 Measurement setup 

The measurement setup consists of the followings from 
bottom to top: 

• Aluminium heatsink 
• heat insulator sheet 
• NPN transistor 
• Copper heatsink 
• Silicon substrare with integrated microcooler 

structure faces against the copper heatsink 
• Glass sheet (which is part of the microcooler 

in this case) providing electrical and thermal 
insulation as well 

• Silicon tube and sheet for ensuring gas inlet  
• Aluminium clamping faces 

During the measurement a 3.5 W step function dissipation 
was applied. The measurements have a 900 second runtime 
after a 900 second delay because this is the approximated 
time after the system reaches steady state. 

In Fig. 5. the measurement results of the new integrated 
microcooler can be seen. 

As expected the Rthja junction-to-ambient thermal 
resistance decreases with the increasing rate of gas flow 
(compressed air). In Fig. 5 the red and black curves indicate 
the integrated structure functions at coolant flows of 60 l/h 
and 120 l/h. 
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Fig. 5 Integrated structure functions against different rate of gas flow 

It is worth comparing the results of the current 
measurements performed on the integrated microcooler with 
previous results gained from measurements on LIGA-formed 
microcooler plates. The comparison can be seen in Fig. 6 
The black (0 l/h), brown (60 l/h) and green (120 l/h) curves 
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are the results of the measurements of the new microcooler 
design while the 1st grey (0 l/h), blue (60 l/h) and 2nd grey 
(120 l/h) curves indicate the results of the previous 
measurements of a microcooler sample formed by LIGA 
technology. It is interesting to see that despite the Rthja 
(junction-to-ambient thermal resistance) values at 0 l/h are 
differs approximately by 2 K/W between the new and the old 
design the values at 60 l/h and 120 l/h are identical. It is also 
noticeable that the curves show no differences until ~7 K/W 
which indicates the unchanged measurement environment. 
From this it can be seen that the new integrated microcooler 
design shows identical thermal properties as the old design 
(Rthja and RthMC) if the coolent flows are equal. 
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Fig. 6 Integrated structure functions against different flow rates 
compared the measurement results in 2005 

IV. SIMULATION  

Besides the measurements numerical analysis or analytical 
approximations are also crucial in the characterization 
process. The thermal model which is the result of the thermal 
transient measurement can also be calculated by using the 
material properties and geometric data. This approximated 
model can be matched with the one of the thermal transient 
testing and can be simulated by using industry standard 
SPICE simulators to verify the behaviour of the original 
structure. If the results are adequate then model can be used 
later to predict the behaviour of other structures with 
different layout.  

V. CONCLUSION 

So far we investigated the possibilities of manufacturing a 
microcooler structure by cheap wet chemical etching instead 
of the high cost RIE and LIGA techniques. However the 
performance of these microcooler structures has to be tested 
against the more expensive ones. The thermal transient tests 
showed that with the same layout near identical cooling 
efficiency can be achieved with the structures made by wet 
chemical etching and those made by LIGA in 2005. Our 
further aim is to investigate the possibilities of increasing the 
efficiency by layout modifications for which we will use 
electrothermal modelling as well to obtain more 
sophisticated and replicable results. 
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Abstract—Vanadium dioxide (VO2) has been extensively inves-
tigated due to its thermal-induced semiconductor-metal transition
(SMT) at about 67 °C; transition temperature can be lowered by
doping. Besides the rise in electrical conductivity of up to 3-4
orders of magnitude the phase transition is followed by other
changes in different physical properties, including an optical
reflectance drop near to its half. Possible applications include
thermally controlled electrical and optical switches.

In this paper thermal simulations of a proposed thermographic
arrangement are presented. The structure consists of a 100 nm
thick VO2 thin film deposited on the passivated surface of a silicon
chip. The goal of these simulations is to predict the acquirable
resolution of the proposed method. Abstract heat sources are
defined on the silicon surface and the temperature of the thin film
is calculated. Thermal mapping could be performed by optical
observation of the isotherm at transient temperature, while the
dissipation and the cooling of the chip is swept.

Possible benefits of the proposed method include the simple
and reliable use of the once-deposited solid phase film, main-
taining a few micron resolution, similar to liquid crystals, as
predicted in earlier electro-optical measurements.

Index Terms—vanadium dioxide, thermographic film, simula-
tion

I. INTRODUCTION

Thermal-induced semiconductor-metal transition (SMT; tra-
ditionally mentioned as metal-insulator transition, MIT) of
vanadium dioxide (VO2) has been investigated for more than
50 years [1], [2]. In pure VO2 the transient temperature
is about 67 °C, however, it can be lowered near to room
temperature by doping with metallic ions, e.g. tungsten or
molybdenum [3], [4]. The transition temperature shows hys-
teresis with a width of 1 °C for macroscopic bulk crystals, but
it has been shown, that for thin films and nanoparticles this
value can be 10-15 °C or even larger [5]. Above the transition
temperature VO2 bulk shows metallic conductivity while for
lower temperatures it acts like an intrinsic semiconductor.
During the transition conductivity can increase by up to 3-
4 orders of magnitude [6].

MIT is accompanied with a quite abrupt change of many
physical parameters, first of all that of the crystal lattice
structure. However, it is still not clear, whether the electrical
changes are consequences of the structural changes or these
have the same cause [7]. Semiconducting and metallic phases
have different reflectance in the visible region, thus the tran-
sition is observable using an optical microscope [6], [8].

A dominant part of the integrated circuit failures attributable
to thermal causes, largely cracks due to different thermal
expansion and overheating. Consequently, thermal analysis,
simulation and management of ICs have grown to a sepa-
rate profession in the past 20 years. One of the analytical
techniques is thermography, where the thermal map of the
investigated (IC) surface is obtained. There are several meth-
ods developed, e.g. contactless techniques including the use of
thermographic cameras and laser interferometers as well as use
of thermochromic coatings like fluorescent compounds with
temperature-dependent decay time and thermochromic liquid
crystals [9], [10].

Optical properties presented above allow vanadium dioxide
to be used as thermochromic coating for heat-protecting intel-
ligent windows [5], and as thermographic layer for IC thermal
mapping. A 100 nm thick VO2 film is partially transparent in
both phases [11], thus the surface of the analyzed integrated
circuit will be visible during thermographical analysis and
results could be matched precisely with topology.

Expected benefits of thermographic application include the
simple and reliable use of the once-deposited solid phase films
and a possibly higher resolution compared to liquid crystal
thermography [12]

II. THERMOGRAPHIC ARRANGEMENT

A proposed thermographic arrangement is presented on Fig.
1. A VO2 layer of about 100 nm is to be deposited over the
chip. As the thermographic layer is (semi)conductive it could
short the wiring; an insulating layer must be applied under-
neath. Typical ICs are covered with passivating phosphosilicate
glass (PSG) except for the pad ring; therefore if the VO2 layer
is laid on the glass it will not disturb the circuit.

The pad ring of the chip is not covered by glass, this means
that the conductance of the thin film is to be considered and
eliminated here as well. Evident, but not developed solution is
the masking of the VO2 layer. Another way could be the use
of a discontinuous coating i.e. consisting of non-percolating
grains with a size of at most a few µm.

Different optical reflectance and transmittance of the semi-
conducting (lighter) and metallic (darker) phase is observable
by optical microscopy from above. The border of these regions
gives the isotherm of the transient temperature. The hysteresis
of the phase transition can not be neglected, however, if the

©EDA Publishing/THERMINIC 2012 ISBN:978-2-35500-022-5
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Si chip on heat sink
Uncovered pad ring
Protective glass
Thermographic film
Discolored region
Dissipating area on Si

Figure 1. Proposed arrangement of VO2 as thermographic thin film over
an IC. The continuous film must be isolated from the IC surface as it
could shorten the wiring; protective PSG could be used. The isotherm of
the transient temperature is at the border of the lighter (semiconducting) and
darker (metallic) region.

temperature change during the formation of the regions is
monotonic accuracy is not limited by it.

The back side of the chip must be attached to a heat sink;
otherwise the temperatures in the chip will equalize due to the
poor cooling relative to the high thermal conductance of the
silicon. One steady-state dissipation arrangement with a fixed
heat sink temperature will give one particular isotherm. An
isotherm map can be obtained if the temperature of the cold
plate is swept [13]. Dissipation map can be calculated from
the thermal map [14].

The main advantage of the proposed technique is that the
layer has to be deposited once and as a solid material can be
used for several times. In both phases the 100 nm thick layer
is still partially transparent and the structure below it can be
seen.

Although this structure looks quite simple, there is no
elaborated process of the VO2 layer deposition compatible
with a CMOS IC, especially because the high temperature
and/or oxidative atmosphere used in common techniques [15]
damages wiring.

III. MODEL SETUP

A quasi-realistic model used in the simulations is presented
on Fig. 2. The structure consists of dissipating stripes on the
surface of a silicon chip covered with insulating glass region
and a 100 nm thick VO2 thermographic layer. The thermal
properties of the glass are supposed to be similar to SiO2.

The model represents a 3D periodic structure which can be
simulated in 2D; this can be explained in two steps. First,
the temperatures do not change with y dimension as this
dimension of the device is supposed to be infinite relative to
the typical sizes of the structure and there is no change in this
direction. Second, the structure repeats along x dimension with
a period length of ax (considered infinite times as well) and
this means that there is no heat flux horizontally between the
symmetric ”unit cells”, one of which is shown as a dashed
rectangle on the figure. A unit cell with its properties is
presented on Fig. 3.

The parameters used in the simulations are shown on Table
I; some of them are fixed. The thickness of VO2 is negligible
compared to the other layers, thus not varied. A typical wafer
thickness and average dissipation is chosen. Dissipation per

w

axx

yz

Figure 2. Periodic model used in the presented simulations. Black stripes
represent the dissipating areas on the Si surface. The periodicity of the
structure and the width of the stripes are ax and w, respectively. The insulating
glass and VO2 layers are continuous over the structure. The dashed area
showing a part of the cross section is a kind of ”unit cell” as the whole
structure can be built from it with translation operations.

w

ax

dSi

dglass

dV O2

Si

Glass

VO2

Cold plate (Tcp)

Dissipator (p)

Figure 3. 2D unit cell of the periodic model.

unit area of the stripe is calculated from the average dissipation
and the fill factor of it: p = P ax

w
Output of the simulation was the temperature along the

upper surface of the VO2 layer. The dynamics of these data
is analysed in order to estimate the achievable resolution.

IV. RESULTS AND DISCUSSION

First of all, the linearity of the structure is examined. The
thermal model used for silicon and glass (SiO2) are mostly

dSi 500µm
dV O2

100nm
dSiO2

0.1 .. 3µm
Paverage 100W/cm2

ax 10 .. 100µm
w 0.05 .. 0.5 ax
Tcp 330 .. 340K

Table I
PARAMETERS USED IN THE MODEL PRESENTED ON FIG. 2
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Figure 4. Temperature profile of a structure with 100 nm glass layer, 10µm
period length 1µm stripe width and various cold plate temperature. Plots are
normalized with the latter. The result is practically identical which means that
nonlinearity plays no role in this setup.
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Figure 5. Temperature profile of structures with 10µm period length and
330 K cold plate temperature and different dissipator widths (fill factor shown
in %). One can see that maximum slope does not differ significantly.

linear, while VO2 shows some change in thermal conductivity
at the phase transition.

On Fig. 4 the temperature profile of the same structure for
different cold plate temperatures is to be compared. Plots are
normalized with this ”base” temperature and are practically
identical which means that the role of the nonlinearity of
the 100 nm thick VO2 layer in the behaviour of the structure
can be considered marginal, therefore we will not analyze the
temperature profile as a function of cold plate temperature.

On Fig. 5. structures with 10µm period length and 330 K
cold plate temperature are compared. One can see that max-
imum slope does not differ significantly compared to the
variation in the width of the stripes.

The maximum slope for the sample with 100nm wide
dissipator stripe is 78mK/µm, while the one with 2µm wide
stripe has 44mK/µm slope. This means that the slope is
dominated by the layer structure rather than the fill factor of
the dissipator. These slopes necessitate fine thermal resolution
of cold plate.

In support of this conclusion we compared the maximum
slope as a function of glass thickness (Fig. 6). Thin insulating
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Figure 6. Temperature profile of structures with 10µm period length, 500 nm
wide dissipator elements, 330 K cold plate temperature and different dissipator
glass thickness. The slope is now significantly affected, however, other layers
have an important role as well, which can be observed on thin glass layers.

layers do not change the slope dominantly (100 nm and 300 nm
thickness), showing that the good thermal conductor silicon
spreads heat along the system. On the other hand, thicker glass
layers greatly slur the temperature profile.

PSG layers are typically a few µm in thickness. Considering
this Fig. 6 suggests that the surface temperature map of a
submicron chip is limited by the glass.

On all the figures presenting thermal profiles of the chip sur-
face we can observe moderate temperature differences which
can be surprising if we mention that the average dissipation is
100 W/cm2. In steady-state the excellent thermal conduction
of silicon balances the temperature of the fine structures
making the thermography harder, while maintaining a more
homogeneous heat distribution helps the circuit work evenly.

V. SUMMARY

In this paper a possible thermographic arrangement using
VO2 as the thermochromic layer is presented. A 2D model
is designed and simulations were carried out with different
geometries. the typical temperature differences on the surface
of a structure with 10µm period length is at about 0.1 K. As a
conclusion we must draw that the resolution in space is limited
by the protecting glass layer of the chip and in temperature
by the punctuality of the cold plate. The inaccuracies caused
by the hysteresis of the VO2 layer is possibly eliminated by
monotonic temperature sweep, however, it must be investi-
gated in the future.
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Abstract—Here we present an implementation of thermally-
aware DVFS governor in a form of Linux 3.2 module. Our
thermal governor operates by reading digital thermal sensors
placed in CPU cores and pro-actively adjusting operating fre-
quency of individual cores to maintain temperatures below given
threshold. We evaluate our method using state-of-the-art parallel
benchmarks from PARSEC suite. Apart from evaluation of
our thermally-aware DVFS governor, we present insights into
operation of a modern high-performance CPU with 6 cores and
2 hardware threads per core.

Index Terms—Dynamic Thermal Management, temperature-
aware DVFS, Linux kernel, SMT/CMP

I. INTRODUCTION

Temperature is one of the main factors that limit perfor-
mance and greatly impact microprocessor reliability. Tech-
nology scaling leads to very high power densities resulting
in hot-spots in processor cores under heavy load. The other
important factor is the cost of high-performance cooling. Apart
from price of the cooling solution itself, there is the matter of
energy usage by the heat sink fan and the cost of extra air
conditioning related to computer operation. Other important
factors are noise pollution caused by fans and weight and size
of cooling package, that limit portability and scalability.

Temperature is a complex function of processor load and
cannot be easily predicted [1]. Also, performance is a non-
linear function of frequency, especially with Simultaneous
Multithreading (SMT) where multiple threads share resources
of a single core [2]. Another performance-limiting factor in
multi-core processors is memory contention [3]. Eventually,
maximizing performance in contemporary chip multiproces-
sors (CMPs) with SMT under temperature limits is a multidi-
mensional problem [4].

Due to quadratic dependence of dynamic power on voltage,
Dynamic Voltage and Frequency Scaling (DVFS) is an effec-
tive mechanism to restrict temperature [5]. In contemporary
processors frequency transition times are of the order of
microseconds allowing for fast response with negligible over-
head. DVFS is widely used as energy conservation mechanism
in present-day computing systems.

DTM can be made on hardware or Operating System level.
Hardware mechanisms are robust but do not deal with the
information on executed tasks that the OS collects. Therefore,
using solely hardware DTM excludes performance optimiza-
tion. Dynamic Thermal Management of microprocessors is the

subject of many papers and many works on thermally-aware
scheduling for Linux systems exist (e.g. [6]–[8]).

Here, we present a thermally-aware DVFS manager in
a Linux 3.2 module that maintains temperatures of each CPU
core below the given threshold. Our DVFS governor works by
measuring temperature of all the cores as well as performance
status of all logical CPUs of an SMT microprocessor. Then
for each core a DVFS level is selected that will not lead to
excessive temperature.

Most of the work on Dynamic Thermal Management for
multi-core microprocessors published up to date uses an
elaborate simulation setup or analytical modelling to verify
the effectiveness of the proposed algorithm or policy, e.g. [9]–
[13]. However analytical and simulation-based works rarely
deal tend to take arbitrary assumptions about thermal param-
eters of microprocessor packages, CPU power dissipation or
properties of thermal sensors such as accuracy, that influence
applicability of developed methods.

With the advent of affordable multi-core processors more
works emerged that were focused on aspects of practical
implementation of DTM policies on real processors. Authors
of [6], [8], [14], [15] show that the current Linux scheduler
can easily be enhanced with thermal-awareness to improve its
performance in terms of both temperature conditions and total
application throughput. Their experimental results demonstrate
that the dynamic thermal management implemented in op-
erating system is an effective method to control processor
temperature.

The main contributions of this work comprise temperature-
aware DVFS governor for Linux called cpufreq_temp, that
limits temperature and seeks optimisation possibilities; insight
in operation of a contemporary CMP/SMT processor; method
for Digital Thermal Sensor (DTS) error compensation; we
also provide DTS error evaluation for the processor used for
testing.

II. MEASUREMENT OF CPU TEMPERATURE,
PERFORMANCE AND POWER CONSUMPTION

Our experiments were done on a high-performance 6-
core double-threaded processor Intel Core i7 970. It’s
schematic layout is shown in Fig. 1. There are 6 cores placed
in-line with 2 large areas of L3 cache at the bottom. The total
die size is 239 mm2. With TDP of 130 W the CPU is equipped
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with heavy, high-performance heat-sink. The CPU supports
13 frequency levels from 1.6 GHz (fmin) to 3.2 GHz (fmax).
There are 2 hardware threads per core, i.e. two sets of
architectural registers and the core uses higher of the 2 values
set in the appropriate control registers.

We examined performance and thermal behavior of our test
computer using cpuburn programs, which provide constant
and uniform load in all threads, and PARSEC [16] benchmark
set. The total running time of the test set was 52, 32, 21, 19 and
18 s for 1, 2, 4, 8 and 16 threads, respectively. As can be seen,
using more than four threads does not lead to big performance
improvements. These are however accumulated results and do
not reflect the behavior of individual programs. In Linux
3.2 kernel the cores c0 through c5 were mapped to pairs of
logical CPUs respectively: (2,8), (0,6), (4,10), (5,11), (1,7),
(3,9).

A. CPU power measurements

We measured power consumption of the whole computer
during idle and full load. Then we subtracted the idle power
in room temperature (103 W in our case) to get an estimate
value; obviously, such method of CPU power consumption
measurement is prone to some error caused by a non-linear
efficacy of the computer’s power supply, limited efficiency of
the CPU voltage regulators [17] and instantaneous change in
power consumption by peripheral devices (such as hard drives,
or a graphic card).

To check power consumption of each core, we run the
computer idle for 10 s and then every 20 s we added one thread
of a burnP6 program, putting 2 threads on the first core and
then moving to the next. With every two threads, Pk rose
about 15 W. The differences of up to 1.6 W can be attributed
to rising temperature and static power. We discovered that the
relationship between DVFS level and power consumption is
surprisingly nearly linear by running the processor under full
load while decreasing voltage settings one step at a time.

B. Temperature measurements

Digital Thermal Sensors (DTS) in Intel’s processors [18] are
visible to software through a set of Model Specific Registers
(MSR) as a difference from maximal available temperature
Tjmax. They are individually calibrated but are subject to
normal factory variation and their accuracy is best at tem-
peratures close to Tjmax. CPU temperature depends on the

Figure 1. Die photo of Core i7 processor (Source: Intel’s marketing
materials)
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Figure 2. Thermal response of the processor to a constant-IPC load.
Temperature errors not corrected.

ambient temperature inside the PC case Tamb. We measured
it using a 1-wire Dallas 18B20 digital thermometer placed
in the air streamed into the heat sink. We observed changes
in Tamb of up to 10 K.

During normal operation the changes in temperature can be
substantial and reach 3.3, 4.7, 6.0 and 8.0 K in 5, 10, 20, 100 s
respectively. Therefore a simple reactive DTM mechanism
should provide a trade-off between temperature limit and
latency. With longer operating period, the processor should
work with higher thermal guard-band, and hence, with lower
performance.

In this work we use a fixed CPU fan speed and hence we
have constant die-to-ambient thermal resistance Ramb. Total
thermal resistance of CPU package and cooling solution that
we measured is approximately 0.37 K/W (based on power
consumption swings and temperature differences between idle
and load steady-state, see Fig 2. Based on the time of increase
of the temperature, we estimated thermal capacitance of the
heat-sink to be around 240 J/K. The power consumption of
the whole computer was 103 W in idle state, 197 W during
full load and slowly increased to 204 W with the increase in
CPU temperature. This last increase of 7 W can be associated
with increased leakage power.

There are three potential sources of differences in temper-
ature readings under uniform load on all cores. The first is
the difference in power consumption of different cores caused
by factory variation causing non-uniform power dissipation.
However, we saw no such differences. In our experiments,
with identical workload, all cores dissipated the same power.
Other source of temperature difference is the layout of the
processor. Due to thermal coupling to nearby cores and un-
core elements (e.g. memory controllers, IO, etc.) some cores
may run hotter than others. The last source of temperature
difference is the error of the thermal sensors.

By default the DTSs in our CPU show very different
temperatures in each core (see Fig 2) both in stress and during
long idle periods. When heated with 12 instances of cpuburn
program the measured steady-state core temperatures oscil-
lated around: 72, 71, 67, 65, 70, 71, for each of the cores
respectively. During idle periods, the steady state temperatures
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Figure 3. Frequency balancing under fixed temperature limit: temperature
and core frequency traces

were: 33, 31, 27, 22, 30 and 31. Temperature inside the PC
was ranging between 26 during idle periods and 29 in high
stress. The room temperature oscillated slightly around 23◦C.

To find the correcting factors for all the temperature sensors,
we wrote a simple program that balanced frequencies of the
cores subject to uniform workload and temperature limit.
It adjusted frequency and voltage settings of each core not
to cross the temperature limit and reduced differences in
frequency between all the cores by correcting DTS readouts.
Temperature and DVFS traces. Its operation can be seen on
Fig. 3. The final modifiers that we achieved that provided good
operation of our DVFS governor were: -2, -1, +5, +9, +0 and
+0 K for cores c0–c5.

III. THERMALLY-AWARE DVFS GOVERNOR

We implemented a reactive DTM mechanism in the form
of a temperature-aware DVFS governor. It was designed and
tested as a Linux kernel module for the 6 core microprocessor
with SMT. By default Linux kernel supports five frequency
scaling governors, namely: conservative, ondemand,
userspace, powersave and performance. Each log-
ical processor (as seen by the OS) can have a governor
assigned to it separately. Conservative and ondemand
governors adjust core frequency based on the current load.
Once the load exceeds a predefined up-threshold, clock level
is increased by a unit (conservative) or set to maximum
frequency (ondemand). When CPU load is below down-
threshold, the frequency is decreased one step at a time.
Powersave and performance governors set the lowest and the
highest available level. The userspace governor provides
an interface through the sysfs for users and applications to
set the desired frequency level1.

Our proposed governor makes decisions based on global
information about all the logical processors (as seen by the

1The interface is available in the form of a file in /sys/devices/system/cpu/
cpuN/cpufreq/scaling_setspeed, where N is the number of logic processor

Table I
EXECUTION TIME AND ENERGY CONSUMPTION OF A SUBSET OF PARSEC

BENCHMARKS USING DIFFERENT DVFS GOVERNORS. PARAMETERS:
(ts ,Tmax ,Tth)

DVFS governor time [m] energy [kJ]
cpufreq_temp (80,55,50) 14:38 123
cpufreq_temp (40,55,50) 14:30 123
cpufreq_temp (10,55,50) 14:17 124

ondemand 11:10 104
conservative 11:10 105

powersave 19:33 153
performance 10:58 103

OS) and the temperatures of physical cores. Since only one
frequency can be assigned to one core, we assume that the
same governor would be assigned to all logical CPUs.

A thermally aware DVFS governor to be used in a general-
usage operating system, must have the following properties:
low latency, low overhead, assigns high frequencies to high-
priority tasks, assign lower frequencies for tasks characterized
by very frequent references to main memory, assigns higher
frequencies to cores with 2 threads and/or high IPC.

The governor operates in three phases. In the first one, infor-
mation about temperature and activity (instructions committed,
cache misses) of all the logical CPUs is updated. Then load2

of each logical CPU (in range 0–11) is updated. When the
temperature is below the predefined threshold, the operating
principle is the same as in the case of the conservative
governor. When Tth is exceeded, the core frequency is reduced
so the temperature never exceeds Tmax.

The value of response in case of surpassing Tth is calculated
as a sum of Proportional, Integral and Derivative modules
forming a PID controller. This controller is reset every time the
temperature drops below Tth. The temperature is tracked so
that every time the previous value is known. Our governor
operates on each core periodically, with default period of
ts = 80 ms. This step length ms provides negligible overhead
of the governor with reasonably high guard-band Tmax −Tth.

In Figure 4 the thermal trace of the processor is presented
during execution of the PARSEC set with native input sets
and 8 threads. After short pre-heating for 60 seconds, the
benchmark set is run three times with our cpufreq_temp
governor with varying latency (see Tab. I). Then ondemand
and conservative governors are used. They result in
almost the same performance and processor thermal behavior.
The powersave governor sets the fmin causing effectively
doubling the computation time but reducing the temperature
to below 50◦C. The performance governor sets the fmax

throughout the benchmark execution which results in the best
performance. The exact execution times and energy used by
the computer are shown in Tab. I. Our frequency governor
achieves robust temperature reduction and provides a reason-
able trade-off between performance, energy consumption and
temperature under heavy load.

2The fraction of time a processor is busy executing an active process.
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Figure 4. Temperature trace of all six cores when running PARSEC with eight threads and native input set and different DVFS governors. Left to right:
three times with cpufreq_temp and latency ts of 80, 40 and 10 ms , then using ondemand, conservative, powersave and performance governors

IV. DISCUSSION AND SUMMARY

Low temperature limits used in experiments reflect the
really mild operating conditions that the experiments were
performed in. In real-life situations ambient temperatures can
easily be 10–20 K higher. This however does not affect the
results, since temperature of the cores is simply a sum of
ambient temperature and dissipated power divided by thermal
resistance to ambient.

Although this paper shows the efficacy in reducing tempera-
ture, a comprehensive comparison against hardware throttling
and more extensive testing is still needed. This can either be
done by lowering the threshold at which the CPU starts to
limit it’s performance or by putting the computer in more
severe thermal conditions. Also, a broad testing of optimisation
possibilities is still needed. It remains to be verified that our
proposed DVFS governor operates equally efficiently with
heterogeneous workloads (in terms of program types and their
priorities).

During the course of this research one thing become ap-
parent: that a global power-performance-temperature-energy
global optimisation of CPU operation is needed on the OS
level. Therefore, our next goal will be to add temperature
awareness to the scheduler of the OS and ensure proper
use of all the computing resources under thermal limits.
Contemporary operating systems are not temperature-aware
when it comes to scheduling. Proper utilisation of the ever-
growing computing resources will be of vital importance in
the years to come.

In this work we have presented capabilities of a contem-
porary multi-core microprocessor with simultaneous multi-
threading regarding on-line temperature and performance mea-
surement. We have also presented a temperature aware DVFS
governor for Linux OS and CPUs with symmetric multipro-
cessing that allows for an effective trade-off between perfor-
mance and operating temperature.
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Abstract- The present model is mainly targeted at thermal 

simulation of multilayer PCB structure, realizing 2-D layout 

analysis and taking into account temperature-dependent Joule 

heating in traces as well as thermal conduction in traces and 

vias. The structure is analyzed by loading 2-D layout bitmaps of 

each metal layer in the program,  and heat sources as well as 

traces are meshed in square elements due to the requirement of 

rectangular heat-source elements in the derivation of analytical 

solution of the temperature in dielectric layers. The main 

calculation process is in matrix operation and the model is 

programmed in the Matlab. The model runs in an iterative way 

by exchanging heat density and temperature distribution 

between two main programs, electric solver and thermal solver. 

The electric solver is able to analyze electrical distributions in 

each trace as long as there are sufficient known conditions of 

rms electric potentials or rms branch currents for some pads 

connected to the trace. The thermal solver integrates both the 

analytical solution of the rectangular homogeneous structure 

with square heat sources and the numerical analysis of 

non-uniform heat transfer coefficient (HTC) distribution and 

thermal conduction in traces and vias. In order to examine the 

algorithm in the model, the comparison between the model and 

a CFD software is given for a two-layer structure. Particularly, 

the model is more efficient in analyzing the structure with LDR 

(large dimension ratio) between the whole structure and heat 

sources.  

 

I.  BACKGROUND 

Thermal analysis of the PCB structure is important in the 

reliability analysis of electronic systems due to non-negligible 

contribution of PCB structure in the heat transfer, especially the 

thermal conduction contribution by traces and vias. On the other 

side, the Joule heating effect in traces with high current could 

also contribute to the overheat failure in traces or devices.  

Presently, nearly most commercial CFD software based on 

FEM have already integrated the function of calculating Joule 

heat in conductors [1-3]. However when there is a large 

dimension ratio (LDR) between heat sources and whole object, 

long time of meshing in triangle-mesh FEM is unavoidable in a 

normal PC. While, our model has immunity on such problem, 

because the thermal solver is developed based on an analytical 

solver, Djoser [4]. Such merit is due to the immunity on the size 

of heat sources in the analytical solution [4-6]. Another merit of 

the analytical solution is the capability of solving solution solo 

in  expected  points  or  regions but  not  necessarily  the  whole 

structure. Further explanation can be found in the Section II.  

 

Nevertheless, since heat sources used in the analytical 

solution should be divided into a number of square elements, a 

square-mesh method was used in calculating the electrical 

distribution in traces, so that some intrinsic defects of square 

mesh are unavoidable. First, irregular shapes cannot be 

completely reconstructed. The other is the ‘average effect’ in the 

quantities solved for each square element, especially there is a 

little error in the fluid densities.
 

On the other side, effective orthotropic thermal conductivity 

of each layer or of each discretized small volume is commonly 

used in some models [7] or in some software [1,3]. But to the 

knowledge of the authors, there is no thermal model for the PCB 

that tries to analyze the thermal conduction in element level in 

traces, of which the real layout is kept invariant through the 

whole simulation, and no effective conductivity is generated.  

Actually, the triangle-mesh FEM is possible to realize such 

‘accurate’ level analysis as exemplified in the Section III, but 

probably the huge number of small elements for discretizing 

traces reduce the running efficiency in thermal analysis, thus 

limits the analysis in such level. So our motivation is to propose 

a different way to analyze the thermal performance of a PCB 

structure at element level even though the model is still not so 

fast. The proposed model integrates both the immunity of 

analytical solution on LDR problem and powerful capability of 

finite-element numerical calculation in analysis of irregular and 

in-homogeneous structure.  

Moreover, when an average HTC couldn’t accurately 

represent the thermal boundary of any surface, non-uniform 

HTC distribution can be considered in a numerical way, further 

explanation is given in the next section. 

II.        BRIEF INTRODUCTION OF THE ALGORITHM 

The model was programmed in the Matlab 7. There are three 

hypotheses used in the algorithm. First, the thermal contact 

between traces and dielectric layers is assumed perfect and 

vertical temperature distribution inside slim metal traces is 

neglected. Second, due to thin thickness of the PCB structure, 

only heat transfer through the top and bottom surfaces to 

ambient is taken into account. Third, the influence of 

temperature on the thermal conductivity of materials is not taken 

into account.  

In the model, square mesh density is equal to the resolution of 

layout bitmaps. The program recognizes traces, pads and 

dielectric surface area depending on the different digital data of 
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different color and the data ‘cluster’ of each trace or pad is 

further localized. Then, constant heat sources (ICs and Power 

devices), and pad potential or rms current flowing in some 

branch route in each trace can be defined. Also thermal 

boundary conditions for the board, such as ambient temperature, 

average HTC or HTC distribution on surfaces can be defined. 

The flowchart in Fig.1 shows the brief calculation procedure 

in the program. This iterative calculation strategy is valid due to 

uniqueness characteristic of steady state, if existing, under 

certain thermal boundary conditions. Thermal resistance matrix 

in analytical solution and numerical heat transfer matrix in 

traces and vias or based on the HTC distribution are prepared in 

the Pre (preprocess) Program. 

 

 
Fig. 1.  Brief flowchart of the model. 

A.     Electric Solver 

Since traces are numerically divided into a number of square 

elements, Kirchhoff’s current law is applied to calculate the 

relation between electric potential (EP) and electric conductance 

(EC) for any trace element and its four adjacent elements as 

shown in Fig.2. Furthermore, a relation for deriving EP of 

unknown elements in the trace can be expressed in the form of 

matrix operation when there are sufficient known conditions:  

 

 
Fig.  2. Schematic of electric conduction between metal elements. 

 
1*   *EC tr p tr EC pM V K V M K                (1) 

 

In which, MEC is the EC relation matrix, Vtr is the EP array of all 

unknown elements in a trace, Kp is the array including all terms 

related to elements with known EP. If the EP of all pads 

connected with the trace are known, the EP distribution in the 

trace can be directly derived based on (1).  

When the EP of pads are not usually totally known, but some 

currents flowing in some trace branches are given, those 

unknown pads EP should be derived first to apply (1). Since the 

current in one pad (as a branch current in one trace) is 

determined by EP of both pad elements and trace elements in 

contact-boundary between each pad and the trace branch as well 

as EC between boundary elements, such branch current is 

certainly linearly determined by EP of all the pads connected 

within one trace: 
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In which, n is the number of pads connected in one trace, I1~In 

are branch currents in the trace, V1~Vn are EP of each pad, 

Cv(1,1)~Cv(n,n-1) are constant coefficients depending on trace 

structure. In (2), there are n-1 effective equations and 2n-1 

variables, so it’s necessary and sufficient to derive any group of 

n-1 variables when other n variable are known. In another way, 

at least one pad EP and other n-1 combined conditions of the 

branch currents or pad EP should be given (there could also be 

two quantities from one pad as two known conditions). The next 

mission is to derive all the coefficients in (2).  

For example, when the EP of m (m<n) pads are unknown but 

there are m branch currents, a group of equations can be derived: 
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In which, Ir+1~Ir+m are branch current variables of those pads 

with known branch currents; V1~Vm are EP variables of those 

pads with unknown EP; Cv1~Cvm are constant coefficients 

combined by terms with known EP; Ci(r+1,1)~Ci(r+m,m) are 

coefficients independent of any current or EP. 

To solve m+1 coefficients in each equation of (3), m+1 

independent sub-equations should be given, where m+1 

coefficients are unknown variables but m branch currents and 

one pad EP are known coefficients (electrical coefficients). That 

means m+1 groups of electrical coefficients should be known. 

According to (1), m+1 combinations of unknown pads EP could 

be assumed to derive each group of electrical coefficients. After 

each round of calculation in (1) under each combination of 

assumed EP, Ir+1~Ir+m should be calculated according to the 

relation of the branch currents and EP of elements in contact 

boundary between the pad and the trace. Then m+1 independent 

sub-equations to solve any group of coefficients in one equation 

of (3) can be obtained. 

Finally, by substituting those known branch currents, all 

unknown pad EP can be derived from (3). Then one more step of 

calculation of (1) will give the actual EP distribution in the trace, 

which is in turn used for deriving the flowing currents in each 

trace element according to EC between elements. Finally Joule 

heat in each element can be solved according to the following 

equation: 
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Where IN, IS, IW and IE represent the currents flowing in four 
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directions of an element, and G0 represents the self-EC of the 

element. 

B.     Thermal Solver 

The thermal solver integrates the analytical solution for 

rectangular dielectric layers and numerical analysis of thermal 

conduction in traces and vias to take into account the 

in-homogeneity in the PCB. In multilayer structure, since the 

heat exchanged between layers is not known thermal conditions, 

the solution cannot be derived one layer by one layer 

independently. Instead, the solution should be solved from a set 

of equations: 
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Which shows the general analytical solutions of each surface 

of the dielectric layer in one N-layer structure. Subscripts t and b 

refer to top and bottom surface in one dielectric layer 

respectively. Quantity R is the thermal resistance matrix for the 

elements in one surface under certain heat density Q, and is 

related to Fourier series in the analytical solution. Subscripts Tin 

and Bin as well as Tout and Bout refer to quantities respectively 

related to heat transferred into or out from the top surface and 

bottom surface in one dielectric layer. 

The heat generated on bottom surface QN’,Bin of N’
th 

dielectric 

layer except the last N
th

 layer is assumed as only contributing to 

the N’+1
th

 dielectric layer below in the expressions, while the 

actual thermal contribution of QN’,Bin to N’
th 

 dielectric layer is 

taken into account by the heat QN’+1,Tout transferred from the 

N’+1
th

 dielectric layer, which is equal to QN’,Bin. Also contact 

surfaces between two dielectric layers are assumed to be at the 

same temperature distribution. The Derivation and explanation 

of the analytical solution can be found in other papers [4,5]. 

On the other hand, for the surface elements in traces or vias, 

QTin or QBin is not in the same distribution of the Joule heat 

generated. Therefore, thermal conduction in traces and vias was 

analyzed by applying Kirchhoff’s law in the analysis of thermal 

conduction. There are two main possible thermal conduction in 

metal layers as shown in Fig.3 and in (6). First is thermal 

conduction between one central trace element and other adjacent 

trace elements and via elements. Second thermal conduction is 

among one central via element and other adjacent trace elements 

and via elements, also including adjacent via elements in 

vertical direction. Particularly, the hollow part in a via is 

approximately considered as thermal insulation, and thermal 

conduction calculated in the analytical analysis is compensated 

in the numerical calculation. Each via in one dielectric layer is 

simply considered as comprised of two main parts in vertical 

direction, and each part is meshed in a number of square 

elements. In any two adjacent metal layers, when the via 

element in the lower metal layer is inside its upper dielectric 

layer, the distance between two vertical via elements is di/2 due 

to the symmetrical placement. When the via element in the 

lower metal layer is also inside its lower dielectric layer, the 

distance between two vertical via elements is di. 

 

 
Fig.  3. Schematic of possible forms of thermal conduction between metal 

elements. 
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 (6) 

 

In (6), k refers to thermal conductivity, d refers to thickness, lc 

refers to side length of one element, n refers to the number of 

adjacent metal elements, p refers to joule heat density generated 

in the central element and q is the density of heat transferred 

from the central element to the dielectric layer. So the heat 

transferred from the center element to other adjacent metal 

elements is expressed as p-q. Subscript m relates the quantity to 

general metal element, tr for trace element, i for dielectric layer, 
v for via element, sv for adjacent via elements in same metal 

layer, dv for adjacent via elements in different dielectric layers, 

iv for adjacent via elements in the same dielectric layer, number 

0 for the central metal element.  

Certainly, the ICs and power devices are major heat sources 

on the PCB. So far, the model is able to consider the ICs or 

devices as surface heat elements, while the heat transferred to 

ambient through package plastic layer on the top is neglected.  
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When one average HTC couldn’t represent the heat transfer 

from the PCB surface to the ambient, but an HTC distribution is 

given, the HTC thermal boundary conditions seem impossible to 

be taken into account in the analytical solution. Instead, 

numerical analysis of such condition can be realized according 

to the linear relation between the heat transferred and 

temperature difference. For example, if there are two HTC 

distributions on both surfaces in a two-layer structure, the first 

equation in (6) expressing the thermal conduction among traces 

elements change to the following forms: 
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                             (7) 

 

Where ht,m or hb,m refers to corresponding HTC of one metal 

element in the top or bottom surface. The third sub-equation 

refers to any metal element covered by ICs, thus there is no 

direct heat exchange between the element and the ambient. In 

the similar way, for other dielectric surface elements, the heat 

density may be expressed in one of the following equations: 

 

 0-      or       i i i cq hT q q                                                       (8) 

 

Where qi is the surface heat density transferred to the dielectric 

layer. When the dielectric surface element is covered by some 

IC, qi is equal to the density of heat transferred from the top IC 

through that square region, qc. Or else, qi is equal to the heat 

exchange to the ambient under specified HTC, hi. So the matrix 

equations representing both the analytical solution and 

numerical heat transfer for a two-layer structure with HTC 

distributions on external surfaces can be given as: 
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In which, quantities with subscripts θ, ƞ, φ or ζ refer to 

thermal resistance under surface heat QTinM, QBinM, QTIC or QBIC 

respectively; subscript M relates the quantities to surface metal 

elements, subscript TIC and BIC relate the quantities to surface 

dielectric elements covered by the ICs or devices on top surface 

and bottom surface respectively. Qt,c or Qb,c is the known density 

of constant heat transferred from ICs or devices to the covered 

dielectric surface; Pm1 and Pm2 are densities of heat generated in 

metal elements including Joule heat and heat transferred from 

upper ICs if covered; Ti1 and Ti2 refer to temperature of surface 

dielectric elements; Amv1,  Amv2, Av1 and Av2 are the matrix 

including those numerical coefficients in (6) and (7). 

Particularly, Av1 and Av2 are the complementary matrix of 

coefficients to relate those via elements in the bottom layer with 

those via elements in the top layer. After several steps of 

derivation, all unknown heat densities and temperature can be 

solved. Furthermore, chip temperature can be calculated based 

on the junction-case thermal resistance given in the datasheet of 

a device. 

III.    EXAMINATION OF THE ALGORITHM IN A TWO-LAYER 

STRUCTURE 

The model was tested by comparing the results of a simple 

two-layer board as shown in Fig.5 with the CAD model built in 

the COMSOL Multiphysics. The dimension of the board is 

50mm×37.5mm×1.66mm with trace thickness 35μm. The 

resolution of the layout is in 360×270. The ambient temperature 

is assumed at 20°C, and a uniform HTC is defined in order to 

examine the core algorithm with consideration of thermal 

contribution in traces and vias.  

 

       
Fig.  4.  Layout of the two-layer structure. 

 

Without consideration of ICs and devices, the solution equations 

for this kind of layer structure can be simply expressed as: 
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            (11) 

 

In which, after deriving QTin and QBin from the first four 

equations, temperature distribution TS1 and TS2 of two surfaces 

under any dedicated resolution can be further given. Therefore, 

during the iteration between electric solver and thermal solver, 

only the temperature and heat transferred from the metal 

elements have to be solved.  

   There are 32761 (181*181) sets of eigenvalues β, μ and γ 
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in the thermal analytical solution. The resolution of temperature 

of traces is in 360×270 during iteration. But when steady-state is 

obtained, to obtain a more refined result and more accurate 

comparison with the COMSOL, the resolution of the 

temperature distribution was increased to 480×360. One 

arbitrary set of electrical parameters as given in Table I were 

defined to the pads and traces. 

 
TABLE I 

ELECTRICAL PARAMETERS DEFINED IN THE TWO-LAYER MODEL 

Layer1 Via 1 Pad 1.2 Pad 1.3 Via 2 

Value IP: 6A EP:0.04V EP: 0V EP: 0.01 

Layer2 Via 1 Pad 2.2  Via 2 

Value IP: -6A EP: 0.1555V  EP: 0.01 

 

Where IP represents current flowing in the trace-branch 

connected with corresponding pad.  

In the COMSOL, we loaded ‘shell, conductive media DC’ 

model and ‘general heat transfer’ model to implement the 

electro-thermal collaborative simulation. A CAD model was 

built according to the layout. The traces were recognized as thin 

‘shell’ on the surface of the PCB, which is similar to the 

assumption of neglecting the vertical thermal diffusion in the 

traces in our model. In the COMSOL, all traces in the board 

were meshed in 4660 triangles, and the PCB was meshed in 

48520 tetrahedral blocks and the total number of degrees of 

freedom is 88251. The simulation was running on a computer 

with Core-2 Quad 9400 CPU and 8G memory.  

The output results are shown in following figures with the left 

from our model and the right from the COMSOL: 

 

 
Fig.  5.   EP simulation results of first layer 

 

 
Fig.  6.  EP simulation results of second layer 

 

     
Fig.  7.  Current density (A/mm2) simulation results of first layer 

 

    
Fig.  8.  Current density (A/mm2) simulation results of second layer 

 

    
Fig.  9.  Power density (W/cm3) simulation results of first layer 

 

   
Fig.  10.  Power density (W/cm3) simulation results of second layer 

 

   
Fig.  11.  Temperature simulation results of first layer 

  
Fig.  12.  Temperature simulation results of second layer 
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Fig.  13.  Difference of Temperature results between two programs 

 

So the EP results from two programs seem quite consistent to 

each other. But there are a few differences in the maximum 

values of density results despite the color scales are similar. 

However, these differences seem not influencing the 

consistence of results of temperature. Because with large 

number of square mesh elements, the heating power totally 

generated in a relatively small area in traces is close to the real 

case. 

According to the results of difference in Fig.13, the average 

accuracy of the temperature results is more than 99%. It took 

about 1 minute to reach the thermal steady state in our model. 

But about 20 minutes were required in calculating the 

temperature of the whole surface, which is much longer than 1 

minute, the simulation time in the COMSOL. However, in the 

model only 2-D layout bitmaps should be prepared, which can 

be fast obtained from the PCB EDA software, but not building a 

CAD model as required in the COMSOL. 

IV.         LDR MODEL 

A simple LDR model was built to show the LDR immunity 

merit of the model. Suppose there are 25 square spot heat 

sources of 0.01W each uniformly distributed on the top surface 

of a rectangular FR-4 epoxy board, of which the dimension is in 

5cm×5cm×1.66mm and thermal conductivity is set to 

0.3W/mK. The surface is meshed in 600×600 resolution, so that 

the LDR is 600:1. If the board is attached to a heat sink at 

ambient temperature on the bottom and is thermal insulated on 

the top surface, the steady-state temperature rise in the heating 

spot region (24×24 pixel elements) can be given: 

 

 
Fig.  14.  Surface Temperature rise of a LDR structure. 

 

Calculation time for total 14400 spots is less than 1 minute. 

While, the same structure was not able to be successfully 

meshed in the COMSOL due to out-of-memory problem. 

V. CONCLUSIONS 

The model is able to realize the thermal simulation of the 

multilayer PCB structure with consideration of the thermal 

contribution of traces and vias. Fast analysis of electrical 

distribution in traces with multiple pads were realized in the 

electric solver. Integration of numerical calculation with the 

analytical solution helps overcome the difficulty in the modeling 

due to the in-homogeneity of the PCB structure. The algorithm 

has been validated through the comparison with a commercial 

CFD software, despite of a few errors occurred in fluid densities 

due to the intrinsic defects of the square mesh. 

The main potential of this model is from the capability of 

modeling the LDR structure. When there are small ICs or power 

devices mounted on a large PCB, LDR could be a serious 

problem for the commercial CFD software, because structure 

meshing could be failed due to the huge number of elements to 

be meshed. Certainly, simulation time of the model should be far 

more improved from the programming point of view. 
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Abstract - This paper introduces a miniaturized frictionless fan 

concept, which is similar to a piezo-electric driven fan principle 
and that can fits into a size of a matchbox. This type of fan has 
been employed for the enhancement of heat transfer by increasing 
the fluid circulation in regions which are otherwise stagnant.  

The introduced fan is based on a flexible blade whose 
vibration is driven by means of a magnetic field.  

As opposed to the piezo-electric fan, the blade material can be 
based on a polymer or steel blade. A static mechanical FE-analysis 
has shown good potential for a reliable, frictionless (i.e. highly 
reliable) fan compared to the piezo-electric one or to small axial or 
radial fans.  

A flow rate of ~11 l/min could be reached. This is 1/3 below to 
the compared piezo-electric fan. But the advantage of the 
introduced fan compared to the piezo-electric fan is its low driving 
voltage of 2.5 V instead of 120 V.  

The paper will describe the principle and first experimental 
results.  

I. INTRODUCTION 

Reliable miniaturized fans are of interest as they can 
enhance heat transfer by increasing the fluid circulation in 
regions which are otherwise stagnant. 

Available market-going miniaturized axial and radial fans 
using ball bearings have a low mean time to failure, because 
their movement entails friction. Frictionless fans like piezo 
fans or synthetic jet drivers use a blade or a membrane. In case 
of the piezo blade structure [1, 2] the mean time to failure is 
low and 6 to 7 times more expensive. The synthetic jet fan has 
an acceptable mean time to failure, but its weight is heavy, 
because of the used magnetic coil [3][4-7].  

For that, a reliable fan with a high mean time to failure, a 
low weight, low power consumption, small outline, no noise, 
low cost and an acceptable flow rate is necessary. The paper 
describes the results of a first concept study of a magnetic field 
driven, frictionless blade fan and its working principle. The 
flow rate, the heat transfer coefficient as well as the influence 
of surrounding walls around the blade fan will be examined. At 
least, three prototypes and its properties as well as a blade 
shape study to enhance the performance will finish this paper.  

II. FRICTIONLESS BLADE FAN PRINCIPLE 

The idea is to have a reliable clamped blade. Two magnetic 
coils stimulate in 180° phase shift the PVC-U blade with a steel 
clip in position of the coils. The steel clip is necessary for the 
magnetic excitation. As blade material a PVC-U is used.  

 
Fig.1 Blade fan assembly. 

Figure 1 shows a schematic of the blade fan principle. An 
air flow will be generated in direction of the blade tip.  

 
Fig.2 Blade dimensions and steel clip position (side view). 

Table 2 states the blade dimensions and the position of the 
steel clip. 

Table1  
BLADE DIMENSIONS (SEE FIGURE 2) 

Parameter value[mm] 
LA 9 
LB 20 
L 35…90 
b 0.2 
h 12 

The flow rate is a function of the amplitude y and the operated 
natural frequency. The blade fan creates mainly air flow near 
its tip. The fan can be operating in its 1th and 2nd natural 
frequency, which is dependent of the blade length. No blade 
movement was observed at the 3rd natural frequency. At a blade 
length over ~ 45 mm, the second natural frequency shows a 
much better air flow rate then the 1st one. 

III. DETERMINATION OF AIR FLOW RATE 

A schematic of the used set-up to determine the fan 
performance is shown in Fig. 3a. The used set-up is referring to 
the AMSE/ANSI Standard 210-07 [9], because a recommended 
set-up was not available yet. Therefore the pressure 
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determination has to be done later. In a first step, only the flow 
rate could be measured with a hot wire-anemometer from 
KIMO CTV210 [8] (working ranges: 0 to 1 m/s and 0 to 30 
m/s). 

 
Fig.3 a) Measurement set-up b) Amplitude measurement [11] 

The amplitude measurement was done as shown in figure 
3b [10].  

A maximum flow rate of V̊ ~ 10.5 l/min could observed for 
a blade length of L = 70 mm. A maximum amplitude y could 
be noticed for blade length of L = 80 mm (figure 4). 

 
Fig. 4 Flow rate V̊ and amplitude y as function of  

blade length L. 

A. Validation with a piezo fan  
A comparison between the introduced blade fan and an in 

[2] investigated piezo fan is given in figure 5.  

 
Fig.5 Comparison of the flow rate between piezo [2] and  

new blade fan as function of the amplitude y. 

Because the piezo fan was characterized in the AMSE/ANSI 
Standard 210.07 recommend flow box, the given validation in 
figure 5 gives only a tendency. Considering this, it can 
ascertain that the piezo fan has a six times higher flow rate 
slope with increasing amplitude. One reason could be that the 
piezo fan was operate in 1st natural frequency mode instead of 
the blade fan, which was operate in 2nd natural frequency 
mode. 

IV. INFLUENCE OF CABINET  

The main idea is to protect the blade fan against damage 
with a cabinet. Therefore further on the influences of 
surrounding walls will be examined. 

Supposing the amplitude y limits the air inlet into the 
cabinet, three different cabinet sizes, given in table 2, were 
taken under investigation. 

Figure 6 presents the measurements results. To verify the 
flow rate V̊, the characteristic for no encapsulation is also 
given. It can be seen, that the flow rate V̊ for cabinet 1 follows 
the behavior with no encapsulation. For cabinet 2 the flow rate 
V̊ reaches a maximum plateau at amplitude y = 9 mm. For 
cabinet 3, only two measurement data could be determined, 
because below y = 8 mm and above y = 9 mm the flow rate 
was too low for the anemometer. 

 
Fig. 6 Flow rate as function of the amplitude for different cabinet sizes  

(see table 2). PV = 0.5 W, blade length L = 70 mm. 

For cabinet 3, only two measurement data could be 
determined, because below y = 8 mm and above y = 9 mm the 
flow rate was too low for the anemometer. 

Table 2 
CABINET SIZES TO DETERMINING THE INFLUENCE OF THE SURROUNDING BLADE FAN 

HOUSING (FLOW BOX OUTPUT OPENING DIMENSIONS: BO = 26 mm and HO = 14 mm) 

Cab. 1 Cab. 2 Cab. 3 

Height (HC) 40 mm 25 mm 20 mm 
Width (BC) 80 mm 50 mm 40 mm 
Depth (TC) 70 mm 70 mm 70 mm 

As a design rule for a closed side wall cabinet it could 
found that a minimum of a factor of 6 of the maximum 
amplitude y should be used to get a maximum flow rate. 

A. Cabinet openings 
In case to force a miniaturized fan, the influence of air inlets 

at the side or top walls was also taken under investigation. 
Therefore, the vertical and horizontal side walls were 

opened and the flow rate V̊ was observed during increasing the 
opening length O (figure 7). 

 
Fig. 7 Openings at vertical side walls (case A) and horizontal side walls  

(case B) using cabinet size 3. 
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Figure 8 shows the influence on the flow rate as function of 
the opening length O at vertical side walls (case A) and 
horizontal side walls (case B).  

 
Fig. 8 Flow rate as function of the opening length O at vertical side walls (case 

A) and horizontal side walls (case B) using cabinet size 3 (amplitude  
y = 9 mm). 

While increasing the openings length O, the flow rate 
shows an exponential increase. It can also be seen that the 
openings at the horizontal side walls (case B) lead more air into 
the cabinet as the vertical side wall openings (case A). 

V. BLADE FAN CHARACTERISCS 

A. Determination of heat transfer coefficient 
The heat transfer coefficient  can be determined by 

equation 1, 

)(TA

P
α

ambS

heatV,

T
  (1) 

with PV,heat [W] as power loss in a heating resistor and TS [K] 
and Tamb [K] as surface and ambient temperature.  

To have a small outlined heating source surface and an easy 
to control heat und temperature measurement, a thermal test 
chip (TTC), existing of a 3 x 3 thermal test die (TTD) 
assembly, was used. The TTC is mounted in flip-chip 
technology on a FR-4 board (figure 9a).  

Figure 9b shows a schematic of such a TTD with its 
implanted heat resistance and diode. 

   
Fig. 9 Thermal test chip (TTC) assembly (a) and Structure (b). 

With the implanted diode the chip temperature TJ can be 
measured because of the temperature-depending physical effect 
of the diode forward voltage UF, during a constant diode 
current IF, is used (equation 2).  

constI
I

I
e
TK

UT DiodeF
S

DiodeF
DiodeFJ  ,

,
, @)(ln~  (2) 

 
Fig. 10 Test set-up to determine the transfer coefficient  

and the self-heating of the blade fan [12]. 

To determine the heat transfer coefficient it is in first 
approximation assumed that TS is close to TJ , because of the 
low thermal resistance between junction and surface of the 
silicon chip.  

 
Fig.11 Blade positions to determine the heat transfer coefficient using a TTC. 

To find the optimum position for the blade fan achieving 
the best heat transfer coefficient, the blade was positioned with 
no blade overlap (a), half overlap (b), full overlap (c) and a 
vertical position to the TTC surface (d), see figure 11. 

Table 3  
BLADE DIMESIONS AND MEASURMENT PROPERTIES AS WELL AS TTC PROPERTIES; 

WHILE DETERMINING THE HEAT TRANSHER COEFFICIENT 

Blade length 70 mm 
Blade height 12 mm 
Amplitude y 9 mm 
Frequency 16.92 Hz 
RTTC 11 � 
ATTC 139.24 mm²   

The measurements were done using the set-up given in 
figure 10. The blade and TTC properties are given in table 3. 

 
Fig. 12 Measured heat transfer coefficient α for different blade position (see 

figure 14) and different TTC power dissipation. 

The results of this examination are given in figure 12. It 
was found that there is no dependence on the heat dissipation 
PV,heat but on the blade position with respect to the heating 
surface of the TTC. Best results are reached in the vertical 
position. Measurement results in [11] show for the half covered 
position a ~ 25 % lower heat transfer coefficient. For the non 
and fully covered positions the results are diverge.  

B. Static mechanical stress 
To have a numerical estimation about the reliability of the 

PVC-U blade (Polyvinylchlorid-strong in no stretched form), a 
static mechanical stress FE-Simulation was done (figure 13). 

 
Fig.13 Static mechanical FE-simulation (Mises stress) for blade length L  

a)  35 mm and b) 90 mm.  
The amplitude was in case a) y = 3 mm and b) y = 11 mm. 
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The FE-simulation were done for a short (35 mm) and a 
long (90 mm) blade length. The results allow a first statement, 
that the maximum stress in the clamping region is about 5-6 
times smaller than the maximum fracture stress of PVC-U 
(break = 20 MPa) [12]. 

VI. MINIATURIZATION 

A. Prototypes 
In case of having a small outline of the blade fan, a study 

for three prototypes was done. The investigated outline 
dimensions and a property list for the blade fan prototypes. are 
given in figure 14. It can be seen, that there is a linear behavior 
between the power dissipation and flow rate, while reducing 
the size 

 
Fig.14 Realized prototype blade fans 

B. Optimization - Rectangle front shape blade 
To optimize the flow rate V̊ a design study of the blade 

shape was done. 

 
Fig. 15 a) Design of rectangle blade shape (steel clip position: L1 = 4 mm, L2 = 

8 mm). b) Set-up for rectangle blade shape investigation. 

Figure 15a shows a schematic of the changed shape and its 
parameter, which were taken under investigation. Figure 15b 
shows a picture of the test set-up, with which it is possible, to 
have a blade fan of a size around 26 mm in diameter (2 € coin). 

Under investigation were the height and length of the 
rectangle blade form at the front of the blade (L4, H2) with 
respect to the blade height at the clamping (H1) and the overall 
length (L3). 

 
Fig. 16 Flow rate V̊ as function of the aspect ratio of the blade shape H2/H1, (L3 

= 45 mm, L4 = 15 mm). 

Figure 16 shows the dependence between the height H1 and 
the aspect ratio of the blade shape ratio H2/H1.  

 
Fig. 17 Flow rate as function of the aspect ratio of the front blade shape L4/L3 

(H1 = 2 mm, H2 = 12 mm, L3 = 31 mm). 

It can be seen that the flow rate V̊ increases non linearly, 
which become stronger with an increasing height H1. 

Also determined was the aspect ratio L4/L3 of the blade 
shape (figure 17). It could observed, that there is a plateau 
between L4/L3 = 0.35 to 0.6. 

VII. CONCLUSIONS 

A new type of frictionless working fan was introduced and 
its principle function as well as the first experimental results 
was highlighted. The fan shows a good potential for reliability 
and for miniaturization and has the capability to enhance heat 
transfer by increasing the fluid circulation in regions which are 
otherwise stagnant. In a first static mechanical FE-Simulation it 
could found, that the maximum stress is 6-7 times smaller to 
fracture stress. The flow rate can be nearly doubled, while 
using air wall inlets in the surrounding cabinet walls. The flow 
rate can also be enhanced using a rectangle shape at the front of 
the blade. Further work has to be done in characterizing its 
pressure behavior and the influence of the self-heating and the 
magnetic field onto the electronic components as well as long 
time studies with respect to reliability. 
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Abstract-This paper presents in detail a practical realization  

of the measurement system allowing active control of cooling 

conditions during thermal characterization of electronic devices 

and their packages in the dual cold plate cooling assembly. The 

cooling conditions are adjusted based on temperature and heat 

flux measurements owing to the use of Peltier thermo-electric 

modules controlled by the PID algorithm.  

 

I.  INTRODUCTION 

The proper thermal characterization of electronic systems 

often requires numerous transient temperature measurements 

which should be performed in precisely controlled cooling 

conditions. Such measurements can be taken using the Dual 

Cold Plate (DCP) cooling assembly which stabilizes package 

temperature during measurements. However, the cold plates 

might not be sufficient to keep constant package temperature. 

Therefore, this paper presents an enhanced version of the 

DCP cooling system realizing in practice the concept of the 

variable thermal resistance. This concept is not new and was 

already presented in literature [1]-[3], but the current version 

possesses some novel features, which were not discussed 

before. Namely, this new realization allows the registration  

of thermal transients not only in precisely controlled cooling 

conditions but also with known contact resistance values. 

This was possible owing to the application of a tensometer 

bridge and a special squeezing force adjusting weights. Such 

enhancements might be especially useful for the transient dual 

interface measurements described in the recently published 

JEDEC standard [4]. 

The following section of this paper presents briefly the 

design and the calibration of the cooling condition control 

circuit. Particular attention is paid to the presentation of the 

heat flux control unit. The operation of the system is verified 

in practice based on a simple example where the heat flux 

from a diode package is stabilized during measurements taken 

with variable power dissipation in the device. 

II. SYSTEM DESIGN 

The measurement system was developed as an extension  

to the standard DCP measurement stand. This system allows 

the registration of thermal transients with very high temporal 

resolution in various cooling conditions and with different 

values of contact thermal resistances without the necessity  

of reassembling the entire experimental setup. 

The particular system components responsible for the heat 

source triggering and the recording of thermal responses as 

well as the detailed design of the temperature control circuit 

were already presented in [5] and [6]-[7] respectively, thus 

here the authors will focus mainly on the unit responsible for 

the heat flux measurement, which is a new feature compared 

to the above mentioned publications.  

A.  Hardware Description  

The main component of the entire cooling condition control 

system is the processor with the AVR core. This processor 

issues appropriate control signals based on the information 

obtained from electrical, thermal and mechanical sensors. The 

communication with the system is enabled via a set of serial 

and USB I/O ports as well as the user interface containing 

LCDs, keyboard and LEDs. 

The control of cooling conditions in the system is exercised 

by two relatively large (40 mm x 40 mm) Peltier Thermo-

Electric Modules (TEMs) which are inserted on both sides  

of a tested device between the cold plates and spacers directly 

touching its package. The TEMs, having the nominal thermal 

power of 90 W, are operated at 17 V DC voltage. They are 

powered by two separate power modules containing their own 

power supply units with a transformer and a cooling fan. 

The power units are based on the TDA7294 analog full 

bridge amplifiers, which provide current to the TEMs. These 

amplifiers, equipped with internal short-circuit overheat and 

protection circuits, are controlled by the symmetrical voltage 

and they can provide 10 A of current forcing the current flow 

through the TEMs in both directions, hence producing either 

heating or cooling action. According to the measurements, the 

variation of the control voltage by one mV changes the TEM 

current by approximately 4.5 mA.  

Digital control signals for both TEMs are generated in the 

main processor. First, these signals are converted in the 12-bit 

MCP4922 DACs to the analog form and then they are further 

processed in the voltage level shifting circuit to produce the 

symmetrical control voltage for the bridge amplifiers.  

The measurement of the instantaneous electrical power 

provided to the TEMs is possible owing to the application  

of the dedicated ACS712 current sensors and measurement 

amplifiers monitoring the voltage supplied to the TEMs. The 

analog signals coming from these sensors are converted into 

the digital domain in the internal 10-bit converters contained 

in the main processor.  
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Fig. 1. Heat flux sensor calibration curve. 

The temperature measurements at different locations in the 

system are taken with thermocouples connected to dedicated 

AD595 amplifiers, which render possible the compensation  

of the cold junction. The heat flux from the package is sensed 

with commercially available 27036-3 thin sensor integrated 

with an T-type thermocouple manufactured by Rhopoint. The 

readings from this sensor are highly temperature dependent 

thus a special calibration curve provided by the manufacturer 

has to be used when reading signal out of this sensor. Since 

the nominal sensitivity of this sensor is just 0.317 V/(W/m
2
) 

its output signal is initially amplified 100 times in the INA128 

amplifier. The output signals from all these thermal sensors 

are supplied to the main processor after their conversion into 

the digital domain in the 12-bit MCP320 ADCs. 

B.  System Calibration 

The cooling conditions of a tested device or package could 

be controlled by the adjustment of TEM current based on the 

information coming from temperature and heat flow sensors. 

Then, implementing an appropriate current control algorithm 

it would be possible to force virtually any kind of boundary 

conditions, e.g. prescribed temperature, heat flux or even heat 

transfer coefficient. In such a case, the software code running 

in the processor monitors all the system thermal parameters 

and controls the operation of the TEMs thus permitting the 

real time adjustment of cooling conditions. However, for the 

proper operation of the algorithm all the system components 

must be carefully calibrated. 

The particular algorithm chosen by the authors to control 

the TEM current is the well-known PID algorithm [8], which 

has already been used in [7] to maintain constant temperature 

on the TEM sides facing the package of a tested device. This 

was realized based only on the information coming from the 

temperature and electrical sensors. Here, the objective of the 

regulation is reformulated to maintain during measurements 

constant heat flux. Thus, now both temperature and heat flux 

data is required for the control algorithm as it was originally 

proposed in [9]. 
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Fig. 2. PID regulator characteristic. 

According to the theory [8], the PID algorithm parameters 

required to adjust the heat flux can be determined from the 

open loop gain of the control system. This means that in the 

considered case the dependence of the heat flux sensor output 

voltage on both the TEM current and the power dissipation  

in a tested device have to be known. 

Thus, first the actual sensitivity of the heat flux sensor has 

to be determined. For this purpose, a power diode was placed 

in the DCP stand. Its package was thermally insulated from 

the top and firmly attached to the bottom cold plate with the 

application of thermal grease, thus forcing unidirectional heat 

flow. The experimentally measured dependence of the output 

sensor voltage on the dissipated power is presented in Fig. 1. 

As can be seen, the obtained characteristic is fairly linear  

in a relatively wide range of dissipated power values with the 

slope of 160 mV/W. Now, knowing the precise contact area 

this value could be converted into the actual heat flux units. 

Another unknown characteristic which is still required for 

the control algorithm to determine the open loop gain is the 

sensitivity of the regulated parameter, i.e. the heat flux, on the 

TEM current. This experimentally measured curve is shown 

in Fig. 2. As can be seen, this dependence is highly nonlinear 

what means it has to be somehow linearized near the nominal 

operating point so as to find the optimal algorithm parameter 

values. An additional difficulty in controlling the heat flux 

consists in the nonlinearity of the curve presented in Fig. 2 

because the control voltages required to adjust the heat flux 

value differ significantly for positive and negative Peltier 

TEM current values.  

III.  EXPERIMENTAL RESULTS  

The feasibility of controlling the heat flux has been verified 

in practice based on the example presented in this section. 

The experiment consisted in maintaining the heat flux flowing 

through the heat slug of a power diode constant for different 

values of dissipated power, what in fact corresponds to the 

significant degradation of the device cooling and the increase 

of its thermal resistance. 

- 116 -



25-27 September 2012, Budapest, Hungary 

©EDA Publishing/THERMINIC 2012  ISBN:978-2-35500-022-5  

 
Fig. 3. Device mounting details. 

A.  Measurement Setup 

The measurements were performed in the earlier described 

DCP stand. The tested device was a third generation silicon 

carbide power diode rated for 6 A and 600 V packaged in the 

TO-220 package. The diode, as pictured in Fig. 3, was firmly 

squeezed between the cold plates. During the measurements 

the package was thermally insulated from the top cold plate 

by the thick Teflon spacer and generated heat was removed 

from the device towards the bottom cold plate through the 

copper spacer and the Peltier TEM; all visible in the photo. 

The heat flux sensor was placed between the heat slug of the 

package and the bottom spacer.  

First, the power of 1.0 W was dissipated in the diode. Then, 

it was increased to 1.5 W and 2.0 W, each time after at least 

300 seconds when the thermal steady state was approximately 

reached. Except for the heat flux, the temperature values were 

measured by thermocouples located on both sides of the TEM 

and the heat slug. The water flow through the cold plates was 

forced by a thermostat and its temperature was set to 30 ˚C.  
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Fig. 4. Uncontrolled variations of surface heat flux. 

 

B.  Heat Flux Control  

Initially, the measurements were taken without any control 

of the heat flux. The recorded variation of the voltage at the 

heat flux sensor output is presented in Fig. 4 by the lighter 

noisy curve. Additionally, the solid black line represents the 

changes in the power dissipation. The numbers on the left 

side of the chart indicate the output voltage whereas the ones 

on the right correspond to dissipated power. As can be seen, 

the obtained results prove that the heat flux sensor operates 

correctly and its response remains in quite good agreement 

with the earlier measured sensor calibration curve pictured  

in Fig. 1. 

Even more information can be inferred from Fig. 5, where 

the changes in the power dissipation are plotted together with 

the recorded temperature values. The lighter line corresponds 

to the heat slug temperature whereas the darker double line 

represents the copper spacer temperature. Now, the numbers 

on the left side of the chart indicate the measured temperature 

values.  

Looking at the figure one can easily notice that during  

the experiment the temperature of the copper spacer, located 

between the heat flux sensor and the TEM, remained fairly 

constant, whereas the temperature of the heat slug increased 

significantly. As a result, when power increased from 1.0 W 

to 2.0 W, the temperature difference between the heat slug 

and the spacer almost doubled from 22 K to 42 K. Except for 

the non-perfectly unidirectional heat flow within the structure, 

this slight nonlinearity can be explained by improved cooling 

through the outer package surfaces due to enhanced radiation 

and convection cooling at elevated temperatures. 

Another comment which has to be made is that both the 

temperature and heat flux settling times are relatively long 

and they exceed three minutes. This fact could be a serious 

problem for the real time stabilization of the heat flux. 

Next, this experiment was repeated, but this time the PID 

control algorithm was activated and it was set to maintain the 

same heat flux value as if the power of 1.0 W was dissipated 

in the diode. 
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Fig. 5. Variation of temperature without heat flux control. 
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Fig. 5. Controlled variations of surface heat flux. 

The results of the second experiment are shown in Figs. 5-6 

representing respectively the measured variations of the heat 

flux and the temperature values at the previously considered 

locations. As can be seen in Fig. 5, the PID algorithm indeed 

manages to attain the desired value of the heat flux in the 

steady state maintaining at the same time the temperature 

difference between the heat slug and the copper spacer in the 

range of 23 K÷26 K. However, this time again long settling 

times are observed. Moreover, the algorithm first opposes the 

changes in the heat flux starting from the zero heat flux 

condition and then it tends towards the desired value. 

Concluding, this first attempt to demonstrate in practice the 

possibility to maintain constant surface heat flux during the 

entire measurement was successful. However, still more fine-

tuning of the PID control algorithm parameters is required. 

Moreover, taking into account that the heat flux sensor itself 

introduces important thermal resistance and capacitance into 

the main heat flow path, in order to decrease the settling time 

future versions should rely on the stabilization of temperature 

differences rather than on keeping constant heat flux sensor 

indications. 

IV. CONCLUSIONS 

This paper discussed in detail the practical problem of real 

time control of cooling conditions during the transient thermal 

measurements of an electronic device. The presented results 

demonstrated the feasibility of realizing a PID control system 

which, when provided with adequate heat flux or temperature 

data, is capable of maintaining during measurement not only 

constant temperature but also heat flux or thermal resistance, 

independently from the power dissipation in a tested device.  

Such a versatile and precise control of cooling conditions 

offers virtually unlimited freedom of shaping the surface heat 

exchange coefficient value without the necessity to repeatedly 

disassemble the entire experimental setup. This feature might 

be especially useful for the generation of boundary condition 

independent compact thermal models or for the determination 

of the junction-to-case thermal resistance according to the 

recent JEDEC Standard JESD51-14 [10].  
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Fig. 6. Variation of temperature with heat flux control. 
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Abstract – Silicon Carbide (SiC) is a wide bandgap 
semiconductor with highly appreciated properties making it 
ideal for high power, high frequency, and high temperature 
applications. One of these properties is the high thermal 
conductivity (λ) which is mentioned in almost every single 
publication, yet very few measurements of λ on SiC have been 
made and essentially no knowledge has been accumulated on the 
limiting factors on λ or on what role λ plays in a finished device. 
Improvement of λ may be achieved if the material is isotope 
enriched i.e. the SiC is dominatingly 28Si12C. In this paper we 
will highlight the properties of SiC as a power device material 
with specific emphasis on λ. The results from 28Si12C show that 
the layers are very low doped and have an isotope purity of 99% 
or better. 

I.  INTRODUCTION 

What makes SiC so attractive for power applications? In 
the perfect world a power device blocks a very high voltage in 
the reverse direction and at the same time conducts perfectly 
in the forward direction. However no power device material is 
perfect, so let us look at what limits the forward direction 
using the simplest model. In a unipolar device, such as a 
Schottky diode or MOSFET, all current transport is achieved 
by the few free electrons that are manifest in the active layer 
(fig. 1). The resistance (Ron) is hence obviously determined by 
the doping and thickness of the active layer. It is thus an 
advantage if the active layer can be made as thin and high 
doped as possible. 

Blocking a voltage, however, requires a rather thick layer 
with a low doping in order to keep the field at the junction 
below the critical field Emax. Here SiC has a major advantage 
as Emax is roughly ten times higher than that of Si which in 
essence means that an active layer of SiC for a specific 
voltage can be made ten times thinner and ten times higher 
doped leading to an Ron which is 100 times lower than that of 
Si [1]. 

The thickness and doping in the reverse direction for a 
unipolar 2kV SiC diode is hence roughly 20 µm thick and the 
doping in the mid 1015 cm-3. Obviously the equivalent device 
in Si the active layer would be too thick and too low doped to 
produce a satisfactory Ron and therefore the high voltage 
devices made from Si will be bipolar where Ron is not 
determined by the doping of the active layer but rather the 
total amount of carriers present in the layer at a specific 
instance. 

In a bipolar device holes and electrons can be injected into 
the active layer to form an electron-hole plasma. The amount 
of carriers that are present in the layer is determined by the 
carrier lifetime (τ) and hence Ron can be quite low even for 

high voltage devices. The drawback is however that when the 
device switches from the on-state to the reverse-state all the 
carriers present in the layer will rush to their respective 
contact and give rise to a short current pulse which we call the 
reverse recovery current. As a switching device, the unipolar 
device, where switching losses are limited to the RC losses, is 
far superior to the bipolar device. 

A lower carrier lifetime will of course give a better 
switching device but at the same time Ron will become higher 
so an appropriate balance must be found. Fig. 2 illustrates 
simply how the carrier distribution looks depending on 
whether τ is high or low. Most carriers are located close to the 
anode and cathode. When τ is low, more carriers must be 
injected i.e. the forward voltage drop will be higher in order to 
reach the desired current. 

Controlling the carrier lifetime is hence of very high 
importance as the characteristics of the finished bipolar 
device greatly depends on it. 

Most power devices are used in applications where fast 
switching is required. Motor drives for instance take a DC 
current and make an AC with variable frequency. The faster 
the switching the more sinusoidal will the AC current be and 
the losses will be reduced. Analyzing the losses one will see 

 
Fig. 1. Illustration of a Schottky diode 

 
Fig. 2. Illustration of how the carrier lifetime impacts the carrier distribution 

in a PiN diode. 
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Fig. 3. Comparison of the reverse recovery losses between a SiC Schottky 
freewheeling diode and a fast recovery Si diode together with a Si IGBT in 
an inverter configuration for solar panels: Even at room temperature the SiC 
Schottky diode greatly outperforms the FRED diode. At higher junction 
temperatures the FRED diode performs even worse. 

 
Fig. 4. The thermal characteristics of a SiC Schottky diode. 

that the switching losses account for the largest share of the 
losses in circuits using bipolar devices. However, when 
unpolar devices are used, the switching losses are 
substantially reduced and conduction losses and reverse 
leakage losses are of greater concern. In most high voltage 
applications such as in motor drives (hybrid cars), bipolar Si 
diodes are used as freewheeling diodes together with a Si 
IGBT or MOSFET (CoolMOS or similar). The reverse 
recovery from the freewheeling diode is huge and this gives 
rise to the large switching losses. If the bipolar Si diode is 
substituted with a SiC Schottky diode, these switching losses 
become very small fig. 3 [2]. 

As the junction temperature increases the mobility of the 
carriers decreases which is reflected in a larger forward 
voltage drop. An excellent example of this may be seen in fig. 
4 which shows the thermal characteristics of a SiC Schottky 
diode made by Infineon [3]. Additionally, the leakage in the 
reverse direction increases with increasing temperature. 
Keeping the junction temperature low is hence of high 
importance and here packaging can help a lot. 

 Thankfully SiC has a very high thermal conductivity. Low 
doped SiC has a λ which is 390 W/mK and 490 W/mK 
parallel and perpendicular to the c-direction, respectively [4]. 
This is substantially higher than that of Si but much less than 
λ of diamond. It is surprising to note that in any publication on 
SiC you read, λ is mentioned yet very few studies have been 
made. Very much knowledge on the material can be 
accumulated if λ is studied on a number of different samples 
grown under different circumstances. In which way do 
extended intrinsic defects impact the thermal conductivity? 
Can a large concentration of vacancies impact the thermal 
conductivity? These are questions to which we yet need to 
seek an answer. 

A known way to improve λ is to reduce the isotope disorder 
in the material. This has been done in Si, Ge, and diamond but 
never in SiC with the purpose to increase λ. Simple estimates 
show that λ of isotope enriched SiC should be 36% higher 
than that of natural SiC [5]. 

From a commercial standpoint, λ is the foremost parameter 

determining the current density i.e. the number of chips on a 
wafer is determined solely by λ.. 

 II.   PROPERTIES OF SIC 

Besides the high breakdown electric field strength and the 
high thermal conductivity, SiC has a high saturated electron 
drift velocity vsat which is advantageous in high frequency 
devices. Most high frequency devices are however now 
moving towards group III/N type devices since one can obtain 
a higher power density from these. However, the highest 
power densities are obtained on devices grown on semi 
insulating (SI) SiC substrates since these have a higher 
thermal conductivity. 

SiC is a wide bandgap material but the bandgap depends on 
which polytype that is referred to. All polytypes have the 
same composition and in the basal plane they all look the 
same, however they differ in the stacking sequence of the 
Si-C bilayers in the c-direction. 

 
 

Fig. 5. The closed packed hexagonal structure of SiC as seen along the 
c-direction. Note that on the ‘A’ layer the next layer can either be on a ‘B’ 
position or a ‘C’ position. Depending on how the layers are stacked on top 
of each other, different polytypes will be obtained. 
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The three most common polytypes are 3C, which is the 
only cubic structure in SiC, 4H, which is the most commonly 
used polytype, and 6H. The number denotes the number of 
bilayers of the stack sequence before it repeats itself and the 
letter denotes the resulting crystal structure. The polytypes 
differ in all optical and electronic properties; the bandgap is 
for instance 3.2 eV for 4H and 2.4 eV for 3C. 

III.   GROWTH OF SIC 

A.  Crystal Growth  

SiC does not have a molten phase, instead it sublimes at 
high temperatures. The crystal growth normally is done using 
a process called seeded sublimation growth also known as 
Physical Vapor Transport (PVT) and modified Lely technique 
which was first put into practice by Tairov and Tsvetkov [6]. 
The technique is very simple; a container is filled with a 
powder of SiC and closed with a lid that has a seed wafer 
attached to it. When the container is heated small axial and 
radial thermal gradients are placed on the system. The axial 
thermal gradient will ensure that material is transported in a 
positive way from the source to the seed. The radial gradient 
is made such that the growth rate is slightly lower on the 
crystal edge which is vital in order to obtain a good crystal 
structure. When the temperature reaches more than about 
1800 °C, the SiC will begin to sublime appreciably and, on 
account of the thermal gradient, material will start to transport 
from the source to the seed. 

The growth is usually done at seed temperatures in excess 
of 2000 °C. Axial thermal gradients are several tens of 
degrees/cm and the growth pressure is around 10 mbar to 
promote a fast transport. The growth rates are between 0.1 – 1 
mm/h. The best quality material is of course obtained at the 
lower growth rates where the thermal gradients are low. 

A related technique was developed in the early ‘90s which 
is called High Temperature Chemical Vapor Deposition 
(HTCVD) [ 7 ]. In this technique, the source material is 
replaced with gases, normally silane and ethylene and a 
carrier gas of He or a mixture of He and H2 (fig. 6). The silane 
and ethylene will decompose already in the injector to form 
micro-clusters of SiC which are transported to the hot zone 
where they sublime. The sublimed species will move upwards 
to condense on the slightly colder seed. Growth rates and 
temperatures are in the same range as with the PVT technique 

but the pressure is around 400 mbar. The transport of the 
species and the micro-crystals is achieved by the carrier gas. 
The choice of carrier gas is a fine point as it is important that 
the gas is inert and has a good thermal conductivity. He has a 
thermal conductivity comparable to H2, but Ar is a poor 
choice as the conductivity is only one tenth of that of H2. 
Using only H2 will lead to aggressive etching of the crystal, 
however, a small amount of H2 is advantageous for the growth 
both on terms of growth rate and crystal quality. 

If the micro-crystals do not fully sublime in the hot zone it 
can be seen as smoke coming out of the reactor. The 
temperature where one can observe smoke or not (the smoke 
limit) is very well defined. A change in only a few degrees 
can move the process from showing smoke or not. The crystal 
quality will be severely compromised if the sublimation of the 
micro-crystals is not complete. The choice of carrier, gas, 
pressure, thermal gradient, and precursor chemistry all impact 
on the smoke limit. The choice of carbon precursor is of 
particular importance; propane is for instance very bad 
whereas methane or ethylene is substantially better. The 
intriguing reactions occur in the injector region where the 
micro-crystals form. A higher pressure will for instance 
promote homogeneous nucleation and the particle size will 
increase. Larger micro-crystals will be more difficult to 
sublime and hence the smoke limit will increase. 

The purity of the crystals is outstanding using the HTCVD 
technique as the gases can easily be obtained in a very pure 
form. The crystal quality is comparable to the PVT technique. 
Unfortunately, the crystal quality with both techniques is 

 
 

Fig. 5. The closed packed hexagonal structure of SiC as seen along 
the c-direction 

 
Fig. 6. CAD model of the HTCVD system. The gases enter at the bottom 
in a co-axial injector. The precursor gases enter in the center and most of 
the carrier gas is entered in the outer part of the injector. This is to avoid 
parasitic depositions in the injector. The micro-crystals formed in the gas 
phase through homogeneous nucleation are transported to the hot-zone 
where they sublime and the species condense on the seed. 
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hampered by the large thermal gradients which tend to build 
in stresses in the material. Additionally the hard attachment to 
the lid is also a concern. The attachment is needed to prevent 
Si from the seed crystal leeching out, however, the difference 
in CTE and temperature dependence of the CTE between the 
graphite and SiC has to be well matched otherwise the crystal 
can crack during cool down. 

The HTCVD has not made it commercially to any great 
extent. The high purity is of course nice for making SI 
substrates for high frequency devices but conducting 
substrates for power devices is today exclusively produced 
using the PVT technique. 

B.  Epitaxial Growth  

All epitaxial SiC layers are today grown using Chemical 
Vapor Deposition (CVD). There are several different styles of 
reactors but today most reactors are either hot-wall reactors or 
warm-wall reactors. The hot-wall reactor was first introduced 
in the early ’90 and was an immediate success on account of 
the very high purity and quality material that could be 
produced in these. The concept has been developed since the 
’90 and today there are horizontal reactors with a 3 x 3” 
capacity giving a 1.6% and 4.8% thickness and doping 
uniformity, respectively [8]. There are also larger planetary 
reactors with a capacity of up to 10 x 100 mm which has a 
thickness and doping uniformity of 2.4% and 3.7%, 
respectively [9]. 

The standard chemistry is silane, propane (or ethylene) and 
a massive flow of hydrogen as carrier gas. Typical growth 
conditions are 1500 - 1600 °C, 100 – 200 mbar, and a C/Si 
ratio between 0.8 – 2. N-type and p-type doping is achieved 
by additions of N2 and trimthyl-aluminum (TMA), 
respectively. This chemistry is proven and gives growth rates 
in the order of 10 µm/h. Increasing the growth rate proved to 
be difficult with the standard growth conditions due to excess 
homogeneous nucleation. The Si clusters could be so large 
that they would fall down on the wafer surface and leave an 
imprint on it as seen in figure 9. Lowering the pressure and 
increasing the carrier gas helps reduce homogeneous 
nucleation but it proved difficult as it led to increased etching 
counteracting the intended and expected growth rate increase. 
Tsushida et al. went to the extreme in this respect and grew 
epitaxial layers at 40 mbar with a carrier flow of 50 – 70 SLM 
resulting in growth rates of 250 µm/h [10]. Undeniably, this is 
an impressive result however it proved much more successful 
to use a chlorinated chemistry. The Cl – Si bond is much 
stronger than the Si – Si bond which makes this chemistry 
attractive. Using a chlorinated chemistry, growth rates in 
excess of 100 µm/h could be obtained [11]. Leone et al. 
attempted to grow bulk using the SiCl4 resulted in growth 
rates of 350 µm/h [12]. The efficiency of using chlorinated 
silanes directly is better than using silane and adding HCl. 
This can simply be understood considering that the active 
growth specie in the process is SiCl2 which quite readily is 
formed from e.g. trichlorosilane directly whereas it is more 
difficult to form it from silane: No less than six bonds must be 
broken and there has to be a “meet and react” process between 
the Si atom and the two chlorine atoms. 

Typical background doping is in the low 1014 cm-3. This is 
sufficient for power devices up to roughly 20 kV. 
Additionally layers up to about 200 µm thick can be grown 
with good morphology. 

IV.   DEFECTS 

 Controlled amounts of point defects are needed in order to 
make the devices work as intended but other than those we do 
not want any defects. N-type doping is achieved by adding 
nitrogen. Due to the crystal structure, nitrogen in 4H can 
occupy two sites that differ in the number of second closest 
neighbors. This gives nitrogen two different binding energies, 
one for nitrogen on the cubic site and one on the hexagonal 
site. 6H consequently has three inequivalent sites and 3C, of 
course, only one. The nitrogen donors in 4H has thus a 
binding energy of roughly 61 meV and 125 meV. Diffusion is 
almost nonexistent in SiC and all dopants must be either 
grown during epitaxy or implanted. Boron is known to diffuse 
slightly at 1600 °C but it is essentially fixed. Acceptors are 

Fig. 7. CAD model of a horizontal hot wall CVD susceptor. The wafer is 
placed on the bottom of the susceptor. A tilted ceiling is placed over the 
bottom. The gases enter via a liner and a transition piece and inlet. The 
susceptor is heated by a cylinder which in turn is heated via an rf coil. 
Rigid thermal insulation helps load everything inside the quartz tube. 

    
Fig. 9. Left, imprints from Si droplets that have fallen down and 
evaporated. Bar length is 100 µm. Right, optimized morphology of a 
thick layer using chlorinated chemistry. 

 
Fig. 8. Principle of a warm wall planetary reactor. The gases enter through the 
injector in the center. The main plate rotates with mechanical rotation via the 
shaft seen below. The individual satellites rotate by gas foil rotation. The main 
plate is heated by a pancake rf coil, however the ceiling is radiatively heated 
by the main plate. There is usually some thermal insulation on top of the 
ceiling to keep the temperature as high as possible. 
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deeper in SiC but the more interesting defects to discuss are 
those that are not so nice to have at all times. It is believed that 
the carbon vacancy Cv, which is a mid gap defect, is the one 
that limits the carrier lifetime. Typically, carrier lifetimes are 
around 1 µs on as-grown epimaterial and it depends greatly on 
the growth parameters [13]. 

There are several disturbing structural defects in SiC. 
Micropipes, which are small hollow cores penetrating the 
wafers, used to be a major concern, however, the density of 
micropipes has gradually been reduced to acceptable levels. It 
is even possible to obtain micropipe free material today. 
Screw dislocations and threading edge dislocations at high 
concentrations will impact the performance of the power 
devices in a negative manner, however, the basal plane 
dislocations (BPD) are here by far the biggest problem. When 
a bipolar device is run in the forward direction, a BPD can 
transform into a Shockley type stacking fault leading to a 
higher forward voltage drop. It is believed that the stacking 
fault acts as a quantum well structure which can trap carriers 
and hence limit the current flow [14]. Stacking faults are 
undesirable for another reason as we believe that these could 
limit the thermal conductivity since they are extended and 
covers an appreciable area on the surface and they form a 
double interface that could limit the thermal conductivity. 
This is one reason for studying the thermal conductivity in 
greater detail in SiC. 

V.  ISOTOPE ENRICHED SIC 

Though λ may be high for SiC, it will definitely be 
commercially interesting if λ can be increased granted that the 
cost of producing the epi and wafers will not be too high. This 
has been tried in Si previously and not been a commercial 
success. There was no consensus as to how much the isotope 
enrichment actually improved λ at RT. The cost of the 
enriched silane is also prohibitive which would make the 
epitaxy shockingly pricey to produce. The situation is 
somewhat different for SiC. The cost to produce SiC wafers 
and epi does not lie so much on the precursor materials but 
rather on the hot zone consumables and the post processing. 
All gases, precursor gases and other gases needed in the 
process, make up for less than 10% of the total cost of making 
an epiwafer. Furthermore, it is believed that the effect on λ 
due to isotope enrichment will be substantial in SiC. As 
mentioned previously, one estimate shows that λ will be 36% 
higher for 28Si12C as compared to natural SiC. Obviously, the 
enriched precursor gases must come down in price if this is 
going to be a commercial success but a price around $2 – $5/g 
would make it interesting commercially. The increase in price 
of the epiwafer can be offset by a higher packing density of 
the chips. For some applications enriched epi would be 
sufficient, but high frequency devices would greatly benefit in 
using an enriched SI wafer with a higher λ. 

There are other interesting applications for isotope enriched 
SiC such as fuel coating for nuclear fuels, quantum 
computers, and fundamental spectroscopic studies. These 
applications can help drive the market towards an industrial 
scale where the price of the precursors will be more attractive. 

At Linköping University an isotope enriched project 
recently started with the aim to determine the thermal 

conductivity of enriched SiC and to make fundamental 
studies on quantum computing applications and detailed 
spectroscopy. Enriched 28SiH4 and 12CH4 was used as 
precursor gases. The target is to produce as thick and pure 
epitaxial layers as possible suitable for measuring thermal 
conductivity. The meaning of ‘pure’ is here that the layers 
should be pure in terms of point defects, structural defects, 
and isotope composition. 

Centrifuged SiF4 was converted into silane. The SiF4 
contained significant amounts of boron and phosphorous 
which both are disturbing dopants in SiC. Particularly B is 
difficult which produces a deep acceptor in SiC. 

Methane is also not ideal to use for epitaxial growth of SiC 
as the morphology usually is very rough however this is the 
only enriched hydrocarbon that is available at any significant 
amounts to our knowledge. Normally growth is conducted in 
a silicon limited growth regime (higher C/Si ratios) where the 
growth rate is limited by the supply of Si to the surface. 
Additionally, methane works well at substantially higher 
temperatures so tests were performed using a lower C/Si ratio 
where the growth rate is in a carbon limited regime. This 
usually renders a substantially better morphology though at 
the price of a higher nitrogen doping. The morphology was 
indeed better and using a growth temperature of 1700 °C the 
morphology was quite acceptable. Some new type of small 
triangular features could be seen on the surface which 
probably is related to stacking faults but the density of these 
was very low. 

The growth conditions for the enriched runs were thus a 
growth temperature of 1700 °C, growth pressure 100 mbar, 
C/Si ratio 0.8, Si/H2 ratio 0.25%, and Cl/Si ratio of 4. In total 
seven runs of enriched material were made and the thickest 
layers were 80 µm thick. Several substrates were put inside 
the reactor to maximize the yield. The different types of 
substrates were: 4H Si-face and C-face 8 deg off axis, 6H 
Si-face 3.5 deg off axis, 4H Si-face 4 deg off axis, and one 3C 
sample. 

  

  
Fig 10. The surfaces of a thick 4H SiC epitaxial layers grown on 8 deg 

off axis substrates. Top Left. Si-face isotope enriched SiC using methane as 
carbon source. Note the small triangular defect on the surface. Top Right. 
Si-face natural SiC using ethylene as carbon source. Bottom Left. C-face 
isotope enriched using methane and Bottom Right. Natural SiC using 
ethylene as carbon source. Note the large difference in morphology on the 
C-face which is caused by the carbon precursor. Bar length is 100 µm 
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SiC coated graphite is usually used for the growth of 
epitaxial SiC, however, in this case we could not use SiC 
coated graphite due to the risk of contaminating the layer with 
29Si, 30Si, or 13C. For this application, TaC coated graphite 
was used instead. TaC is a high temperature refractory and the 
Ta - C bond is very strong so there is no risk of any 13C 
coming from the TaC coating. However, the TaC coating can 
form micro-cracks which can expose the underlying graphite 
which then would become a source of 13C contamination. The 
decision was nevertheless made in favor of the TaC coating. 

PL measurements were made at 2K and using a 244 nm 
frequency doubled Ar ion laser as excitation source. All 
samples were measured and we could see that there were no 
traces seen of either boron or phosphorous. The background 
doping was in the low 1014 cm-3 range as determined by 
comparing the free exciton (FE) FE77 line with the Q0 nitrogen 
bound exciton (BE) line. At longer wavelengths one can often 
see stacking fault related luminescence and luminescence 
from 3C inclusions but no such luminescence was observed as 
can be seen in fig. 11. The only defect related line that was 
observed is luminescence from the D1 center which is very 
often seen in epitaxially grown SiC. 

The line widths are known to be very sharp for isotope 
enriched Si and in this case we could not resolve the line 
width of the nitrogen BE as they were limited by the spectral 

response of the monochromator. More detailed PL 
measurements are ongoing using a monochromator with a 
higher resolution. 

Figure 12 shows the SIMS measurements from the first 
enriched layer that was grown. The isotope purity is indeed 
very good; 99.85% on 28Si and 99.98% on 12C. 

Thermal conductivity measurements have not been 
performed at the time of this paper’s writing  

VI.   SUMMARY 

Silicon carbide has matured into a useful material suitable 
for high power devices. Several troubling issues have been 
solved and the market for SiC devices is growing. There are 
still several issues remaining to be solved with the material. In 
particular basal plane dislocations which limit the forward 
current in bipolar devices is a concern. The thermal 
conductivity is high but is limited by the isotope disorder. 
Layers of isotope enriched SiC have been produced for 
demonstrating an improved thermal conductivity. 
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Fig. 11. PL spectrum of an isotope enriched sample. The spectrum is 
dominated by near bandgap luminescence consisting of nitrogen BE and 
FE phonon replicas. No luminescence from deep defects can be seen. 

 
Fig. 12. SIMS data from an isotope enriched 28Si12C sample. The purity is 
99.85% and 99.98% on 28Si and 12C, respectively. 
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Abstract — This presentation is a part of the Special Session on 
Dynamic Thermometry and Thermophysical Property 
Measurement for Thermal Design of Electronics, and aims at 
providing a perspective on the physics of thermoreflectance (TR) 
and its application to measuring the thermal properties of thin-
film electronic materials and the surface temperature fields of 
active devices.  The existence of a dependence between the 
temperature of a surface and the reflectivity of that surface has 
long been known.  But, since that dependence is generally weak, 
on the order of 10-3 or 10-4 per Kelvin, it was not immediately 
obvious how to leverage thermoreflectance physics as a thermal 
metrological tool.  More recently, however, several research teams 
around the world have found success in the use of TR as a means 
of measuring thermal properties and temperature, and there have 
been early successful efforts in productizing thermal 
measurement instruments based on the TR approach.  

 

I.  INTRODUCTION 

As an optical method, the TR approach has the advantage 
of being non-contact and non-invasive.  Since materials 
reflect light differently at different wavelengths, the TR 
approach has the added benefits of making it possible to (a) 
achieve smaller spot sizes by measuring at low wavelength 
in the visible spectrum, and (b) vary the probing light 
wavelength so as to maximize the TR response from a given 
material surface.  The facts that microelectronic devices have 
been shrinking in size and are typically covered with 
reflective materials have contributed to the ascendency of 
the TR approach.  In effect, thermoreflectance extends the 
resolution range of existing well-established optical 
approaches, such as IR, and makes it possible to measure the 
thermal performance of a broad range of materials that may 
not be made easily compatible with a method that is 
inherently limited to a single wavelength of light. 

Thermoreflectance-based methods work by measuring the 
relative change of reflected light resulting from a change in 
the temperature of a surface.  When trying to obtain the 
thermal property of a thin-film material, one needs to force a 
change of temperature in that surface and record the change 
in reflected light.  This is achieved by a so-called “pump and 
probe” approach.  Since heat dissipation in thin films is a 
fast phenomenon, it has been traditional to use a pulsed laser 

to heat the sample under test (the pump part) and a second 
CW laser of a different color to continuously monitor the 
change in reflectivity of the sample’s surface (the probe 
part).  In this arrangement, an appropriately fast and 
sensitive photodetector is used to record the transient 
signature of the probing laser’s light that is reflecting from 
the surface of interest (while sensibly ignoring the output of 
the pumping laser).  Once a thermal response has been 
obtained, it can be used to drive an optimization procedure in 
which the heat equation is solved repeatedly until the 
unknown thermal property is determined.  The pumping and 
the probing can be done on the same side of a sample or 
alternatively one can pump on one side and probe the other 
side.  Also, depending on the thickness (rather thinness) and 
diffusivity of a material of interest, the pumping can be done 
with nano-, pico-, and even femto-second pulsed lasers.  In 
the pico- and femto-second regimes, additional difficulties 
would have to be addressed, including data acquisition, since 
digital converters are not fast enough to capture at those 
speeds, and the introduction of ballistic or wave equations to 
describe the thermal process for extracting the unknown 
thermal property. 

When trying to measure the temperature field in an area of 
interest on a microelectronic device, a pumping laser is no 
longer required since the device is essentially heating itself.  
The probing part remains the same as before with the 
amplitude of the reflected laser light changing depending on 
whether the device is on or off.  The relative difference in 
reflectivity recorded with the help of a photodetector yields 
the change in temperature after appropriate calibration.  The 
advantage of using a laser and a fast photodetector is in the 
ability to capture fast transients.  The disadvantages are (a) 
having to measure a single spatial point at a time and (b) not 
having a wide range of light colors available.  To address 
these disadvantages, it is possible to use an array of 
photodetectors or more conveniently a highly sensitive CCD 
camera.  This way it is possible to illuminate and measure an 
entire area at once as opposed to a single point at a time, and 
it is also possible to use a monochromater to select the light 
wavelength that provides the best possible TR response for a 
given surface material of interest. 
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Given the continued miniaturization of microelectronic 

devices coupled with the increase in their complexity and 
that of their thermal management solutions, a real need 
exists for measurement tools particularly at the deep 
submicron scales.  Thermoreflectance methods have been 
advancing over the last decade and it is expected that these 
advances will continue and make real contributions to the 
evolutionary successes of microelectronic designs.  The 
presentation will include details and examples for each of 
these approaches.  
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Abstract- In the development of electronic devices, transient 

thermal information is necessary to validate whether the entire 

device or a specific part of the device is operating properly. This 

becomes even more important for higher frequency operation of 

such devices. Sometimes, this is more important for the circuit 

designers, process engineers, or chip architects, rather than the 

thermal or package engineers who mostly need just a few points 

or locations of time-averaged temperature data during the 

design phase. For the time domain, recent developments in 

thermoreflectance imaging allow us to achieve a wide range of 

time scales from 50 nanoseconds up to milliseconds. This study 

provides an example of transient thermal imaging on a test chip 

along with the thermoreflectance imaging technique. The 

discussion covers the relationship of spatial resolution and time 

resolution considering the ‘time constant’ component of the 

chip. Spatial resolution for thermoreflectance is limited by the 

diffraction of the illuminating light, time resolution is limited by 

the high speed electrical signal management, and temperature 

resolution is limited by the signal-to-noise ratio.  Time 

averaging, therefore, plays an important role in determining 

temperature resolution. The scientific inter-relationship 

between these factors adds to the complexity. The modeling 

work described above provides a guideline for the ‘scope’ and 

‘probe’ depending on the dimensional scale of interest.  

 

I.  INTRODUCTION 

The thermal characterization and evaluation of 

microelectronic devices has been an ongoing challenge for 

designers of electronic products. Since the devices 

themselves are very small, the time response is very fast [1]. 

This fundamental characteristic has been convenient for 

shrinking the transistors to exponentially improve the 

functional density per cost, e.g. Flops per dollar for CPU [2]. 

In spite of the evolution of circuit and process technology, 

thermal characterization technology has fallen behind. For 

recent ICs, embedded thermal sensors provide timely 

temperature information at locations of interest [3]. But this is 

not suitable for devices other than logic ICs.  

Additionally, emerging packaging technologies, such as 

multiple die-stacking, have further complicated thermal 

analysis of packaged devices. As a practical matter, the 

number of temperature sensors that can be embedded is 

approaching the limitation of the pins/area because of high 

density signal transactions between the chips in a stack [4]. 

Hotspot temperatures have been a limiting factor especially in 

multi core processors and still remain the main challenge to 

homogenizing the temperature in a chip. The hotspot 

temperature impacts device peak performance and reliability. 

The characterization of hotspots in short lengths of time is 

therefore essential to validate device design and reliability 

and to ensure quality control in production. The smaller scale 

and distributed heat sources prevalent in today’s 

semiconductor devices require thermal mapping techniques 

with sub-micron spatial resolution and time resolution in sub 

microseconds.   

 

II. THERMAL IMAGING 

A.  Characterization setup  

A typical thermoreflectance imaging setup is illustrated in 

Figure 1. A microscope with a CCD camera in the optical 

assembly is located above the device-under-test (DUT), 

which is on the small X-Y table. An external LED light source 

is attached aside of the optics to illuminate the DUT. The 

entire setup is placed on a vibration isolation bed.   

 

Figure 1: The basic setup of the thermoreflectance imaging.  
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With this technique, as outlined in Yazawa et al [5] and Burzo 

et al [6], thermoreflectance imaging is based on detecting the 

intensity of light reflectance and measuring the reflectance 

change in temperature change in theory. To commercialize 

the two-dimensional thermal mapping, our systems typically 

use CCD camera [7] except through silicon imaging since the 

illumination light can be visible in wave length. The external 

illumination by LED is actively controlled for shuttering the 

illumination synchronized timing with driving the device 

(DUT).  

   

One of the advantages of thermoreflectance in comparison to 

IR emission imaging is that the light reflectivity is a function 

of the wave length. The reflectivity is a material dependent 

property and independent of the surface structure. Therefore, 

unlike emissivity for IR imaging, this reflectivity is constant 

for same material and fabrication process. This relationship is 

represented by the thermoreflectance coefficient (Cth) 

described as 

 

Cth() = T/(R()/R()) [K] (1) 

 

Typical top surfaces of electronics devices have a limited 

variation of passivation layers. Once the Cth is determined by 

known temperatures, it can be used for a number of 

characterizations. Note that some metal materials show a 

steep change(s) of Cth in spectra, e.g. the thermoreflectance 

coefficient of copper changes its sign positive to negative at 

around 577 nm investigated by Rosi et al [8]. Also a similar 

characteristic on the Cth of semiconductors has been reported 

by Matatagui et al [9].    

 

B.  Transient thermal imaging 

Microelectronics devices typically have complex workloads 

in time. The electrical capacitances of each component in 

such devices are designed to work correctly in time. However, 

the thermal mass or the thermal capacitances are sometimes 

not considered during the design of the circuitry. The 

temperature distribution caused by such complex operational 

modes remains unknown during the design phase. The 

temporal thermal performances therefore cannot be 

characterized until the devices are manufactured.  Local and 

temporal temperatures of the components in the devices are 

critical for predicting the performance and reliability of the 

circuit.     

   

Following Figures 2 to 4 show an example of a simple circuit 

designed as a thermal test vehicle (TTV) for thermal 

packaging testing. At steady state (see Figure 2), the 

temperature of the heater blocks (4 arrays x 2 heaters/array) 

and the substrate are quite similar with moderate external heat 

transfer. In a short time after applying the pulse current (100 

sec), the thermal map shows a different image than the 

steady state. The heaters show peak temperature (red) while 

the substrate is close to room temperature (blue). This is due 

to the thermal mass of the substrate as its thermal diffusion 

speed is not fast enough to change temperature up to that of 

the heaters. Figure 4 shows the local temperature response of 

the heater and the substrate.  

 

 

Figure 2: Steady state TR image for 29 V quasi DC bias (0.5 Hz). 

Image is taken in 2 minutes average. 

 

Figure 3: Transient TR image @ 100 µs for 1 ms and 60 V for 

the same device as Figure 2.  

 

Figure 4: Thermal response chart of the same data as Figure 3. 

10 µs/data point for time axis. The applied bias is 30V. 

  

C.  High speed thermal imaging and spatial resolution 

Transient imaging gives richer information of the temperature 

in transition. When investigating small time scale events, the 

spatial resolution must also be high enough to observe the 

thermal diffusion in the device (DUT) itself, (See Eq. 2).  

Otherwise, the pixels will display an irregular temperature 

step, which actually induces unwanted noise in the thermal 

map. 

95 

20 
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The one dimensional diffusion equation is described as 
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where: T is temperature, t is time, and  is the thermal 

diffusivity. Time resolution for the location of interest must 

have a relation to the spatial resolution x and temperature 

resolution T.  Here we consider a time step, t, from a 

certain point of time, t0, and the resulting temperature change 

T from T0. Spatial resolution is defined as the number of 

pixels, n,  in the length, L, of the region  of interest. The cross 

sectional area of the region is A. 
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Since the temperature change in time at a certain location is 

not constant, the largest change must be considered. It may be 

found at or near the time constant.  Note that this is only an 

approximation and may not always be accurate since the 

system is discrete not one-dimensional. The time constant of 

the unit pixel, rc, is found as,   
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Solving Eq. (3)  
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Rewriting by using known parameters, (2) 
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If we assume a temperature error of 1% or less, the right term 

of the above equation becomes 0.0276 and is independent of 

the diffusivity or length resolution. Thus as a design guide, it 

is easier to remember that the time resolution must be set to 

 202.0
xt


  (7) 

As an example, for silicon, =8.4x10
-5

 m
2
/s, therefore the 

time resolution is approximately 24 nsec for a 10 m spatial 

resolution and a 1% temperature reading error. 

 

High speed imaging in a range of more than a few MHz (sub 

microseconds of time resolution) also requires a special 

consideration for electrical circuitry. As is well known, high 

speed signals require impedance matching, especially for 

driving the device and interlocking the illumination timing. 

Unmatched impedance between the current driver and the 

device will cause signal reflections in the circuit and typically 

lead to a large overshoot. This could cause a shift in the 

lock-in timing or a completely different bias condition than 

intended. 

  

 

D.  Signal-to-noise ratio and averaging 

It has been demonstrated, among experts in this technical area, 

that the deviation of the captured light intensity converges to a 

specific value if we average the intensity over a significant 

amount of time. Since the Cth is usually very small, e.g. in the 

range of 1e-4 for metals and 1e-5 for semiconductors, the 

deviation of the light intensity is usually widespread for a 

uniform temperature with an acceptable time average, such as 

a few minutes. We have done an analysis of the averaging on 

the semiconductor device. The tested device was an LED 

device with a 4 x 4 array of junctions on the chip. Figure 5 

shows the device structure and Figure 6 shows the histogram 

of the reflectance intensity for a 15 minute averaging time. 

The reason for choosing this device was to separate the 

Electro Luminescence (EL) signal, and the reflectance of the 

illuminated external light. The details of this separation 

technique are presented in ref. 10.  The illumination wave 

length was determined to be 405 nm for the separation with a 

457 nm blue LED device. The averaging analysis was carried 

out with 5x optics. Figure 7 shows the standard deviation of 

the reflectance intensity (R/R) as a function of averaging 

time. The data points fall on the square root trend line. If we 

project a longer averaging time, the data points will ultimately 

converge. For this particular LED sample, the standard 

deviation is reduced by more than 50% for an averaging time 

of 15 min (900 sec) compared to a 3 min (180 sec) averaging 

time.           

 
Figure 5: Example of a thermal image for a multi-junction 

LED device  
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Figure 6: Example of histogram of intensity for an averaging 

time of 15 minutes.   
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Figure 7: Standard deviation of R/R () as a function of the 

averaging time. The  converges to 4.43x10
-4

 for an 

extremely long averaging time and is an order of magnitude 

smaller than the mean value, 3.3x10
-3

 for R/R.  

 

III.  CONCLUSIONS 

We described an example of the transient thermal 

characterization using the thermoreflectance imaging 

technique. With a 50 ohm impedance match for high speed 

signals, the technology enables a time resolution ranging from 

nanoseconds to milliseconds. With consideration of the 

thermal diffusion scale, higher time resolution requires higher 

spatial resolution. We also showed that this relationship is 

device material dependent. The spatial resolution for 

thermoreflectance is also limited by the lighting diffraction 

while temperature resolution is limited by the signal-to-noise 

ratio. We showed the effectiveness of time averaging and the 

trend to converge to a reasonable value for the standard 

deviation. In this case, the standard deviation was one order of 

magnitude smaller than the mean value even though there was 

only weak reflection from the semiconductor device. The 

results of the study provide a guideline for considering 

thermoreflectance transient thermal imaging for high speed 

devices. We described how the time resolution and the spatial 

resolution relate to the temperature reading accuracy and also 

provided a relationship for determining the time resolution for 

an available spatial resolution given the thermal diffusivity 

for the device material and a 1% temperature reading error.  
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Abstract- Thermoreflectance technique holds promise where 
radiation thermometry faces potential limitations: in 
temperature measurements around room temperature and of 
objects requiring sub-micron resolution. Time response of 500 
kHz has been experimentally demonstrated. 

In order to measure thermal diffusivity of thin films, National 
Metrology Institute of Japan (NMIJ) has developed rear face 
heating / front face detection picosecond pulsed light heating 
thermoreflectance methods. This configuration is essentially 
equivalent to the laser flash method which is the standard 
method to measure thermal diffusivity of bulk materials. 
Thermal diffusivity values of thin films can be determined 
reliably from the thickness of a thin film and the heat diffusion 
time across a thin film. 

For application to variety of thin films synthesized on 
non-transparent substrates, systems have been developed for 
measuring thermal diffusivity and / or  thermal effusivity of thin 
films under front face heating / front face detection 
configuration. Area of a diameter of several 10 μm on thin film 
front face is heated by pulsed light and the same position is 
irradiated by the probe beam. Then, the history of front face 
temperature is observed by the thermoreflectance method. In 
this method, the thermal diffusivity can be calculated from the 
cooling rate after the pulse heating.  

In this paper, pulsed light heating thermoreflectance methods 
under configurations of "rear heating / front detection" and 
"front heating/front detection" are compared in order to discuss 
their complementary role, advantages, limitations, and 
calibration method. 

  
 

I.  INTRODUCTION 

Non-contact optical methods are essential in dynamic 
temperature measurements. Applications of radiation 
thermometry as well as reflectance thermometry have been 
applied to surface temperature measurement of 
semiconductor device production processes and device 
evaluations [1-6]. 

Reflectance thermometry has been applied to measure 
thermophysical property of thin films because it can measure 
temperature change much faster than other thermometry 
method such as radiation thermometry. For example, NMIJ 

developed a pulsed light heating thermoreflectance method 
where a thin film on transparent substrate is heated by a 
picosecond pulsed laser [7-8] or nanosecond [9] pulsed laser 
from the substrate side, and temperature change of the 
specimen front face is measured by change of the reflectivity. 
Since geometrical configuration of this method is same as the 
conventional laser flash method measuring thermal 
diffusivity of bulk materials, thermal diffusivity of the thin 
film can be determined reliably based on analytical solution 
of one dimensional heat diffusion [10-11]. 

However, many thin films of practical use are synthesized 
on non-transparent substrate. In these cases, the thin film must 
be heated from open surface and temperature must be 
detected by the reflectance from the open surface of the thin 
film since the boundary between the thin film and the 
substrate cannot be irradiated by the laser beam 

Temperature response after picosecond pulse heating by 
mode locked dye laser was observed by Paddock and Eesley 
for the first time [12]. However, it is not easy to calculate 
thermal diffusivity values from the temperature response 
curves observed by this method as discussed later. 

On the other hand, measurements under front face heating / 
front face detection heating configuration have been 
successfully applied to dielectric and semiconductor thin 
films from 500 nm to 10μm thick by nanosecond pulsed light 
heating with pulse duration of the order of 10 ns [13, 14]. 

In this article, the problems and the approach to calculate 
the thermophysical property of the thin film quantitatively 
from the temperature response curve observed by front 
heating / front detection pulsed light heating 
thermoreflectance method especially heated by picosecond 
picosecond light pulse [15, 16]. 

II. ANALYTICAL MODEL 

A.  Response function method  
The temperature response of the semi-infinite solid 

material after an impulse heating of unit intensity to the solid 
surface at time, t  , is represented by the following Green’s 
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function [10]. 
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where x  is the distance of the observing position from the 
solid surface, t  is the time of observation. The 
thermophysical properties of the solid material are 
represented as   is the thermal diffusivity, b  the thermal 
effusivity defined as  ccb  ,   is the thermal 

conductivity, c  is the specific heat capacity, and   is the 
density. 

  
 

Fig. 1. Transfer matrix (left) and quadrupole matrix (right) 

 
When the front face of a flat layer is pulse-wise heated, 

transient temperature distribution across the layer is given by 
the following Green’s function. 
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where the definition of ,,,,, cttx   are same as equation 

(1), d  is the thickness of the layer,   is the characteristic 
time of thermal diffusion across the layer defined as 

 2d . 

The temperature response of the point x  at the time t  by 
the arbitrary function )(tf is expressed by the following 
convolution integral. 

 


t
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When the steady state temperature of the layer is constant, 

0T , the temperature response at the both faces at time t  are 

represented by the following equations under incoming heat 
flux density  tq f  to the front face and  tqr  to the rear face 

[10]. 
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where  tR  is the impulse response function matrix of a 
parallel layer adiabatic to the environment and the element 

 tijR  is the temperature rise at the face “ i ” at time “ t ”  after 

the unit impulse heating to the face “ j ” at time “0”. The 

subscript i  or j  represents either front face “ f " or rear face 
“ r  ”.  
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The initial temperature 0T  can be assumed to be zero for 

simplicity without losing generality. 
The Laplace transform of  tf  is expressed as  f~  defined 

by the following equation where   is the Laplace parameter. 

~
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Laplace transform of the equation(4) is, 
~

( ) ~( ) ~( )T q   R ,    (8) 

~
( )

~
( )

~
( )

~
( )

~
( )

R
R R

R R


 
 














ff fr

rf rr
.   (9) 

where )(R
~   is called as the transfer matrix as shown in left 

side of Fig. 1. 
 

B.  Uniform single layer  
Since Green’s function of a uniform single layer is 

expressed by equation (2), the elements of the impulse 
response matrix are expressed as follows,  
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Laplace transformation of equation (10) and (11) are 
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C. Quadrupole matrix  
Explicit expression of equation (8) is 
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As shown in Fig. 1, this equation is transformed to a 
quadrupole matrix expression which relates the pair of the 
heat flux density and temperature at the front face to the same 
pair at the rear face as follows.  
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where quadrupole matrix  S
~  is a function of thermal 

effusivity b  and heat diffusion time  2d  [10]. It should 

be noted that )(~ fq  and )(~ rq  are the vectors to the same 

direction as shown in right side of Fig. 1. 
 

 

 
Fig. 2. Temperature response, heat flux density, and thermophysical     

                properties   in a film/substrate 

 

D. Film/substrate model  
A thin film synthesized on a semi-infinite substrate is 

illustrated in Fig. 2. The parameters to specify this 
film/substrate model are thickness of the film fd , thermal 

diffusivity of the film f , thermal effusivity of the film fb , 

thermal diffusivity of the substrate s , and he thermal 

effusivity of the substrate sb  [10]. Temperature response at 

the film substrate boundary, )(tTs , is calculated as 

convolution integral of the heat flux density effusing into the 
substrate, )(tqs , and the Green’s function of the semi-infinite 

substrate as shown in equation (1) . 
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Laplace transform of this equation is 

)(~1
)(

~ 


 s
s

s q
b

T  .   (18)

  

The pair of )(tqs  and )(tTs  is related to the pair of the 

heat flux density onto the film surface, )(tq f , and the 

temperature at the film surface, )(tT f
, via the quadrupole 

matrix of the film, )(S
~ f , as the equation (15). 
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Substituting )()( ttq f  , the delta function at time “0”, 

the simutaneous equations (18) and (19) are solved and )(tT f  

is expressed as follows. 
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where the thermal diffusion time across the film is defined as 

fff d  2  and the thermal effusivity ratio of the substrate 

to the film is defined as fs bb  [10].  

The equation (20) is expressed as the function of 
 f2exp   by substituting 

        xxx 2exp12exp1coth   as, 
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where          11sfsf bbbb . 

The surface temperature is obtained by Inverse Laplace 
transformation of equation (21). 
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Fig. 3. Pulsed light heating thermoreflectance methods 

 
II. ANALYSIS of OBSERVED TEMPERATURE RESPONSE 

A.  Pulsed light heating thermoreflectance method  
As shown in left side of Fig. 3, temperature response of the 

surface opposite to the heated face of the thin film is observed 
after heat diffuses across the known thickness by the pulsed 
light heating thermoreflectance method of the rear face 
heating / front heating configuration, where thermal 
diffusivity of the thin film is calculated by the analysis 
principally same as the laser flash method which is the 
standard method to measure the thermal diffusivity of  bulk 
material reliably [11]. 

On the other hand, as shown in right side of Fig. 3, thermal 
diffusivity of the first layer and thermal effusivity of the 
second layer are calculated from difference of the cooling rate 
of the specimen front face by the pulsed light heating 
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thermoreflectance method of the front heating / front 
detection configuration [12-16]. 

The heating pulsed light must be absorbed and sensitivity 
of thermoreflectance temperature measurement must be high 
enough to observe temperature response with good signal to 
noise ratio. Since most materials do not satisfy these 
conditions, it is common solution to synthesize a metallic thin 
film which satisfy these conditions (e.g., molybdenum) of 
thickness around 100nm in front face of the specimen [10].  

As shown in Fig. 4, heat absorbed at the surface of the 
metallic thin film diffuses across the metallic thin film first. 
Then,  it effuses into the second layer thin film to be measured 
and diffuses across the second thin film. Finally, heat    
effuses into the substrate and the temperature returns to 
original level before the pulse heating when time passes long 
enough. The shape of the cooling curve of the surface changes 
dependent on thermal diffusivity of the first layer, thermal 
diffusivity and thermal effusivity of the second layer, and 
thermal effusivity of the substrate.  

Here, it is assumed that thickness of the substrate is thick 
enough and the boundary thermal resistance between the 
metallic thin film and the second layer thin film, the boundary 
thermal resistance between the second layer thin film and  
substrate are negligibly small.  

If all thermal effusivities of the metallic thin film, the 
second layer thin film, the substrate are equal each other, the 
surface temperature changes following the middle solid curve 
in Fig. 4 which is identical to the curve to be observed for 
semi-infinite uniform thermal effusivity. Only information 
obtained from this observation is that the thermal effusivities 
of the second layer thin film and the substrate are close to that 
of the metallic thin film. 

When the thermal effusivity of the second layer thin film is 
smaller than a thermal effusivity of the metallic thin film, and 
the thermal effusivity of the substrate is smaller than the 
thermal effusivity of the second layer thin film, cooling is 
suppressed by heat effusion into the second layer and the 
substrate as the top curve in Fig. 4. 

 

 
 

 Fig. 4 Temperature responses at the surface of metal thin film  
            after heated by a light pulse 

On the contrary, if the thermal effusivity of the second 
layer thin film is larger than a thermal effusivity of the 
metallic thin film, and the thermal effusivity of the substrate 
is larger than the thermal effusivity of the second layer thin 
film, cooling is enhanced by heat effusion into the second 
layer and the substrate as the bottom curve in Fig. 4. 

 

 
 Fig. 5 Temperature responses dependent on repetition interval  

             of heating light pulses 

 

B.  Effect of the repetition pulsed light heating  
Discussion of the previous section assumes that the 

specimen is heated by a "single" pulsed light and the 
temperature response is observed long time enough for the 
temperature response returns to the original level before the 
pulsed light heating. The assumption of a single pulsed light 
is valid for thermal diffusivity measurements of bulk 
materials by the laser flash method. 

In the case of picosecond pulsed light heating 
thermoreflectance method, a specimen heated by pulse train 
of 2 ps duration with repetition of 76 MHz emitted from a 
mode-locking titanium sapphire laser. Then, temperature 
response follows the same curve repeated with the interval of 
13 ns as shown by top trace of Fig. 5 [17]. 

A new picosecond thermoreflectance system has been 
developed using the fiber laser. The pulse duration is 0.5 ps 
and repetition of the pulsed light train is 20MHz. Then, 
temperature response follows the same curve repeated with 
the interval of 50 ns as shown by middle trace of Fig. 5 [11]. 

In the case of nanosecond pulsed light heating 
thermoreflectance method, the pulse duration is 2 ns and  
repetition of the pulsed light train is 20 kHz. Then, 
temperature response repeats with the interval of 50 μs as 
shown by bottom trace of Fig. 5. Since this interval is 
considered as infinitely long for the thin film specimen to 
thickness several 100nm, the specimen temperature returns to 
the initial value and converges flat. This means that the 
observed temperature response curve agrees with the 
temperature response after "single" pulsed light irradiation. 

However, the temperature response curve just after pulse 
heating observed by the nanosecond pulsed light heating 
instrument might be distorted by time resolution of the order 
of 10 ns which is not fast enough to observe heat diffusion 
across thin films thinner than 1 μm [18].  
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Fig. 5 demonstrates that apparent cooling rate changes 
depending on pulse irradiation interval of three types of 
pulsed light heating thermoreflectance instruments. 

In the case of picosecond pulsed light thermoreflectance 
method, it must be considered about the distortion of the 
signal by the phase detection in addition to the effect of the 
lock-in detection [17, 19]. 

 
IV.  SUMMARY 

It is not easy to calculate thermophysical property values 
quantitatively from apparent temperature response curve 
observed by the picosecond pulsed light heating 
thermoreflectance methods. Reliable correction method 
should be established in order to calculate a thermophysical 
property quantitatively from the temperature response curve 
of the pulsed light heating thermoreflectance method of the 
front face heating / front detection. 

On the contrary, thermal diffusivity can be calculated 
quantitatively by the rising part of the temperature response 
curve observed by the picosecond pulsed light 
thermoreflectance method of the rear face heating / front 
detection instead of the cooling part of the temperature 
response curve.  

Comparison with the thermophysical properties obtained 
from the front face heating / front detection measurement  
with those obtained from the rear face heating / front 
detection method for the same specimen is the key 
information in order to establish quantitative measurement 
the front face heating / front detection picosecond pulsed light 
heating thermoreflectance method. 
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Abstract- This paper deals with an accurate characterization 
method dedicated to the determination of the thermal 
impedance of Gallium Nitride based High Electron Mobility 
Transistors (GaN HEMTs). The method is inspired by the “3ω 
method” initially proposed by D.G. Cahill in order to measure 
the thermal conductivity of bulk materials or layers and our 
previous works and experiments on the thermal resistance 
measurements. It is demonstrated that the voltage oscillation at 
the third harmonic is a real image of the thermal impedance of 
the device in the frequency domain. Both theoretical approach 
and test bench are discussed.  

 

I.  INTRODUCTION 

GaN HEMTs are extremely promising for RF power 
electronics applications but they are affected both by self-
heating and traps phenomena [1] [2]. These low frequency 
memory effects limit the output power and reduce the device 
linearity. It remains a difficult task to characterize separately 
these phenomena with electrical measurements. Numerous 
methods have been proposed in the literature for the 
temperature determination (Raman, optical, electrical…) [3] 
[4] which often require complex equipment and well-
prepared samples. On the contrary, electrical methods can be 
applied on any samples and have the main advantage of 
allowing “in situ” measurements. However, the drawback of 
performing a global approach supposes a “unique 
temperature description” which is certainly an 
approximation for large multi-finger devices such as high-
power HBTs or HEMTs [5]. The challenge is often to 
separate thermal effects from trapping effects. A method 
using low frequency [S]-parameters has been proposed in [6] 
to characterize the thermal impedance of HBTs 
independently of their size and technology. Recently, an 
original method to estimate the thermal resistance through 
the measurements of Idmax and RON has been proposed for 
GaN HEMTs [7]. In this method the thermometer is the “on 
state resistor” of the device, usually called RON. Our idea 
here consists to apply to the HEMTs the method initially 
proposed by D.G. Cahill [8] to characterize the thermal 
conductivity of bulk materials or layers. This method relies 
on the measurement of the third harmonic response of the 
device image of a “thermal excitation”. The novelty consists 
in using this method with a transistor with a fixed gate 
voltage and a small signal applied to the channel. Driven by 
this small drain signal, the channel resistance observed on 
the IV curve (RON) is linear and traps are not excited. 
Measurements [1] reveal also a linear behaviour of RON with 

the baseplate temperature what is very interesting regarding 
the “3ω method”. 

 

II.  THERMAL IMPEDANCE METHODOLOGY 
CHARACTERIZATION 

In order to study the thermal dispersive effects of GaN 
HEMTs, we have developed a new “3ω method” which 
allows extracting the thermal resistance. In order to achieve 
accurate measurements of the thermal resistance (RTH) and to 
extract the time constants of the thermal impedance ZTH 
without trapping effects, the DC bias of the device is set to 
VGS0 = VDS0 = 0V. As mention before, in this linear area the 
resistance in the ohmic zone (RON) can be used both as heat 
source and thermal probe. 

 

A. Theoretical approach 

 
Fig. 1. The measurement principle (Wheatstone bridge): the transistor is 

replaced by its Thévenin equivalent model. 
 
The main difficulty of this method is the measurement 

accuracy due to the very low voltage magnitude at the third 
harmonic VDS (3ω) which is approximately 80 dB below the 
fundamental signal. To solve this problem, we use a 
Wheatstone bridge as described in “Fig. 1” and a lock in 
amplifier. At fundamental frequency, we just have the 
contribution of the generator G.  At third harmonic, the 
“thermal excitation” generated by the transistor is noted e3ω. 
The transistor is placed in series with resistor Ra. The 
balancing branch is composed of resistor Rb in series with 
the variable resistor R. The idea is to adjust the variable 
resistor R in order to balance the bridge at the fundamental 
frequency. Then it is possible to measure with a great 
accuracy VDS at the third harmonic frequency. We 
decompose the study into two parts: the fundamental 
frequency and the third harmonic frequency. At fundamental  
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frequency, when the bridge is balanced VDS -Vb = 0V. 

 
����� = ���                        (1)  

 
We suppose that all the resistors of the bridge but RON are 

stable with the temperature (by component choice). So the 
transistor is the only resistor of the bridge generating harmonic 
signals. The voltage generated by the transistor at the 3rd 
harmonic frequency is e3ω and VDS as well as Vb are 
proportional to e3ω: 
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At third harmonic, the difference between VDS and Vb is: 

 

       Vdiff-3ω = β e3ω                        (4) 

 
Where β, is a coefficient depending only of resistors included 

in the Wheatstone bridge. The resistor RON (T) as shown in [1] 
can be expressed by a linear equation depending on 

temperature: 
 

������ = �����1 + ��� − �
� �!																					(5) 

 
Where RON0 is the value of the resistor at the reference 
temperature TREF and α is the temperature coefficient. ∆T = T –
 TREF represents the temperature variation depending on the 
instantaneous dissipated power PDISS (t):  
 

T	 = 	#$%�t� ∗ P�)		�t�                            (6) 
	*�)		��� = ��	+	,�	+-./0�1��																										(7) 

 
The parameter PDISS has a DC component and an AC 

component at second harmonic (2ω). V�	+  and ,�	+ are 
respectively the magnitude of the voltage and the current at the 
fundamental frequency. By substituting (6) and (7) in (5), we 
obtain the expression of RON versus time:  
 

R45�t� = R45� 6	1 + � 7#$%��	+ +�89:
�0�;�
0 <=												(8)            

 
The IDS1.cos (ω.t) current flows through the RON resistor, thus 
in the frequency domain it is possible to express the 3rd 
harmonic of VDS (t) due to the thermal signal.  
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From equations (9) and (5), thermal impedance Zth can be  

 
expressed by: 
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The important thing to note here is that the ratio 
OPQRRKLS
TUVEL  must 

be constant at the first order; β depends on the elements of the 
Wheatstone bridge, can be expressed by: 
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R0 is the output resistor of generator and Rcable is the resistor 
of cable which connects the transistor at resistor Ra. 
(Rcable =0.32 Ω). 
 

  B.  Experimental technique  

The setup developed to perform these measurements is 
presented in “Fig. 2”. The magnitude of measured signals at 
the third harmonic is in the microvolts range. The calibration 
of the setup is made possible thanks to resistors which 
exhibit low temperature coefficient (lower than 50ppm / °C). 
The component choice is critical for accurate measurements. 
The voltage source must be chosen with very good Total 
Harmonic Distortion (THD). However, theoretically even if 
the generator is not perfect at ω and presents a small 
nonlinearity, the simple balancing of the Wheatstone bridge 
normally ensures the cancellation of the generator 
contribution to Vdiff-3ω. Our source can generate a sinusoidal 
signal with maximum amplitude of 10V (50 Ohms). This 
generator drives an amplifier with an output resistor R0 of 
2.1 Ohms thus improving the available current in the bridge. 
The main constraint of the Wheatstone bridge relies on a 
resistive bridge with elements thermally insensitive.  For 
these reasons Birge and Nagel recommended the choice the 
wire-wound resistors [9]. Moreover, in order to increase the 
current in the “Ra branch”, the choice of Ra and Rb must 
present a ratio of 10 (even 100). A capacitance may be added 
to compensate the inductive effects due to cables at high 
frequency (HF), in order to measure ZTH on a wide frequency 
range. 

 

 
Fig. 2. Diagram of the set up to measure the thermal impedance ZTH with 

the 3ω method. 
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III.  GAN HEMT THERMAL RESULTS 

The extraction of the thermal impedance has been 
performed on a coplanar (600µm thickness) AlInGaN / GaN 
HEMTs with 8 gate fingers of 75µm width and 0.25µm 
length, from III-V Lab. First, we present the measurement of 
the voltage Vdiff-3ω for different magnitude values VDS1 at a 
single frequency (121 Hz).  

Figure 3 shows the extraction of RON resistor for different 
VDS values for a given frequency. One can notice that RON is 
almost constant (≈ 3.7Ω) which confirms the approximation 
of linear behavior of the transistor in the ohmic zone. 
Moreover, RON is decomposed a sheet resistance (Rsh) of the 
semiconductor between the strips, the contact resistance (ρc) 
and the specific contact resistivity (Rc) of metal ohmic 
contacts to semiconductor [10 ]. 

 

 
Fig. 3. Measured RON and RTH versus VDS1.  

 
As we saw in formula (10), the ratio Vdiff-3ω / Ids1

 3 must be 
constant. The term α of RON (T) has been determined as 
shown in [7]. β is computed with the knowledge of the 
bridge resistors (α = 0.0036, β=0.343). 

Figure 4 shows that the ratio VDIFF3ω / Ids1
 3 is almost 

constant versus VDS. The resulting RTH value is plotted in 
Figure 3. Moreover, the magnitude of VDS (ω) is limited in 
the range of ohmic transistor that avoids adding a term to the 
third harmonic from transistor, the study is very thin. 

 

 
Fig. 4. Report VDIFF3ω / Ids1

3 measured for different VDS1. 

 

 
Fig. 5. The amplitude of temperature oscillations for different VDS1. 

 
Fig. 5 highlights the changes in oscillation temperature, 

which decreases with frequency for different magnitudes of 
VDS (here 214mV, 228mV, 249mV). Fig. 6 shows that the 
real part of the thermal impedance obtained is the same for 
different magnitudes of VDS. This result is very encouraging, 
regarding the reliability of the measurement and the 
extraction procedure.   

 

       
Fig. 6. The real part of the thermal impedance of transistor measured versus 

frequency for different VDS1.  

 

IV.  CONCLUSION 

We have presented a new accurate and repeatable method 
for measuring the thermal impedance of GaN HEMTs 
without trapping effects because the DC bias of the device is 
set to VGS0 = VDS0 = 0V. This method is based on the 
electrical measurements of the third harmonic frequency 
response as a real image of the thermal impedance. It is to 
our knowledge the first time that this method is used for 
transistor devices. We still need to set a Wheatstone bridge 
accurate enough to be balanced up to 10MHz in to order to 
extract all the time constants. 
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Abstract 
The purpose of this paper is to describe a simple 

analytical model, useful for system architects, which 
describes the thermal resistances between a hot spot and 
the cold heat sink in steady state conditions with constant 
material properties, while taking into account the impact 
of the lateral spreading. 

The total thermal resistance Rth_total is modeled as 
dependent on Rth_1D, the thermal resistance in the Z 
direction, perpendicular to the layers, and Rth_3D, the 
effects of the lateral spreading of the heat (the X and Y 
directions) from the hot spot. 

In a 1st step, the different layers are homogenized to 
obtain an equivalent anisotropic thermal conductivity per 
layer. It must be noticed that the presence of copper TSV 
increases the thermal conductivities in the Z direction but 
decreases this conductivity in XY directions, due to the 
very negative effect of the SiO2 layer surrounding the Cu. 

These conductivities are used in a 2nd step to compute 
Rth_1D, combining the individual thermal resistance of 
each layer. The 3rd step estimates Rth_3D by a simple 
analytical model. The few adjustable coefficients are 
fitted on several thousand FEM simulations. 

 
I. INTRODUCTION 

The 3D stacking of integrated circuits has multiple 
advantages, but may result in higher temperature of the most 
active surface and the thermal management of such a 3D 
stacking may be a challenge [1], [2], [3]. The purpose of this 
paper is to describe a very simple and approximate analytical 
model of thermal resistances between a hot spot and cold 
heat sinks in steady state conditions. As our objective is not 
to obtain a precise model, but an easy-to-use simple model 
for preliminary estimations of temperatures and sensitivity 
studies, valid within a very large range of factors, we assume 
that the variations of conductivities with temperature are 
second order phenomena and we use only constant material 
properties and the same temperature for the different heat 
sinks. These assumptions lead to linear computations and 
results and allow the use of the concept of thermal resistance.  

 

 
II. LAYER-BY-LAYER MODELING 

The 3D stack is modeled as a stacking of different plane 
layers of same external dimensions: a main assumption of 
our model is to consider each layer as homogeneous but 
anisotropic, with a conductivity kZ in the Z direction 
(normal to the layer) and another conductivity kXY in X or 
Y direction (within the plane of the layer). For example, for 
a three-die stack, we typically model 15 different layers, as 
depicted in figure 1: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: schematic of a stacking of different layers 
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There are also convective heat transfer boundary 

conditions on both upper and lower surfaces of the stack. 
 

III. HOMOGENIZATION 

This means that we have to homogenize some complex 
structures such as TSV, Interconnects, micro copper pillars 
(µCP), large copper pillars (CP) or bumps in the 
corresponding layer. For each layer, this is done in two steps: 
we firstly use a very simple, rough and approximate 
deterministic model, and then we add (or multiply by) a 
corrective polynomial based on several hundreds of Finite 
Element Method (FEM) simulations, by varying each input 
factor (geometric parameters and conductivities) over a large 
range and using the techniques of Design of Simulations 
(DOS) [4]. To do so, we model a characteristic structure, if 
possible periodic, within a parallelepiped and we impose two 
different temperatures on the opposite faces with adiabatic 
lateral faces. The equivalent conductivity in this direction is 
deduced from the total power transferred and the dimensions 
of the box.  

 
Example: the micro Copper Pillars (µCP) layer 
As an example, we present the homogenization of the µCP 

layer. Each µCP is done of two Cu studs and a solder and is 
surrounded by a polymer underfill. 

To model the lateral (X or Y) equivalent thermal 
conductivity, the rough model is obtained by two parallel 
heat flows, the core circular region is replaced by a square of 

the same area, as explained in fig. 2: 
Figure2: rough simplistic model 

for lateral equivalent conductivity in a µCP layer 
 
The rough equivalent lateral thermal conductivity is: 

kAxBkBxA

kBkAxA
kB

xBxA

xB
Xroughk

⋅+⋅
⋅⋅+

+
=__  

where kA and kB are the conductivity of material A (for 
example copper or solder)  and material B (for example 
underfill). 

To model the axial (Z) equivalent thermal conductivity, 
the rough model is obtained by two parallel heat flows, one 
in the µCP, the other in the underfill, as explained in fig. 3: 
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Figure3: rough simplistic model 

for axial equivalent conductivity in a µCP layer 
 
The rough equivalent axial thermal conductivity is: 
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where kA is the equivalent axial conductivity of the µCP 
and kB is the equivalent axial conductivity of the underfill: 
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where th stands for thickness and k for conductivities. 
 
We then run a set of 702 Finite Element Modeling 

(FEM) simulations using ANSYS software spread over a 
large parameter range according to a DOS  [4] for the 
geometric dimensions and conductivities. 

These 702 FEM simulations are used to fit polynomial 
correction factors defined by: 

K_equiv_X = k_rough_X * correction_factor_X 
K_equiv_Z = k_rough_Z * correction_factor_Z 
The polynomial correction factors depend on the 

geometric dimensions and conductivities, and an analysis 
of variance shows that the most influential parameters are 
the radius and pitch of the µCP.  The presence of aligned 
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Fig 4: Temperature field 

around a TSV 

TSV in the adjacent Si layers is taken into account by a 
coefficient and has significant influence.  

These equivalent conductivities in lateral (K_equiv_X) or 
axial (K_equiv_Z) directions will be used in global 1D and 
3D simulations. 

 
IV. THE OTHER LAYERS 

We will not detail the modeling of each layer, but the 
methodology remains the same: a rough analytic model 
improved by a polynomial correction factor. 

 
Silicon with TSV 

The presence of copper 
TSV with its SiO2 barrier 
within the silicon slightly 
increases the equivalent 
conductivity of the Si layer in 
Z direction, but slightly 
decreases the equivalent 
conductivity in X or Y 
direction. This is due to the 
low conductivity of the SiO2 
barrier. The simulations have 

been run with thickness of SiO2 ranging from 0.1µm to 
0.5µm. 

 
Interconnects 
The Cu interconnects have been homogenized by modeling 

(FEM simulations with ANSYS) a great variety of typical 
structures. The results are statistically analyzed and surface 
responses are built for the equivalent thermal conductivities, 
depending only on the conductivity of the dielectric and the 
metal layer rate. Due to the huge variety of the individual 
tested geometries, the coefficient of determination are not 
really good but these interconnects have moderate influence 
on the overall thermal behavior of the stack. 

 
Copper pillars or bumps 
The rough model for large Copper Pillar (CP) or bumps is 

quite similar to the µCP model. 
 
BGA 
The BGA is modeled as a stack of successive sub-layers 

mainly composed of copper or dielectric and the equivalent 
conductivities depends of the thickness and conductivities of 
the sub-layers. 

 
Balls 
The radius, height and pitch of the balls are the 

predominant factors of the conductivities of the ball layer. 
 

V. THERMAL RESISTANCE 

As the geometries and the conductivities are independent 
of the temperature, and as the boundary conditions are linear 
(convection) toward the same heat sink temperature, the 

resulting temperatures are linear with the power and we can 
use the thermal resistance defined by: 

RTh = max_difference_temperature / total_power 
 
max_difference_temperature is the difference between 

the maximum temperature and the temperature of the heat 
sink. 

When there is only one hot spot or a limited number of 
independent hot spots, we model RTh as the sum of two 
terms:  

totalW

hotspotW
DRThDRThRTh

_

_
3_1_ ⋅+=  

where W_hotspot is the power of the hot spot and 
W_total is the total power, the sum of the powers uniformly 
distributed over each active surfaces and the power of all 
hot spots. If there are several independent hot spots, we 
must consider the highest value of the quantity 
RTh_3D*W_hotspot and not the sum of these quantities. 

Rth_3D represents the effect of higher temperature due 
to localized hot spots and the lateral spreading of the heat. 
Thereby RTh_1D determines the temperatures that would 
be established if the total power of each active surface was 
uniformly distributed over this active surface. The mean 
temperature of each active surface is the solution of the 
classical linear system: 
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k is the index of the active surface and varies from 1 to d, 
the number of active surfaces. Tk is temperature of the kth 
active surface. T0 = Td+1 is the temperature of the external 
heat sink. Wk is the total power of the kth active surface 
(uniform + hot spots). Rk is the thermal resistance in Z 
direction between the active surfaces k and k-1: 

∑⋅=
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i
k

th

S
R
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The summation is done over the layers between active 
surfaces k and k-1 or between the first and last active 
surface and the external heat sink. A term 1/(S*h) must be 
added to R1 and Rd+1 to simulate the convective heat 
transfer toward the heat sink, where h is the convective 
heat transfer coefficient. 

RTh_1D is deduced from the temperatures T1, …, Td and 
the total power by 

RTh_1D = (max(T1, …, Td)-T0) / W_total 
 
 
RTh_3D: localized hot spots 
In case of localized hot spots, the maximum temperature 

is higher than in the case of the same total power with 
uniform heat flux. RTh_3D*W_hotspot represents this 
increase of temperature. The heat must spread in both Z 
and XY directions. The heat spreading in XY directions 
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Figure 5: The surface of influence is the intersection the surface of the die 

(white rectangle) and an extension (orange) of the hot spot (red) on a 
distance Lx and Ly depending on a characteristic distance L_carac 

depends on the product kXYi*  thi (transverse_conductivity* 
thickness) of the layers: the highest this product is, the most 
efficient is this spreading and the lowest is RTh_3D. A 
surface of influence, depending on the kXYi* thi, is assigned 
to the hot spot and RTh_3D is modeled by 

RTh_3D = A*(1/S_influence - 1/S_die) 
 

This surface of influence is the intersection of the surface 
of the die and an area extending around the hot spot on a 
characteristic distance L_carac, naturally taking into account 
the effects of eccentricity and form factor of the hot spot (Fig 
5)  

 

 
The die is supposed to be rectangular, x varying from x0 to 

xmax, y varying from y0 to ymax. The hot spot is also 
rectangular, x varying from x1 to x2 and y varying from y1 
to y2. The surface of influence is    S_influence = Lx*Ly        
with: 
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The characteristic distance L_carac represents the lateral 

distance on which the hot spot is very influent. It is defined 
for each active surface and it depends on the products   
kXYi*th i   of the different layers and on the thermal resistance 
in Z direction between this active surface and the current 
layer: 

 
(the index k represents the active surface and d is the total 

number of layers). C0 and C2 are adjustable coefficients. 
kXYT k, which have the dimension of the square of a thermal 
conductivity, is characteristic of the stacking with respect to 

the active surface number k, independent of the power, 
position, size and form of the hot spots.  

 
L_carac is modeled by: 

 
Dh is the equivalent diameter of the hot spot defined by    

Dh=2*dx*dy/(dx+dy)     
with   dx=x2-x1   and   dy=y2-y1. Actually, the 

corrective term E*exp(-Dh/F) is influent only for small 
equivalent diameters Dh. 

 
Optimization on a large set of simulations 
The coefficients A, C0, C2, D05, D1, E05, E1 and F1 have 

been fitted over a set of 7572 FEM simulations according 
to a Design of Simulations, simulating 1, 2 or 3 stacked 
die, between 9 to 15 layers. The dimensions of the die and 
of the hot spot, the position and form factor of the hot spot, 
the thicknesses and equivalent anisotropic conductivities of 
each layer, the convective heat transfer coefficients on top 
and bottom surface, the resulting RTh_1D and Rth_3D vary 
over large factor ranges given in table 2. 

As the heat transfer coefficient at top and bottom of the 
die is typical of forced air convection, the convection term 
is usually predominant in RTh_1D and RTh_1D is usually 
predominant over RTh_3D. 

We obtain the coefficients of the Table 1: 
 

TABLE 1: ADJUSTABLE COEFFICIENTS FOR RTH_3D 
ANALYTICAL MODEL, FITTED OVER 7572 FEM SIMULATIONS 

A K*mm²/W 235.63 

C0 mm²*K/W 7.921 

C2 W/(K*mm²) 0.0438 

D05 mm²*K/mW 0.724 

D1 mm3*K 2/mW2 0.3246 

E05 mm²*K/mW -0.724 

E1 mm3*K 2/mW2 -0.2053 

F1 mm3*K 2/mW2 0.07787 

R²  0.937 

RSD K/W 5.7 

 
Where R² is the coefficient of determination for the 

RTh_3D model (the R² for RTh itself is much better: 
R²=0.9978) and RSD is the Residual Standard Deviation. 

The quality of fit of this methodology may be viewed by 
the figure 6: 
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Figure 6a: dispersion of the model for RTh_3D 
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Figure 6b: dispersion of the model for RTh_total 
 

TABLE 2: FACTOR RANGES (MINIMUM, 3 PERCENTILES AND MAXIMUM) OF THE 7572 FEM SIMULATIONS USED TO FIT THE 
COEFFICIENTS OF TABLE 1 

 min 20% 50% 80% max 

Number of Silicon dies and active surface  1 1 2 3 3 

Surface of the die mm² 50 108 525 907 1024 

Form Factor of the die  (xmax/ymax)  1 1 1,49 1,91 2 

Equivalent Diameter Dh of the hot spot mm 0,20 0,34 1.36 2.45 3.5 

Form Factor of the hot spot   (dx/dy)  1 1 4.08 6.63 8 

Eccentricity of the hot spot  0 0,31 0,51 0,73 0,99 

Thickness of the Si dies  (w or woTSV) µm 40 81 327 654 750 

Lateral conductivity of Silicon (w or woTSV) W/(m*K) 105 110 133 152 160 

Axial conductivity of Silicon (w or woTSV) W/(m*K) 140 146 160 177 180 

Total thickness of the µCP layers µm 20 21 35 48 50 

Lateral conductivity of the µCP layers W/(m*K) 0,8 1,07 3,5 5,9 6,2 

Axial conductivity of the µCP layers W/(m*K) 1 1,73 10.5 19 20 

Total thickness of the large Cu pillar layer µm 35 41 70 99 105 

Lateral conductivity of the large Cu pillar layer W/(m*K) 1 1,66 4,85 8.01 8,7 

Axial conductivity of the large Cu pillar layer W/(m*K) 2 3,06 8 12,9 14 

Thickness of the BGA layer µm 150 177 300 424 450 

Lateral conductivity of the BGA layer W/(m*K) 10 23 80 138 150 

Axial conductivity of the BGA layer W/(m*K) 1 1,34 3,00 4,64 5 

Thickness of the balls or bumps layer µm 80 108 240 373 400 

Lateral conductivity of the balls or bump layer W/(m*K) 0,2 0,25 0,50 0,75 0,8 

Axial conductivity of the balls or bump layer W/(m*K) 0,5 0,85 2.73 4,58 5 

Thickness of the PCB µm 500 587 1000 1411 1500 

Lateral conductivity of the PCB W/(m*K) 10 22 80 137 150 

Axial conductivity of PCB W/(m*K) 1 1,33 3,00 4,65 5 

Thickness of casing or heat spreader µm 500 585 1000 1409 1500 

Axial & Lateral conductivity of casing or heat spreader W/(m*K) 10 43 130 229 250 

Heat transfer coefficient on upper side W/(m²*K) 5 10,5 31,6 54,5 60 

Equivalent heat transfer coefficient on lower side W/(m²*K) 13 100 250 557 1200 

RTh_1D K/W 1,3 5.66 10.7 43.6 1171 

RTh_3D by FEM simulations K/W 0,54 2.54 6.08 17.4 367 
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VI. HOW TO USE THIS METHOD? 

Once you have determined the axial (kZ) and lateral 
(kXY) thermal conductivity of each layer, the next step is to 
determine the total power per active surface. This total 
power per active surface is then used to compute the mean 
temperature of each active surface by solving the classical 
linear system. The maximum temperature and the total 
power will give RTh_1D. 

For the effect of localized hot spots, compute kXYTk and 
L_carac for each active surface. If there are several hot 
spots, the method is useful if the hot spots are independent, 
that is to say that if the lateral distance between hot spots is 
large compared to L_carac. Compute the surface of 
influence and RTh_3D for each hot spot. Look for the 
maximum value of the products 

RTh_3D*W_hotspot 
and use this increase of temperature to determine the actual 
RTh. 

 
VII. CONCLUSION 

We propose a model and methodology to quickly obtain 
approximations of the maximum temperature in a 3D stack 
of several active dies. It depends on only 8 coefficients 
fitted over 7572 simulations. This model may be used to 
easily do approximate sensitivity studies or for a first 
optimization by system architects. 
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Abstract - A new method for evaluating the thermal 

properties of solid materials at different temperatures is 

proposed. An array of parallel and long resistive lines is 

deposited on the surface of the sample that is shaped in a 

suspended film several hundred µm in thickness. One of the 

resistive lines of this array is heated with an alternative 

current. The surface temperature changes in DC and AC 

regimes are detected by measuring the electrical resistance 

change of each of the other lines of the array. The length of 

wires was chosen so that they may be assumed isothermal and 

heat diffusion operates perpendicularly to them. By measuring 

the dependence of the surface alternative temperature rise on 

the modulation frequency f and on the separation between the 

heating wire and the probe wires, the thermal diffusivity of 

sample can be determined. The adjustment of the amplitude of 

the alternative current in the source allows controlling the 

sample temperature at which the thermal diffusivity is 

evaluated. For the validation of the proposed method, pure 

silicon samples were first studied. The experimental bench was 

set up and resistive source and probes were experimentally 

characterized. Results obtained at different temperatures until 

500 K for pure silicon are in good accordance with the ones 

obtained elsewhere in the scientific literature by modeling as 

well as other experimental techniques.  

 

I.  INTRODUCTION 

Bulk materials and films thermal characterizations are 

very important for different application domains 

(microelectronic, nuclear, materials for aeronautics…). To 

achieve such determinations, thermal waves are very 

convenient tools which can be used in order to explore the 

matter and to measure thermal parameters. Usually the 

thermal source is photothermally created: the sample is then 

illuminated with amplitude modulated light which may be 

absorbed at the surface or in the bulk. A spot, a straight line 

or a domain of the surface can be illuminated. They 

correspond respectively to cylindrical and plane and 1D 

propagation regimes. The surface temperature variation can 

be measured either with a mirage setup [1, 2] or a 

photoreflectance microscope [3-5]. Thermal parameters at 

ambient temperature are then generally extracted from the 

fitting of curves calculated with a model of heat spreading in 

the sample adapted to the propagation regime experimentally 

used with the temperature variations measured for different 

modulation frequencies or distances to the thermal source.  

Measurements at different levels of temperature by these 

methods need a particularly heavy conditioning of the setup 

[6]. Also based on the use of thermal waves, a new method 

is here proposed for evaluating the thermal diffusivity α of 

solid materials at different temperatures. As the 3 method 

[7], this method combines the principle of thermal metrology 

techniques with contact and in modulated regime. 

 

II. PRINCIPLE OF THE METHOD 

A. Principle 

For the experiments, the material to be studied is shaped in 

a flat suspended film. As shown in Fig. 1, an array of 

parallel and long resistive lines is deposited on its surface. 

One of the resistive lines of this array is heated with an 

alternative current I of magnitude Iac and frequency f=/(2) 

with the angular pulsation. The power P dissipated in this 

line may be written as:  

            P = R. I²= R.Iac²/2 + R.Iac²/2 .cos(2t)             (1) 

where R is the electrical resistance of the heated wire. 

Then, the conductive diffusion of this heating source 

energy in the material  produces a continuous and a 2ω 

alternative sample surface temperature rises called ΔTDC(x) 

and ΔT2ω(x) respectively, where |x| is the distance between 

the heating source and the other resistive wires used as 

thermal resistive probes (see in Fig. 1). The length of all the 

wires was indeed chosen so that they may be assumed 

isothermal along their length (in the Y direction in Fig. 1) 

and heat diffusion operates perpendicularly to them (in the X 

direction). 

The surface temperature ΔT2ω(x) change is detected by 

measuring the electrical resistance change of each of the 

probe wires R2(x):      
                                                              (2) 

where R0(x) is the electrical resistance of the wire at ambient 

temperature Ta and β is the temperature coefficient of the 

electrical resistivity of the wire material.  
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Fig.1. Schematic of the implemented sample. 

 

For this measurement of electrical resistance change, a 

direct current i0, of magnitude sufficiently small to avoid a 

significant heating, is injected in the probe wires. The 

second harmonic voltage resulting at the wire ends is then 

analyzed with a lock-in amplifier technique. It is given by:  

                                           (3) 

By measuring the dependence of the surface alternative 

temperature rise on the heating wire modulation frequency 

F=2f and on the separation |x| between the heating wire and 

the probe wires, the thermal diffusivity of the sample can be 

determined.  

B. Modeling 

The determination of the thermal diffusivity α will be all 

the easier as the thermal diffusion length μ in the sample 

material, given by: 

                                       =                                   (4) 

where  

                            α=k/ (d.C)                           (5) 

with k the material thermal conductivity and d and C its 

density and heat capacity respectively , is large compared 

with the thickness t of the suspended film. In this first 

approach of the measurement, these conditions will be 

assumed verified while working at small frequencies (see 

later). In this case, the thermal gradient in the sample 

thickness may be assumed null (in the Z direction) and the 

thermal behavior of the sample may be described as one-

dimensional in the X direction. From the resolution of the 

heat transfer equation and in the assumption of a punctual 

section of the heating wire (with respect to the fact that μ>> 

2πw, where w is the width of the wire), the second harmonic 

temperature decay measured along a distance x from the 

heater may then be written as:  

                                          (6) 

where         is the second harmonic temperature at the 

heater (x=0). 

The thermal diffusivity α can be deduced from the 

attenuation of the magnitude exp(-x/µ) and the variation of 

the phase (-x/µ), both as a function of x.  Let αam and αΦ the 

thermal diffusivity extracted from the magnitude attenuation 

and the phase respectively. From the experimental point of 

view, these data are estimated from the signal measured by 

the probe wires and from (3), (4), (5) and (6). This involves 

a good knowledge of the electrical properties of the material 

composing the wires.  

The adjustment of the amplitude of the alternative current 

Iac in the source allows controlling the sample temperature at 

which the thermal diffusivity is evaluated.  

Let us remark that in this first approach the thermal 

contact resistance between the wires and the sample surface 

is considered null and the section of the probe wires is also 

assumed punctual. 

II. SAMPLE OF TEST 

A. The Reference Material 

Because of its well-known thermal properties versus the 

temperature, we used a sample of pure silicon as reference 

material. Table I gives the value of α of silicon calculated 

and experimentally determined in the literature for different 

levels of temperature [8-10]. The density was determined by 

Smakula et al. [11], d=2329 kg/m
3
, for high pure silicon at a 

temperature of 298 K. We considered it constant as a 

function of temperature in our work, as the thermal 

expansion coefficient does not exceed 1 % at temperature 

below 600 K [12].                                                     

B. The Wire Array 

As described in Fig. 1, the heating wire, is located in the 

middle of the sample surface. The probe wire are located on 

both sides of the heater.  The probe wires are distant 75 μm 

from each other; the closest one being away from the heater 

of 225 µm and the furthest one of 675 μm. The main process 

for fabricating these wires array is photolithography and lift-

off. The schematic diagram of the fabrication process flow is 

shown in Fig. 2. After a substrate cleaning, a 2 µm–thick 

nLOF negative photoresist is spun on the silicon wafer. The 

resist is baked on a hotplate at 110°C for 1 min. A UV 

exposure is then carried out (Fig. 2-a). A post bake is 

performed at 110°C on a hotplate for 1 min, immediately 

followed by the resist development in a AZ-351B solution 

for 60 s, leaving an array of line openings into the resist 

layer on top of the sample. After the photolithography step, a 

bilayer chromium / gold, respectively of 50 nm-thick (Cr) 

and 450 nm thick (Au), is deposited on top of the sample by 

means of sputtering (Fig. 2-b). 

TABLE I 
THERMAL PROPERTIES OF PURE SILICON VALUES 

 

Temperature 

(K) 

C 

(J/Kg.K)[8] 

k 

(W/m.K)
[9] 

calculated
 a 

(.10-5 m²/s) 
exp

[10] 
(.10-5 m²/s) 

300 703 148 9.03 8.8 

400 760 105 5.93 5.33 

500 800 80 4.29 3.8 

a calculated with (5) and the values of k and C from the table I. 
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Fig. 2. Process flow for the deposition of the metallic wires array.  

(a) Photolithography, (b) Metal deposition, (c) Lift-off process. 
 

The chromium is used as an adhesion layer to allow the 

gold to stick on silicon. Finally the lift-off step is performed 

in an acetone bath under ultrasonic excitation (Fig. 2-c).  

A specific sample was prepared for the test. Its thickness, 

width and length were 200 μm, 7 mm and 10 mm 

respectively.      

C. Characterization of the Wires 

Table II gives the value of the section S, the electrical 

resistivity ρ and its temperature coefficient β experimentally 

determined for the deposited wires. S was measured by 

Atomic Force Microscopy in tapping mode.  ρ=R.S/L, with L 

the wire length, was determined from the measurement of 

the wire electrical resistance R by the 4-wire method. The 

wires are of several millimeters of length. Their length was 

measured with an optical microscope. β was also estimated 

from wire electrical resistance measurements while the chip 

(sample + wires) was placed in a specified oven, and was 

heated at different temperatures T: R=R0(1+β(T-Ta)).  

III. NUMERICAL MODEL AND SIMULATION RESULTS 

Numerical simulations of the thermal behavior of the Si 

sample were done with COMSOL Multiphysics to estimate 

the frequency domain of validity for the simple 1D approach 

of the measurement proposed in the section II of this paper. 

Based that the temperature is uniform along the length of the 

wires, a 2D model was used for that.  

A. Description of the System 

As the width of the silicon sample is millimetric in size 

and the heating wire is located in its middle, the sample may 

be assumed symmetric. A volumetric term (P =RIac²/V= ρ 

Iac²/S² where V is the source wire volume), calculated with 

the experimental data given by Table II, was inserted in the 

section of the source wire. Thermal losses by natural 

convection (h= 5 w/m
2
K) were considered on the entire 

sample surface. 

The thermal contact resistance between the wire and the 

sample was supposed null. The thermal properties of silicon  

 

TABLE II 
PROPERTIES OF THE  WIRES  

 

Parameter Value 

Section S (m²) 1,66±0,15.10-12 

Electrical resistivity ρ (Ω.m) 1,12±0,1.10-7 

Coefficient of temperature  

β ( K-1) 
8,8±0,05.10-4 

 

(k, d and C) and their dependence on temperature, deducted 

from Table I, were used for the calculations. 

B. Simulation Results 

Simulations were made for different frequencies and 

alternative currents in the heating wire. For these 

simulations, the number of the elements in the mesh was 

1300 elements and the time between two steps was at least 

twenty times smaller than the heat power frequency. The 

temperature components TDC and T2ω were extracted from the 

simulation of the total temperature variation versus time at 

x=0 (location of the heating wire) and at the different 

distances x of the probe wires from the heater.  

For f ≤ 80 Hz, the validity of the 1D model allows 

determining the thermal diffusivity of Si with a maximum 

uncertainty of 3 % by fitting the simulated ΔT2ω(x) profile 

with the 1D model equation (6). As an example, we discuss 

here the results obtained for a frequency of  80 Hz and a 

current Iac of 60 mA. 

Fig. 3 gives the simulated temperature variation versus 

time at x = 0 for a frequency of 80 Hz and a current Iac of 60 

mA. For this value of Iac, the input of the thermal diffusivity 

of the sample was α= 4.6 10
-5 

m
2
/s and TDC =486 K and T2ω = 

1.1 K. The simulation showed that the sample is isothermal 

along x, as the difference in TDC between the heating wire 

and the furthest probe wire does not exceed 1K. Besides 

these results show that the values of T2ω can be larger than 

three orders of magnitude smaller than those of TDC: the very 

low cut-off frequency of the system justifies this difference.   
 

 
Fig. 3. Variation of the heater temperature as a function of time.  

 f= 80 Hz. 
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Fig. 4. Simulated variation of (a) the phase lag (b) ΔT2ω as a function of 

the distance from the heating wire for Iac=60 mA and f=80 Hz.  

α= 4.6*10-5 m2/s. 
 

Fig. 4 (a) and (b) show the magnitude T2ω and the phase 

lag Φ of the calculated second harmonic temperature 

respectively as a function of x. 

Using (6), the thermal diffusivity α was extracted. The 

value obtained is the same than the input value (4.6 10
-5 

m
2
/s) with an uncertainty of 3%. This results show that 1D 

model can be tested in a first approach to characterize the 

sample for f ≤ 80 Hz: the sample thickness t is smaller than μ 
when f decreases. 

IV. EXPERIMENTAL RESULTS  

Experiments were performed for frequencies smaller than 

80 Hz. Two different magnitudes of 40 and 60 mA were 

generated in the heating wire for this domain of frequencies. 

An example of the measurement at a current of 60 mA is 

given by the Fig. 5 (a) and (b) for different frequencies. The 

exponential tendency of ΔT2ω via and the linear tendency of 

Φ are found for each current.  

Using the equations 3 and 4, αam and αΦ were extracted. 

The table III gives the values of the identified diffusivity 

average and its uncertainty for both used currents. 

Comparing between the experimental values in the table III 

and the literature values in the table I, we found that the 

values of the thermal diffusivity experimentally determined 

with the 1D model lie in the range of the values previously 

determined.  

This is relied to the fact that till now there is no thermal 

contact resistance taken into account in these simulations. 

 
 

 
Fig. 5. Experimental variations of (a) the phase lag (b) ΔT2ω 

 as a function of the distance from the heating wire 

 for Iac=60 mA and for different frequencies f. 

TABLE III 
SI THERMAL DIFFUSIVITY EXPERIMENTALLY DETERMINED 

 

Iac (mA) αam 
(.10-5 m²/s) 

αΦ 
(.10-5 m²/s) 

TDC (K)a 

40 6.5±0.5 6.7±0.5 395 

60 5±0.1 5.5±0.1 485 
aEstimation from COMSOL Multiphysics simulations for the corresponding current Iac. 

V. CONCLUSION AND PERSPECTIVES 

This work reports the first step of validation of a new 

technique based on thermal metrology techniques with 

contact and in modulated regime for estimating the thermal 

properties of solid materials at different temperatures. For 

this first step of validation, the technique was applied to the 

estimation of the thermal diffusivity of a pure silicon sample. 

In a first approach of the measurement, the thermal 

diffusivity of the material was extracted from the fitting of 

measurements with curves calculated with a simple 1D 

model of heat spreading in the sample. The silicon thermal 

diffusivity values obtained at different temperatures are in 

agreement with the ones of the scientific literature. The 

simple 1D model used in this approach is however shown to 

allow an estimation of the thermal diffusivity of the material 

with an uncertainty around 3% and this for a restricted 

frequency domain. Besides this uncertainty was estimated 

from the fitting with it of the results of numerical 

simulations performed for a system description already 
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simplified compared with the real system (no thermal 

resistance between the heater and the probes in contact with 

the sample, heating and probe wires of punctual section). A 

more realistic model has to be developed to reduce the 

uncertainty of the measurement, to extend the frequency 

domain of use of the technique and to envisage the 

application of the technique to the characterization of 

complex materials such as multilayered materials.   
At this stage of the development of the method proposed, 

the perspectives of this work will naturally focus the 

improvement of the model of heat spreading in the heater, 

probes and sample. 
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Modelling of Heat Transfer in Microdroplets as
Microreactors
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Abstract—A novel approach of modeling heat transfer in
Taylor flow is presented. The model addresses especially the
applications of Lab-On-a-Chip systems and focuses on the ther-
mal behavior of individual droplets. Heat transfer is investigated
at different boundary conditions as heat generation inside the
droplet and heat generation at the droplet surfaces. A novel
approximation of convective mass and heat transfer is presented
as well.

I. INTRODUCTION
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Segmented flows are attracting high attention due favorable
heat transfer behavior in the microscale. It is widely recognised
that such flows show a higher heat transfer coefficient prac-
tically exploited for cooling intergrated circuits. Heat transfer
issues were investigated by simulation by many authors [1]–
[5]. Numerical models were presented as well by Muzychka
et al. (2011), Walsh et al. (2010), Leung et al. (2010). [2], [3],
[6].
Slug or Taylor flow as a special type of segmented flows
has further advantages in the field of bioanalitics. This type
of flow appears as consequent slugs of two phases which

Fig. 1. Flowchart of the ANSYS implementation

Fig. 2. Moving mesh technique and applied boundary conditions

could be gas and liquid or two immiscible liquids and was
first investigated by Taylor (1961) [7]. The aforementioned
adventages are based on the following key features according
to Theberge et al. (2010), [8]). The separated slugs form
individual microreactors, which

• provide compartments in which species or reactions can
be isolated

• are monodisperse and therefore potentially suitable for
carrying out quantitative studies

• provide the possibility to work with extremely small
volumes and single cells or molecules

• offer the ability to perform very large numbers of exper-
iments

This paper addresses the bioanalitical use, where numerous
investigation of possible applications and fluid mechanics
including mass transfer were reported by many researchers,
but the design aspects of thermal relations were not ana-
lyzed in depth. A review of the literature was presented
by Theberge et al. [8]. As a general approach the thermal
behavior of Taylor flow is usually investigated as a whole
system comprising a few dozen of droplets in terms of cooling
electronic devices. Though the numerous works are presented
in this field numerical models are limited to average Nusselt
number appriximations which ignore the thermal relations of
the individual droplets, and interprets all droplets together. In
contrast, the thermal relations should be analyzed in individual
droplets in case of monolithical microreactors as each droplet
performs individual reaction. These reactions can occur on
the droplet surface and/or inside the liquid slug and can vary
in time as well, while the droplets, slugs and the channel
wall itself are thermally coupled to each other. Therefore the
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Fig. 3. Schematic representation of inner circulations. Fluid volume is divided
into sections marked by arrows for modelling the circulation effect by mass
transfer

thermal modelling requires to count the droplets individually
and the thermal couplings of the whole system as well.

25-27 September 2012, Budapest, Hungary

c©EDA Publishing/THERMINIC 2012 ISBN:978-2-35500-022-5

Our final goal is to develop a thermal compact model which
can be integrated in the design flow of monolith microreactor
based Lab-on-a-Chip devices. Thermal compact models are
widely used in design practice of electrical systems, where
these reduced order models yield fast results in early design
phases contrary to finite element simulation which requires
much more time. Typical simulation run-times of the Taylor-
flow problem vary in wide scale from 38 to 1460 hours [4], [5].
A thermal compact model for integrated circuits with cooling
microchannels was presented by Zhang et al. (2002), [9]. The
model using thermal resistances and controlled voltage sources
is able to predict the temperature distribution of the channel
wall, but not for individual droplets. Numerical models based
on Nu prediction were presented by Muzychka et al. (2011),
Walsh et al. (2010), Leung et al. (2010). [2], [3], [6]. A
compact model for modelling fluid dynamics in Taylor flow
was presented by Jousse et al. (2005) [10].
This paper introduces a simplified model for modelling heat
transfer in monolith microreactors while keeping the running
times between reasonable limits. The cases of surface and
volumetric heat generation is detailed in depth while the
classical constant heat flux boundary condition acts as a
reference.

II. MODEL GENERATION

In order to generate the model the following requirements
may be set. The model:

• is a good approximation of the heat transfer in Taylor
flow at low Reynolds numbers typical for Lab-on-a-Chip

TABLE I
SUMMARY OF MATERIAL PROPERTIES

Fluid Density
kgm−3

Din.
viscosity
Pas ×
10−5

Thermal
cond.
Wm−1K−1

Specific
heat cap.
Jkg−1K−1

Surface
tension
Nm−1

Water at
25oC

997.0 89 0.6 4182
0.072

Nitrogen
at 25oC

1.145 2.1 0.0242 1040

PDMS 965 - 0.15 1460 -
Si 2329 - 4980 710 -

systems,
• handles transient effects applied to the individual

droplets,
• is linear, nonlinear parameters may also involved,
• involves any effects of internal forces (e.g. internal cir-

culation) by simplified models and correlations,
• works with any types of boundary conditions (constant

temperature and flux, heat generation inside the droplets
etc).

• yields the local temperature variation and/or local heat
flux coefficient as outcomes,

• describes the transient behavior of the system,
• is scalable. As a borderline case the model should be

implemented by a special R-C network.

A. Setting up the model solver

As a first implementation of the model a finite element
simulation in ANSYS Multiphysics 14 environment was per-
formed. The model satisfying the aforementioned requirements
was described in APDL (Ansys Parametric Design Language).
The step-by-step process of the APDL code can be seen as a
flowchart on Fig 1.
The two-dimensional geometry is defined first. Channel geom-
etry, droplet size and length act as input parameters. Material
and fluid parameters such as conductivity or heat capacitance,
number of droplets, fluid velocity are also defined here. Any
type of boundary conditions can be applied e.g. constant
wall heat flux, constant wall temperature, volumetric heat
generation inside the droplets etc.
A fixed frame computational domain is used which includes
a part of the channel and a given number of droplets. In
order to preserve the energy balance the number of droplets
is kept constant during the simulation (the volumetric sum of
the droplets is always constant).
The above steps are repeated until the desired simulation time
is reached. Local values of the channel wall temperature and
fluid mean temperature are available at all iteration steps.
The mesh is realized by a quadratic non-uniform meshing.
The radial distribution of the nodes corresponds to the reverse
Gaussian distribution, as the density of the nodes is higher
at the wall-liquid interface region than in the middle of the
channel. This non-uniformity of the mesh reduces the sum
node number and therefore decreases simulation time. The
distance of two node dn at the normalized axial position r
is

f(r, µ, σ2) =
1

σ
√

2π
e−

1
2 ( x−µσ )

2

(1)

where µ = 3 and σ = 3, the channel-diameter to channel-wall
ratio is 10.2.
Material parameters are assigned to each node. Gas and liquid
phase, channel wall and liquid film layers are treated as
different materials.
Conduction and convection effects are considered by addi-
tional equations at affected nodes and will be discussed later.
A first, steady-state run is performed with all body force loads
deactivated and the nodal temperature solution is saved. Mass
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transfer is modelled by a movable mesh. The mesh of the
fluid area is shifted by one node in each iteration step in the
direction of fluid flow (Fig 2.). The nodes have a consecutive
numbering from the left to the right and from the bottom to the
top. Though the value of the nodes being shifted is formulated
through a modulo function

shifteff = mod(iterationn, cellnum) (2)

where iterationn is the number of the actual iteration while
cellnum is the number of nodes in axial direction. Therefore
the nodes behave as a closed loop, the droplet exiting at the
outlet immediately enters at the inlet.
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On the other hand the loop is opened from thermally point of
view, as a Dirichlet boundary condition is applied at the inlet
(2). The sum heat exiting at the outlet is applied as a Neumann
boundary condition and calculated as follows:

q̇out =

A ·
i=1∑
n
cnode · Tnode

∆t
(3)

The nodal temperature result of the last run is loaded again
as an initial condition in the following step. Body force loads
are applied and a transient simulation is performed. Simulation
time depends on fluid velocity as

∆T =
dn,ax
v

(4)

where dn,ax and v are the axial distance of the nodes and the
fluid mean velocity respectively.
The liquid film layer thickness is calculated on a basis of
the correlation proposed by Aussillous and Quere states as
follows:

δF
R0

=
1.34Ca2/3

1 + 2.5(1.34Ca2/3)
(5)

where δF and Ca is the film thickness and the capillary
number, respectively. A mesh resolution of at least δF /2 is
set within the film area. The film layer is therefore modelled
by a conductive liquid layer, as it was also suggested by He
et al. (2009) [11].

B. Modelling convection

As a basic objective of the model it was stated that the
solving time mainly caused by the iterative calculating of
inertia forces must be reduced. In order to keep the model
as simple as possible a constant velocity profile is used. This
simplification is an essential condition to reduce the model
complexity and therefore reduce running times. Obviously the
approximation of the single phase parabolic velocity profile
by a unit-step like function may cause an intolerable error. It
will be shown that in Taylor flow the aforementioned errors
may be satisfyingly handled.

- In laminar flow a thermal boundary layer develops very
close to the wall and the characteristic effects of heat
transfer occurs within this layer (assuming Pr ≈ 1)

- In spherical bubbles the centerline part of the axial
velocity profile more homogenous than in one phase flow

TABLE II
SUMMARY OF TEST CASES

Case
No.

Re Sensor Slug Reaction R value

1 1 650µm 560µm Surface 0.012

2 1 400µm 560µm Surface 0.014

3 1 800µm 1120µm Surface 0.062

4 1 800µm 1120µm Volumetric 0.044

5 1 650µm 560µm Volumetric 0.012

6 0.1 650µm 560µm Surface 0.014

7 0.1 400µm 560µm Surface 0.011

8 0.1 800µm 1120µm Surface 0.109

9 0.1 800µm 1120µm Volumetric 0.036

thus the constant profile approximation does not result
intolerable error.

- In thermal-entry length problems where the centerline
part of the velocity profile is constant a higher Nusselt
number is observed [12] in correlation with the exper-
imental data observed by Talimi et al. [13]. In Taylor-
flow a periodic thermal-entry length problem occurs.
The thermal profile develops in every slug furthermore
much faster than in single phase flow [5]. Therefore
the sum error caused by the constant velocity profile
approximation vanishes at the phase boundaries.

The aforementioned assumptions are reflected in Fig 5. where
homogeneously mixed two phase flow under constant heat flux
was simulated in Ansys FLUENT. The temperature rise from
the channel inlet-to-outlet is plotted at different Reynolds num-
bers. It can be seen that the model serves reasonable results at
wide spectra especially at very low Reynolds numbers acting
the scope of our interest.

Fig. 4. Boundary conditions applied: a) constant wall heat flux, b) reaction
at the liquid slug surface, c) reaction in the liquid slugs
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C. Modelling internal circulation
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The enhanced heat transfer experienced in Taylor flow is
caused by the internal circulation of mass within the slugs.
As the velocity field is not calculated by the model, the heat
transfer enhancement effect of mass circulation should be
considered by extending the conductive heat transfer equation
by convective terms.
Let us assume a slug with internal circulation and a constant
heat flux applied at its upper tangent. As the upper part of the
slug is heated a thermal gradient occurs and heat is transferred
in radial direction due to conductive heat transfer. Within the
slug the heat is distributed by the constant mass circulation,
therefore an improved heat transfer is experienced in radial
direction, as it was experimentally shown by Muzychka et al.
(2011) [6]. In axial direction thermal diffusion effects are dom-
inant. The axial temperature distribution in the bubble changes
rapidly due to about 20 times higher thermal diffusivity than
of the fluid.
The above effects are estimated by a constant convective mass
transfer applied at the different regions of the flow pattern
regarding the dominant mass flow direction as depicted in
Fig 3. The mass velocity equals the fluid mean velocity thus
the complete changing of the mass occurs within one slug-
length as it was pointed out by Muzychka et al. [6]. The
following equation is solved for each element (four nodes form
an element)∫

V

(
ρcδT (∂T

∂t + vT∇T ) +∇T (δT )([D]∇T )
)

=

∫
S1

δTq∗dS1 +
∫
S2

δThf (Tw − Tm)dS2 +
∫
V

δT q̈dV
(6)

where ρ, c, q, [D] are fluid density, heat capacitance, heat
flux and conductivity matrix respectively. Heat transfer occurs
through internal fluid surfaces S1 and fluid-wall interface S2
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Fig. 5. Comparison of channel inlet-to-outlet temperature rise under constant
heat flux of homogeneously mixed two phase flow and Taylor flow modelled
by the current model

at local wall and mean fluid temperatures Tw and Tm. Heat is
stored in the fluid volume V , and finally the fluid may moving
by meanstream velocity of v. Note, that in axial direction the
mass transfer is modelled by the moving mesh, and the second
term of the first integral is only evaluated while modelling
internal mass fluxes.

III. TEST CASES

Taylor flow of water and nitrogen gas with a capillary
number of 0.0045 under different boundaty condition has been
solved. See material properties in Table I. A sum of 8 droplets
were introduced into the channel of diameter 320µm and a
mainstream velocity of 0.0028m/s to 0.00028m/s resulting
a Reynolds number of 0.1 to 1. Channel wall is built of 30µm
PDMS and a part of the channel wall is substituted by Silicon
in order to modelling temperature sensor device.
A constant wall heat flux boundary condition was used to
validate the model as the analytical result of this case is known.
Under constant heat flux boundary condition the surface heat
flux is constant regardless which phase is present locally (Fig.
4a).
An approximation is used to model the heat generated due
the surface reaction of the wall and the liquid slugs. This
is the case where the wall is coated by enzymes and the
liquid slugs carry its substrate. Regarding the Michelis-Menten
kinetics the enzyme reaction could constantly generate heat if
the substrate concentration is much higher than the enzyme
concentration. It could be proven by the mass circulation inside
the liquid slugs, therefore the heat generation effect should be
more intensive where the circulation effect is dominant. This
function is approximated by the Fourier row of the unit step
function as follows:

q̇sur(x) = h ·
(
1−

(
0.5 + 0.5 · (cos(x) + 0.5 cos(x)2

))
(7)

where h is the heat flux constant and x is the axial position
(Fig. 4b).
Another relevant case is when the biological reaction occurs
inside the liquid slugs (i.e. both the substrate and the catalyst
are present inside the slug). This case is approximated a
constant volumetric heat production for each node of the liquid
volume (Fig. 4c).
The possibility of sensing the temperature changes develops
due to biological reactions was also considered. A sensor chip
made of silicon was inserted the channel wall just before the
outlet. All heat flux generation were ignored at the sensor area.
The thickness of the sensor chip is 30µm. The time function
of the average temperature of the sensor chip was investigated.
The problem was solved for different sensor sizes and liquid
slug lengths. The liquid slug is 560µm (short slug) or 1120µm
(long slug). According to the slug length in case of short slugs
the sensor length is 400µm and 650µm for short and long
sensors, respectively. In case of long slugs the sensor length
is 800µm (see Table II).
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Fig. 6. Temperature profiles along the wall and fluid regions from Zc =
−1..1 at different boundary conditions

IV. RESULTS

A. Performance analysis
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The model implemented in ANSYS Multiphysics 14 was
ran on an Intel Core i5 4 core CPU with 4 GB RAM under
64 bit Debian GNU/Linux (kernel 3.2.0-2-amd64). In order
to achieve reasonable results an axial resolution of 80µm
was applied for a channel diameter of 320µm which yields a
sum of 2736 nodes. For the channel length of 6mm a sum of
75 iterations are needed to achieve the thermal equilibrium
resulting a total runtime of 20 minutes.
The build up of the model requests 4.96s while the model
solver runs 13.29s in each iteration. The solve-time-to-build-
time-ratio is therefore 2.68 which grows rapidly for more
complex problems, for a problem size of 21888 nodes the
ratio becomes 3.94. This issue raises the need of parallel
processing to reduce solution times. Figure 7. shows the
build and solve times for different problem sizes and for
serial and parallel processing. It can be seen that for smaller
problem sizes the serial processing (1 CPU) gains shorter run
times both for model building and solve processes. The 1
CPU-to-4-CPU-runtime-ratio is 0.77 for 2736 nodes, however
even for a bigger problem of 21888 nodes it remains below
one, exactly 0.91. The iterations could not be threaded as the
result of the last run is always requested, parallel processing
makes sense only at huge node numbers. It is expected that
for more bigger problems the parallel processing gains shorter
runtimes than the serial one.

B. Thermal profiles

Thermal profiles along the channel axis was investigated
under various boundary conditions detailed before. The tem-
perature profiles are plotted at the axial position of the 2nd

droplet at Zc = −1..1 (Fig 6.) It can be seen that the thermal
profile can vary characteristically under different boundary
conditions applied.
For constant wall heat flux boundary condition the usual
solution for thin wall was experienced. Due to the very
moderate heat capacitance of the wall and very low Reynolds
numbers of Re = 1 the wall can reach the thermally stable
state and the wall and fluid temperatures run parallel. As heat
generation is present at both phases the wall-fluid temperature
difference does not differ significantly along the channel.
In case of surface reaction modelling, heat generation only
occurs at the liquid slug. The heat generation rate depends
also on axial position based on Equation 7. The temperature
rises rapidly from Zc = −1 to −0.5 where the slope of the
temperature rise decreases due to the temperature gradient
between the slug and gas bubble. Regarding the significantly
smaller heat capacitance of the gas bubble its temperature
reaches one of the liquid slug. Due to conductive heat transfer
from the wall its temperature could be slightly higher than the
slug’s. Due to the high heat capacitance of the liquid slugs,
far enough heat can be stored to drive the temperature sensor.
Temperature gradients develop another way in case of mod-
elling volumetric heat generation. Obviously a much bigger
amount of heat is generated under this boundary condition.
The heat generated at the liquid-gas surface heats up the
gas bubble while its mean temperature rises above the liquid
slug’s temperature. Due to the internal heat generation the
temperature is higher at the channel centerline then those of
the wall, unlike all other cases. That is why the temperature
of the gas droplet is higher than the wall temperature as well.

C. Temperature measurement analysis

The temperature of the liquid slugs is measured by a silicon
sensor modelled by a silicon-plate inserted in the wall. Due
the 1 : 33000 ratio of heat conductance of PDMS and silicon
the heat stored in the liquid slugs and gas bubbles is conducted
rapidly into the sensor substrate and rises its temperature. The
temperature rise becomes proportional to the amount of heat
stored inside the phases. Note, that temperature sensing should

Mean solve time

Mean build time

0 10 20 30 40 50 60 70 80

1 CPU, 2736

4 CPU(P), 2736

4 CPU(I), 2736

1 CPU, 10944

4 CPU(I), 10944

1 CPU, 21888

4 CPU(I), 21888

t(s)

Fig. 7. Running time of each iteration for different problem sizes. Message
passing interface (MPI) (P): PCMPI (I): Intel-MPI
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be applied to the slugs individually, so each slug should be
separated by the measurements. That is why the phases should
be measured separately otherwise the heat differences of the
phases would be averaged decreasing the sensor signal.
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The main properties of the test cases can be seen in Table II.
The results of the test cases are compared to each other through
the amplitude of the output signal Tosc (the time dependent
mean temperature of the sensor) and a normalized value called
R and defined as follows:

R =
Tosc
Tmax

(8)

where Tmax is the temperature of the droplet exiting at the
outlet.
In the cases 1, 5 and 6 the sensor area is longer than the
liquid slugs resulting the aforementioned averaging effects
therefore gains very low R values. Worse values do not
affected by the way of heat generation.
Low R value may be also experienced if the ratio of slug and
sensor heat capacitance is too small. In case 2 and 7 short
slugs are flowing under surface heat generation which results
very low oscillation and R value as well.
Better results can be achieved by keeping the length of slugs
higher than the sensor length. Case 3 and 4 show good R
values regardless the way of heat generated. Obviously higher
oscillation amplitude can be achieved by volumetric heat
generation in case 4.
Droplet velocity can also affect both Tosc and R values.
Lower velocities enable longer contact time at the sensor
yielding higher heat accumulation. Lower velocity means
also less convective heat transfer ratio increasing the slope
of the temperature profile along the channel, which results
also higher temperature. Case 8 and 9 are reflecting the
aforementioned facts yielding very reasonable R values.
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Fig. 8. Temperature measurement analysis at different combinations of
boundary conditions, droplet and sensor sizes. Normalized goodness factor
R is marked by blue stars, temperature oscillaton Tosc is marked by red
crosses

V. CONCLUSION

Based on the general properties of Taylor flow a simplified
model was introduced to describe heat transfer in microchan-
nels. In order to validate the model it was implemented in a
finite element solver, ANSYS Multiphysics.
Note the results of temperature measurement analysis where
the same heat generation rate was applied in all cases. The
effectiveness of temperature sensing can vary by a factor of
10 for the same heat generation rate only by changing the
droplet size, velocity and the sensor size.
An other limiting factor of heat loss, due to heat convection or
radiation from the channel outer surface was ignored in this
analysis. This factor could worse the R values at low velocities
which forms the problem into an optimization task.
As all of the equations building up each finite element used in
this model could be substituted linear electric circuit models,
the model is suitable to be implemented as a linear network.
In the future work the possibilities of such implementation
will be investigated. Model parameters regarding the kinetics
of biological reactions should be also refined by using more
complex models.
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Abstract-The quasi-3D BGA package thermal model is 
proposed. The general 3D heat transfer problem is correctly 
transformed to the set of 2D equations for temperature 
distribution in different layers of BGA package construction. It 
is shown that quasi-3D model provides the reasonable accuracy 
for standard and thermally enhanced BGAs. The software tool 
OVERHEAT-BGA is developed to obtain an numerical 
solution with considerably (6 – 10 times) reduced CPU time in 
comparison with universal 3D simulators. 

The good agreement between designed and measured 
temperatures for standard and XP BGA packages is achieved. 

I.  INTRODUCTION 

The ball grid array (BGA) is a packing solution for 
integrated circuits which provides the high I/O density, low 
assembly cost, low package profile and high electrical and 
thermal performance [1-3]. In response to the increasing 
demand for higher speed and power of semiconductor 
devices together with die shrinkage functional integration, 
various thermally enhanced BGAs were inverted to increase 
package power dissipation capability, such as Heat Slug 
Plastic BGA (HS-PBGA) [4]. Bottom Heat Slug BGA 
(BHS-BGA) [5], Enhanced BGA (EBGA) [6], Super BGA 
(SBGA) [7], Ultra BGA [8], Extra Performance BGA (XP-
BGA) [9], etc.  

So a thermal design is necessary to provide optimal 
temperature distribution within the package and attachment 
components changing of geometry, materials, process and 
application environment for different BGA package 
constructions. For this purpose the complex heat transfer 
problem in BGA packages is numerically solved using 
universal 3D simulators ANSYS [10], Flotherm [11], 
MSC/PATRAN [12], COSMOS [9] and others. However the 
estimation of sensitivity to various geometry and material 
parameters for large CFD and/or FEM models requires 
computationally demanding simulations, particulary for non-
linear problems. Model reduction is an efficient means to 
obtain an accurate solution with acceptable CPU time 
[13,14]. 

In this paper the new quasi-3D approach for BGA package 
thermal modeling is proposed. The general 3D heat transfer 
problem is correctly transformed to the set of 2D equations 
for temperature distributions in different layers of BGA 
package construction. As a result the numerical solution and 
data interpretation are considerably simplified. In spite of 
this, the properties of material and temperature distribution 

in each constructive layer of BGA package are described and 
presented in more details without ensemble averaging. 

II. QUASI-3D NUMERICAL MODEL OF BGA PACKAGE 

The key points of quasi – 3D approach and the most 
important features of the software tool are considered by an 
example of the XP-BGA package developed as a cost 
competitive package for thermal margin [9]. The multilayer 
structure of XP-BGA is presented in Fig. 1. 

 

 
Fig. 1. Schematic of XP-BGA. 

The vias placed under the active die (in central region) 
carry out the function of heat transport and the vias not under 
the die (peripheral region) – the functions of electrical 
contacts and heat transport. With respect to the standard 
BGA package XP mode has two pronounced features: a 
dummy spacer die on top of the active die and a flat heat 
spreader or lid on top of the package. The former offers a 
direct thermal path form the active surface to the heat 
spreader and the latter provides a good thermal coupling to 
the peripheral solder balls by reducing spreading thermal 
resistance. 

For thermal analysis of BGA the quasi – 3D approach is 
used [15]. The ball diameter ZB, die and substrate 
thicknesses ZD and ZS are many smaller, then package and 
die layout sizes in plane xy. As a result, the temperature 
distribution along z axe can be assumed piece linear. 

In this way, the classic 3D heat transfer equation 
transforms into the set of 2D heat transfer equations for the 
temperatures on package top T1(x,y), heat spreader bottom 
T2(x,y), spacer die top T3(x,y), spacer die attachment top 
T4(x,y), active die top T5(x,y), active die attachment top 
T6(x,y), substrate top T7(x,y), balls top T8(x,y). This approach 
allows for reduce computational cost essentially [15]. The 
temperature of heat sink top is assumed to be equal to 
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ambient temperature, on package top is convective heat 
exchange. These equations are: 
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Boundary conditions for (1) - (4) are established on side 

surfaces of package: 
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a) 

 
b) 

Fig. 2 3D geometrical BGA package models for Extra Performance (a) and standard (b) versions. 
1 – active die, 2 – die attachment (DA1), 3 – molding, 4 – substrate (temperature distribution on its top is T7, on its bottom is T8), 5 – via, 6 – 
perimeter balls, 7 – thermal balls, 8 – dummy spacer die, 9 – die attachment (DA2), 10 – heat spreader, 11 – heat spreader attachment, 12 – heat 
sink, its temperature is TAMB, 13 – plane of attachment top (temperature distribution is T6), 14 – plane of active die top (temperature distribution is 
T5), 15 – plane of dummy spacer die bottom (temperature distribution is T4). 
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where: Tξ – temperature distributions (see Fig. 2); TAMB – 
ambient temperature; TPCB –temperature of PCB surface; P – 
power density on die top; α – coefficient of heat exchange; 
λξ, zξ – thermal conductivity and thickness of BGA package 
constructive ξ-layers, ξ=1,…,8; XS, YS – package sizes on x 
and y. 

Whole system of equations (1) - (4) describes thermal 
regime of XP BGA package (Fig. 2,a). 

The model (1) - (4) is universal and can be generated for 
another type of BGA package with horizontal multilayer 
construction, for example, HS-PBGA [4], TBGA [10], HS-
BGA [4], etc. 

For standard BGA package geometrical model is 
automatically simplified: 8 – dummy spacer die, 9 – die 
attachment, 10 – heat spreader, 11 – heat spreader 
attachment are extracted (see Fig. 2b). As a result the 
equation system (1) - (4) reduced into the set of equations 
(1), (3) - (4). 

The system of partial differential equations (1) - (4) is 
solved by finite difference method described in [15]. The 
software tool Overheat-BGA was developed. Its input data 
consist of three types of parameters: 

1. parameters, describing BGA package: number and type 
of each construct layer, its sizes, physical and thermal 
properties of the material; 

2. powers of active dies; 
3. parameters directing the simulation process: MX×MY 

grid sizes, accuracy of solutions. 
Output data: 
1. MX×MY matrix of temperatures T1, …, T8 in (i,j) grid 

points; 
2. multi-color temperature maps in plane xy for 

temperatures Tξ; 
3. average and maximal values of temperatures Tξ. 

III.  MODELING RESULTS 

Thermal modeling of standard BGA and XP BGA 
packages was carried out using the software tool Overheat – 

BGA. External sizes of both packages are 17×17 mm, 
number of perimeter balls – 112, number of central thermal 
balls – 16 (see Fig. 3). Total power is P=4 W and uniformly 
distributed on the die top. Package sizes are presented in 
Table I [8]. Table II lists the material properties used for this 
study. 

Localized 340×340 grid was used to capture the 
temperature distributions T1, …, T8. It was assumed that a 
converged result has been achieved if the junction 
temperature error is less than 0.01, 0C. I.e. this structure has 
two perpendicular symmetry axes, we can calculate one 
quarter of it. 

TABLE I 
PARAMETERS OF BGA  PACKAGE 

D, mm 17 
D1, mm 15 
E, mm 17 
E1, mm 15 
b, mm 0.6 
e, mm 1 
ZB, mm 0.5 
ZP, mm 1.15 
ZS, mm 0.36 
Number of perimeter balls 192 or 112 
Number of thermal balls 16 
Die size, mm 7×4.4 

 
Thermal analysis results of BGA and XP BGA packages 

with 112 perimeter vias and 16 thermal vias are shown in 
Fig. 3 where die top temperature distribution T5(x,y) (see eq. 
(3)) is presented. 

Maximal and average temperatures of the die top are 
presented in Table III. 

Analyzing the temperature distribution in the plane of 
active die top T5(x,y) for BGA and XP BGA, we can see, that 
using of XP BGA structure allows to reduce TMAX, TAV  on 8 
and 5 0C, respectively (17.5% reduction). This results are in 
good agreement with [9] where a 17% reduction in the free 
ΘJA was achieved.  

 

  
a) b) 

Fig. 3 Temperature distribution on active die top for:  
               a) XP BGA; b) standard BGA. (1 – active die; 2 – dummy spacer die) 
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The importance of thermal balls as efficient heat parts 

between the package and the PCB was also investigated. It 
was shown by computer modeling, if the number of thermal 
balls in the standard BGA package was reduced from 16 to 8 
the maximum temperature on the die top T5 was increased 
by 6.7 0C. The removal of all thermal balls increased the die 
temperature by 17.1 0C. 

TABLE II 
THERMAL CONDUCTIVITY OF CONSTRUCTIVE MATERIALS 

Material Thermal Conductivity [W/(m K)] 
Solder  50 
Molding compound 0.8 
Die attachment  2 
Silicon Die  140 
PCB  0.36 
Copper  390 

TABLE III 
MAXIMAL AND AVERAGE TEMPERATURES ON THE DIE TOP,  AMBIENT 

TEMPERATURE IS 200C. 

Temperature of die top, 0C 
maximal average 

Number 
of 

thermal 
balls 

XP BGA stand. BGA XP BGA stand. BGA  

16 37.7 45.7 35.8 40.8 

 

IV. VALIDATION OF QUASY – 3D MODEL 

The standard 17×17 mm2 BGA package with 8.2×8.2 mm2 
die, a 3-row peripheral ball array was selected to compare 
the modeling and measurement results which are presented 
in Table IV. Total power is P=4 W, number of perimeter 
balls – 112, number of central thermal balls – 16 (see Fig. 3). 

TABLE IV 
COMPARISON OF THE MODELED AND MEASURED RESULTS OF 17×17 MM

2
 BGA 

 ΘJA, 
K/W 

Average 
temperature of 
die, 0C 

Die temperature 
increase after balls 
removal 

Measurement 
[12] 

23.3 41.6 57% 

Quasi-3D 
model 

23.9 40.8 60% 

 
It is seen that the proposed quasi-3D BGA package model 

provides the results with reasonable accuracy. 
 

V. CONCLUSIONS  

The mathematical model based on the quasi-3D approach 
was proposed for BGA package thermal modeling. The 
software tool Overheat-BGA was developed to provide the 
numerical solution and data interpretation considerably 
simplified in comparison with universal 3D simulators. 

The effectiveness of the new model and software tool was 
demonstrated for standard and thermally enhanced BGAs. 

Pentium 4 CPU time for XP BGA and standard BGA 
temperature distributions (Fig. 3) simulations using quasi-3D 
model was 20 min. and 15 min. For comparison, the same 
simulations using 3D COSMOS model took 3 hours and 2 
hours 30 min. accordingly. 

By our experience, Overheat-BGA program may be 
utilized by the design engineers with a minimum of training 

and can be effectively used to study the different types of 
BGA packages to provide optimal thermal performance, 
changing the geometry, properties of materials, process and 
application environment. 
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Abstract-Smart mobile devices like smartphones and tablets 

have fast penetration rates into almost all domains of our life. 
Frequent usage of mobile applications on such devices increases 
their resources usage and energy consumption, reducing thus 
their mobility and autonomy. Modern power management 
mechanisms are thus overwhelmed by today power hungry 
mobile applications. Therefore new power management and 
energy efficiency mechanisms are evaluated. One such 
mechanism is the integration of higher system abstraction 
layers into the power management process with the aim to 
build a cross layer energy management solution. In our work 
we aim to integrate high level user context information into the 
energy management solution in order to increase the energy 
consumption efficiency. This paper investigates the influence of 
user and communication infrastructure contexts on the energy 
consumption of wireless communication.  

 

I.  INTRODUCTION 

Nowadays, mobile wireless devices take active part to our 
daily activities as they increase in processing power, 
memory and storage capacities and number of built-in 
sensors. The cost users have to pay for using these 
enhancements is the reduction of the battery lifetime and 
consequently the decrease in autonomy and mobility [1]. 
Present battery technologies are currently able to sustain one 
day autonomy of frequently applications usage by smart 
mobile devices, compared to almost one week autonomy of 
common voice communication mobile devices. Therefore, 
further research efforts are needed in order to surpass current 
limitation of smart mobile devices autonomy and to increase 
the energy efficiency of mobile applications execution. 

Most power management mechanisms are implemented 
and located at the lower layers of the mobile device, physical 
and operating systems layers [2]. The integration of the 
upper layers of mobile systems into power management 
mechanisms can decrease their energy consumption. 
Application-level power management mechanisms [3], take 
advantage of usage patterns associated with mobile 
applications and user activities such as email retrieval and 
web browsing. 

In addition, the user intervention into the system’s power 
management mechanism is going to be taken into account. 
The user is the best able to decide how to use the remaining 
energy within the battery. However, most of the users have 
no capacity to understand all aspects of power management 

mechanisms as they are implemented today. Therefore 
power management techniques should propagate to higher 
levels of the system, more specifically to the user 
applications level, in a more user friendly mode. There are 
two possible ways to implement user friendly power 
management interfaces: user-control interfaces and user-
awareness interfaces. The first one allows users to actively 
interact with power management mechanisms in a much 
more informed way in order to select the most appropriate 
parameters based on their habits. The second one permits the 
higher-level applications and operating system to make the 
users aware of application specific energy consumption in 
order the user to change their behavior. The goal of these 
user interfaces is to allow the users to get information about 
the impact of the running applications on the energy 
consumption and in case of poor energy resources to have 
the ability to decide which are the priority applications 
which are allowed to utilize the remaining energy. 

However, promoting power management mechanisms to 
user level is not an easy task due to the high user resistance 
to changes or due to the minimum effort expected from the 
user. Therefore we try to find a solution for this problem, 
because we consider that that final user has the most 
important information needed by power management 
mechanisms: what are the most important tasks of the user in 
order to allow them to finish using the available energy in 
the battery. In our work we aim to integrate high level user 
context information into the energy management solution 
without significant user intervention. This paper discusses 
the how user context influences the energy consumption of 
wireless communication interfaces. 

The rest of the paper is organized as follows. Section II 
presents the state of the art of context based energy 
management and optimization. Section III describes the 
theoretical aspects of the work and the proposed solution 
design. Section IV discuss the measurement results we 
obtained based on the proposed test cases. Finally we 
conclude the paper in the last section. 

II. RELATED WORK 

The main advantage of mobile devices is that they allow 
users to get access to services anywhere, anytime through 
wireless communication medium. There are two widespread 
families of mobile networking technologies: the data 
communication services offered by mobile telephony 
networks and the 802.11 wireless LAN standards known as 
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well as WiFi technology. The first family contains the older 
GSM technology together with the newer 3.5G and 4G 
technology.  The second family comprises the 802.11 a/b/g/n 
group of standards. 

The [4] shows the pervasive computing improvements 
from 1990, where CPU clock frequency has attained 800 
times higher in recent 12 years while battery density has just 
doubled in the same period. As we see, the battery life is 
crucial in portable wireless devices, especially in cellular 
systems, and thus we have significantly to save the power 
consumption at the terminal side 

Generally speaking, context-awareness means that one is 
able to use context information. A system is context-aware if 
it can extract, interpret and use context information and 
adapt its functionality to the current context of use [5]. Our 
intention is to use the context information in such a way that 
will help the mobile device to choose among the three 
mobile technologies with the aim of preserving the energy as 
much is possible, based on the particularities of each 
wireless network technology. The [6] showed that Wi-Fi  
and  cellular  network  interfaces  (802.11b  and  
GSM/EDGE)  have  energy  profiles  with complementary 
strength. Through a  theoretical  analysis  the article showed  
that  judiciously choosing  between  network  interfaces  can  
considerably  improve battery  lifetime  under  a  broad  
range  of  application  requirements. 

In order to optimize the power consumption of a wireless 
transfer there are two kinds of approach. On one hand are the 
solutions which try to reduce the consumption by switching 
between multiple radio interfaces, trying to select the one 
which lid to a lower consumption and the other approach, 
regardless of wireless connection type, tries to conserve the 
energy using different strategies for data transfer. 

As we can see in [7] the authors did an extensive 
measurement study of data transfer over the GSM, 3G and 
WiFi, showing that energy consumption is intimately related 
to workload and not just the total transfer size. The authors 
observe that besides the energy necessary for data transfer 
there are two overhead components named ramp energy and 
tail energy. Ramp energy overhead occurs in transitioning 
from the low power state to the high power state and the tail 
energy component is wasted in high-power states after the 
completion of a typical transfer. Summarizing the 
observations made by the authors, in 3G, a large amount of 
energy (nearly 60%) is spent by tail energy overhead. In 
GSM the tail time, is much smaller compared to 3G (6 vs. 12 
secs) and the lower data rate of GSM implies that more 
energy is spent in the actual transfer of data. In WiFi, the 
association overhead is comparable to the tail energy of 3G, 
but the data transfer itself is significantly more efficient than 
3G for all transfer sizes.  

Using the same type of strategy, the authors of [8] has 
explored the idea of switching among multiple radio 
interfaces in order to reduce overall power consumption. In 
this paper the authors propose a system which gives the 
possibility to a wireless mobile device to automatically 
switch between multiple radio interfaces, in this case WiFi 
and Bluetooth, with the aim of increase battery lifetime. The 
main contribution of their work is an exploration of the 

policies that enable a system to switch among multiple 
interfaces, each interface having different characteristics. 

The other approach is reflected in [9] which takes into 
account only the 3G technology for data transfer and propose 
a very promising strategy using timer alignment methods for 
reducing energy consumption. The authors observe that 
timing requirements for always-on applications are usually 
not strict and therefore application timers can be grouped 
together by using a timer alignment method. Using this 
method the authors succeed to reduce the power 
consumption of always-on applications by 50-60%. The 
main reason for the reduction is the alignment of network 
timers which implies a reduced number of radio access 
activations. 

In [10] the authors consider only the WiFi connectivity 
and present a measurement study of the energy consumption 
of VoIP applications over WiFi-based mobile phones. The 
authors find that intelligent scanning strategies in WiFi can 
reduce power consumption for VoIP applications. The 
authors of [11] measured the energy consumption for 
Youtube-like video streaming applications in mobile phones 
using both WiFi and 3G. Their focus is on the energy 
utilization of various storage strategies and application-level 
strategies such as delayed-playback and playback after 
download. The author of [12] discovered that TCP 
downloads during 3G voice calls reduce energy consumption 
75–90% compared to consecutive execution. Parallel 
downloading during VoIP calls lead to 30–40% savings and 
parallel TCP session reduce energy consumption by 0–20%. 

A proxy-based energy adaptation framework is proposed 
in [13] where the authors utilize lossless data compression 
with the aim of saving energy on mobile devices when 
receiving data from wireless networks. The paper has three 
major contributions: a) proposing a practical solution 
adopting a decision-making mechanism based on context-
aware policies, b) taking into account the compression ratio 
of different data types and the client contexts such as the 
energy utility of decompression, c) taking network 
conditions (throughput and SNR) into account when 
estimating the communication cost. 

The solution proposed by the authors of [14] cannot be 
includes neither in the first category of papers nor in the 
second, because the article evaluate the energy saving that 
can be achieved with the energy-aware cooperative 
management of the cellular access networks of two operators 
offering service over the same area. The switching in not 
made between different radio interfaces but among different 
operators. This approach may become feasible only if 
operators are willing to cooperate, by accepting the 
competitor’s subscribers as roaming customers. 

We propose an approach which allows the utilization of 
the solutions developed to optimize the consumption of a 
mobile devices communicating by using a single type of 
wireless network interface, but in the same time our 
approach offers the possibility to choose, based on the 
contextual information, the best variant between available 
wireless network interfaces. A similar approach is proposed 
by [15] where context is used by battery management 
component. 
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III. USER CONTEXT AND ENERGY CONSUMPTION 

The current research covering context-awareness expands 
from defining and understanding context to proposing 
different context-aware frameworks and applications. The 
term of context and context-aware in the computing domain 
was first used in 1994 by Schilit, Adams, and Want [16] but 
it’s fully development was possible due to the spread of 
smart mobiles and tablets. The idea proposed in [16] was to 
make use of context information and adapt applications 
accordingly in order to provide the users with specific 
services based on their current context. The aspects of 
context that can be taken into account are location, time, 
people, devices and services nearby and changes in the 
previous aspects. 

Both context and energy consumption aspects are very 
complex to model and implement by real-life applications. 
Therefore in order to reduce the complexity of the solution, 
the first step of our work was to address energy efficiency of 
wireless communication and to identify the main context 
aspects that impact the energy efficiency of the device while 
using wireless communication. The main goal of the paper is 
thus to discuss context aspects that influence energy 
efficiency of wireless communication. Every mobile user 
usually has several contexts while he benefits of network 
services using his mobile device. Such contexts may include 
home, company, school, friends, clubs, etc. 

Wireless interface of the mobile device is usually shared 
by several user applications that needs network services. 
These applications are grouped function of their context 
execution, in two categories: context dependent and context 
independent. Context dependent wireless applications are 
used within a specific user context, like company, and 
wireless communication is bounded to this context. Context 
independent wireless applications on the other hand are not 
bounded with a specific user context and can consume 
network services from various contexts. Context independent 
wireless applications in their turn can be further divided into 
three classes based on the type of urgency of remote data 
access: instant, deferred and predicted access. Instant remote 
data access of wireless applications is needed when user 
requests urgent online data access, that cannot be delayed 
and that was not predicted and available locally. Deferred 
remote data access is initiated by the user, but data are not 
needed at the request time. Deferred data can be accessed at 
a later time when data is available within the best energy 
efficient user context. Predicted remote access is the access 
to local available data that was correctly predicted and 
downloaded in advance. 

There is a kind of applications which are not requiring 
instant access to network services or remote data. For these 
types of applications is very suitable to have the possibility 
of choosing the best user context for wireless 
communication. The user context will be chose based on the 
history of energy efficiency of that user context. These kinds 
of applications are those which are used intensive on mobile 
device and generate the highest power consumption. Trying 
to optimize the communication generated by these 

applications will have significant impact on overall power 
consumption of the system. 

Energy efficiency of wireless communication in different 
user contexts is estimated for every application which makes 
use of wireless network interfaces. In order to estimate the 
energy efficiency, power consumption and transfer rates of 
every wireless transfer must be known. Our solution is based 
on system monitoring, meaning that both power 
consumption and transfer performance are estimated online 
from measurable system’s parameters. Wireless 
communication power consumption is estimated from power 
consumption of the whole system obtained using battery 
API. 

Battery energy measurements specify the current status of 
the remaining energy available in the system. Battery 
measurements are valuable metrics for improving mobile 
systems and applications power management. Power 
management strategies applied for lower levels in the system 
usually do consider neither battery parameters nor other 
system parameter; they only implement certain policies, in 
most of the cases based on timeout or usage predictions. 
Mobile systems are subject to different and complex user 
and usage models, each with its own battery life profiles. 
Monitoring these profiles and detecting the changes in the 
network status we can estimate the power consumption of 
mobile wireless interface. 

The proposed monitoring solution in Fig. 1 is based on a 
layered architecture containing the user interface layer (GUI 
layer), energy-efficiency logic specific layer (Profiling 
layer), component parameters monitoring (Monitoring layer) 
and the data acquisition layer (Data layer). The bottom layer 
is running on top of the host operating system (OS) and it 
provides a platform independent method to access and 
collect specific parameters from the underlying hardware 
and software components. Data acquisition layer uses the 
specific APIs provided by OS to read component related 
measurements which are further transferred to the upper 
layer in a uniform platform independent way. But the 
implementation of data access layer is platform dependent; 
therefore specific implementation should be developed for 
every new targeted platform or device. This layer provides 
access to read battery, telephony, radio, CPU and memory 
parameters. 

 
Fig. 1. Energy efficiency monitoring layers and modules. 

 
The middle layer is platform independent and it 

implements the energy estimation logic. These layers contain 
intelligent component monitors and the energy-efficiency 
profilers that match the power consumption measurements 
and workload related phases to estimate the energy 
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consumed by every specific workload. The monitor 
components store historical context related data which are 
used to calculate energy costs of each workload in different 
contexts. 

On top of the logic layer is placed the user interface layer 
which provides mobile users with simple access to energy 
costs of the last workloads and an estimation of the available 
time considering the current energy status of the battery and 
the current running workloads. The GUI layer is platform 
dependent and is designed to allow development of 
application specific GUI components: today screen or 
normal dialogs. 

IV.  CONTEXT AWARE ENERGY MONITORING TEST RESULTS 

In order to test the proposed solution we implemented a 
prototype for a HTC HD2 smart phone with Windows 
Mobile 6.5 operating system. We used this system because it 
offers OS API and unmanaged programming access at the 
system’s components. The application was developed using 
Visual Studio 2008 development tools. We developed a 
client/server test application. The client is running on the 
client side and can transfer (upload and download) various 
data with the server application. Two communication 
protocols we used between client and server: TCP and 
HTTP. We selected one data block size to be used and 
randomly generated content. The wireless communication 
tests were run from three user contexts: home, school 
(shown as B413, B413 or HOL in the figures) and a partner 
software company (shown as LST in the figures). For each 
context 4 tests were executed as combinations between used 
protocols (TCP and HTTP) and wireless technology (WiFi 
and HSDPA). Every test were repeated at least three times 
and recorded for analysis. 

The estimation of WiFi power consumption values in the 
three different user contexts are shown in Fig. 2. The user 
context located at the school laboratory we have several test 
executions at different distances from the main base station 
(WiFi access point). The parameter in the contexts that 
describes the distance from the base station is the RSSI. 

 
Fig. 2. WiFi power consumption function of user context. 

 
Power consumption of the mobile device depends on the 

type of protocol used for communication: HTTP consumes 
with ~0.4 more power than TCP communication (Fig. 2). On 
the other hand the wireless communication transfer rates we 
measured vary in very large limits with the context of 
communication. For example the device used at home is a 
wireless access point that uses 3G connection for the uplink 
connection (Fig. 3). Therefore the energy efficiency of 

wireless communication depends also on user context (Fig. 
4). 

 

 
 Fig. 3. WiFi transfer rates depending on user context. 

 

 
Fig. 4. Energy efficiency of different context. 

 

 
Fig. 5. HSDPA power consumption function of context. 

 

 
Fig. 6. HSDPA vs. WiFi power consumption. 

 
We tested also various wireless medium access modes and 

technologies. Besides WiFi we used HSDPA connection. 
The tests results for HSDPA show similar power 
consumption levels for every context (Fig 5. and Fig. 6). 

In our tests we obtained similar energy efficiency results 
for the same context and there are significant differences 
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between test executions in different contexts. This makes 
possible implementation of context based selection for 
wireless transfers in order to increase the efficiency of the 
running mobile applications. 

V.  CONCLUSIONS 

The main contribution of our study is that it tries to offer o 
solution which allows the coexistence of two different types 
of approaches designed to reduce the power consumption of 
a mobile device. In fact, our solution may act “over” every 
kind of solutions mentioned in section II, which propose 
optimization for data transfer over a single type wireless 
network interface, without influencing their performance. 

Based on contextual information gathered in time, it will 
decide which wireless network interface leads to a lower 
power consumption. In the same time the choice guaranties 
that communicating parameters will satisfied the 
requirements of running applications. In the future we intend 
to add the possibility for a user to define different kind of 
scenarios which will allow a more fine grained decision to 
be taken. 
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Abstract - A methodology for electro-thermal simulations of 
discrete semiconductor devices on PCB level is presented. By 
combining the finite element simulation tools FloTherm and 
Sentaurus the computation time can be reduced so that it is 
possible to include the surrounding ambient into the electro-
thermal model. This is achieved by extraction of thermal 
resistances using FloTherm which are inserted into Sentaurus as 
thermal boundary conditions. This approach has been verified 
with thermal measurements for a set of discrete devices in 
different packages and PCB layouts. The simulation results agree 
well with measurement.  
 

I.  INTRODUCTION 

The ongoing miniaturization of electronic appliances asks for 
increased electrical performance of semiconductor products in 
smaller and smaller packages. Frequently this leads to the 
situation that the thermal characteristics are limiting the 
electrical performance of the product. In addition the thermal 
management of the final application, for instance a smart 
phone, becomes ever more challenging with the ongoing 
densification on the circuits boards. Thermal characteristics can 
only be measured at the final product resulting in a very long 
design loop and the risk of cost intensive re-spins in the 
development of discrete products. Therefore a methodology for 
accurately modeling electro-thermal behavior on board level is 
needed. 
Electro-thermal modeling of semiconductor devices is very 
challenging with respect to computing resources. A full finite 
element electro-thermal model of an application has many 
nodes which lead to very long solving times. This limits 
electro-thermal tools essentially to the simulation of the 
semiconductor die neglecting its surroundings. One way to 
reduce the amount of computation time is to use distributed 
lumped element models [1]. Another approach is to generate 
compact models to describe the electro thermal behavior [2]. 
Temperature distributions of detailed PCB boards can be 
simulated quickly with such an approach [3]. Even though 
electro-thermal modeling with finite elements is very 
computation time consuming, tools which only solves the 
thermal behavior can handle larger structures with much more 
nodes due to the fact that fewer equations have to be solved. 
Thus simulations of PCB-level structures are possible. Within 
the Therminator project a simulation flow for the electro-
thermal behavior of discrete semiconductor devices on PCB-
level has been set up and calibrated. The tools FloTherm and 
Sentaurus are used, but the flow is not limited to these. In 

general it can be used with every combination of an thermal-
only solver and an electro-thermal simulation tool. 
The paper is organized in three sections. In the first section we 
describe the simulation tools and flow for thermo-electrical 
simulations for a discrete device on PCB level as developed in 
the Therminator project. The second section covers the 
calibration setup and measurement. The third section shows the 
results. A discussion and an outlook is found at the end of the 
paper. 

II.  SIMULATION FLOW SETUP 
FloTherm is a finite element simulation tool which takes only 
thermal effects into account. It includes thermal diffusion, 
radiation and convection into transient or steady state 
computations [4]. Due to the restriction to Cartesian 
coordinates big models with up to 5 x 106 cells can be handled 
in reasonable time scales. This makes FloTherm capable of 
simulating a discrete semiconductor device with its ambient 
surrounding like a PCB, housings or even further devices or 
heat sources in one model. Furthermore it is possible to use 
thermal compact models in FloTherm to further reduce the 
number of nodes.   
Sentaurus is a finite element semiconductor device simulation 
tool. All relevant semiconductor physics models are 
implemented, thus allowing to reproduce the behavior of 
silicon based devices. Sentaurus is able to do 3D simulations 
and apart from semiconductor materials various other 
insulators and metals are available which enables full PCB 
level simulations. However, as the computing time increases 
with the number of nodes there is a practical resource limit 
since complex simulations would take days of computing time 
to finish. Thus there is the need to reduce the number of nodes 
as much as possible without sacrificing the accuracy of the 
results.  
In this work the complete device and a small part of the PCB is 
modeled in Sentaurus. The model of BC847, a bipolar npn 
transistor with a die size of 300×300 µm² in a SOT23 package  
is shown in Fig. 1.The PCB up to a length of 2 mm away from 
the package is incorporated into the structure. Such a structure 
has about 50000 nodes. A transient simulation with four CPU 
cores takes about 3 hours. In order to model the remaining of 
the PCB thermodes (thermal contacts) are placed at the end of 
the modelled structure which set boundary conditions for the 
temperature distribution. They are indicated by purple lines in 
Fig. 1. These are the interfaces between Sentaurus and 
FloTherm and model the surrounding ambient. There are five  
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                                                      a) 

 
                                                       b) 

Fig. 1: a) Simulation structure used in Sentaurus of BC847, a bipolar transistor 
in SOT23. The purple lines indicate the boundaries of the thermodes used to 
model the surrounding ambient. b) Magnified region inside the package. To 
reduce the number of nodes the cylindrical bond wires are approximated by 
rectangles. For better visibility the mould compound is not shown. 

different main heat dissipation paths of a device: three are 
attached to the end of the copper traces; one is set around the 
PCB edge which models the heat dissipation within the PCB 
material; the last one is placed directly over the package 
modeling the air convection. 
Sentaurus allows defining lumped thermal surface resistances 
directly in the thermode statement [5]. These resistance values 
are determined by performing simulations with FloTherm. As 
these thermal resistances are connected in parallel it is not 
possible to determine each thermal resistance from one 
simulation only due to the fact that, although the temperatures 
at different positions can be determined by FloTherm, the 
ratios of power dissipation through the different paths are 
unknown. The thermal resistance of each path has to be 
determined by an independent simulation. With this approach it 
is ensured that the power can dissipate only along this path. 
The thermal resistance can be calculated by 
 

      𝑅𝑡ℎ = 𝑇𝑏𝑜𝑢𝑛𝑑[°𝐶]−𝑇𝑎𝑚𝑏
𝑃[𝑊]

                         eq. (1)     
 
where 𝑇𝑎𝑚𝑏  is the ambient temperature (typically 25°C), P is 
the applied power and  𝑇𝑏𝑜𝑢𝑛𝑑  is the temperature at a position 
which coincides with the edge of the modelled structure. 
Sentaurus needs surface resistances (units are 𝐾 ⋅ 𝑐𝑚²/𝑊) not 
thermal resistances. Thus the obtained 𝑅𝑡ℎ described above has 
to be multiplied with the area of the thermode. The setup of 
FloTherm to obtain the thermal resistances is described in the 
following. For the copper traces only the metal is present, 
radiation and convection is turned off. Each trace is simulated 
separately. The temperature 𝑇𝑏𝑜𝑢𝑛𝑑 is read at a 2 mm distance 

to the heat source (placed on a solder pad for the package) 
which coincides with the end of the simulated structure in 
Sentaurus. These simulations define the first three thermodes 
describing the copper traces in Sentaurus. For the 
determination of the Rth of the PCB convection and radiation 
are turned on and the package material property in FloTherm is 
defined as non-conducting. This eliminates or at least reduces 
the convection directly above the device. The copper traces are 
not present in this simulation. A fixed heat power is applied to 
the collector terminal of the package and the temperature 
𝑇𝑏𝑜𝑢𝑛𝑑  is read in a distance of 2 mm.  
Sentaurus is not able to simulate convection. The convection is 
modelled as solid state heat diffusion with an effective thermal 
conductivity. Therefore the device is placed in FloTherm on a 
PCB which is defined as non-conducting, radiation is turned 
off and the copper traces are not present. A power is applied to 
the device and the only dissipation path is now convection. At 
a distance 𝑑 above the package the temperature is read as well 
as the temperature at the surface of the package. The two 
temperatures together with the power allow calculating the 
effective thermal conductivity of the ambient: 
 

 𝜆 � 𝑊
𝑐𝑚⋅𝐾

� = 𝑃 [𝑊]
�𝑇𝑝𝑎𝑐𝑘𝑎𝑔𝑒−𝑇1𝑚𝑚�[°𝐶]⋅𝑑

                eq. (2) 

 
The thermal resistance is calculated as usual by taking the 
temperature 𝑇𝑏𝑜𝑢𝑛𝑑  of the ambient in the distance d. Please 
note that if the PCB and the packages remain unchanged these 
values can be reused for different devices. 

 

III.  CALIBRATION 
The devices are soldered on different PCB versions and Zth 
curves are measured. The layout of the PCBs used is shown in 
Fig. 2. Two versions are used. The first has the standard reflow 
soldering footprint for SOT23 connected with 250 µm wide 
and 70 µm thick copper traces forming force and sense 
contacts. The second version has an additional copper heat sink 
with 1cm² directly connected to the collector pad (Fig. 2 b)). 
Both versions are JEDEC compliant. Multilayer PCBs are used 
to change the effective thermal conductivity of the board. All 
multilayer PCBs are made of alternating copper and FR4 layers 
as shown in Fig. 3. The layout of the top layer is the same as 
for single layer PCBs while the other three remain 
unstructured. The pn-junction of the emitter base junction is 
used as temperature sensor, which has to be calibrated at a 
fixed external temperature. This is done by placing the board 
into a chamber with given temperature between 25°C and 
150°C while measuring the forward voltage drop Vf for 
different currents. A measurement current Im is chosen in the 
range where Vf is linear with temperature. In order to avoid self 
heating of the device during measurement this current should 
be small. The slope of the obtained curve gives the temperature 
coefficient tc which is used for calculating Zth. Furthermore 
this measurement generates the data for the DC calibration of 
the devices in Sentaurus. 
Zth is now obtained with the following procedure. First a 
heating current 𝐼𝑝𝑜𝑤𝑒𝑟  is chosen such that at steady state a  
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                                                    a) 

 
                                                b) 

Fig. 2: PCB layout used in this work. A) std. footprint and b) footprint with 
1cm² heat sink. The device is placed in the middle of the copper traces. The 
layout is JEDEC compliant. 

junction temperature of 150°C is obtained. The ambient 
temperature is room temperature which is 21°C. To obtain Zth 
for a given time a pulse of 𝐼𝑝𝑜𝑤𝑒𝑟  of this length is applied to the 
device. The voltage drop at the end of the pulse 𝑉𝑓𝑝𝑜𝑤𝑒𝑟 is 
recorded. Afterwards the pulse current is reduced to 𝐼𝑚. Due to 
intrinsic delays the tester is not able to measure immediately 
after the current has been reduced. Therefore it measures Vf at 
different times after the pulse and the value at the switching 
point is approximated with a parabolic fit. This extrapolated 
voltage drop 𝑉𝑚0 is stored together with the pulse length. The 
procedure is repeated for pulse lengths between 10 µs and 1000 
seconds.   

 

 

 
 

Fig. 4: DC IV curve of BC847 for different temperatures. The current is given 
and the voltage is read out. At lower currents and elevated temperatures the 
difference between simulation and measurement is about 20mV which 
corresponds to ~7 K at 150°C. The origin of this systematic offset is not 
known. 

 
The time dependent Zth is calculated by the equation 
 

𝑍𝑡ℎ(𝑡) = 𝑉𝑚0(𝑡)−𝑉𝑚𝑐𝑜𝑙𝑑
(𝑡𝑐∗𝑉𝑓𝑝𝑜𝑤𝑒𝑟 ⋅(𝐼𝑝𝑜𝑤𝑒𝑟+ 𝐼𝑚))

                    eq. (3) 

 
  

    

where 𝑉𝑚𝑐𝑜𝑙𝑑  is the voltage drop at room temperature when 
measured with  𝐼𝑚. 
The ambient has a strong influence on the thermal behavior of 
the device. Thus not only the material parameters have to be 
characterized but also the geometrical dimensions. A cross 
section of the PCB at the position of the soldered device 
delivers the solder and copper trace thicknesses. 
For an accurate electro-thermal simulation the simulated DC 
IV-curve has to agree with measurement for a wide range of 
external applied temperatures. In Fig. 4 a comparison of 
simulation and measurement is depicted in the range of 25°C 
and 150°C. They show a good agreement for all temperatures. 
At lower currents and elevated temperatures the difference 
between simulation and measurement is about 20mV which 
corresponds to ~7 K at 150°C. The origin of this systematic 
offset is not known.  

IV.  RESULTS 
In order to verify that the methodology gives accurate results 
different devices in different packages were measured and 
simulated. Table 1 gives an overview of the used packages 
which cover a broad range of sizes, from being SOT883 the 
smallest and SOT89 the largest one. In the following detailed 
results are shown for BC847 (a bipolar npn transistor in the 
SOT23 package) from NXP Semiconductors. If not explicitly 
stated all simulation results are obtained from Sentaurus.  
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Fig. 3: left: Single layer PCB structure, right: Multi layer PCB structure 
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Table 1: Overview of investigated packages, covering a broad spectrum of different sizes as well as different technologies. 

 
The full transient thermal behavior of the full model (PCB with 
BC847) was simulated with FloTherm. Fig. 5 shows the 
simulated and measured Zth curves for a PCB with standard 
footprint and with a 1cm² copper heat sink. Measurement and 
simulation agree well within a +/-10% error margin. Such a full 
model has about 106 cells. Simulation time for a full transient 
solution is about 3-5 hours with eight parallel solvers.  
The results of the transient simulation show that the model 
represents the system well. However, for the extraction of 
thermal resistances a steady state solution is sufficient, which 
takes less than 30 min simulation time. The transient solution 
for 1000s and the steady state solution of the model deliver the 
same result. FloTherm describes the DC and transient behavior 
very well, thus it can be expected that the extraction of the 
thermal surface resistance gives accurate values. The 
measurements together with the simulated transient voltage of 
the emitter base junction of BC847 on a standard footprint 
obtained by Sentaurus are shown in Fig. 6 a). The voltage does 
not change much until 50 ms, i.e. the heating is not yet strong 
enough to change the temperature strongly as seen in Fig. 6 b). 
At larger times heating becomes increasingly important, the 
temperature of the pn-junction of emitter and base rises and the 
its voltage drops. Around 100 seconds the temperature does not 
increase any further and steady state is reached. The voltage  

 
shows a sudden change in slope in the simulations at around 30 
seconds. This is most likely due to the fact that the remaining 
surrounding PCB with its copper traces is only modeled by 
thermal resistance boundary conditions in Sentaurus but the 
heat capacitances of the copper traces and the PCB were 
neglected. This leads to two effects: the voltage curve is not 
smooth (no RC-circuit) and the simulated temperature becomes 
higher than in measurement.  
 

a) 

 b) 
 

Fig. 6: a) Transient voltage of BC847 in a SOT23 package on a standard 
footprint PCB. The blue symbols indicate the measurement, the  red symbols 
are simulation results. An abrupt change in slope is observed around 30s. This 
is most likely due to the fact that the remaining surrounding PCB with its 
copper traces is only modeled by thermal resistance boundary conditions in 
Sentaurus but the heat capacitances of the copper traces and the PCB were 
neglected. b) Simulated junction temperature. The dashed curve is an 
illustration of how the temperature could change if a thermal capacitance was 
included in the thermal boundary conditions. 

 

Package 

SOT23 SOT883 SOT89 SOT1061 

    

Dimension (mm) 2.9 × 1.3 × 1.0 1.0 × 0.6 × 0.5 4.5 × 2.5 × 1.5 2.0 × 2.0 × 0.65 
Type Gullwing Exposed heat sink Exposed heat sink Exposed heat sink 

 
Fig. 5 Comparison of measured Zth for different pulse lengths (symbols). The 
blue squares represent measurement with a standard footprint, the blue circles 
measurements where a 1cm² heat sink has been added on the PCB in the direct 
vicinity of the device. The red open symbols show corresponding FloTherm 
simulations. For the described simulation flow a transient FloTherm 
computation is not needed but only a steady state analysis. 
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Table 2: Simulated junction temperature obtained by Sentaurus at a pulse length of 1000 s (steady state). During the measurement the heating current was chosen 
such that in steady state the junction temperature reaches 150°C. 

Type Type Package Std. footprint 
(°C)  (single 
layer PCB) 

1cm² heat sink 
(°C) (single 
layer PCB) 

Std. footprint 
(°C) (ML layer 

PCB) 

BC847 BJT SOT23 145 144 not measured 

BZX84C7V5 PN Diode SOT23 142 not measured not measured 

PBSS4160T BJT SOT23 150 not measured not measured 

BC847BM BJT SOT883 149 147 not measured 

PBSS4480X BJT SOT89 155 not measured not measured 

BF620 BJT SOT89 153 143 not measured 

PMEG2010EPA Schottky SOT1061 152 152 not measured 

PMEG4020EPA Schottky SOT1061 141 146 148 

 
 

At smaller times the thermal capacitances are still incorporated 
in the modeled structure and the agreement between simulation 
and measurement is thus good. At large times the system has 
reached its steady state and therefore thermal capacitances no 
longer play a role and agreement is good again. The same 
measurement was done with the same device on a PCB with a 
1cm² heat sink. The results are shown in Fig. 7. One can see 
that, in contrast to the simulation of the standard footprint 
(shown in Fig. 6) the simulated curve follows the measurement 
much better. The reason is that the simulation structure is 

larger (10 mm instead of 2 mm PCB in every direction) 
because now the full heat sink is modeled and therefore 
additional thermal capacitances are included in the Sentaurus 

structure.  At a first sight the VBE curves of Fig. 7 and Fig. 8 are 
very similar. This is due to the fact that each measurement is 
done in a way so that in steady state the junction temperature 
achieves 150°C. Transient Zth curves can be compared much 
better since they also take the input power into account. Zth is 
extracted by using (eq. 3) for both PCBs and shown in Fig. 8. 
A good agreement is achieved between simulation and 
measurement for different PCB layout except for the standard 
heat sink for a pulse length between 50 s and 200 s due to the 
missing thermal capacitances.  

 

 
 

Fig. 7:  Transient voltage of BC847 in a SOT23 package PCB with 1cm² heat 
sink. The blue symbols indicates measurements, the red symbols are simulation 
results. In contrast to Fig. 6 the simulated curve follows the measurement much 
better The reason is that in the simulation structure is larger because the full 
heat sink is modeled and therefore additional thermal capacitances are taken 
into account. 

 

Fig. 8: calculated and simulated Zth by using eq. (3). The effect of the 1cm² 
heat sink is now clearly visible:  Zth is only about 75% of the value of the  Zth 
measured with the standard footprint as more power is needed to reach a 
junction temperature of 150°C at 1000 s (steady state)  

- 171 -



25-27 September 2012, Budapest, Hungary 

©EDA Publishing/THERMINIC 2012  ISBN:978-2-35500-022-5  

Table 2 shows simulated junction temperatures obtained by 
Sentaurus at a pulse length of 1000 s (i.e. steady state). The 
package types are very different in size, with SOT883 the 
smallest and SOT89 the largest one. They are packages with an 
exposed heat sink and thus have a different design than SOT23. 
In addition different PCB layouts have been tested. Each 
temperature is very close to 150°C and agrees well with the 
measured temperatures since the heating current was chosen in 
a way that in steady state the junction temperature reaches 
150°C. This means that the described methodology works very 
well for a broad range of devices, packages and different PCB 
layouts.  

In the following the main influences to the simulations are 
described. In general it is not important to model detailed 
shapes of the discrete device, but the reduction to Cartesian 
shapes is sufficient for an accurate representation of the 
system. This is true for PCB and sub-package sized structures. 
The exact thickness of the copper traces on the PCB has to be 
known. Junction temperatures of the devices can vary by more 
than 20°C by changing the copper thickness of the traces from 
70 µm to 90 µm. The copper thicknesses of each employed 
PCBs in this work have been measured and adjusted 
appropriately in the simulation tools. For the FloTherm 
simulation the direction of the gravity has to be set according 
to the measurement. Changing the gravity from parallel to the 
PCB plane to orthogonal can change the junction temperature 
by up to 10°C. Since the PCB covers large areas which can 
effectively dissipate heat by radiation, radiation in FloTherm 
has to be switched on and surfaces of PCB and package are 
defined as radiating. In the package itself the thermal 
parameters of lead frame and die attach material are important 
factors for an accurate simulation. These two parameters 
become in general more important the smaller the package 
becomes. Especially for the die attach material it has to be 
noted that it is not important to model the exact metal layer 
composition of the crystal back side metallization. An eutectic 
attach it is thus  modeled by a single gold layer of 2 µm, for 
glued crystals the back metallization can be omitted completely 
and only the glue itself has to be taken into account. 

V.  CONCLUSION 
A methodology for electro-thermal simulations of discrete 
semiconductor devices on PCB level is presented. It combines 
the thermal-only simulation tool FloTherm with the device 
simulator Sentaurus. FloTherm is used to extract the thermal 
boundary conditions for Sentaurus. It has been verified that 
FloTherm models the thermal behavior of the system correctly. 
The results obtained with Sentaurus agree with measurement 
within a 10% error margin over a broad range of devices, 
packages and different PCB layouts which serves as a proof of 
the validity of the methodology. 
In this model up to now thermal capacitances of the system are 
not included in the boundary conditions. Only thermal 
resistances have been considered. The extension to a full 
compact thermal model of the system surrounding the modeled 
structure in Sentaurus would be the next step to model more 
accurately the transient electro-thermal behavior of discrete 
devices. 
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Abstract- In this paper we will present an electrical 
equivalent electro-thermal model for simulating GaN-on-Si 
high electron mobility transistors (HEMTs) in circuit 
simulators. The extraction procedure for the thermal sub-
circuit will be shown, which is based on finite element 
modeling. The model will be verified by electrical 
measurements and micro-Raman measurements. 

 

I.  INTRODUCTION 

The promise of GaN is to deliver a paradigm shift in the 
performance of power switching semiconductor components. 
GaN-based transistors presented in the literature are already 
exhibiting better on-state resistances, switching losses and gate 
charge compared to state of the art silicon components [1]. 
Because of these properties, GaN components can exhibit 
much higher current densities, for smaller volumes than 
equivalent silicon power components [2]. When operated in a 
DC-DC convertor, these transistors switch from the off-state at 
high drain bias, to the on-state with a large output current but 
low drain bias. During this transition, they traverse through a 
highly resistive region (the saturation regime) where they 
dissipate substantial amounts of heat, thus increasing the 
channel temperature [3]. An increased channel temperature 
might degrade several key parameters of a transistor, such as 
leakage current, on-resistance, maximum current and might 
also have an influence on the reliability of the components. It is 
therefore important to characterize the heating of the 
component under these transient conditions and predict how a 
component will behave in a circuit when considering heating. 
Moreover, the choice of the substrate on which the HEMTs are 
grown has a profound impact on the self heating. Silicon has a 
worse thermal conductivity than e.g. SiC, but it is an order of 
magnitude less expensive than SiC and available in large wafer 
sizes, while still offering good performance. For this reason our 
work is focused on GaN-on-Si HEMTs. For this work a fully 
coupled thermal-electrical compact model will be presented 
which can predict the transient heating of GaN power 
components under switched mode operation, for a GaN-on-Si 
power technology. The model will be validated using electrical 
DC and micro-raman measurements. 
 

In previous work we have investigated the validity of the 
Angelov model, when applied to GaN-On-Si power transistors 
[4]. In that work it was found that with some small 
modifications to the Angelov model [5], it was possible to 
accurately describe the output behavior of the transistors. 
Furthermore, we went on to calibrate the model at different 
chuck temperatures, which allowed us to find the relation 
between the model temperatures and the temperature. For this 
work we will couple the electrical model of [4] to a thermal 
sub-circuit, which can describe the temperature variation in the 
channel. Silicon has a lower thermal conductivity compared to 
e.g. SiC, meaning that it is more difficult to dissipate the heat 
generated in GaN-on-Si transistors. An accurate description of 
the thermal behavior of the GaN-On-Si component in steady 
and transient state is therefore essential to design and simulate 
the behavior of the transistors. It is important that the impact on 
the electrical parameters of processing steps, such as e.g. wafer 
thinning or carrier bonding, can be evaluated during the design 
phase. Therefore, a methodology based on the finite element 
method (FEM) was developed. A thermal model, representing 
the device and substrate was constructed in a FEM-tool and 
reduced through model order reduction to be usable in a circuit 
simulator. 
 
The next section will give an overview of the electro-thermal 
model. In the following section the extraction procedure will be 
shown. In the fourth section the model will be verified by 
comparing with Raman and electrical measurements. 
 

II.  DESCRIPTION OF THE COMPACT MODEL 

The electro-thermal model was constructed by coupling two 
electrical equivalent models, one describing the electrical part 
and a second sub-circuit for the thermal part (Figure 1). The 
model parameters for the electrical part were extracted from 
measurements and calibrated at different temperatures. The 
high temperature calibration and electrical model were 
described in previous work [4]. By performing the calibration, 
the model is able to predict the electrical response at all 
temperatures. Simulation of the junction temperature, used to 
calculate the exact value of the electrical model parameters, is 
performed by the thermal sub-circuit. For the thermal sub-
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circuit a foster network of series connected RC circuits was 
chosen (Figure 1). This provides a sufficient level of 
abstraction for the thermal system, such that it can be used in a 
circuit simulator. The values for the resistors and capacitors in 
the thermal sub-circuit were extracted from finite element 
simulations by performing a transient thermal simulation and 
model order reduction. A fully parametric thermal model of the 
GaN power transistor was constructed, which allowed us to 
easily study different device topologies. The model and a 
simulated thermal profile (at t=1s) are shown in Figure 2. In a 
next step, an equivalent temperature was chosen, which 
represents the channel temperature in the lumped system. The 
value of the equivalent temperature was chosen to be equal to 
the average temperature under the gate finger (explained in 
detail in section III). The electrical and thermal parts of the 
model were coupled by exploiting the equivalences between 
thermal lumped systems and electrical systems. According to 
this equivalence, the temperature increase in the component is 
equal to the voltage over the thermal sub-circuit when the value 
of the current through the thermal sub-circuit is equal to the 
power dissipated in the component.  
 

 
Figure 1 - Equivalent thermal sub-circuit, which is a Foster network, i.e. a 

series connection of parallel RC branches. The voltage over this circuit gives 
the temperature rise in a component, when the value of the current is equal to 

the power dissipation in the component. 

 

 
Figure 2 – Simulation of the thermal profile (at t=1s), performed with the finite 

element model constructed for a 2 finger GaN transistor. Each gate finger is 
100µm long. 

 

III.  EXTRACTION OF THE THERMAL SUB-CIRCUIT 

The extraction of the thermal sub-circuit was performed by 
means of finite element simulations. The equivalent model 
should be able to accurately simulate both the electrical DC 
and switching operation of the transistor. The finite element 
model should thus also capture the thermal transient behavior 
of the component. A complex 3D finite element model (FEM) 
representing a unit cell of the device on the Si substrate was 
constructed using the software code Msc.MarcTM.. The first 
step in defining the model is setting up the geometry, meshing 
and defining the material properties of all the layers.  Figure 3 
shows the geometry and the mesh of the constructed model for 
the unit cell of the GaN device. On the right hand side of 
Figure 3, the mesh of the model is shown in detail for the 
region close to the gates. The material properties for the 
different layers are summarized in Table . 
 

 
Figure 3 - Mesh and geometry of the GaN hemt. 

Table I: 

 Conductivity and thickness of the materials used in the simulations 

Material 
Thermal conductivity 

[W/m-K] 
Thickness 

[µm] 

GaN 
1.4

130
300

T

K

 
 
 

 2 

Au 310 0.15 

SiO2 
1.4

130
300

T

K

 
 
 

 
0.15 

 
In a next step the boundary conditions and initial conditions of 
the model need to be set. The boundary conditions depend in 
large part on the ambient in which the device is placed and on 
the way the device is packaged and mounted. The experiments 
for this work were performed on a bare die test structure, 
mounted on a probe station with a thermal chuck to perform 
measurements. The measurement conditions could in this way 
easily be controlled. For this measurement topology it can be 
assumed that the thermal chuck acts as an isothermal bath at 
constant temperature. The silicon substrate, at the bottom of 
die, is connected through a thermal resistance to the chuck. 
This condition can be mimicked by using a convective 
boundary condition, which allows specifying both the ambient 
temperature of the chuck as well as the thermal impedance 
between wafer and chuck. Using such a boundary condition has 
the added advantage that the thermal impedance can be 
modified to simulate e.g. the impedance of a package or PCB 
without needing large changes in the model. The value of the 
thermal interface resistance or thermal boundary resistance has 
been extracted by the fitting of finite element models of 
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multifinger GaN devices to the results of thermal 
measurements using micro Raman spectroscopy [
surfaces of the model are considered to be adiabatic. 
 
Heat is generated in the channel region of the transistor due to 
joule heating. In saturation most of the power will be dissipated 
in the channel region under the gate, owing to the high 
impedance of this region under these conditions
model, the assumption is made that heat is generated uniformly 
along the length and width of the channel region under the 
gate. The channel length where the heat was generated was 
used as a model parameter, and was modulated with respect to 
the gate length. The calibration of the channel length parameter 
was performed by comparing the simulated steady state 
temperature to micro-Raman measurements of the channel 
temperature (Figure 4). It was found that the value for the 
modulated channel length needed to be set 1.5 times larger than 
the gate length to match experimental curves to simulated ones. 
This value of the channel length is in 
calibrated values which were obtained in previous work 
For the transistor considered in this analysis, the 
was 1.5 µm, leading to a modulated channel length of 2.25
the width for one finger was 100µm. To extract the thermal 
impedance of the structure, a unit power of 1 W 
and the thermal response was monitored. For the considered 
two finger device, the total power dissipation of 1W 
corresponds to a heat dissipation of 5 W/mm in the
region. This is translated to a heat flux of 2222
boundary condition in the model. 

Figure 4 - Peak temperatures in the channel measured for different power 
dissipations. The measured temperatures were used to calibrate the model 

parameters. Simulations results for the calibrated model are also shown on the 
figure. 

The goal of the model is to extract an equivalent thermal 
network which is able to capture the behavior of the component 
under switching conditions. For this we need to be able to 
simulate the transient behavior, thus the equivalent network 
should consist of thermal resistances and thermal capacitances. 
A steady state simulation is sufficient to extract the thermal 
resistances, however in order to extract the values of the 
thermal capacitances, a transient simulation 
this type of time dependent simulation, the specific heat and 
density of the materials are required material properties. In the 
transient simulation, a unit step for the power dissipation is 
applied as an initial condition. During the simula
temperature distribution in the model is calculated at each time 
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to calibrate the model 
parameters. Simulations results for the calibrated model are also shown on the 

The goal of the model is to extract an equivalent thermal 
network which is able to capture the behavior of the component 

s. For this we need to be able to 
simulate the transient behavior, thus the equivalent network 
should consist of thermal resistances and thermal capacitances. 
A steady state simulation is sufficient to extract the thermal 

xtract the values of the 
thermal capacitances, a transient simulation is required. For 
this type of time dependent simulation, the specific heat and 
density of the materials are required material properties. In the 
transient simulation, a unit step for the power dissipation is 
applied as an initial condition. During the simulation, the 
temperature distribution in the model is calculated at each time 

step. Given the small dimensions of the heat generating 
regions, the initial heating will occur very fast. An initial time 
step of 10-12s was used, so that the transient behavior co
captured, even for the fast initial heating.
transient simulation is a 3D thermal map of the temperature at 
each point in the component for all the time steps.
map after one second of heating is shown 
 

Figure 5 - Temperature profile in the GaN layer parallel to the gate. The dashed 
line indicates the average gate temperature

Figure 6 - Transient response of the average channel temperature for a power 
dissipation of 5W.

The main motivation for building the thermal model is to know 
the impact of temperature on the electrical behavior of the 
component. Therefore we need to investigate the thermal 
response in the channel region. In the linear regime the 
source/gate/drain channel regions all exhibit a linear behavior, 
dissipating equal amounts of power. However, once saturation 
is reached the carrier concentration in the 
gate will quickly start to decrease (
gate-channel resistance and the power dissipation of this 
region. Due to its high resistance, the region under the gate will 
be the main factor in determining t
characteristics in saturation. The temperature for the compact 
model should therefore be represented by the maximum 
channel temperature along the length of the gate region. 
maximum channel temperature can be determined for each 
point along the width of the gate.
value versus position along width of the gate 
obvious that the maximum channel temperature
remain constant. It is essential for the equivalent circuit that the 
channel temperature can be represented by a single value. To
choose the proper value, one has to realize that t
along the gate is the summation of 
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step. Given the small dimensions of the heat generating 
regions, the initial heating will occur very fast. An initial time 

s was used, so that the transient behavior could be 
captured, even for the fast initial heating. The result of the 
transient simulation is a 3D thermal map of the temperature at 
each point in the component for all the time steps. The thermal 
map after one second of heating is shown in Figure 2.  

 
Temperature profile in the GaN layer parallel to the gate. The dashed 

line indicates the average gate temperature 

 
Transient response of the average channel temperature for a power 

dissipation of 5W. 

The main motivation for building the thermal model is to know 
the impact of temperature on the electrical behavior of the 
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dissipating equal amounts of power. However, once saturation 
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decrease (pinch off), increasing the 

channel resistance and the power dissipation of this 
region. Due to its high resistance, the region under the gate will 
be the main factor in determining the electrical output 

. The temperature for the compact 
model should therefore be represented by the maximum 

temperature along the length of the gate region. This 
maximum channel temperature can be determined for each 

gate. However when inspecting the 
width of the gate (Figure 5), it is 

the maximum channel temperature does not 
It is essential for the equivalent circuit that the 

channel temperature can be represented by a single value. To 
choose the proper value, one has to realize that the total current 
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length gate segments. Due to the summation the
temperature variation will be averaged along the width of the 
gate. Therefore, the temperature used in the model was
maximum channel temperature averaged along the width of the 
gate. The value for this temperature was used as 
determining the transient temperature response
Figure 6. 
 
The next step is to reduce the order of the finite element model 
such that it can be used in a circuit simulator. It is possible to 
describe the thermal response with a network of thermal 
resistors (Ri) and capacitors (Ci). This follows the thermal 
response of a one dimensional heat flow, 
described as a series of following exponential functions
 

                             
1

( ) 1 exp
N

ii
i

t
T t R

τ=

  −
= −   

  
∑

 
 
where iτ is the thermal time constant 

                                             i i iR Cτ =  

with Ri and Ci the thermal resistance and thermal capacitance 
respectively. Each term of equation (1) can be represented by 
an equivalent thermal network consisting of a parallel 
connection of a thermal resistance Ri and a thermal capacitance 
Ci .  

Figure 7 - Thermal time constant spectrum. Blue dots initial distribution, red 
crosses: after clustering. 

 
Following procedure is used to convert the transient response 
extracted from the finite element simulations to an expression 
in terms of Ri and Ci. First the time constant spectrum of the 
transient thermal response is analyzed. This spectrum shows 
the contribution (amplitude) of each time constant. 
shows the time constant spectrum for the transient response of 
the average channel temperature of the 2 finger GaN
The different time constants correspond to the different 
components in the thermal path. The very small time c
(below the µs range) correspond to the local heating in the 
GaN. Larger time constants (ms range) correspond to the 
heating of the Si substrate. In case of a packaged sample, larger 
time constants (tens of ms to seconds) correspond to the 
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an equivalent thermal network consisting of a parallel 
and a thermal capacitance 

 
Thermal time constant spectrum. Blue dots initial distribution, red 

Following procedure is used to convert the transient response 
extracted from the finite element simulations to an expression 

First the time constant spectrum of the 
. This spectrum shows 

the contribution (amplitude) of each time constant. Figure 7 
shows the time constant spectrum for the transient response of 
the average channel temperature of the 2 finger GaN transistor. 
The different time constants correspond to the different 
components in the thermal path. The very small time constants 
(below the µs range) correspond to the local heating in the 
GaN. Larger time constants (ms range) correspond to the 
heating of the Si substrate. In case of a packaged sample, larger 
time constants (tens of ms to seconds) correspond to the 

heating of the package and the even larger time constants 
(typically tens of seconds and above) to the convection cooling 
of the PCB on which the package is mounted. 
In order to generate the time constant spectrum, first a discrete 
array with time constant values
heating of the GaN device, the values of the time constants are 
chosen between 10-12s and 1s. Since the components of the 
transient response are best presented on a logarithmic scale, the 
time constant values are chosen us
between the lower and upper limit. In the second step, for each 
time constant and the DC component which represents the 
constant temperature off set, the corresponding contributions 
are found using a least square fitting of t
The results of this step are shown as blue markers in
In the next step, the detailed information of the fine grid of 
time constants is reduced by clustering the results of 
neighboring time constants. Due to the discreti
time constant, small difference can occur based on the initial 
choice of the time constants. By clustering the results after the 
calculation of the amplitudes, the impact of the initial choice of 
the time constant array is limited. For the clustering, a 
tolerance is specified which is used as a criterion to decide
which time constants to eliminate. The results of the clustering 
are shown by the red markers in
constants and the corresponding amplitudes in
transient response can be reconstructed. 
reconstructed response is shown as a solid red line. It can be 
seen that this representation gives a very good fitting of the 
response over the whole range of time constants.

Figure 8 - Fitting of an 5th order exponential series 
the average channel temperature of the two finger GaN device.

In the final step, the number of terms in the RC network can be 
reduced. After the clustering, the number of RC components is 
typically in the order of 20 to 50. For the case presented in 
Figure 7, 28 components are used after the clustering step. The 
objective of the extraction of the RC networ
the electrical simulator. For this application, a network with 
more than 20 components, attached to each node in the 
electrical simulation would take too much time to simulate. 
Therefore it is required to reduce the number of components
the RC network, without deviating 
original transient response. In 
transient response is shown for 5 components in the thermal 
network. In case of a package device, additional larger time 
should be included to represent the thermal 
package.  
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of the package and the even larger time constants 
(typically tens of seconds and above) to the convection cooling 
of the PCB on which the package is mounted.  
In order to generate the time constant spectrum, first a discrete 
array with time constant values is generated. In the case of the 
heating of the GaN device, the values of the time constants are 

s and 1s. Since the components of the 
transient response are best presented on a logarithmic scale, the 
time constant values are chosen using a logarithmic distribution 
between the lower and upper limit. In the second step, for each 
time constant and the DC component which represents the 
constant temperature off set, the corresponding contributions 
are found using a least square fitting of the transient response. 

shown as blue markers in Figure 7. 
In the next step, the detailed information of the fine grid of 
time constants is reduced by clustering the results of 

time constants. Due to the discretization of the 
time constant, small difference can occur based on the initial 

time constants. By clustering the results after the 
calculation of the amplitudes, the impact of the initial choice of 
the time constant array is limited. For the clustering, a 

s used as a criterion to decide 
nts to eliminate. The results of the clustering 

are shown by the red markers in Figure 7. Using the time 
constants and the corresponding amplitudes in equation(1), the 
transient response can be reconstructed. In Figure 6 the 
reconstructed response is shown as a solid red line. It can be 
seen that this representation gives a very good fitting of the 
response over the whole range of time constants. 

 
exponential series to the transient response of 

the average channel temperature of the two finger GaN device. 

In the final step, the number of terms in the RC network can be 
reduced. After the clustering, the number of RC components is 

er of 20 to 50. For the case presented in 
28 components are used after the clustering step. The 

objective of the extraction of the RC network is coupling it to 
the electrical simulator. For this application, a network with 
more than 20 components, attached to each node in the 
electrical simulation would take too much time to simulate. 
Therefore it is required to reduce the number of components in 
the RC network, without deviating significantly from the 
original transient response. In Figure 8 the reconstructed 
transient response is shown for 5 components in the thermal 
network. In case of a package device, additional larger time 
should be included to represent the thermal behavior of the 
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IV.  VALIDATION 

In a first experiment the DC characteristics of the unit 
cell were measured. Under these conditions the transistor is 
continuously dissipating power. The amount of power which is 
dissipated depends on the operational point. In the linear 
regime a limited amount of power is dissipated because of the 
low voltage drop over the component. However, once the 
component enters the saturation regime, the dissipated power 
will start to increase rapidly, because of the increasing 
resistance of the component. The power dissipation is given by 
the following relation: 
 
                                     ����� � ��� 	 
��  (3) 
 

Because of the increasing power dissipation, and thus 
heat generation, the materials in the power transistor will start 
to heat up and therefore the value of the material properties will 
change. The change in material properties will also affect the 
output characteristic of the transistor. Therefore in the DC 
measurements at high VDS and high current levels, one will 
start to see temperature dispersion [3]. This temperature 
dispersion can be simulated with the coupled electro-thermo 
model and gives a way to validate the modeling approach. 

For the measurements VDS was swept from 0V to 20V 
in steps of 0.5V and VGS was swept from -2V to 2V in steps of 
0.2V. The simulations were performed with the electro-thermal 
model presented in this work. The simulation was performed 
for the same range of biasing conditions used for the 
measurements. 

The graphs produced by measurements and 
simulations were overlaid, shown in Figure 9. A good 
correlation can be seen between simulated and measured 
results. This already gives a first indication that the compact 
model gives a good abstraction for the actual device 
performance.  
 

 
Figure 9 - Comparison between DC measurements (full black line) and the 

equivalent circuit compact model with the thermal sub-circuit (dotted gray 

line). 

In a second experiment micro-Raman thermal 
spectroscopy was performed on the sample. For this type of 
measurements a laser beam is focused through a microscope on 

a sample. Due to interaction between the laser beam and the 
phonons in the material, an inelastic (or Raman) scattering of 
the laser beam will occur causing a shift in the frequency of the 
laser beam. The phonon distribution is temperature dependent 
and will thus cause a varying frequency shift with changes in 
the temperature [7]. 

Also strain in the material induces a change in the 
phonon distribution and related Raman frequency shift. GaN is 
a piezoelectric material and electrical fields will induce strain 
in the material. To exclude the effects of piezoelectric strain on 
the measurements, a calibration was done in the off-state of the 
transistor. Sweeping the VDS in this state does not significantly 
heat the transistor as the dissipated power in this regime is 
extremely low due to the low leakage current. However, the 
large voltage will induce a piezoelectric polarization and thus 
strain in the material. In the off-state, the strain and 
temperature effects can thus be decoupled and used to 
renormalize the measurement results in the on-state. 
 

 

Figure 10 - Simulated thermal profile. Cross section of the thermal profile 

along the length of the gate, through one of the gate etch region. The center of 

the gate was taken as the reference position for the y-coordinate.  

The micro-Raman measurements can give accurate 
temperature information of the material with submicron spatial 
resolution. The temperature point was probed on a single point 
of the transistor, near the edge of the gate field plate. The field 
plate is located 1µm away from the gate edge. The temperature 
quickly drops of after the edge of the gate. Therefore, to extract 
the exact temperature under the gate, a thermal model was 
constructed to simulate the temperature profile under the gate 
and extrapolate the exact temperature; the thermal model for 
the transistor was the same as was used to extract the thermal 
sub-circuit presented in section III. A steady state simulation 
was performed to determine the temperature profile. The result 
of the thermal simulation (Figure 10) indicates that the 
temperature drops quickly near the edge of the gate and the 
temperature in the channel is 30% higher, compared to the edge 
of the field plate. This value can be used to calculate the exact 
channel temperature from the micro-Raman measurements at 
the field plate edge. 
 

The actual micro-Raman measurements were 
performed at 6 different bias points and at a chuck temperature 
of 25°C. The bias points were taken at a VGS of 1.6 and VDS 
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varying from 0V to 15V. For the simulation an extra node was 
added in the circuit, which can output the channel temperature 
at each simulated operational point. We then proceeded to 
simulate the IDVD characteristic for VGS from -2V to 1.6V 
(0.2V steps) and VDS from 0 to 20V (0.5V steps) and plotted 
for each point the temperature given by the temperature node in 
the compact model. The simulated and measured data were 
then overlaid showing a good correspondence over the whole 
measured range (Figure 11). This gives confidence that the 
thermal sub-circuit is simulating the correct temperature 
behavior. 

 
 

 
Figure 11 - Comparison between the temperature profile from Raman 

measurements at Vg=1.6V (full black line) and the electro-thermal compact 

model with Vg varied from -2V to 1.6V (dotted gray line). 

 

V.  CONCLUSIONS 

In this work we have developed an electro-thermal 
model for predicting the electrical behavior of GaN-on-Si 
transistors in a circuit simulator. The methodology has been set 
up in a general way such that impact of substrate, geometry, 
wafer thinning, etc... can be investigated during the design 
phase.  

It was shown that, after calibrating the thermal contact 
resistance and the heat generating channel length in the finite 
element model, we could get a good correlation between 
simulated and measured DC electrical characteristics. 
Furthermore, the temperatures were also simulated a various 
operational points and compared to temperatures measured 
with micro-Raman measurements. Also for this case there was 
a good agreement between the model and temperatures. This 
indicates that, once the model has been properly calibrated, it is 
able to accurately predict electrical and thermal characteristics 
of GaN-on-Si HEMTs.  
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Abstract—This paper proposes a methodology to simulate tem-
perature dependent timing in standard cell designs. Temperature
dependent timing characteristics are derived from standard delay
format (SDF) files that are created by synthesis tools automat-
ically. A case study is also presented in this paper where the
temperature dependent frequency variation of a ring oscillator is
simulated demonstrating the necessity of temperature dependent
timing simulations. An adaptively refineable partitioning method
for simulating standard cell designs logi-thermally is proposed
as well. This paper also introduces recent enhancements in the
CellTherm logi-thermal simulator developed in the Department
of Electron Devices, BME, Hungary.

Index Terms—temperature dependent delays, grid, logi-
thermal, electro-thermal, simulation

I. INTRODUCTION

In this paper the most recent improvements of the
CellTherm [1], [2] simulator engine is introduced. The
CellTherm logi-thermal simulator is capable of simulating
standard cell integrated circuit designs given with Verilog
structural description. The simulator couples a standard com-
pliant logic simulator (e.g. QuestaSim©, Incisive©) and ther-
mal solver engine and calculates device temperatures in
function of simulation time. CellTherm also reads the full
layout, power and timing data of the design and calculates
temperature-dependent delays of the consisting standard cells.
This way CellTherm not only can detect hot-spots in the design
but can annotate device timing and propagation delays during
the simulation. CellTherm also can create heating animations
of the design and watch out for thermally induced timing
violations with the help of the logic simulator.

II. RELATED WORK

In [3] Pable et al. deals with ultra-low-power signaling
challenges caused by process, voltage and temperature (PVT)
variations. Exponential dependency of subthreshold drive cur-
rent on Vth and temperature in subthreshold operating region
makes process and temperature variations of great interest
while designing robust ULP systems. Small variation in the
device Vth will translate into exponential variation in bias
current and hence the device delay and power dissipation.

Rebaud et al. in [4] describe a new monitoring system,
allowing failure anticipation in real-time, looking at the timing
slack of a pre-defined set of observable flip–flops. They

propose adaptive voltage scaling (AVS) and adaptive body
biasing (ABB) to compensate PVT variations.

Lin et al. in [5] introduce a novel 9 transistor SRAM cell
where PVT variations are taken into account. The proposed
CMOS SRAM cell is PVT tolerant.

Kumar and Kursun in [6] attract attention to the fact that
temperature-dependent propagation delay characteristics of
CMOS integrated circuits will experience a complete reversal
in the near future. They demonstrate that the speed of circuits
in a 45-nm CMOS technology is enhanced when the tem-
perature is increased at the nominal supply voltage. This is a
quite interesting phenomenon contrary to the older technology
generations.

In [7] Sánchez-Azqueta et al. introduce a CMOS ring VCO
design where PVT variations were taken into account. To
overcome the limitation of the PVT variations, a tuning range
of about 20% is sufficient for their ring VCO.

In [8] the leakage current, active power and delay characteri-
zations of the dynamic dual Vt CMOS circuits in the presence
of process, voltage, and temperature (PVT) fluctuations are
analyzed based on multiple parameter Monte Carlo method.

In [9] Winther et al. show that using wirelength as the
evaluation metric for floorplanning does not always produce a
floorplan with the shortest delay. They propose a temperature
dependent wire delay estimation method for thermal aware
floorplanning algorithms, which takes into account the thermal
effect on wire delay.

[10] presents the temperature influence on energy consump-
tion and propagation time delay in CMOS ASIC circuits with
several measurements.

III. DESIGN FOR DEMONSTRATION

Our case study was a 10mm × 10mm standard cell digital
circuit with a 4-bit D-flip-flop chain and a ring oscillator
circuit. The design is partitioned into 10 × 10 tiles where
the temperatures are calculated. This design is a fictional
design and cell sizes are intentionally enlarged to be able to
demonstrate the effect of temperature variations and evolving
hot-spots on cell propagation delay. Power dissipations for
logic transitions in the cells are also fictional values large
enough to spectacularly demonstrate the mentioned effects.

Standard Delay Format (SDF) files were bred to define
inverter cell delays with which the temperature dependent

©EDA Publishing/THERMINIC 2012 ISBN:978-2-35500-022-5
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frequency of the ring oscillator can be demonstrated.
In Fig.1 the schematic layout of the design is shown. In

the upper part of the chip the four D-flip-flops form the
exciting circuit. The dissipated powers in the DFFR cells are
intentionally chosen to be 1000-times larger (1mW) than the
inverters’ dissipated power per logic transition (1µW). In the
lower part of the layout is the ring oscillator formed by 10
inverters and a kick-in NAND gate.
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Fig. 1. Design layout with 10× 10 partitioning mesh

IV. GRID PARTITIONING

The surface of the standard cell IC is divided into subregions
called partitions where dissipated powers are accumulated
and temperatures are calculated. The partitioning approach
speeds up simulation times and initial database parsing in
large designs containing more than 1000 standard cells. This
approach makes the initial thermal model generation practi-
cally insensitive to the number of standard cells. Of course
logic simulation can take longer for designs containing high
number of cells, the time taken by the thermal engine to solve
equations remains the same because thermal equations are
generated for the partitioning grid not the standard cells.

Powers dissipated in partitions and temperatures of cell in-
stances are calculated using the partition area and overlapping
cell area ratio. This means that if a standard cell falls partly
into a partition, then the cell’s power dissipation is taken into
account proportionally to the overlap ratio.

Fig.2 depicts the power distribution of the design. In our
test case, the DFFR flops are driven in a counter-like pattern,
that is, switching activity of the flip-flop chain can be specified
with (1),

A(dffr4) = 2 ·A(dffr3) = 4 ·A(dffr2) = 8 ·A(dffr1) (1)

where A() means the switching activity of the cell. The
dissipated dynamic power per logic transition is proportional
to the switching activity.
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Fig. 2. Power map of test design

In the power map it can be clearly seen that the power
dissipation of dffr4 cell is the largest. The ring oscillator’s
power dissipation can also be seen in Fig.2 but it is much less
than the flip-flop chain’s dissipation even though its oscillating
frequency is larger than the switching frequency of the DFFR
chain. The resulting temperature map is shown in Fig.3.
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Fig. 3. Temperature map of test design

During the partitioning process partitions can be subdivided
into subpartitions down to an unlimited depth. This way
temperature and delay resolution in critical areas of the circuit
can be refined. In a basic scenario the partitions can be sliced
into 4 equal parts that can further be sliced into anouther 4
parts as shown in Fig.4

V. DATA SERIALIZATION

The initial database for the logi-thermal simulation is gener-
ated from the LEF/DEF layout files, Liberty .lib files, and SDF
files. In a design with thousands of standard cells this initial
database creation can take hours to complete. For example,
in a design containing 1490 cells manufactured on a 65nm
STMicroelectronics process the initial database generation and
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Fig. 4. Subpartitioning area of interest

thermal model generation took 56 minutes. This initial process
of internal database creation and thermal model generation
has to be done only once in the beginning of the simulation,
however, when running simulations with different stimuli the
database creation has to be done every time a new simulation
is started.

In this paper a serialization method is described that
speeds up initial loading times of simulations. After the
initial database creation in the beginning of the simulation,
CellTherm can be asked to serialize the created internal
database to disk.

In computer science, in the context of data storage and
transmission, serialization is the process of converting a data
structure or object state into a format that can be stored (for
example, in a file or memory buffer, or transmitted across a
network connection link) and "resurrected" later in the same
or another computer environment [11].

The serialized data can be read back from disk in fractions
of seconds when starting a new simulation run thus the time
consuming process of thermal model generation and database
creation can be skipped. The deserialized data in memory will
result in the same data as if the database creation phase had
been run.

A comparison is presented here between the serialized and
the pure initial loading time of the simulator. When loading
without serialization the load time was 99.654 seconds. The
serialized load time resulted to 0.262 second measured by
the TCL command time. The thermal model generation time
depends only on the structure and size of the chip die and
packaging which does not change from simulation to simula-
tion.

VI. TEMPERATURE-DELAY FUNCTIONS FROM SDF

Temperature-delay functions for the standard cells are calcu-
lated from synthesizer-generated SDF files. SDF files contain
timing and delay data for cells in the placed and routed design.

Synthesis tools usually generate these SDF files within voltage,
process and temperature corners. Timing data are present in
the SDF file for the worst case, nominal and best case corners.
From these corner cases the corresponding temperatures and
thus the related delays can be extracted. By interpolating the
extracted temperature-delay corners delays can be calculated
for arbitrary temperature values.
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Fig. 5. Delay versus temperature functions for standard cells

VII. TEMPERATURE DEPENDENT DELAY SIMULATION

In the test vehicle showed in Fig.1 the temperature-
dependent frequency variation of the ring oscillator is demon-
strated. By the dissipation of the D-flip-flop chain the resulting
temperature map on the IC surface will not be uniform thus
each inverter cell in the ring oscillator inverter-chain will
have a different propagation delay. The delays are calculated
from the standard cell’s current temperature and updated in
every simulation timestep. The varying delays of the cells
will mistune the frequency of the ring oscillator. The changing
frequency over simulation time is monitored constantly by the
logi-thermal simulator and displayed to the user in every sim-
ulation timestep. The output frequencies of the ring oscillator
after different simulation times can be seen in Table I.

VIII. RESULTS

Temperature curves versus simulation time for the DFFR
flip-flop chain and the inv5 cell is shown in Fig.6. It can be
observed that the circuit reaches steady-state temperature near
the 4th second. The temperatures throughout this paper are
differential not absolute temperature values.

In Fig.7 the period and frequency of the ring oscillator is
depicted versus simulation time. It is clearly visible that with
the increasing simulation time the temperature also rises thus
the period of the ring oscillator starts to rise also. As the
temperature of the functioning circuit rises the period of the
ring oscillator also rises according to the temperature-delay
functions in Fig.5. This increase in the period means a decrease
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TABLE I
OUTPUT FREQUENCY OF RING OSCILLATOR DEPENDING ON DEVICE

TEMPERATURE

Simulation
time [ms] Period [ns] Frequency

[MHz]
10 122.0000 8.196721

250 131.6340 7.596821

500 136.3500 7.334067

750 139.0860 7.189796

1000 140.7680 7.103887

2000 143.2520 6.980705

3000 143.7240 6.957780

3250 143.7700 6.955554

3500 143.7980 6.954200

3750 143.8240 6.952942

3800 143.8240 6.952942

3900 143.8360 6.952362

4000 143.8420 6.952072
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Fig. 6. Temperature of DFFR and inv5 cells

in the oscillation frequency as shown by Fig.7. The frequency
of the oscillator drops from the initial 8.1967 MHz to 6.952
MHz in the 4th second.

As the thermal steady state is reached near the 4th second,
the frequency also reaches a steady state at the 4th second.
This phenomenon is clearly visible in Fig.7.

In Fig.8 the period and frequency function is depicted versus
the temperature of the inv5 cell.

IX. SUMMARY

In this paper a methodology for simulating temperature
dependent propagation delays in a ring oscillator circuit is
demonstrated. A special demonstration circuit has been created
to spectacularly demonstrate the effect of circuit self-heating
on propagation delays and operating frequency.

Temperature dependent delays are calculated from
synthesizer-generated SDF files making thermal-aware logic
simulations possible.
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A grid partitioning method has been introduced where
the created thermal model is independent of the number of
standard cells in the circuit. This approach speeds up initial
thermal model generation and does not scale with increasing
standard cell count.

This paper also proposed a method of serialization that
can speed up initial database loading for the logi-thermal
simulation with CellTherm.

Finally, simulation results are shown to prove the concept
introduced in this paper.
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Layout Constrained Body-Biasing for
Thermal Clock-Skew Compensation
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Abstract— In this work we investigate on the actual capability of
adaptive body bias to be applied on Clock Distribution Networks
(CDNs) for dynamic compensation of thermally-induced skews.
Selectively applying different bulk polarizations to the clock
buffers, i.e., Forward Body Bias (FBB) to speed-up, or Reverse
Body Bias (RBB) to slow down, it is possible to recover the timing
phase shifts which accumulate along the clock tree paths due to
on-chip thermal gradients. However, the physical implementation
of such technique is not trivial: While a fine tuning of the
clock buffers would require to apply a cell-by-cell biasing, design
constraints due to semi-custom layout rules impose a higher
granularity, that is, a physical cluster of cells, i.e., a layout row.
We therefore propose a row-based ILP formulation that considers
the aforementioned physical constraints and that provides opti-
mal body bias assignment for thermal clock skew minimization.
As will shown for a set of realistic benchmarks mapped into
an industrial 40nm technology, our solution allows real skew
compensation under different thermal profiles while avoiding
unfeasible conditions where buffers placed in the same row
require different bulk polarizations.

I. INTRODUCTION

One of the main concerns during the implementation of
modern digital ICs is the design of the Clock Distribution
Network (CDN).
A reliable CDN guarantees the clock edges to reach flip-
flops approximately at the same time such to minimize the
clock-skew, namely, reduce race conditions between paths
avoiding circuit de-synchronization and incorrect data latching.
The special characteristics and attributes of the clock signals,
however, do not facilitate this design phase [1]. First, as many
thousands of flip-flops are placed on the same circuit, the
clock signal is typically loaded with very high fanout. Second,
since sequential elements are irregularly scattered across the
layout, the clock wires can span the whole die traveling
over the longest distances. Third, the clock waveforms, which
propagate at the highest speed of any signals, need to be clean
and sharp in order to guarantee reasonable noise margins.
While all these issues have been properly addressed with the
introduction of automatic tools for the synthesis of regular
CDN structures, like buffered trees and H-trees [1]–[3], the
advent of nanometric technologies made the problem resurfac-
ing again. On the one hand, the global interconnects, typically
adopted for CDNs, become more highly resistive at each
technology node; as side effect the number of buffers required
to drive the clock signal increases substantially exacerbating
the problem of power consumption. On the other hand, CDNs

mapped with scaled technologies show unpredictable behav-
iors as both MOS transistors and metal wires are very sensitive
to parametric variations [4]. Temperature, in particular, has
shown to be one of the most critical source of variability
when considering global interconnects and CDNs [5], [6], not
just for the higher and higher peak temperatures devices must
tolerate, but mostly because of the large spatial and temporal
gradients which appear across the layout (more than 50◦C in
high performance ICs as reported in [4]).
It is well known that devices working at different temperatures
may show significant performance mismatches. This induces
different branches of the CDN to have unbalanced delays, that
is, branches crossing hot regions get slower, while those cross-
ing cold regions get faster. The resulting difference generates
clock-skews [7], [8] which may vary, dynamically, depending
on the workloads.
To compensate dynamic clock-skews, the authors of [9]–
[11] pioneered a new design paradigm based on the use of
adaptive devices, i.e., adjustable buffers whose delay can be
tuned, at run-time, depending on the temperature distribution.
Although different embodiments of tunable buffers have been
proposed in the literature, from those which adopt supply
voltage scaling, to those that make use of programmable
capacitive loads to increase the fan-out [9], the idea of using
the body bias as performance control knob turned out as one of
the best solution. It does not require any modification of the
standard gates, and most technology libraries offers support
for it.
Body biasing works on the principle of applying a forward
bias voltage (FBB) or a reverse bias (RBB) to decrease or
increase gate delays. To compensate the skew variations, FBB
can be applied to those buffers which belong to slow branches
of the CDN, i.e., those which cross cold regions, while RBB
to those buffers which belong to fast branches of the CDN,
i.e., those which cross cold regions. The right sequence of
RBB/FBB configurations brings back the CDN to have zero
skew. Obviously, this requires the capability of independently
applying different bulk polarizations to each individual buffer
in the CDN. While this was not an issue for old technologies
(above 90nm) where dedicated bulk contacts were available in
each gate, for CMOS technologies below the 65nm single bulk
contacts are no longer available as they were replaced with
ad-hoc contact cells that must be uniformly placed through
the layout, typically every 30 to 50 µm [12].Unfortunately
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this prevents body-biasing to be applied cell-by-cell, thereby
limiting the efficacy of most of the proposed strategies (e.g.,
[11]), which, instead, do not consider those rules.
In this work we propose a new ILP formulation that operates
at the row level in order to find a proper clustering of buffers
that can enable adaptive body bias for thermal clock skew
compensation. The optimal selection returned through the ILP
can be used as reference to fill the LUT of a thermal manage-
ment unit that will drive the tuning during in-field operations
[13]. Experimental results conducted on a selection of large-
scale benchmarks mapped into an industrial 40nm technology
and obtained from industry-strength physical design tools,
show that the clock skew induced by realistic thermal profiles
can be effectively reduced (6% on average) still maintaining
compliance with physical rules.
The remainder of paper is organized as follows. Section II
gives a brief summary of the state-of-the-art in thermal-aware
clock synthesis. Section III provides the readers with basic
thermal models, while Section IV and V describe the body-
bias architecture and the proposed ILP. Finally, simulation and
analysis results are discussed in Section VI. Section VII closes
the paper with a brief summary of the work and final remarks.

II. PREVIOUS WORKS

Standard approaches for the design of the CDN historically
focused on generating a clock network (typically a tree) with
minimum wire-length, zero [14], [15] or bounded skew [16],
[17], and possibly combined with wire sizing and/or with
buffer insertion [18]. All these approaches assume a constant
temperature along the clock network.
Clock tree optimization under spatial thermal gradients was
first studied in [19], where the authors modified the traditional
Deferred-Merge Embedding (DME) method proposed in [14]
to search for nodes in the vicinity of merging points that
can minimize clock skew for both uniform and non-uniform
thermal profiles. Such kind of methods, however, rely on
design-time optimizations for non-uniform, but static thermal
profiles.
To manage time-varying gradients, a different design paradigm
was presented by the authors of [10], [11], [13], who proposed
a new post-silicon solution. The latter, which falls under the
class of adaptive strategies, is based on the use of dynamically
adjustable delay clock buffers that can be tuned to compensate,
at the run-time, the clock-skew. The main differentiation
factor among the proposed adaptive techniques is the type
of knob used to regulate the delay of the buffers. Among
all the possible solutions [20], Adaptive Body Bias (ABB)
has been proven to be a key alternative. It does not require
any modification of the standard gates, and most technology
libraries offers support for it. ABB exploits the body effect of
MOS transistors allowing step-wise modulation of the buffer
delays.
A final class of solutions exploit the capability of some cells
to be temperature insensible when powered under a specific
supply voltage, the zero-temperature coefficient voltage [21].
In [22], for instance, the authors make use of programmable

temperature compensation devices to shift the ZTC of the
buffers around the nominal voltage, therefore obtaining tem-
perature insensitive devices. The resulting buffers, however,
show area penalties and high sensitivity to process variations.

III. THERMAL EFFECTS ON CLOCK DISTRIBUTION
NETWORKS

The clock skew is formally defined as the maximum difference
between the (source to sink) arrival times Di−Dj of any pair
of nodes (i, j) belonging to the set of sinks S of the tree,
Equation1.

Skew = |max{Di −Dj}|, ∀ (i, j) ∈ S, with i ̸= j (1)

The arrival time at each sink is the result of the additive delay
contributions of wire segments and buffers that break up the
clock-path from the root. Both wires and buffers may vary their
behavior significantly depending on the operating temperature.
Concerning metal wires, a larger temperature gets a linear
increase of the metal resistivity, as described by Equation 2:

R0(x) = R0(1 + β · T (x)) (2)

where, R0 is the resistance at reference temperature (room
temperature), β is the temperature coefficient that depends on
the type of material (3.9e−3 for Copper), while T represents
the local temperature of the wire resulting from the diffusion
of heat from the substrate and the self-heating effect [23]).
Notice that, for long wires, as the case of clock trees, T may
change depending on the actual position along the wire x.
Concerning MOS transistors, one of the main parameters
affected by temperature is the carrier mobility µ, which,
due to larger temperature induced lattice vibrations, decreases
with increasing temperature1. The relation governing such
dependence is shown in Equation 3, where T is the actual
junction temperature and T0 is the nominal temperature (about
300k); m is the temperature coefficient which is about 1.5 but
may vary depending on the process.

µ(T ) = µ(T0) ·
(
T0

T

)m

(3)

As described by the alpha power law model [24], Equation
4, lower mobility reflects in a smaller current capability of
the active transistors, which, in turn, affects the speed of the
CMOS buffers that get slower as temperature increases.

Id α µ(T )(Vdd − Vth)
α (4)

Even if the clock signal propagates on a symmetric network
with both wires and buffers showing a monotonic temperature
relationship, the presence of thermal gradients may cause
substantial timing skew. Branches of the tree crossing hot
regions get slower, while branches that run over cold regions
get faster. FigureIII depicts a scenario where two paths, Route-
to-Sink1 and Route-to-Sink2, having same length, thus zero

1In this work we assume CMOS devices do not show Inverted Temperature
Dependence [21]
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clock skew, can result in different delays due to the thermal
effects.

sink1

sink2

source
buffer

Fig. 1. Clock branches reaching different thermal regions develop unequal
delays.

IV. ADAPTIVE CDNS

Recent works [10], [11], [13] have proposed the use of
adaptive strategies to compensate, dynamically, the effects
of temperature on the clock skew. All of them are based
on the same idea, that is, the use of tunable clock buffers
through which compensate delay variation along the timing
arcs. However they can be classified in terms of i) control
knob used to adjust the buffers delay, ii) granularity at which
the control knob operates on the buffers, iii) implementation
of the control structure.
In this work we use body-bias as main control knob and we
introduce a layout constrained row-based scheme where the
body bias is applied at the row-level, namely, each individual
row of the layout has its own independent polarization voltage
that is controlled dynamically depending on the thermal profile
of the die.
a) Control Knob: body-bias can alter the threshold voltage
of a device exploiting the body effect of MOS transistors. The
body effect can be modeled by Equation 5, which describes
the dependence of the threshold voltage Vth from the bulk
voltage Vb:

Vth = VT0 + γ(
√
|Vsb + 2ϕf | −

√
2ϕf) (5)

with VT0 the threshold voltage under zero substrate bias, γ
is the body effect parameter, Vsb is the voltage between the
source and the bulk terminals, and 2ϕf is the surface potential.
A Forward Body Bias (FBB), i.e., Vbn = +VFBB for nMOS
and Vbp = V dd− VFBB for pMOS, with VFBB > 0, reduces
the Vth of the transistors that can drain more current making
the buffer faster. As side effect, FBB exponentially increases
the sub-threshold leakage power [25]. On the contrary, a
Reverse Body Bias RBB, i.e., Vbn = −VRBB for nMOS and
Vbp = V dd + VRBB for pMOS, with VRBB > 0, increases
the Vth getting slower buffers. A positive effect of RBB is a
lower leakage current.

Fig. 2. Abstract view of row-based ABB layout [12]

The selection of VFBB and VRBB is a technology dependent
process. Depending on the internal characteristics of the tran-
sistors, like doping concentration of the source/drain-bulk pn
junctions, RBB and FBB polarizations can be defined as to
guarantee the best trade off between delay variation, power and
reliability. For our technology, a low-power 40nm technology
with nominal Vdd of 1.1V, we used symmetric values, i.e.,
VFBB = VRBB = 0.4V .
b) Granularity: From a conceptual point of view, the body
bias should be applied, separately and independently to each
individual buffer of the clock tree. Unfortunately, physical
design rules of modern CMOS technologies do not support
cell-level body biasing, as the bulk contacts are no longer
available in the cells. On the contrary, silicon vendors provide
designers with special cells, the body bias contact cells, which
are placed through the layout rows and driven by the body bias
generator. The design rules require the body bias contact cells
to be placed every 30 to 50µm (for the technology we have
used). Therefore, the minimum grain at which ABB can be
applied is a portion of the row, i.e., a sub-row. However, since
multiple biases per row seriously complicates the routing of
the body bias supply rails, in this work we consider the row as
atomic unit, i.e., each row can be polarized with a dedicated
voltage (Vbp and Vbn , as shown in Figure 2).
c) Architecture: Concerning the control structure, we bor-
rowed the idea proposed in [13], where an embedded hardware
mechanism, called the thermal management unit (TMU), is
used to translate on chip thermal profiles (provided by dedi-
cated temperature sensors) into the proper bias configuration
that minimizes the skew. Figure 3 illustrates the proposed
architecture. Data collected from the sensors are used to point
a specific row in the TMU table; the one that contains the
body-bias configurations for compensating the skew generated
by the current thermal profile. Conceptually, rows containing
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Fig. 3. Revisited TMU architecture [13] for skew compensation using row-
based ABB

buffers that belong to slow paths are Forward Body Biased
(FBB), while, rows that contain buffers of fast paths are
Reversed Body Biased (RBB). To notice that rows may contain
buffers belonging to both slow and fast paths concurrently.
This impose constraints frustration during optimization.
The optimum body bias configuration, which is stored in the
TMU table, is carried out by means of an off-line characteri-
zation step [13]. For each applied thermal profile, the optimal
body bias selection (RBB or FBB) of each row is obtained by
solving an ad-hoc ILP model (described in the next section).

V. THE ILP MODEL

In this section we introduce the mathematical formulation
of the problem we are trying to solve thorough an Integer
Linear Programming (ILP). We want to find an optimal bias
configuration of the layout rows such to compensate the clock
skew under a given thermal profile.
Let assume that the gates in the design have been placed
among N different layout rows. We assign two 0-1 integer
variables to each row i, xi and yi, whose meaning is described
in 6:

xi =

{
0 zero bias
1 if FBB

yi =

{
0 zero bias
1 if RBB

(6)

The first main constraint concerns the clock skew, which has
to be maintained below a user defined bound Bskew. This
is described in Equation 7, where the difference between the
propagation delay D of any pair of paths pn and pk belonging
to the set of root-to-sink paths Π is forced to be lesser than
Bskew.

0 ≤ Dπk
−Dπn ≤ Bskew ∀πk, πn ∈ Π | k ̸= n (7)

The delay Dπi of the i-th path πi is given by the sum of the

propagation delays of the clock buffers and wire segments in
the path itself:

Dπi =

J∑
j=0

dj + dnet,j ∀j ∈ π (8)

Where dnet,j is the delay introduced by wire load in the fanout
of the buffer, while dj is the propagation delay of each buffer.
As described in the following Equation, each dj can be further
expanded as a function of the body bias voltage applied to the
row i that hosts buffer j:

dj = d0 − xiδj,FBB + yiδj,RBB (9)

where d0 is the nominal propagation delay of the cell under
zero biasing, δj,FBB represents the delta delay of the buffer
in case of FBB, and δj,RBB represents the delta delay in case
of RBB. To calculate dj , we make use of LUTs containing
pre-characterized delay under different loads, transition time
and operating temperatures.
Depending on the bias configuration associated to each row i,
namely, the pair (xi, yi), the clock skew can be compensated.
Obviously, each row needs an unique bulk polarization, FBB
or RBB; This condition is forced by the following constraints.

xi + yi ≤ 1 ∀i ∈ N (10a)

The resulting ILP model is then reported in Equation 11, where
the cost function to minimize, the Equation 11a, represents the
total number of rows polarized at a voltage other than zero.
Minimizing such metric we reduce the impact of body-biasing
to the other gates in the circuit.

min:
N∑
i

(xi + yi) (11a)

0 ≤ Dπk
−Dπn ≤ Bskew ∀πk, πn ∈ Π | k ̸= n (11b)
xi + yi ≤ 1 ∀i ∈ N (11c)

xi ∈ {0, 1} ∀i ∈ N (11d)
yi ∈ {0, 1} ∀i ∈ N (11e)

VI. EXPERIMENTAL RESULTS

A. Toolchain internals

The design framework we implemented to validate the pro-
posed methodology relies on different commercial tools like
Synopsys Design Compiler (DC), used for logic synthesis,
Synopsys IC Compiler (ICC) used for the physical implemen-
tation (placement and clock tree routing), Synopsys HSPICE
used for transistor level simulations. ILP problems, instead,
have been solved using the open source tool Mixed Integer
Programming Solver lp solve [26].
The entire flow consists of three main stages.

1) Synthesis: Starting from a RTL description, the design
goes through standard logic/physical synthesis, which
yields a gate-level netlist containing both the logic gates
and the clock tree. Once those steps are accomplished
an in-house tool [8] extracts a transistor-level netlist
of the clock network which includes extracted view of
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the buffers (taken from an industrial 40nm technology
library) and parasitics back-annotated from the SPEF
file2.

2) Body-Bias Assignment: The SPICE netlist is simu-
lated along with thermal map (assumed to be given)
via HSPICE, in order to obtain path delays and skew
information used for the construction of the ILP, as
described in section V. The solver is then fed with the
ILP model and run. The returned solution describes the
bias configuration to be applied to each row.

3) Validation: The bias configurations returned from the
ILP solver are finally applied to the original netlist and
statically analyzed within ICC. For this stage we make
use of timing libraries characterized under different bulk
polarizations: FBB (VFBB = 0.4V , RBB (VRBB =
0.4V ). Synopsys NCX has been used to collect the
timing information.

B. Benchmarks and simulation results

Table I reports the main characteristics of the three circuits
used as benchmarks.

TABLE I SYNTHESIZED BENCHMARKS

Design # Rows # Buffers Clock Skew (ps)
switch 6x6 66 35 72.87

cf fir 33 177 138 197.52
FPU4 305 182 224.74

To emulate different thermal behaviors, the chip die is divided
in eight equally sized layout regions, clockwise labeled from
one to eight, starting from the top left. We therefore assume the
availability of a dedicated temperature sensor for each region.
Table II shows the four thermal profiles we considered during
simulations.
Table III reports, for each benchmark, the amount of clock
skew compensation (∆Skew) we can achieve under different
thermal maps. The comparison is made between the physical
constrained ILP model presented in this paper (column Row-
Based) and a standard ILP model (column Cell-Based) that
does not take into account any physical constraints, that is,
each buffer can be assigned, separately, to any body bias. Such
cell-based formulation is very similar to the row-based one,
but boolean variables representing ABB configuration, i.e., xi

and yi (please refer to SectionV), are referred to each single
buffer in the clock tree rather than rows.
As expected, the cell-based ILP, which has more degrees of
freedom, shows a better skew compensation, 7.55% on aver-
age, w.r.t. the row-based ILP, 5.18% on average. Nevertheless,
the cell-based approach returns a non feasible solution for most
of the cases under test. The column Feasibility reports the
number of rows that produce frustrated constraints, namely,
rows containing buffers that should be assigned to a certain
bulk polarization but cannot because of the presence of other
buffers polarized at different body bias. Only for one case,

2SPEF: Standard Parasitic Exchange Format.

the cell-based ILP returns a feasible solution, the switch 6x6
under map #4, for which 0 rows show constraint violations.
On the contrary, the row-based approach is always feasible, as
each row is assigned to a single body bias.
One additional comment concerns the potential overheads
introduced by the row-based body biasing. Changing the bulk
polarization of a row affects not just the clock buffers, but
also the other cells placed in that row. This may alter other
metrics of the circuit, as the leakage power (FBB reduces the
Vth increasing the sub-threshold current) and the maximum
operating frequency (RBB increases the Vth making logic
gates slower). However the proposed ILP has been constructed
in order to minimize such effects. This has been achieved by
minimizing the number rows assigned to any FBB or RBB
(maximum number of rows left to zero bias). Experimental
results have shown that leakage overhead is always below
5%, for any benchmarks and for any thermal profiles; larger
delay penalties, instead, have been registered, 10% on average.
The reason is that the ILP does not consider that RBB on
cells belonging to the critical paths directly affect the overall
speed of the circuit. We are working on new formulations and
heuristics that consider timing penalties during optimization.

VII. CONCLUSIONS

In this work we illustrated the basic idea behind the con-
struction of an ILP model and the implementation of a in-
house framework for dynamically compensating the clock
skew variation due to thermal gradients. It turned out that our
ILP-based approach is an effective option to recover clock
skew degradation. Results show that physical constrained
compensation of the clock skew is possible, however it will
come at expense of worse slack timing among the circuit’s
critical paths. A possible improvement of this work could be
to consider slack constraints in the ILP model, thus limiting
the degradation of the slack. Nevertheless, including timing
constraints may lead to less effective skew compensations or,
in the worst cases, it could lead to an unfeasible solution to
the problem.
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Abstract—Integrated circuits exhibit coupled
electro-thermal phenomena. The circuit elements dis-
sipate heat, which propagates in the chip, rising the
temperature of all circuit elements. Since the oper-
ation of the latter is temperature dependent, their
dissipation will also change. This change results in the
variation of the element voltages and currents, causing
further changes in the dissipation, etc. Therefore we
are facing a pair of couplings: an electronic → thermal
one and a thermal → electronic one, meaning that
all integrated circuits constitute essentially a mutually
coupled electronic and thermal system.
In this paper a detailed discussion of the electro-

thermal phenomena is presented regarding the prac-
tical implementation. The final implementation is a
SPICE compatible electro-thermal solver (qSPICE),
which implements some of the major industry standard
models with extended coupled thermal capabilities.
The accuracy of qSPICE is demonstrated on multiple
examples.

I. Introduction
The severe thermal problems of today’s VLSI in-

tegrated circuits highlighted the necessity of thermal
and electro-thermal simulations. Although solutions for
electro-thermal simulation of monolithic integrated cir-
cuits appeared in the early 70’s from various independent
research teams [1]–[4], the same problem was rediscov-
ered in the 90’s and other solutions have also been pub-
lished [5]–[8].

The importance of electro-thermal simulation can be
easily demonstrated with the example of a simple op-amp
(Fig. 1) – which is an ideal benchmark circuit for electro-
thermal circuit simulators because it is highly sensitive
to thermal offset. The relatively high dissipation of the
output stage (T14, T20) warms up the input stage (T1,
T2) which moves the operating points and thus changes
the transfer characteristics. This effect strongly depends
on the layout of the circuit. Despite of the fact that this
topic is at the focal point of research today, there is still
no wide-spread industry standard solution. The direction
of the investigations is two-fold: modelling of the thermal
system and developing a solver for the problem. The
general, well-known procedure to handle a thermal system
is to apply some kind of finite element method (FEM).
Another solution was introduced in the 90’s which aims to
create an electric equivalent subcircuit that represents the
thermal behaviour [9]–[11]. Besides the need to create an
accurate model of the thermal system, the solver engine
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Fig. 1. Thermal feedback in an op-amp – a typical situation, where
there is a significant difference in the results between “electrical-only”
and electro-thermal simulations

also needs to be prepared to be able to handle the two
different types of models together.
There are two basic approaches of developing an electro-

thermal solver: either the thermal problem is mapped
into an electrical equivalent and an electric solver per-
forms a co-simulation of both the electric and thermal
subsystems co-existing inherently in an IC chip [2], [12]–
[14], or two independent simulators, a thermal simulator
and a circuit simulator iterate in order to deliver the
solution of an electro-thermal problem [15]–[18]. Both
methods have advantages and disadvantages. However, we
are of the opinion that the first method (co-simulation
by the simultaneous solution of the electrical and thermal
problem) is superior, since it is applicable to a wider range
of electro-thermal problems.
None of the earlier realizations of electro-thermal simu-

lators became wide-spread, for various reasons. One aspect
is the question of integration in EDA-flows (either in an
IC-flow or in a PCB-flow – if discrete components on
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PCB substrate have strong temperature dependence like
individual LEDs in an MCPCB assembled RGB mod-
ule [19]) – most of the published realizations lack this.
The second aspect concerns the set of model equations
used to describe the semiconductor devices: on one hand
these should be “standard” models like the BSIM models
for MOS transistors, on the other hand these models
should be capable of describing the (junction) temperature
dependence of the device operation as well as the device’s
self-heating in consistence with the electrical operation.
The third aspect is the accurate and efficient modelling of
the “chip+package+ambient” as a thermal system. This
paper provides details of these three aspects and the
problems we faced while we tried to address the above
issues.
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The work in our paper is dedicated to transistor level
thermal simulation studies, where the electrical netlist of
the circuit is combined with a SPICE-like RC model of
the thermal environment. The importance of this approach
can be demonstrated by Fig. 1, which shows the open loop
transfer characteristics of an op-amp simulated with a pure
electric simulator and an electro-thermal one. The latter is
able to explore the thermally induced effects on the electric
properties. In this particular case the large dissipation of
the transistors in the output stage heats up the input
stage and causes a shift in their characteristics. This effect
strongly depends on the physical layout. The thermal envi-
ronment is defined by the chip (or stack of chips if 3D SiP
packaging solutions are treated) and its close environment
(e.g. bonding wires/bumps, die attach and to some extent
the lead frame). This simulation requires equation-level
implementation of the thermal extension of semiconductor
device models in the circuit simulator being used. The
device models extended in this way are also complemented
with an auxiliary thermal node and a thermal branch – the
current of which is the power dissipated by the active semi-
conductor component. The thermal node is terminated by
the thermal RC model extracted from the detailed physical
model of the chip environment by a tool developed at
BME. In this model the electrical resistors and capacitors
represent thermal resistivity and thermal capacitance. The
thermal RC model and the electrical netlist are solved
simultaneously by the circuit simulator, which is equipped
with device models having electro-thermal extension at
equation level. This special methodology enables SPICE-
like electro-thermal simulation. Our paper concentrates
on chip level analog problems, but the thermal modelling
approach (the Laytherm program) used in our electro-
thermal simulation system is also used in one of our logi-
thermal solutions (CellTherm [20]). From our perspective
a PCB as a substrate can be modelled in the same way
as an IC chip as a substrate, therefore our electro-thermal
simulator is applicable to PCB substrates as well, pop-
ulated with discrete analog semiconductor devices. The
difference is that the compact dynamic thermal models
of the semiconductor devices are to be included into the

thermal model. These package models have to be inserted
between the thermal node of the semiconductor device
model (junction node) and between the thermal node of
the thermal model of the substrate corresponding to the
footprint of the discrete component on the PCB [21].
With this difference in mind, the paper in the following
does not distinguish the IC and PCB design flows; it will
concentrate on the IC design flow only.

This paper describes the following:
• principles of the analog simulation flow,
• state of our prototype of electro-thermal simulator

(qSPICE),
• test cases,
• outlook on further development.

II. Principles of the analog simulation flow
There are two methods for electro-thermal simulation.

One of the methods is to perform the transistor level
simulation by SPICE, ELDO, SABER, or similar circuit
simulators and use a thermal simulator that is usually
a FEM program (e.g. ANSYS) connected in an iteration
loop (Fig. 2). One simulator uses the updated results of
the other one in the iterative process. The method is called
the relaxation method (Fig. 2). The advantage in this

T update

P update
T update
P update

simulatorsimulator

Electrical Thermal

Fig. 2. Simplified scheme of the relaxation method

case is the relative simplicity of the implementation. The
drawback is that very fast changes cannot be considered,
and in case of strongly coupled thermal problems the
simulator coupling frequently cannot find convergence.
Frequency domain calculation is usually not possible.
The other possibility for electro-thermal simulation is

the direct method or simultaneous iteration (Fig. 3). In
these programs the thermal system is represented by an
electrical model network, that has common nodes with
the electrical-only network, the so-called thermal nodes.
The iterative solution takes place simultaneously for the
thermal and electrical sub-networks. The advantage in this
case is the capability of considering very fast changes as
well. The drawback is that it requires a more complex
implementation than the relaxation method. A further
benefit of the direct method is that it makes AC simulation
possible.
The direct method needs the compact thermal RC

model of the chip, the package and the ambiance as seen
from the dissipating/temperature sensitive layout features.
These compact models are calculated in our case by BME’s
Laytherm software using a layout description as the input.
Our goal is to realize electro-thermal simulation using the
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Fig. 3. Simplified scheme of the electro-thermal simulation using
the direct method. The electrical netlist is completed with thermal
nodes at the thermally relevant devices, which nodes are terminated
by the model of the thermal system.
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Fig. 4. The simulation flow of BME’s solution to the electro-thermal
simulation problem: components within the dashed line are part of
the system.

direct method as it provides more accurate results. The
overall structure of such a simulator is shown in Fig. 4.
The electro-thermal simulation engine together with the
thermal solver and the thermal model generator are at
the center of our attention, we are not concerned with
graphical user interface (GUI).
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For compact modeling of the chip, the package and the
ambiance the chip surface layout is taken (e.g. LEF/DEF
or custom format) and loaded by Laytherm. The chip,
die attach and leadframe layer structure is defined in
Laytherm. Laytherm performs the tasks of the THERMAL
SOLVER and the THERMAL MODEL GENERATOR
blocks of the diagram in Fig. 4: its input is a layout de-
scription, based on which it creates RC equivalent circuits.
Layout shapes can reside on any layer interface, which
allows modeling stacked die structures. Package model
beyond the leadframe (or die attach) is added to the
chip’s detailed model as a dynamic compact thermal model
(Fig. 5). If there is heat-flow at the top, a similar model
can be added. Such models can be based on the so-called
structure functions provided either by physical measure-
ments using Mentor Graphics’ T3Ster (thermal transient
tester) system [22], or on structure functions calculated
from simulated thermal transient curves provided by a

Fig. 5. Simplified view of the thermal model of the physical structure
of the realized circuit.

numerical simulator (e.g. FloTHERM, ANSYS, etc.).
The ultimate model treated by an electro-thermal sim-

ulator using the direct method is shown in Fig. 6.

Fig. 6. The simplified model of an electro-thermal circuit simulation
problem: gray arrows represent the electro-thermal transconduc-
tances, red dots represent the thermal nodes of the electro-thermal
device models.

III. Requirements towards an electro-thermal
solver

These requirements can be grouped as follows.

A. “Must have” requirements
The junction temperature of the semiconductor devices

in a netlist must be maintained individually for every
instance of the same model contained in the circuit de-
scription. Therefore:

• The device models need to be complemented with
a thermal node which is the interface towards the
compact thermal model.

• The model needs to drive its thermal node with a
current source that corresponds to its dissipation.

• The temperature dependent quantities in the electri-
cal model equations have to be taken into account
as well, they need to be updated (recalculated) dur-
ing the simulation whenever the device temperature
changes.

B. “Nice to have” requirements
• If the simulator conforms to industry standard inter-

faces, it is much easier to integrate into existing design
flows. For this purpose it is necessary to:

– accept SPICE netlist format as an input,
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– use the SPICE model card format,
– implement the SPICE model equations with their

parameter names,
– accept standard layout formats (such as GDSII,

OASIS, LEF/DEF).

IV. Current status of qSPICE

The development has started on two tracks.
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One of the approaches was to extend an industry
standard simulator’s abilities to enable it to perform
electro-thermal simulation. This way the “nice to have”
requirements are satisfied by default and only the “must
have”-s need to be implemented.

The advantage of an industry standard solver is that
it implements all the major widespread device models.
Hence our primary approach was to use these already im-
plemented models for electro-thermal simulation. Despite
the fact that all the industry standard SPICE models
describe the temperature dependence correctly, today’s
SPICE simulators implement these models as “constant
temperature at simulation-time”. In order to achieve the
goals of the task, one needs to modify the simulator at a
very deep level at which only its developers can operate.
We had close consultations with EDA vendors, but it
turned out that the only way to deal with this problem
would have been to reimplement these models correctly,
and in the case of some complex models, even the solver
would have been to be modified as well.

The other approach was to use BME’s proprietary
electro-thermal solver. This engine is equipped with the
toolset that is needed for electro-thermal simulation so
it fulfils the “must have” requirements. The task here is
to realize the standard interfaces and to implement the
standard models.

At this stage our solver can deal with all the major
problems introduced above. We have verified it with mea-
surements. Our target circuit was the well-known µA741
operational amplifier (Fig. 7). With this the classical
benchmark problem illustrated by Fig. 1 can be well
studied: what is the effect of the thermal feedback from the
output stage to the two transistors of the differential pair
of the input stage, and how does this effect depend on the
actual physical realization (layout, packaging style). We
studied two layout variants (from two different vendors)
as illustrated in Fig. 8. The transistors marked with
yellow circles are simulated using their electro-thermal
model. We were able to acquire this integrated circuit
from different vendors with two different layouts, which
gave us the ability to verify our electro-thermal solver
at different thermal scenarios. The simulated open-loop
transfer characteristics can be seen with different loads
(Fig. 9). These results demonstrate that the structure of
the physical layout (see Fig. 8) has a major effect on
the electrical behaviour through thermal coupling. Fig. 10
shows the AC simulation of the same circuit in a feedback

Fig. 7. Schematic of the µA741 operational amplifier.

configuration together with measurement results. We have
multiple information on these figures.

• The simulation and measurement results have an
excellent matching. This verifies our electro-thermal
simulator.

• It is an interesting fact, that in certain feedback
configurations, at the lower frequency range we found
frequency values where one of the samples behaved
as ideal inductor while the other as ideal capacitor.
The only difference between the two was their physical
layout.

Another subtask was to implement the nice to have
features mentioned above. We created an input/output
frontend/backend for the SPICE netlist compatibility pur-
pose. With this converter our simulator can act as a SPICE
compatible simulator, which is now easy to integrate with
any industry standard design environment.

A. List of the implemented models
Based on this method we implemented the following

models:
• SPICEMOS models (with Meyer capacitance models)

– Shichman-Hodges
– analytical
– semi-empirical

• EKV (Enz-Krummenacher-Vittoz) MOS model
• Gummel-Poon BJT model
• Si/Al contact model (Seebeck effect)

For the SPICE compatibility layer and the thermal com-
pact model generation we created a framework called
qSPICE (quasi-SPICE) that is transparent to the user. We
can carry out pure electrical simulations using the SPICE
netlist format, and we do not have to alter the netlist for
electro-thermal simulations either. If the layout is available
the framework extracts the thermal compact model using
Laytherm.

B. Verification
The engine and the implemented models has been veri-

fied both in pure electrical and electro-thermal domain.
In the pure electrical domain we carried out the same
simulations with our qSPICE and Berkeley’s SPICE3f5.
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Fig. 8. The two different layouts for the µA741

Fig. 9. Transfer characteristics with different loads

Fig. 10. Behaviour in the frequency domain with different loads

We performed the simulations with multiple benchmark
circuits with various device models.

The matching error between the results was below the
level of the numerical noise. In the electro-thermal domain
the performed simulations were verified with published
benchmark results. [23]

C. Example
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In our basic example (diff. pair with output stage)
we created a pure electrical simulation and an electro-
thermal simulation where our input transistors and our
output transistor have a compact thermal model.

On Fig. 12 the different simulation results for pure elec-
trical and electro-thermal simulations can be seen. Fig. 12
(B) shows the relative temperatures of the important
transistors for the nominal temperature (300K).

Fig. 11. Transient analysis of a CMOS inverter stage.

V. Conclusion
The objective of this work was to create an electro-

thermal simulator that complies with industry standards
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Fig. 12. (A) transfer function of a simple differential pair, (B)
relative temperatures of transistors.

and is able to deal with 3D SiP packaging solutions as
well.
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Having found that the extension of an industrial solver
is not a viable option, we decided to concentrate our efforts
on developing a new electro-thermal solver and extending
it with industry standard models and interfaces (the “nice
to have” features mentioned above).

Our simulator, qSPICE satisfies the original objectives
of the task as it is capable of determining the thermal
coupled electric behaviour of complex systems. The input
formats and device models are standard implementations.
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Abstract—This paper proposes a method for yield enhance-
ment in digital integrated circuit manufacture using a tempera-
ture dependent logic simulation tool.

In an industrial environment the time slot dedicated to the
logic testing of a single integrated circuit needs to be as short
as possible in order to boost production. During this short
period thermally induced errors might remain hidden due to
long thermal time constants.

This paper introduces a methodology to determine the steady-
state die temperature where a short logic test is able to reveal
logic faults. The evolved die temperature is simulated with a
logi-thermal simulator engine that performs logic simulation by
taking self-heating into account.

We propose that the testing should take place at an elevated
temperature where the temperature dependent failures arise.
This approach makes it possible to detect otherwise hidden
defects while keeping testing times short.

Index Terms—logic test, test automation, thermal aware

I. INTRODUCTION

In today’s digital integrated circuit production logic testing
after manufacture plays an important role in achieving a high
yield. To accomplish this the logic testing should be able to
determine if a chip is faulty with the highest possible precision.

Due to the fact that an exhaustive test is time consuming
only short tests are feasible in production. These tests are
usually carried out at room temperature where thermally
induced defects might remain hidden and the length of the
testvectors prevents the chips from heating up to their typical
operating temperature.

Using a logi-thermal simulator [1], [2] the evolved operating
temperature of the circuit can be determined by simulations
already at design time, long before manufacture. If a heating
step is introduced in the process line directly before the
testing, a short testvector can detect thermal problems, thus
maintaining the production speed and enhancing the yield.

This virtual temperature map can then also be used to
assist the preparation of the DUT before testing. The oper-
ating modes and components that are the most sensitive to
temperature change can be detected. This makes it possible to
define the shortest test vector that can reveal an error caused
by the elevated temperature.

II. SIMULATION FRAMEWORK

The simulator consists of two simulator engines: a logic en-
gine, that is more complex than a conventional logic simulator

in the sense that it handles gate delays and logs gate activities
and a thermal engine, that calculates the chip’s temperature
distribution using the activity (and dissipation) data provided
by the logic engine (Fig. 1).

The logic engine is fed with the schematic description of a
digital circuit and the properties of the gates: the logic function
that describes their operation, the function that describes the
gate delay’s dependence on temperature and the dissipation of
the gate when it is active.

The thermal engine’s input is the physical layout of the
circuit and (if the desired precision necessitates and the
information is available) the details of the chip’s package and
further thermal ambience.

Act ivity pat t ern

Temperat ure

Logic ent it ies P hysical layout

Logic engine T hermal engine

Syst em schemat ic

Logic funct ion Dissipat ion Delay funct ion

Thermal model of the 
IC package & environment

Figure 1. The architecture of the logi-thermal simulator

The architecture of the framework was designed in a very
flexible way. The cooperation of the two engines is realized
through a very thin interface which decreases the cross de-
pendencies to a minimum. As a consequence, the engines
in the framework are easily replaceable. Users can be given
the opportunity for example to choose between a fast but
less accurate and a very accurate but slower thermal engine.
Simulation times and precision can thus be tailored to the
needs of engineers using the simulator.

The simulation is operated by an instance of the logither-
mal_simulator class. It organizes the activities of the logic
and the thermal engines. It is also an observable class [3]
and it notifies its observers every time a time step is over.
This mechanism is used by loggers that record important
values calculated during the simulation and save them in
several output files. For example, the VCD file that stores the
waveforms of a circuit is created by such a logger.

The same design pattern is used by the logic modules’ ports
to keep track of the simulation time.
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A. The logic engine

The logic engine was designed to ease the extension of
the gate library and to give the maximum flexibility in the
definition of the behaviour of elements.

The logic engine is coordinated by a logic_simulator in-
stance that contains the modules and instructs them to scan
their inputs and to check whether there is a change scheduled
at any of their outputs at every simulation cycle.

The logic modules can have an arbitrary number of ports
that can be configured to act as inputs, outputs or inouts and
can be of any size. Delays can be defined in a port-to-port
manner and are handled by the port objects. This means that
when a new module type is defined, delays need not be given
or taken care of, it is done automatically based on description
files to be discussed later.

Every logic module is loaded dynamically at the beginning
of the simulation. The gates are stored in dynamically linked
libraries (DLLs or SOs) and only the ones instantiated in the
simulated design are loaded. If a library is present at a certain
location in the simulator engine’s directory structure, it can be
used as a source of logic modules. Hence the gate library can
be extended by simply creating a new dynamic library and
placing it at the appropriate location.

A new module can be created by inheritence. The base class
of all modules is a very intelligent entity. It knows everything
that a module needs to know for logithermal simulation: it can
handle ports, knows how to respond to the change of input
signals, has a delay (realized by its ports), has a dissipation
and records its own activity (whether it changed its state in
the latest time step or not).

There is only a very short list of things to define in order
to create an entirely new module. The module’s ports need to
be created in the constructor by giving their name, their size
and their direction. The method that describes the behaviour
of the module is pure virtual in the base class so it needs
to be defined in every subclass. The method gets the value
of the module’s inputs and yields the resulting output values.
Whether the new output values are different from the previous
ones (and thus action needs to be taken) and the delays that
are introduced by the module are determined and handled by
the ports, so it doesn’t have to be given by the user code.

When extending the gate library, one can focus on the actual
logic function that the modelled gate realizes. The ease of
realizing functions of any complexity is ensured by the fact
that the complete toolset of the C++ language is available.
This makes it possible to modell entire CPUs in a single logic
module. In fact, the level of abstraction is not bound or limited
in any way – the same design might contain modules as simple
as a logic gate and as complex as multicore processors next
to eachother.

B. The thermal engine – SUNRED

The physical layout of a circuit is fed to the thermal engine
as a list of bounding boxes with names exactly matching the
module instance names in the logic circuit description. The

engine calculates with rectangular dissipators. The solution
method used in the thermal engine is SUNRED.

SUccessive Network REDuction is a solution method for
the Finite Differences Method (FDM) field simulation mod-
els. The applicable fields are defined by partial differential
equations (PDE-s): Laplace-equation and Poisson’s equation
[4]. Different implementations of the SUNRED algorithm can
solve thermal, electrostatic or electro-thermal fields [5], [6]. In
case of the logi-thermal simulation we start from the following
form of the heat equation:

λ · div gradT = λ

(
∂2T

∂x2
+
∂2T

∂y2
+
∂2T

∂z2

)
=

= p(x, y, z) + cth
∂T

∂t
(1)

Finite differences methods approximate the solution of
PDE-s by replacing the differential equations with difference
equations. In one dimension this means

f ′(a) ' f(a+ x)− f(a)

x
(2)

By decreasing x the approximation of the differentials be-
comes more accurate. The FDM method divides the examined
geometrical domain into a finite number of simulation cells
and calculates the (2) difference in the center of each section.
In 2D or 3D this division results in a finite differences grid as
shown in Fig. 2 (a). The approximating difference equation of
(1) is the following:

λ
Ti−1,j,k − Ti,j,k

∆x2
+ λ

Ti+1,j,k − Ti,j,k
∆x2

+

+ λ
Ti,j−1,k − Ti,j,k

∆y2
+ λ

Ti,j+1,k − Ti,j,k
∆y2

+

+ λ
Ti,j,k−1 − Ti,j,k

∆z2
+ λ

Ti,j,k+1 − Ti,j,k
∆z2

=

= pi,j,k + cth i,j,k
dTi,j,k

dt
(3)

Finite differences can be modeled as resistors between
two neighboring nodes. The SUNRED method divides each
resistor into two parts as illustrated by Fig. 2 (b). E′, W ′

etc. denote East, West etc. neighboring nodes, C indicates the
center node. According to the thermal-electrical analogy, in
the thermal case the resistors are thermal resistances. Fig. 2 (c)
shows the SUNRED cell model in 3D.

Figure 2. (a) Finite differences grid in 2D, (b) SUNRED model in 2D, (c)
SUNRED cell in 3D
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The dissipation is realized as current sources (Fig. 2 (c)).
The Successive Network Reduction algorithm solves this
network for the given boundary conditions, excitations and
thermal loads, and determines all the temperatures and heat
fluxes [6]. Fig. 3. illustrates the steps of the method. The base
algorithm is a direct solution method by its nature; there is
no need for iteration but for dynamic simulation iteration is
inevitable. Time domain solution of (3) as an ordinary differen-
tial equation (ODE) uses the backward Euler method [7] where
the thermal capacitances of Fig. 2. are replaced by the Fig. 4.
circuit equivalent. This iteration, after the first step however,
requires much less computation than a DC solution or the first
iteration step because the network reduction is not required
as the structure of the network does not change. Network
reduction uses matrix to matrix multiplications and matrix
inversions, the solution of time steps requires only matrix
to vector multiplications. This results in an approx. 6 times
shorter solution time.

Figure 3. The successive network reduction method

Figure 4. Backward Euler equivalent circuit of a thermal capacitance

III. INDUSTRIAL INPUT AND OUTPUT FORMATS

Throughout the development of the simulator framework a
design goal was to provide industrial standard means to feed
information to it and to also yield results in standard formats.
Not every input format is standard though. This is due to the
uniqueness of the task, but whenever a standard was available,
it was applied.

The delays in a circuit can be defined using the Standard
Delay Format (SDF), an IEEE (originally OVI) standard for

the representation and interpretation of timing data for use at
any stage of an electronic design process [8].

SDF is a symbolic expression based language that can
describe cell and interconnect delays in a temperature and
supply voltage dependent way. The delays of a cell are given
in a port-to-port manner. Delays can be assigned to individual
module instances or to every instance of the same type.

The waveforms resulting from the logic simulation are saved
in the Value Change Dump format (VCD), which is also an
IEEE standard (actually it was defined as part of the Verilog
standard – IEEE Standard 1364-2001) [9]. It is an ASCII-
based format as well and is recognized by most EDA tools.

IV. SIMULATION RESULTS

The sample circuit used to demonstrate the proposed method
is a simple checksum generator circuit, a little subcircuit that
can become a bottleneck in a system. The pseudo code of the
BSD checksum algorithm [10] is given below.

1 checksum = 0
2 w h i l e t h e r e _ i s _ i n p u t ( ) {
3 word = g e t _ n e x t _ w o r d ( )
4 checksum = ( checksum >> 1) + ( ( checksum & 1) << 15)
5 checksum = checksum + word
6 }

Listing 1. The algorithm calculating the BSD checksum

The simple circuit realizing the BSD checksum algorithm
can be seen in Fig. 5. The input dataflow is fed to the input
buffer in 16 bit chunks. The adder calculates the sum of
the previous checksum and the current data word. The shift
register loads the result of the adder and then performs a
rotation to the right. The register is switched between these
two operating modes through the l/r (load/rotate) input.

The data arrives at a given rate and the clock and control
signals of the register are set accordingly. The adder on the
other hand is a combinational circuit that has to perform the
operation during the time slot between the arrival of two data
words.

Figure 5. The schematic structure of the checksum generator

The figures 6-8. show the waveforms resulting from the
simulations performed at 25 ◦C, 45 ◦C and 50 ◦C respectively.
At 25 ◦C and 45 ◦C the circuit operates flawlessly although
the increase in the delay of the adder’s output can be observed
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in the latter waveform. At 50 ◦C the delay exceeds the time
slot available for the calculation of the sum, and thus the
operation fails. According to our logithermal simulation, if
such a circuit is heated up to 50 ◦C before running a few µs
long test then thermally induced errors remaining unrevealed
at room temperature can be detected.

Figure 6. The waveforms of the checksum generator at 25 ◦C

Figure 7. The waveforms of the checksum generator at 45 ◦C

Figure 8. The waveforms of the checksum generator at 50 ◦C

The calculated thermal map of the circuit is shown in Fig. 9.
It clearly shows the hot spots and how the active subcircuits’
dissipation effects the temperature of the neighbouring mod-
ules.

V. SUMMARY

We have proposed a methodology to determine the steady-
state die temperature where a short logic test is able to reveal
logic faults that remain hidden when a short testvector is
run at room temperature. The operation of a digital system
was simulated using our logi-thermal simulation framework

16 bit adder

16 bit shift register input buffer

Figure 9. Thermal map resulting from the logi-thermal simulation of the
checksum generator

that takes ammbient temperature and the dissipation of active
circuits into account.
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Abstract- Energy consumption in our society is increasing 
rapidly. A significant fraction of the energy is lost in the form of 
heat. In this talk we introduce thermoelectric devices that allow 
direct conversion of heat into electricity. Some new physical 
concepts and nanostructures make it possible to modify the 
trade-offs between the bulk electrothermal material properties 
through the changes in the density of states, scattering rates, and 
interface effects on the electron and phonon transport. The 
potential to increase the energy conversion efficiency and bring 
the cost down to $0.1-0.2/W will be discussed. We also describe 
how similar principles can be used to make micro refrigerators 
with cooling power densities exceeding 500 Watts per square 
centimeter. Hybrid liquid/solid-state cooling will be shown to 
have the potential to reduce the total cooling power requirement 
significantly by selective removal of hot spots. Finally, 
experimental results will be presented for thin film thermal 
conductivity of nanostructured materials using a femtosecond 
laser pump-probe technique. We describe how the ballistic and 
diffusive components of heat transport can be identified. The 
transition between energy and entropy transport in nanoscale 
devices will be discussed. 

  

I.  INTRODUCTION 

Thermoelectric is a solid-state energy conversion technique 
that can directly convert heat to electricity and vice versa. 
Since the working fluid is electrons/holes, thermoelectric 
devices have many unique advantages over conventional 
energy conversion systems including: no moving parts or 
vibration, high reliability and durability, compactness, and 
easy control.[1] It is thus very useful for various applications 
such as hot-spot cooling on micro-chips, and electrical power 
generation from waste heat. The energy conversion efficiency 
of thermoelectric devices is directly related to the 
thermoelectric figure of merit, ZT=S2σT/(κe+κl), of the 
materials used, where S is the Seebeck coefficient, σ is the 
electrical conductivity, T is the absolute temperature, and κe 
and κl are the electronic and lattice thermal conductivities, 
respectively. If ZT is larger than 3-5, the thermoelectric 
device can be competitive with traditional mechanical energy 
conversion systems. In the 1950s, Bi2Te3 alloys were found to 
have ZT~1 at room temperature, but since then, the progress 
has been slow because all the properties comprising ZT are 
mutually coupled, and it is extremely difficult to enhance one 
property without affecting another.   

Recent advances in the material synthesis and growth 
techniques and pioneering theoretical studies have enabled 
breakthroughs for the enhancement of thermoelectric 
materials beyond ZT~1. In the early 1990s, Hicks and 
Dresselhaus [2] theoretically predicted a significant 
enhancement of ZT in low-dimensional materials such as 
quantum wells and wires.  Since their work, along with timely 
availability of advanced materials, a great deal of research on 
nanostructured materials has been conducted for 
thermoelectric applications.[3,4] Indeed significant 
improvements of ZT values have been reported during the 
past few decades. However, most of the improved ZT values 
were achieved mainly by the reduction of lattice thermal 
conductivity, and the significant enhancement of 
thermoelectric power factor, S2σ, has not been realized to 
date. We will discuss several difficulties as well as future 
directions for the power factor enhancement and, in Section 
II, summarize the recent results of ZT enhancement achieved 
for various nanostructured materials.   

Applications of TE devices have been limited due to their 
low energy conversion efficiency. An important factor for any 
energy conversion device is cost per watt analysis. Yazawa 
and Shakouri [5] recently analyzed the cost-efficiency 
trade-off of TE devices and found that TE devices can be 
competitive with other sustainable energy technologies in 
terms of cost per watt even with the current efficiency values 
when the design of the device is optimized. We revisit the cost 
analysis of TE devices in Section III.       

Another advantage of TE devices is their ability to be 
combined with other conventional liquid cooling techniques 
[6], which offer an additional degree of freedom for removing 
both background heating and hot spots in integrated circuit 
chips. Hot spots and non-uniform temperature distribution in 
the chip can degrade the performance and reduce the 
reliability. Unfortunately, most of the existing cooling 
techniques cannot remove the hot spots selectively and they 
have to operate in a suboptimal fashion and overcool the 
entire chip [7]. To overcome these difficulties, one solution is 
to use hybrid solid-state and liquid cooling, which is 
described in Section IV.  

Time domain thermoreflectance (TDTR) is a femtosecond 
pulsed laser technique capable of characterizing thermal 
properties of thin films [8,9] and therefore highly valuable to 
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assess the performance of thermoelectric materials [10-12]. 
Thermoreflectance imaging is another thermal 
characterization technique utilizing optical measurement of 
the variation of light reflectivity with temperature on the 
illuminated surface. Using a high resolution CCD camera, 
temperature mapping is possible without a scan. Joule heating 
and Peltier cooling can be separated since they have different 
dependencies on the magnitude and direction of current. 
Thermal conductivity measurements of thin film 
nanostructured materials using TDTR and the details of the 
two characterization techniques will be discussed in Sections 
V and VI. 

Based on Shastry’s work [13], we analyze both the ballistic 
(non-thermal) and diffusive (thermal) energy transport by 
electrons in metals occurring for a very short period of time. It 
is found that a damped oscillatory behavior of the energy 
density, Green’s function, due to the ballistic transport is 
dominant at very short time less than the scattering time and 
at very short length scale, and then disappears as the diffusive 
transport becomes significant. Both spatial and temporal 
impulse responses are obtained and analyzed to separate the 
ballistic and diffusive components of the transport in Section 
VII. Finally, a summary is followed to conclude the paper. 

 
  II.  NANOSTRUCTURED THERMOELECTRIC MATERIALS 
The theoretical prediction of a large ZT enhancement in 

quantum wells and wires by Hicks and Dresselhaus [2] is 
based on the enhancement of the thermoelectric power factor 
due to the modification of the electronic density of states in 
the in-plane direction of those low-dimensional materials. 
The quantum confinement in the low-dimensional materials 
creates sharp features in the density of states, which increases 
the asymmetry in the differential conductivity with respect to 
the Fermi energy, thereby enhancing the Seebeck 
coefficient.[14]  However, most of the recently reported ZT 
enhancements did not come from the power factor 
enhancement. Lattice thermal conductivity was reduced due 
to the increased interface and boundary scattering of phonons 
in the nanostructured materials. Some of the reasons that an 
enhancement of the in-plane power factor in quantum wells or 
along nanowires is practically difficult could be: 1) increased 
carrier scattering at the interfaces, which reduces the 
electrical conductivity, 2) quick disappearing of the sharp 
features in the density of states due to size non-uniformity in 
the confinement directions, 3) the reduction of band 
degeneracy due to the quantum confinement, and 4) the wide 
distribution of carrier energy compared to the width of the 
sharp features in the density of states. Furthermore, Kim et 
al.[15] recently pointed out in their theoretical calculations 
based on the Landauer formalism that the enhancement in 
Seebeck coefficient is modest and the major improvement, at 
most 50% over bulk, comes from the enhancement in 
effective 3D electrical conductivity in a lower dimensional 
system with a high packing density.  

In the cross-plane direction of superlattices, two scenarios 
for the Seebeck coefficient enhancement may be possible. 
Firstly, low-energy carriers can be filtered out of the transport 
due to the presence of potential barriers in the cross-plane 

direction of heterostructure superlattices. Hot electrons 
having energies higher than the barrier height can go over the 
barriers and contribute to the transport. This energy filtering 
scheme can enhance the Seebeck coefficient [16, 17] 
Theoretical calculations showed that a large enhancement of 
Seebeck coefficient and, thus, ZT is possible when the lateral 
momentum of carriers is not conserved during the transport 
over barriers.[18] If the lateral momentum is conserved in 
analogy with the total internal reflection of light, the emission 
current over the barrier could be so low that the power factor 
may not be largely enhanced even with the large Seebeck 
enhancement. Also, the number of conducting channels in 
both the well and barrier layers can be a limiting factor in 
enhancing the power factor.[19] Secondly, when the 
superlattice period is much smaller than the mean free path of 
carriers, coherent multiple interferences by the periodic 
superlattice potential can form mini-bands, which modify the 
density of states, and thus, can enhance the Seebeck 
coefficient.[20, 21] A large enhancement of Seebeck 
coefficient was predicted at low temperatures in the miniband 
transport regime, but the power factor was not enhanced due 
to the suppression of group velocity of carriers.[21] However, 
further optimization of design and selection of materials may 
be possible to lead to power factor enhancement, even at 
room temperature or higher. 

In the materials with embedded nanoparticles, modification 
of carrier scattering time by nanoparticle scattering can 
enhance the power factor.[22-24] Ionized nanoparticles create 
spatially slowly-varying potentials around them, which are 
different from the potential by conventional ionized 
impurities. The actual enhancement of power factor comes 
from the increased electrical conductivity at a given Seebeck 
coefficient, rather than the Seebeck enhancement.[24] 
Core-shell nanoparticles can create energetically sharp 
scattering characteristics via resonances, which can 
significantly enhance the Seebeck coefficient at low 
temperatures.[25] Recently a modulation doping concept was 
proposed to enhance the electrical conductivity and thus, the 
power factor.[26] Heremans et al. demonstrated a large power 
factor enhancement in Tl-doped PbTe at high temperatures up 
to 770 K, and attributed this enhancement to the distorted 
density of states by the Tl resonant level inside the valence 
band of PbTe.[27] The ErAs:InGaAlAs 
semimetal/semiconductor nanocomposites showed enhanced 
ZT~1.3 at 800 K over bulk InGaAlAs due mainly to the 
thermal conductivity reduction by increased phonon 
scattering by a few nm-sized ErAs nanoparticles.[28] 

Fig. 1 shows several important ZT values, both n- and 
p-type, that were recently reported for nanostructured 
materials over a wide temperature range. The ZT values of the 
conventional thermoelectric materials such as Bi2Te3, PbTe, 
and SiGe are also shown in the figure for comparison. ZTs of 
about 1.5-1.7 have been reported in several different 
nanostructured materials in the last ten years. ZTs higher than 
2 were also reported in a few cases, but further experimental 
verification is necessary as some of the data are not 
independently verified [3]. It is noted that most of the ZT 
improvements in Fig. 1 were obtained via reduction of the 
lattice thermal conductivity, except for the two cases [26,27] 
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in which enhanced power factor was the main factor leading 
to high ZTs. 

 
Fig. 1. Advances of thermoelectric figure of merit, ZT, reported over a 

temperature range from 300 K to 1200 K. 
 
At near room temperature or 300 K, Bi2Te3 or PbTe-based 

nanostructured materials showed significant enhancement in 
ZT over their bulk counterparts by a reduction of thermal 
conductivity. The Bi2Te3/Sb2Te3 superlattice [29] was 
reported to have a cross-plane thermal conductivity value of 
0.22 W/mK, which is more than two times lower than that of 
Bi0.5Sb1.5Te3 alloy, and attributed to the increased interface 
phonon scattering in the superlattice. A large ZT of 2.4 was 
reported for this superlattice, but to our best knowledge, this 
value has not been reproduced. PbTe/PbSe nano-dot 
superlattices by Harman et al. [30] showed ZT~1.6 at this 
temperature due to the very low thermal conductivity of 0.33 
W/mK that was inferred indirectly from thermoelectric 
cooling measurements. Recent direct measurements using the 
time-domain thermoreflectance technique, however, did not 
reproduce this value.[31] Recently, nanostructured p-type 
BiSbTe bulk alloys prepared by hot pressing ball-milled 
nanopowders showed ZT~1.2 at room temperature and ~1.4 
near 400 K.[32] Recently, Hochbaum et al. fabricated and 
measured rough silicon nanowires of ~50 nm in diameter, 
which showed a ZT ~ 0.6 at room temperature.[33] This ZT 
value is still lower than 1, but is significantly higher than the 
ZT ~ 0.01 of bulk silicon.  

At elevated temperatures, near 600 K or higher, several 
PbTe-based nanostructured materials showed high ZTs of 
1.5~1.7 over the best bulk PbTe of ZT~1. The material system, 
AgPbmSbTe2+m, also known as LAST-m, becomes 
spontaneously nanostructured when cooled from the melt, 
which helps reduce the thermal conductivity. With selected m 
values, e.g. LAST-18, the thermal conductivity was found to 
be only about 30% of that of PbTe, and thus a ZT~1.7 at 700 
K was achieved.[34] A p-type variation of LAST-m, 
NaPbmSbTe2+m (SALT-m), also showed ZT~1.6 at 675 K for 
m~20 with a very low thermal conductivity of 0.85 
W/mK.[35] The strain field created by nano-inclusions in 
these material system is believed to scatter phonons 
effectively to reduce the thermal conductivity. The 
(PbSnTe)x(PbS)1-x system is phase-separated into PbTe-rich 
and PbS-rich regions, which become coherent nanostructures 

suppressing the lattice thermal conductivity. A ZT ~ 1.5 at 
640 K was reported for this material system of n-type with 
x~0.08.[36] The n-type La-doped Ag2Te-PbTe system has 
nano-scale (50-200 nm) Ag2Te precipitates formed in PbTe, 
and showed ZT~1.5 at 775 K.[37] Skutterudites and 
clathrates have complex cage-like crystal structures with 
voids in which ‘rattler’ atoms are inserted to effectively 
scatter acoustic phonons.[38] CoSb3-based filled 
skutterudites such as p-type LaFe3CoSb12, and n-type 
CeFeCoSb12 showed ZT > 1 at 800 K and higher.[39] 
Recently, Czochralski-grown clathrate Ba8Ga16Ge30 showed 
ZT~1.6 at 1100 K. [40] 

Beyond 1000 K, SiGe has long been known to be a good 
thermoelectric material, and its ZT is typically 0.5 ~ 0.6 at 
1100 K. After nanostructuring by hot pressing and ball 
milling, ZT of p-type B-doped SiGe was improved to 0.7 at 
1000 K.[41] ZT~1.3 at 1200 K was also reported for 
nanostructured n-type SiGe. [42] Two-phase SiGe-SiP 
nanocomposites had ZT > 1 at 1200 K, and this ZT 
enhancement was attributed to the modulation doping effect 
that enhanced mobility and thus electrical conductivity.[26]  

 

III. COST ANALYSIS OF THERMOELECTRIC DEVICES 
Energy conversion from a waste heat is important since we 

are dissipating more than half of the energy from natural 
resources. Thermoelectric is suitable for this application due 
to relatively lower operating temperature compared to 
mechanical systems. Fig. 2 shows the one-dimensional model 
that we used for theoretical analysis [5]. 
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Fig. 2. Thermoelectric waste heat power generation system and 

electro-thermal network model. 
 

Since the heat source is free of cost, the minimum mass of 
the material used to produce the maximum power output is 
the criteria to finding the lowest cost per useful energy 
produced. The maximum power output, Wmax, is found in Eq. 
(1) to be proportional to the square of overall temperature 
difference from the heat source to the ambient and also 
inversely proportional to the sum of the external thermal 
resistances including module substrates. While, the optimum 
TE element (leg) length dopt is found as Eq. (2), 
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where ΣΨ is the sum of external resistances, A is area of 
substrate, κ is the thermal conductivity of TE material, and F 
is fractional area ratio of the TE leg (fill factor). These 
relations are derived for symmetric thermal contacts with hot 
and cold reservoirs. There are slight changes for asymmetric 
systems [45]. Based on this analysis, one can see that the fill 
factor does not affect power output until reaching less than 
1% if the leg length is scaled accordingly for thermal 
impedance matching. This constant thermal resistance ideally 
yields an immediate volume reduction of the TE element 
itself. Without considering the parasitic losses, such as heat 
leakage and contact resistances, the cost per power output of 
TE could be reduced by 1/10,000 for 1% of fill factor. 
Realistic modules and power generation systems, however, 
still need the substrates and heat sinks with constant volume. 
As well as, the thermal spreading resistance increasing with 
reduced fill factor. Considering these impacts, the cost of the 
system is found for different fill factors as shown in Fig. 3. It 
can be seen that the reduction of thermal conductivity has the 
greatest impact on the $/W metric for waste recovery systems 
[46]. 
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Fig. 3. Module cost performance [$/W] at the maximum power design. 

Thermal conductivity κ is 1.5 W/mK and power factor is 3.35x10-3 W/mK2 for 
ZT=1. The number of elements per unit area N is 100 cm-2. 

 

IV. HYBRID SOLID-STATE MICRO-REFRIGERATION / LIQUID 
COOLING 

Conventional cooling by microchannel reaches the limit in 
the reduction of the thermal resistance due to the insensitive 
heat transfer coefficient to the coolant flow rate, resulting in a 
massively large amount of power required for a small 
improvement in cooling. We studied the hybrid scheme using 
a thermoelectric in conjunction with microchannels as shown 
in Fig. 4. The fundamental performance model is independent 
to the kinds of thermoelectric materials, whereas this 
particular figure shows a Si/SiGe supperlattice cooler. The 
total cooling power should increase by injecting an electrical 
current to the thermoelectric for pumping the local heat. In 
turn, pumping the excess heat flux at the hot spot helps to 
relax the requirement of the overall heat sink performance. 
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Fig. 4. Thermoelectric hybrid scheme structure diagram. vMicro-channel heat 

sink is not shown. 
   
Analytic modeling allowed us to analyze the performance 

when we change the design of the TE element and the drive 
current to get the minimum cooling power to meet the 
junction temperature, Tj, requirement not exceeding the 
maximum allowable temperature, Tj_max.  Fig. 5 shows an 
example of the Tj dependance on the above two design 
parameters.  

Log scale
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Log scale

 
Fig. 5. The junction temperature, Tj, as a function of TE cooler thickness, d, 
and drive current, I. ZT=0.5 and ambient temperature Ta=35 oC are assumed. 
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Fig. 6. Total cooling power as a function of the chip power and the hot spot 

heat flux. Tj_max=85 oC, ZT=0.5 are assumed. 
 
The result shown in Fig. 6 shows that this hybrid scheme 

could allow us to reduce the total cooling power by nearly 
1/10 of what we may need for conventional microchannel 
cooling at 600 W/cm2 for a 500 μm x 500 μm single hotspot 
on a uniformly heated 1 cm x 1 cm chip with 100 W/cm2. 

 

V. THERMOREFLECTANCE IMAGING TECHNIQUE 
Device level thermal characterization requires identifying 

the two-dimensional temperature gradients and the localized 
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temperatures, thus, thermal mapping is important. Due to the 
feature size (1-10s microns) of the device with adjacent 
heaters at a wide range of operating temperatures, 
conventional Infrared (IR) imaging is not suitable. We 
developed a thermoreflectance imaging technique with 
electrical interlocking. Thermoreflectance stands for the 
reflectivity change versus the temperature changes of the 
surface. This relationship is nearly the constant. It is a 
material surface property for a particular wave length of the 
externally illuminating light [47-49]. By using an inter-lock 
technique, the temperature change with applied bias can be 
measured at the accurate timing of ON and OFF. Fig. 7 shows 
an example of a Si/SiGe superlattice cooler fabricated on a 
silicon substrate [48]. The heating load imitating the cooling 
target device, e.g. LSI chip with a hotspot, was fabricated on 
top of the TE device, so that we can identify the junction 
temperature.  

The power demands of either energy systems or cooling are 
typically intermittent. The transient response characteristics 
cause different overall efficiencies. Therefore, transient 
temperature imaging is critical to determine the performance 
of the energy conversion devices. The electrical signal 
interlocking and the image interleave in software enable us to 
compose the frame-by-frame animation as the time line image 
in addition to the time response data set. Fig. 8 shows an 
example of time line images demonstrating the capability of 
sub-nano second time resolution [50]. 

 
Fig. 7. Thermal image of a 50 x 50 μm2 microrefrigerator at an applied current 
of 500 mA. Stage temperature is 30 °C and the device is cycled at a frequency 

of ~1 kHz [48]. 
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response to a pulsed power input. 

 

VI. THERMAL IDENTIFICATION OF THIN FILMS WITH 
TIME-DOMAIN THERMOREFLECTANCE  

The measurement principle of time-domain 
thermoreflectance is schematically illustrated in Fig. 9. 
Optical pulses from a femtosecond Ti:Sapphire laser (typical 
parameters: ~300 fs pulses, repetition rate 76-80 MHz, 
wavelength ~780 nm) are split into two beams undergoing 
separate treatment which are then recombined onto the 
sample under study. The ‘pump’ beam induces localized 
heating of the sample while the ‘probe’ beam monitors the 
thermally induced changes in surface reflectivity. The delay 
between pump and probe can be accurately varied by means 
of a mechanical delay line. Fitting the observed temperature 
decay as a function of pump-probe delay to a diffusive heat 
spreading model enables us to identify the unknown thermal 
parameters. 

 

 
Fig. 9. Schematic principle of a typical TDTR setup for thermal 

characterization. EOM = electro-optic modulator, (P)BS = (polarizing) beam 
splitter. 

 
A thin metallic film, typically aluminum, is deposited on 

top of the sample to act as transducer for the measurement 
(Fig. 10). The film efficiently converts the absorbed pump 
pulse into heat and provides a good temperature dependence 
of surface reflectivity under IR illumination. To achieve 
sufficient signal-to-noise ratios, the pump beam is modulated 
at a frequency fmod (typically in the 1-20 MHz range) such that 
lock-in detection of the probe signal at the same frequency 
can be utilized. We note here that higher modulation 
frequencies correspond to shorter effective thermal 
penetration lengths into the sample. This is very useful for 
characterization of thin films as it enables one to minimize the 
influence of the substrate parameters on the measured thermal 
response. Knowledge of both in-phase, Vin, and out-of-phase, 
Vout, signal components on the lock-in can be exploited by 
using the ratio function, Vin/Vout, for further processing and 
analysis. This reduces experimental artifacts associated to the 
variation of the pump beam size with pump-probe delay and 
acts as a normalization process [8]. Fig. 11 gives an example 
of measurement data obtained for a GaAs substrate covered 
by a 90 nm thick aluminum film. 

The thermal parameters of the sample under study can be 
determined by comparing the experimental data to a three 
dimensional heat spreading model [51]. Usually only two free 
parameters remain in the fitting procedure, namely the 
Kapitza resistance, rK, of the aluminum/film interface and 
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thermal conductivity, k, of the film. The thermal parameters 
of the transducer and substrate are fixed to their literature 
value while the transducer thickness can be determined from 
picosecond acoustics (see the acoustic echo in the inset of Fig. 
11(a)). It is important to point out that analysis of the 
theoretical signal is, unfortunately, not straightforward. The 
single pulse response calculated by the model, i.e. the 
temperature response of the sample surface to a single laser 
pulse, must first be processed to account for the cumulative 
temperature effects of the multiple laser pulses and the 
amplitude modulation of the pump beams before comparison 
with experiments can be made. Derivations of the final signal 
form in either time or frequency domain are available 
elsewhere [51-53]. 

 
 

Fig. 10. Typical sample layout for TDTR thermal characterization. 
 

 
Fig. 11. Measured lock-in signals on a GaAs substrate: (a) in-phase and 
out-of-phase signal components with inset showing acoustic echo; (b) 

corresponding ratio function in double logarithmic scale. 
 
Detailed sensitivity analyses show it is preferable to 

determine the Kapitza resistance from measurements over the 
entire available pump-probe delay at high modulation 
frequency. This value can then be used in the fitting 
procedure to determine the thermal film conductivity at other 
modulation frequencies. Fig. 12 illustrates identified thermal 
conductivities for a GaAs substrate. As we can see, an 
accurate estimation of the transducer thickness is crucial to 

obtain reliable thermal conductivity data. The picosecond 
acoustics provide an estimated uncertainty of ±5% on the 
thickness, which corresponds to a variation of roughly ±10% 
in the identified thermal conductivity. Errors for the laser spot 
size of the pump and probe beams on the sample (typically 
±7%) also introduce uncertainties in the thermal conductivity, 
but to a much lesser extent. 

 

 
Fig. 12. Identified thermal conductivity and uncertainty contributions for 

GaAs substrate at different modulation frequencies. 
 

VII. NONTHERMAL AND THERMAL REGIMES OF ENERGY 
TRANSPORT IN METALS 

Energy deposits into and propagates through a material in 
different ways depending on: the excitation, the structure of 
the material, and the nature of the energy carriers. At short 
time and length scales, Fourier’s law becomes invalid and 
many non-Fourier heat conduction models, both local and 
nonlocal, have been developed to overcome problems 
associated with Fourier’s model (e.g., infinite speed of 
propagation of heat) [54-56]. At very short time and length 
scales, the distinction between diffusive and ballistic regimes 
of energy transport becomes very relevant [57-59]. In 
addition to this distinction, the nonlocal effects may also 
become very crucial at very short length scales [56]. 

Using the recently developed formalism of Shastry [13], we 
have analyzed the transition between the nonthermal 
(ballistic) and thermal (ballistic-diffusive) electron energy 
transport in metals assuming a 1D problem in which the top 
free surface of the metal is excited by a delta power source 
[60,61]. The starting point of the analysis is the response 
function, N2, introduced by Shastry [13]. This function gives a 
measure of the change in the energy density and hence the 
temperature at various points in the metal in response to the 
applied excitation at the top free surface of the metal and, as 
such, represents the energy (heat) Green’s function of the 
metal. The Shastry-Green function, N2, is a very simple 
expression in the case of a metal: 
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This expression is obtained by turning off the coupling 
factor, ξ, between the charge and energy modes. As a matter 
of fact, and as shown by Shastry, ξ can be expressed using the 
high frequency limit of the thermoelectric figure-of-merit Z*T 
(ξ=Z*T/(1+Z*T))[13], and since metals are very poor 
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thermoelectric materials with a very low ZT, the decoupled 
limit is therefore justified. In Eq. (4), ω is the angular 
frequency, q is the electron wave vector, De is the electronic 
thermal diffusivity, and τq is the total electron scattering time, 
which, in general, is a function of q. The detail of the 
calculations can be found in references [60,61]. Here we shall 
focus on giving and summarizing the key results of the 
abovementioned analysis. 

 

 
Fig. 13. Comparison between the behaviors of the thermal contributions 
(dashed line), the sum of the nonthermal and thermal contributions (solid 
line) to the total electron energy density Green’s function at the top free 

surface of gold at room temperature, with Fourier’s model (dotted line) as a 
function of the non-dimensional time, η=t/τF. 

 
In our treatment, we assume the case of a constant 

scattering time τq= τF, which we consider to be the average 
scattering time of electrons over the Fermi surface of the 
metal. We show that the total energy density Green’s function 
δK(t,x), which is proportional to the inverse Fourier transform 
of N2(ω, q), can be expressed as a sum of two contributions; a 
“nonthermal” and “thermal” [60,61]. As can be seen in Fig. 
13, at the top free surface of the metal, the thermal 
contribution δKC(η,0), undergoes two different temporal 
regimes. For η<1, before any scattering event happens, 
δKC(η,0) is almost constant, then starts decaying 
exponentially with time up to about η~8, from which it 
changes the trend and starts following a Fourier type energy 
diffusion law. On the other hand, the nonthermal contribution 
δK>(η,0) (not shown in Fig. 13, instead we show the sum of 
the nonthermal and thermal contributions) shows a 
dampening oscillating behavior as a function of time. While it 
dominates at very short times, δK>(η,0) becomes insignificant 
after about η~8-10. δK>(η,0) features two types of 
oscillations; a fast and a slow one. The fast oscillation is 
characterized by a period given by θF

time=2√3a/vF, where a 
refers to the metal lattice constant and vF is the Fermi velocity. 
This fast oscillating behavior in the energy transport (θF

time ≈ 
1fs at room temperature for a typical noble metal) is a 
consequence of the band cut-off due to the discrete character 
of the crystalline lattice. This leads to Bragg reflection of 
electrons in a metal. This fast oscillating behavior can be 
viewed as an energetic analogous to the conventional Bloch 
oscillation in the charge density of the conduction band 
electrons [62,63]. On the other hand, the slow oscillation 
behavior has a period given by θF

time=4πτF and it describes the 
nature of the thermalization process, which means the 

transition from the nonthermal regime to the thermal regime 
of energy transport. This transition occurs in a damped 
oscillatory manner with a pseudo-period proportional to the 
total scattering time of electrons. 

The analysis made at the top free surface of the metal can 
easily be extended to any location, y. We report the spatial 
behaviors of the total energy density Green’s function δK(η,y) 
as calculated based on Shastry’s formalism, in comparison 
with the Cattaneo and Fourier models [60,61]. The amplitude 
of δK(η,y) decreases as the observation point is moved 
through the metal far from the excitation location (top free 
surface). Moreover, because of the causality requirement, the 
energy density vanishes for locations y>η. The locations 
beyond the energy pulse front remain unaltered while at 
locations before the front, the energy density tends to a 
Fourier-type behavior at long time scales. 

Similarly to the temporal behavior, the spatial behavior of 
δK(η,y) features fast and slow oscillations. The fast spatial 
period is given by by θF

space=2a and it is nothing other than the 
size of the Wigner–Seitz unit cell, which is the reciprocal of 
the FBZ, while the slow spatial period is proportional to the 
MFP (ΓF=νFτF) of the electron, θF

space=(4π/√3)ΓF. Similar to 
the oscillations in the time domain, the oscillations in the 
space domain describe the same sequence of physical 
phenomena. Namely, the nonthermal (ballistic) transport of 
the energy density at short time scales, when the distribution 
of the electronic system in the conduction band of the metal is 
still in a nonequilibrium state, followed by an oscillating 
transition to the thermal (ballistic-diffusive) regime, when the 
electronic distribution tends toward an equilibrium thermal 
distribution and a temperature can be defined. The ratio of the 
spatial to the temporal periods of the fast and slow oscillations 
is the same for both oscillation types and it is given by the 
speed of the energy pulse, e FU D τ= . 

 
Fig. 14. Spatial behavior of the total electron energy density Green’s function 

of gold at room temperature at different times, η, as calculated based on 
Shastry’s model (S, solid), in comparison with Cattaneo’s model (C, dashed) 

and Fourier’s model (F, dotted). The non-dimensional coordinate in the 
x-axis is defined as 

e Fy x D τ= .  

 
It may appear shocking or anomalous to have negative 

values of the electron energy density at short time scales. One 
should not forget, however, that at these short time scales, the 
electronic distribution in the conduction band of the metal is 
still in a non-equilibrium state and the energy density is 
mostly transported ballistically before it thermalizes. As the 
electronic distribution tends to an equilibrium thermal one, 
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there is an exchange in energy density between different 
locations of the metal both ballistically and through diffusion 
(represented by De). This nonthermal (ballistic) transport of 
the energy density dampens out with time very quickly as the 
nonthermal regime transitions to a full diffusive thermal 
regime. Electron-electron interactions, not considered here, 
can redistribute the electrons in the momentum space, and 
affect the ballistic distance traveled by electrons with 
different wavelengths.  

  

VIII. SUMMARY 
Nanoscale electrothermal energy conversion devices have a 

wide range of applications. Thermoelectric devices are a 
viable candidate for cost-effective sustainable energy 
applications. Although the low energy conversion efficiency 
of the current TE devices limits its applications, recent 
advances in thermoelectric material research based on 
nanostructured materials have shown promising enhancement 
of the efficiency. The cost analysis of TE devices shows that 
TE devices can be as competitive as conventional mechanical 
energy conversion systems even with current efficiency 
values when it comes to cost per watt performance. A hybrid 
cooling scheme, combining TE micro-coolers with 
micro-channel liquid cooling, is very effective for removing 
hot spots that plague today’s micro-chips. Thermal transport 
in thin film nanostructured materials can be precisely studied 
using the time-domain thermoreflectance technique. The 
thermoreflectance imaging technique is also useful for fast 
temperature mapping of sample surfaces without a scan 
providing sub-microsecond temporal and submicron spatial 
resolutions. Finally, we have applied Shastry’s model to 
electron energy transport in metals, and interesting separation 
of ballistic and diffusive transports in temporal and spatial 
analysis is revealed due to the unique oscillatory behavior of 
the ballistic component in very short time and length scales. 
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Abstract - In the framework of the Smartpower project, the 

technical requirements are key input parameters to develop the 
technologies and materials that would be necessary for the 
packaging and thermal management of high power RF modules 
used in Active Electronically Scanned Array based on GaN 
transistors. These essential requirements are linked to the very 
demanding environment constraints for airborne applications 
and the necessities linked to an optimal electrical RF 
performance for the packaging. The major mechanical and 
thermal architecture requirements of a liquid cooled antenna 
are provided to detail the main characteristics expected from a 
highly conductive Thermal Interface Material which has to be 
developed and also the geometrical requirements expected from 
a low-cost compact packaging which should include industrial 
constraints for manufacturing. Thermal management 
requirements linked to the integration of a thermal sensor into 
the packaging are explained in parallel to the management of 
power dissipation coming from a GaN high power amplifier.  
The outcome of the technologies developed by the partners of 
the consortium will be integrated into a demonstrator that is 
presented.  

 

I.  INTRODUCTION 

 
Smartpower project aims to develop new technologies and 

materials for packaging and thermal management to achieve 
an efficient and cost-effective implementation of GaN-based 
power modules for RF transmitter systems. Among the 
different purposes of packaging for electrical or electronic 
equipment, a major one is to provide protection from 
physical damage, mechanical forces, and atmospheric or 
chemical contamination that may exist in a typical operating 
environment of airborne applications. 

Packaging has been defined in a broad sense to, not only 
include the materials and technologies required to provide 
electronic components with physical protection and 
electronic connections, but also include system architecture 
and partitioning approaches, power management, thermal 
management, data flow & timing, and input/output 
interfaces. 

Smartpower explores the potential of extending the 
performance of miniaturized electronic applications through 
the use of Wafer-Level Packaging techniques. 

This technology has already been evaluated for digital 
applications, but the Smartpower project will enable it to 

host the more fragile chips required for RF and MM wave 
applications (i.e. GaAs, SiGe or GaN semiconductors with 
high dissipated power densities). 

This paper is expected to give a detailed description of  
some of general requirements necessary for material and 
technology development linked to RF module packaging and 
thermal management of the chips with high power densities. 

 

II. GENERAL DESCRIPTION 

 
For a better clarity, it is necessary to first introduce a 

general description of Front End part of an Active 
Electronically Scanned Array where high power RF modules 
are located. In Fig. 1, 4 main elements can be seen. The RF 
transmitters are duplicated to reach the necessary size for the 
antenna, and they are brazed on a Power Control Board 
(PCB). The sub-assembly is then attached to a cold plate 
(attachment not shown). This cold plate has 2 main 
functions, provide a mechanical rigidity to the PCB with its 
modules, and cool down the electrical components which are 
inside the RF modules. The thermal link between the 
modules and the cold plate is obtained through a thermal 
Interface Material, usually referenced with the number 2, 
since it is outside the electronic packaging.   

 
 
 

  
Fig. 1. General description of Front End of AESA 

 
Typically for airborne applications, the cold plate is made 

of an aluminum alloy. The cooling is generally obtained with 
liquid circulation such as Polyalphaolefin (PAO), inside 
channels using corrugated structures or fins to create a 
turbulence and therefore obtain high heat transfer 
coefficients which are usually between 6000 to 
8000 W/m2.K  depending of the geometry of the corrugation, 
the fluid used and the other general parameters such as fluid 
velocity, fluid temperature etc.  

The RF module is mainly composed of 2 RF GaN 
components: a driver and a High Power Amplifier (HPA) 
which are used to amplify the input signal. A thermal sensor 
is also part of the module to measure a reference 
temperature.  

 

PCB 
 

Cold Plate 

RF transmitters   
 

TIM #2   
 

- 209 -



25-27 September 2012, Budapest, Hungary 

©EDA Publishing/THERMINIC 2012  ISBN:978-2-35500-022-5  

 

  

HPA  
GaN 

driver  
GaN 

RF Transmitter 

IN OUT 

Thermal  
sensor 

 
Fig. 2. Schematic of the RF Transmitter with packaging 

 
It is well known that GaN component performance is 

temperature dependant. Therefore amplitude and phase of 
the RF signal have to be corrected based on the temperature 
of the components. Usually, an accurate correction would 
use the junction temperature i.e. the temperature of the 
transistor. However, this temperature can not be directly 
measured therefore, the thermal sensor measures an average 
temperature of the packaging/module, and this temperature 
is used indirectly to apply corrections.   

 

III. ENVIRONMENT 

 
Regarding the environment, the electronic packaging is 

submitted to sever constraints, it is expected that developed 
packaging should withstand a given level of environmental 
solicitations without failure (detailed specifications of the 
environmental conditions can be found in the reference [7]). 
A representation of the external interfaces is provided 
through the Fig. 3. Even if experience is a major advantage, 
an analytical approach through Design Failure Mode and 
Effect Analysis can be required. In this representation the 
packaging has been considered as a system, whereas PCB 
and cold plate have been considered as external elements to 
the system. In this chapter the constrains are therefore based 
on experience, standards and analyses.  
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Fig. 3. External Interfaces 

 
 

 
For size, volume and weight even no target is provided, it 

is expected that the solution will be as compact as possible. 
The only constrain is that the packaging must fit into the 
mesh size of the antenna which is typically 14 mm for X 
band application. 

 
Regarding material selection, European regulations [1] 

and [2] are applicable and therefore have to be considered.  

 
For simplification, the constrains are often described as 

test procedures or experimental validations that the 
packaging should pass. Tests are often conducted on passive 
daisy chain test vehicles, in a first approach to reduce the 
complexity of the test and verify the electrical continuity of 
the signal before and after the test to detect reliability failure. 
Typically the packaging must sustain several tests that are 
both representative of the external environment seen by the 
packaging during a normal life cycle, and the industrial 
process or have been proven as relevant to reach required 
reliability for considered applications. Main tests are 
provided below:    

 
• 500 thermal shocks between ambient temperatures 

from –55°C to +125°C  
• High temperature storage during 1000 hours at an 

ambient temperature of +125°C, 
• Moisture & temperature during 1000 hours at an 

ambient temperature of 85°C with 85 % of Relative 
Humidity (RH) or Highly Accelerated Stress Test 
(HAST) at an ambient temperature of 110°C with 85 
% RH according to [3]. 

• Package Integrity Check after three solder reflow 
simulation (double side bonding + a repair operation 
simulation).  

 

IV. THERMAL MANAGEMENT 

 
Thermal management is one of the key challenge for the 

development of a new innovative packaging. The dissipated 
power by the HPA and the driver have to be removed by 
minimizing the temperature gradient or temperature 
difference that will be created between the junction 
temperature of the die and the temperature of the cold plate 
∆Tj-cp. The challenge is usually difficult to master since 
many parameters are involved in the calculation of the 
temperature gradient. It includes the die itself ∆Tdie, the 
packaging ∆Tp, the TIM #2 ∆TTIM, and the cold plate ∆Tcp. 
The overall equation (1) is given below. 

To manage this equation, and provide only essential 
information to Smartpower partners that will develop 
technologies and materials. The problem is further simplified 
to the calculation of the terms ∆TTIM and ∆Tp. 

 
∆Tj-cp = ∆Tcp + ∆TTIM + ∆Tp + ∆Tdie                 (1) 

 

∆Tcp: With liquid cooling, based on the experience on 
existing system, it is assumed that the performance of the 
cold plate can maintain its external skin temperature, in the 
worst case scenario, at 85°C.  

∆Tdie: This is probably the most difficult number to 
calculate for GaN components. Recent publications from the 
Thirteenth InterSociety Conference on Thermal and 
Thermomechanical Phenomena in Electronic Systems 
“ITherm 2012” can give a good overview of the latest 
techniques used to simulate and measure the junction 
temperature of high electron mobility transistors (HEMTs) 
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transistors [4],[5] and [6]. GaN on SiC substrate HEMTs for 
X band application are still under-development. Maximum 
junction temperature Tjmax is not fully known today since 
reliability studies are on-going. Usually die manufacturers 
guaranty from 105 to 106 hours for this temperature.  For the 
moment it is commonly assumed that Tjmax will be in the 
range from 175°C to 200°C. The value of ∆Tdie is currently 
calculated with existing thermal model of the GaN HPA 
around 55°C for a peak power density given in Table 1 and 
for long pulses. This result also assumes that the packaging 
thermal performance has limited influence on the value 
∆Tdie. This approximation is correct if the thermal 
conductivities of different material layers from the die are 
considered at the most critical temperature.  

From this analysis it can be concluded that the temperature 
gradient from the TIM and the packaging should not exceed 
the value from equation (2). 

 

∆TTIM + ∆Tp  ≤ 35°C to 60°C                 (2) 
 
For the correct estimation, through simulations, of the 2 

values ∆TTIM and ∆Tp  it is necessary to provide detailed 
information that can create the correct power flux at the 
bottom of the die. The problem is identical for both the HPA 
and the driver. In this paper the method is explained with the 
example of the HPA only. 

A illustration of the power distribution on the top surface 
of a GaN HPA is provided in the Fig. 4. The power is 
dissipated mainly on the 2 stages of the transistors. As 
explained to re-create, the power flux at the bottom of the 
die, a simplified version of the thermal description of the die 
is necessary.  

 

 
Fig. 4. Power distribution on the top surface of a GaN HPA (example) 

 
The elements necessary for this description are illustrated 

in Fig. 5 and provided in the Table 1: 
• the description of the transistor through its 

simplified geometry, 
 

   

SiC   

GaN +   
Al GaN   

Heat 
Sources 

  
density 

Au   

Gate to gate 
distance 

  

Gate width   

 
 

Fig. 5. 3D Cross Section of GaN die / Transistor 
 
 

• the description of the different layers of the die 
and 

• the power densities in the transistor. 
 
 

 HPA GaN - Thermal 

Peak Power density 3 W/mm 

Gate width 1st Stage  = 8 x 75 µm 
2nd Stage  = 8 x 100 µm 

Size of the dissipated 
surface area 

1st Stage  = 8 x 75 µm x 2.8 µm 
2nd Stage  = 8 x 100 µm x 2.8 µm 

Gate to gate distance = 40 µm 

Peak Power dissipated 
by 1 transistor  

1st Stage  = 4 x 1.8 W 
2nd Stage  = 8 x 2.4 W 

Peak Power dissipated 
by GaN Die 

30 W 
3.6 W dissipated out of the transistors 

Material Thickness  GaN with Al = 2 µm 
SiC = 93 µm 

Au = 5 µm 

Table 1. Thermal parameters for GaN HPA 
 

Another important parameter is related to type of thermal  
calculation that should be performed: transient vs. 
permanent. Radar are working in a pulsed mode mixing 
emission and reception with a duty cycle and a pulse length. 
Usually the maximum duty cycle considered is below 25%. 
Therefore the average power dissipated by the HPA is 
reduced from the peak power of 30W to the value of 7.5W 
(Peak Power * DC). 

From the calculation of thermal time constants (thermal 
resistance * heat capacity * mass) of the different materials, 
pulse length is short enough to avoid a calculation in 
transient outside the die. Therefore a good approach is to 
superpose the calculation in the die with transient simulation 
(using peak power) with a study state calculation in the 
packaging (using average power). However this 
superposition method has to be verified based on pulse 
length and thermal time constants of the different material 
used in the packaging. 

 
From the methodology, it can be easily deduced that the 

thermal sensor integrated into the packaging can not measure 
the junction temperature of the die, which is located in the 
transistor close to the gate. The sensor measures,  what is 
considered as a study state reference temperature (of the 
packaging) in comparison to the junction temperature. 
Therefore the performance of the HPA, which is temperature 
dependant, can only be corrected from an indirect measure. 
However thermal time constant should be fast enough (<2s) 
to capture thermal variation of the packaging and precise 
enough (<2°C) in the overall temperature range from –55°C 
to +150°C to apply the performance corrections.  

 

V. THERMAL INTERFACE MATERIAL #2 

 
The specifications of the TIM must be compatible with the 

general requirement from reference [7] and the specification 
defined for the packaging in this paper. However it is also 

2nd Stage 

1st Stage 
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important to highlight the requirements that as often 
considered as secondary but are vital from an industrial point 
of view and for system maintenance.  

 
The TIM #2 from Fig. 1 is used as a thermal interface 

between mechanical structure (cold plate) and the packaging 
(RF module). The purpose of the TIM #2 is to provide an 
efficient thermal interface between the module and the cold 
plate plus compensate for mechanical dispersions. TIM #2 is 
generally referred as a gap-filler.  

From an equipment point of view, we need to have the RF 
modules soldered onto a unique PCB. The different modules 
have a height which varies according to assembly processes. 
The interval of tolerance (IT) is usually ± 10% of the 
nominal height. 

Therefore TIM #2, in addition to a good thermal 
performance, must compensate for the mechanical dispersion 
induced by the fabrication process and must completely fill 
in the air gap during the mounting operation (refer to  
Table 2). 

 

 TIM #2 

Thickness (BLT) 0.2 to 1 mm 

Thermal Conductivity mini 15 W/m.K 

Disassembly Possible 

Volume Resistivity > 102 MΩ.m 

Table 2: TIM #2 Main characteristics 
 

When a reliability study is performed on the front end part 
of current antenna, the results show that Mean Time Before 
Failure (BTFM) of a simple RF module is not sufficient to 
cover the total system life time. Therefore it is assumed that 
it will be necessary to replace part of them during 
maintenance operations. The design of the front end has to 
take into account this requirement: TIM #2 should allow the 
disassembly of the cold plate from the RF modules without 
destroying the modules or the cold plate.  

Operation of disassembly is expected to be performed at 
room temperature but specific tooling are possible. 

 
The list of standard requirements for industrialization are 

provided below: 
• The TIM implementation should be compatible 

with standard industrial deposition methods 
(syringe, stamping …).  

• The cleaning agent, for the surface preparation, 
must respect the environment. There must be in 
accordance with the norm ISO14001 (for 
example isopropanol). 

• The preferable storage conditions should not 
exceed a temperature lower than -25°C. Products 
having ambient temperature (20°C) or cold 
temperature (5°C) storage conditions are 
preferred.  

 
 
 
 

• Each product will have a shelf life clearly 
identified. This shelf life must be greater than 6 
months and products with a shelf life greater than 
12 months are preferred. 

 

VI. DEMONSTRATOR 

A functional demonstrator will be designed and 
manufactured by SMARTPOWER partners to evaluate the 
performance of the different developed technologies (refer to 
Fig. 6). 

 
 
 
 
 
 
 
 

 
 
 

Fig. 6. Schematics of the Demonstrator 
 

The demonstrator will include the RF module packaged by 
IZM using a Wafer-Level Packaging Technique according to 
the concept described in Fig.2. Similar technology has 
already been considered by Thales in the past using organic 
packaging [8]. The module will be eventually balled as a 
micro-BGA and soldered to an  interconnection motherboard 
(PCB) designed in order to allow the test of the different 
functions of the amplification X band module and measure 
the imbedded temperature sensor. 

The demonstrator will be assembled to a cold plate with 
the TIM #2 from Chalmers. The temperature of the cold 
plate will be controlled externally to simulate the different 
temperatures seen by the system. 
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Abstract- In this paper we report a novel method of 

transferring thermally grown vertically aligned carbon 

nanotubes (VA-CNTs) onto flexible substrates at room 

temperature with a single-step process. The transfer process is 

carried out by placing the CNT forests upside down on a 

double sided thermal release adhesive tape and peeling off the 

silicon substrate. Scanning electron microscope (SEM) is used 

to observe the transfer results. Also a second transfer using the 

same method but a thermal tape with higher release 

temperature is repeated on the as-transferred CNTs forests. 

The results show that this method is able to provide a novel 

process for transferring CNT forests at room temperature. This 

process will help to bring close the low cost fabrication of 

vertically aligned CNT structures for electronics.  

 

I.  INTRODUCTION 

Carbon nanotubes (CNTs) have been envisioned as one of 

the most promising engineering material due to their 

excellence in thermal[1], mechanical[2] and electrical[3] 

properties. Recently, interconnect bumps made of CNTs 

have been studied as an alternative of traditional metal 

interconnect bumps, due to the excellent properties of CNTs. 

Among all the CNT production methods, thermal chemical 

vapor deposition (CVD) has the advantage of flexible 

patterning by photolithographically defining the growth 

catalyst metals, and therefore is most widely adopted for 

producing functional CNT structures.  

However, during the thermal CVD process used to 

produce CNTs, high temperature above 500°C is commonly 

required. This particular feature is not compatible with most 

of the existing semiconductor processes and materials, thus 

hinders the integration of CNTs with existing technology. 

Solders[13] and polymers[14]-[15] have been proposed to 

transfer the grown CNTs from their original substrate onto 

the target one. Yet the reflow of solder or cure of polymers 

still requires heating and cooling of the whole transfer 

system. In this paper, we propose a single-step room 

temperature transfer process of the VA-CNTs, which takes 

the advantage of commercially available thermal release 

adhesive tapes and thus reduces the processing temperature. 

We also demonstrated a second transfer of VA-CNTs using 

two thermal release tapes with different release temperature.  

II. EXPERIMENTAL 

In the experiment, VA-CNT forests are grown on a silicon 

substrate with 10nm-Al2O3/1nm-Fe barrier-catalyst layer 

patterned by photolithography and e-beam evaporation. 

Next, the substrate is placed in an oven at 700°C with flows 

of 150 sccm C2H2 and 650 sccm H2 at the pressure of 4.6 

mbar. The growth time varies from 1 min to 5 min, 

depending on the desired CNT height. The whole growth 

process is carried out in a commercially available CNT 

growth machine (Black Magic, Aixtron). 

 

 
Figure 1. Illustration of the transfer process. 

 
After the growth of patterned VA-CNT forests, the 

substrate with grown CNTs are placed up-side down on a 

double sided thermal release adhesive tape, as illustrated in 

Figure 1. The CNTs substrate is kept on the tape for 30 

seconds before peeling it off. The CNTs are thereby 

transferred onto the adhesive tape with minimum damage of 

the CNT forest structures. It should be noted that before 

putting the transferred VA-CNT forests into SEM chamber 
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for examination, a thin layer of 5nm Au was sputtered onto 

the whole sample, in order to prevent the cure of polymers 

on the adhesive tape. This cure process is introduced by the 

bombardment of electron beams in the SEM machine and 

can destroy the adhesive tape surface flatness.  

III.    RESULTS AND DISCUSSION 

As we can see from Figure 2(a), an array of 100um 

diameter cylindrical VA-CNT forests are transferred by this 

simple yet effective method. A 100% transfer rate is achieved 

with most of the VA-CNT forests kept in good shape. No 

significant deformation or damage is observed after the 

transfer process. A close examination of as-transferred 

individual VA-CNT forest in Figure 2(b) clearly shows that 

the VA-CNTs remain in a vertically straight shape, 

comparing with the just-grown VA-CNTs before the transfer. 

Smaller sized VA-CNTs (diameter 40µm) are also tested in 

our experiment and the results are shown in Figure 2(d). 

 

 
Figure 2. a) SEM picture of the 100um diameter transferred VA-CNT forests 

array. b) SEM of the individual VA-CNT forests within the array. c) SEM 
picture of the original VA-CNT forests. d) SEM picture of the 40um diameter 

transferred VA-CNT forests. 

 
Further examinations were performed on the interface 

between transferred VA-CNTs and adhesive tape. In Figure 

3(a), it is clearly shown that the VA-CNTs are well wetted by 

the polymer layer on the adhesive tape. When peeling the VA-

CNT forests off the silicon substrate, this well-wetted strong 

bond is believed to produce much stranger force than the Van 

de Waals force between the silicon substrate and the CVD-

grown VA-CNTs, which leads to a pressure-free transfer 

process as described in the experimental part. 

We also observed that the peeling of VA-CNTs produced 

irregular leftovers on the silicon substrate. As shown in Figure 

3(b), a small portion of the VA-CNT tips are left on the silicon 

after the transfer process. And the distribution of such leftovers 

seems to be uneven across the CNT-silicon interface. An 

explanation of this phenomenon is that the manual peeling 

operation introduced non-uniform peeling force during the 

transfer. This can be proved by the slightly deformed VA-CNT 

tips shown in Figure 2(b) and 2(d). 

 

 
Figure 3. a) High magnification SEM picture of the interface between 

transferred VA-CNT forest and the adhesive tape. b) The leftovers on silicon 

substrate after transfer process. 

 

Next, we performed another transfer of the as-transferred 

VA-CNT forests taking advantage of the difference in 

thermal release temperature of two adhesive tapes. As 

illustrated in Figure 4(a), the CNTs were transferred from a 

90°C-release adhesive tape to a 120°C-release tape. The 

transfer tapes were heated to 90°C so that the low 

temperature release tape lost its adhesion while the high 

temperature one remained adhesive. 

 

 
Figure 4. a) Illustration for the second transfer process. b) SEM picture of the 

100um diameter transferred VA-CNT forests array after the second transfer 
process. 

 

It can be found in Figure 4(b) that the quality/result of the 

second transfer is much worse than that of the first one. 

Although most of the VA-CNT forests are transferred onto 

the second adhesive tape, the structures of the forests are 

severely deformed. However, an interesting and unique 

finding was observed, as shown in Figure 5, a certain level of 

densification can be found on both the roots and tips of the 

transferred VA-CNT forests. This densification phenomenon 

is similar to those in the previously researches [16–18]. We 

can estimate from the SEM picture that the VA-CNT forest is 

densified to about 50% of its original diameter. The cause of 

this densification can be attributed to the volume shrinkage of 

the adhesive polymer during thermal release or curing 
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process, which is the nature of most polymer-based materials. 

In this case, the VA-CNTs followed obviously the shrinkage 

of adhesive polymers during the heating process, which 

happened both on the tips and roots of the VA-CNT forests, 

therefore forming the spindle-like appearance as shown in 

Figure 5.  

 

 
Figure 5. a) SEM picture of the result of the second transfer process. VA-

CNT forests diameter is 40um. b) SEM picture of the densified VA-CNT 

forest tip after the second transfer. 

 

 
Figure 6. Transferred VA-CNT forests on a flexible substrate. 

 

In principle, our room-temperature transfer process can be 

used on any material surface that the adhesive polymer 

applies. It is especially useful when transferring VA-CNTs 

on flexible materials (Figure 6). It has been tested in our 

experiment that the bending of the flexible substrate will not 

affect the integrity of the VA-CNT forests structures. This 

feature, together with the excellent mechanical and electrical 

properties of CNTs, reveals the possibility of integration 

VA-CNT into flexible electronics[19–21] at a very lost cost. 

It should also be noted that our transfer process does not 

require particular cleanroom environment and wafer 

processing technology. Therefore, it is highly possible to 

implement this process in a roll-to-roll fashion on a large 

scale, which would further reduce the overall cost of this 

technology.  

 

IV.    CONCLUSIONS 

In this paper, we have demonstrated a novel process of 

transferring vertically-aligned carbon nanotubes onto a 

flexible substrate with a simple step performed at room 

temperature. The simplicity of this method enables the low 

cost fabrication of vertically aligned CNTs, which is desired 

in many electronics applications such as CNT based 

interconnect bumps. Due to the flexible nature of CNTs, the 

whole system is invulnerable to bending and twisting, and 

the whole transfer system can be designed in a roll-to-roll 

manner. 
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Abstract-Monolayer graphene was fabricated using thermal 

CVD for the application of heat spreader in electronic 
packaging. Platinum (Pt) micro-heater embedded thermal 
testing chips were utilized to evaluate the thermal performance 
of the graphene heat spreader. The hot spot temperature was 
decreased by about 5 °C at a heat flux of up to 800W/cm2. It is 
possible to further improve the thermal performance of 
graphene heat spreader by optimizing the synthesis parameters 
and transfer process.  

 

I.  INTRODUCTION 

Thermal management of hot spots with high heat flux is 
critical in electronic packaging industry. Active solutions 
include thermoelectric [1, 2], enable site-specific and on 
demand cooling in electronic devices. For passive solutions 
without power consumption, a heat spreader is promising.  
Metal materials with high thermal conductivity, such as Cu 
and Al, are widely used to dissipate the heat from the hot 
spots, and graphene with ultrahigh thermal conductivity of 
5300 W·m-1·K-1 [3, 4], has shown to be a promising heat 
spreader material. Recently, Yan et al. [5] reported the 
application of exfoliated graphene quilts (few-layer 
graphene) in the thermal management of the high-power 
AlGaN/GaN transistor. The temperature of the hot spot was 
reduced by ~20 °C, extending the transistor lifetime to one 
order higher. To further improve the thermal performance of 
the graphene heat spreaders, layer number control of the 
fabricated graphene is necessary, as the intrinsic thermal 
conductivity of few-layer graphene increases with reducing 
layer numbers [3]. Moreover, compared with the exfoliation 
methodology, thermal CVD is more feasible to fabricate 
large area monolayer graphene [6-8], allowing an 
enhancement of the thermal performance of the graphene 
heat spreader.  

In this paper, application of the thermal CVD prepared 
monolayer graphene as the heat spreader is demonstrated. Pt 
was  selected as the heating and temperature sensing material 
due to its excellent linearity of the electric resistance-
temperature relationship up to 800 °C [9, 10]. The fabricated 

graphene was then transferred onto the thermal testing chips 
embedded with Pt micro heaters, acting as the hot spots. This 
was used to evaluate the thermal performance of the 
graphene heat spreaders. A micro-Raman spectrometer 
(RM3000, Renishaw) using laser excitation wavelength at 
514.5 nm was employed to identify the quality and layer 
numbers of the graphene.   

II. EXPERIMENT 

A.  Graphene Synthesis  
A thermal CVD (Black Magic, AIXTRON 

Nanoinstruments Ltd.), as shown in Figure 1 (a), was used 
for graphene synthesis. The E-beam evaporated 1µm Cu thin 
films on SiO2 substrates were cleaned with acetone, IPA and 
DI water. They were then transferred onto the heating stage 
with a thermal couple attached on the stage surface.  C2H2 
and Ar gas were chosen respectively as the carbon precursor 
and the gas carrier. Figure 1 (b) shows the synthesis profile. 
The reactor chamber was initially pumped down to a base 
pressure of 0.5 mbar. 1000 sccm Ar and 20 sccm H2 were 
then introduced. The temperature was raised at a rate of 300 
°C/min to about 900 °C and maintained for 5 min. 5sccm 
C2H2 was introduced at a flow rate of 5 sccm for 5 min. 
Finally, all the gas supplies were turned off, and the residual 
gas was pumped to a pressure of ~0.1 mbar. The reactor 
chamber was subsequently naturally cooled to room 
temperature with 1000 sccm Ar and 20 sccm H2.  

B.  Fabrication of Thermal Testing Chip  
The micro heaters and temperature sensors were made of 

titanium/platinum/ gold (Ti/Pt/Au) with a thickness of 
20/150/30 nm. A lift-off process was used, and the thin films 
were deposited using an e-beam evaporator (PVD 255, Kurt 
J. Lesker Company). Pt was chosen as the temperature 
sensing material due to its remarkable temperature-resistance 
linear relationship. Meanwhile, it has a high melting point of 
around 1770 °C, thus it can be used as a micro heater when 
driven by electric current. Due to its designed dimension of 
390 µm × 400 µm, it functions as a hot spot of the thermal 
testing chip with a dimension of 1 cm × 1 cm. The Ti acts as 
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the adhesion layer between the Pt and the SiO2 substrate, and 
the Au layer on top can ease the soldering of the test chip to 
the power supply and sensing circuits. A 30 nm SiO2 
insulation layer was deposited on the testing chip using a 
sputter machine (MS150, FHR). The testing chips were 
calibrated with a standard resistance temperature detector 
(LABFACILITY PT100 XF-316-FAR) at various 
temperatures in the furnace. In order to eliminate the wiring 
and contact resistance contribution, the four point probe 
methodology was used here to characterize the electric 
resistance of the fabricated thermal testing chip. The Pt 
resistance can be described as 

𝐑(𝐓) = 𝛂𝐓 + R0                          (1) 
where α is the coefficient of electric resistance to 
temperature, and  R0 is the electric resistance at 0 °C. 
Graphene would then be transferred onto the testing chips 
utilizing the wet chemical process. 

C.  Graphene Transfer 
A wet chemical process was adopted to transfer the 

graphene onto the thermal testing chip. Firstly, graphene 
synthesized on the Cu thin film was spin coated with a 
PMMA layer at 3500 rpm and baked at 110°C for 3 minutes. 
30% FeCl3 solution was prepared for the Cu thin film 
etching. The PMMA layer with graphene was then floated in 
the FeCl3 solution, which was diluted with DI water. The 
PMMA supported graphene was transferred onto the 
calibrated thermal testing chip. Finally, the PMMA was 
dissolved in hot acetone, and the graphene was laid on top of 
the hot spot, acting as a heat spreader. 

 
Fig. 1. (a) Cold-wall thermal CVD furnace for graphene synthesis, (b) 
thermal CVD process profile for graphene synthesis, (c) schematic of 

graphene heat spreader on thermal testing chip. 

III.  RESULTS 

A.  Graphene Synthesis 
Raman spectroscopy was utilized for the graphene 

characterization.  Due to the unique electron bands of 
graphene, Raman spectroscopy can clearly distinguish a 
monolayer graphene from few layers ones (n = 1~5) [11, 
12].  As illustrated in Figure 2, the G band (~1588 cm-1) and 
2D band (~2697 cm-1) are clearly identified. The low 
intensity of D band, located at ~1350 cm-1, indicates  high 
quality of the grapheme heat spreader with little defect. The 
inset shows the expanded 2D band, which indicates a 
monolayer graphene. 

 

 
Fig. 2. Raman spectrum of synthesized graphene. Inset is the expanded 2D 

band indicating single layer grapheme. 
 
B.  Testing Chip Performance 

Figure 3 (d) shows the calibration results of the Pt micro-
heater with a dimension of 390µm × 400µm. Satisfaction 
linearity of the resistance-temperature relationship was 
obtained. Equation 2 shows the temperature-resistance 
relationship. 

𝐑 = 𝟎.𝟏𝟏𝟑 × 𝐓 + 𝟕𝟒.𝟐            (2) 
To evaluate the thermal performance of the graphene heat 
spreaders, electric current was supplied to the Pt micro-heaters, 
generating heat flux. The electric resistance was measured in-
situ, and then converted to temperature by Equation 2. A 
temperature drop of the Pt micro-heater can be observed at 
certain heat flux using the graphene as the heat spreader.  
 

C.  Thermal Performance of Graphene Heat Spreader 
Figure 3(a), (b) and (c) show optical images of the 

transferred graphene on the thermal testing chip before and 
after the PMMA removal. The Pt micro-heater was fully 
covered by the graphene heat spreader. As shown in Figure 3 
(e), the temperature of the hot spot was decreased by about 
5°C, when the Pt micro-heater was driven by a heat flux of 
from 100 W/cm2 to 800W/cm2.  
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Fig. 3 Thermal performance of graphene heat spreader. (a) Thermal testing chip with PMMA supported graphene heat spreader attached onto the hot spot. (b) 

Optical image of the graphene heat spreader onto the testing chip. (c) Graphene on the heater testing chip after PMMA removing. (d) Electric resistance – 
temperature relationship of the Pt heater, inset is the optical image of the Pt heater. (e) Temperature – heat flux relationship of the Pt heater before and after the 

graphene heat spreader transfer. 
 

 IV.  CONCLUSIONS 
Monolayer graphene was demonstrated to be a promising 

heat spreader material in electronic packaging. The thermal 
performance of the graphene heat spreader was evaluated by 
Pt micro-heater embedded thermal testing chips. The hot 
spot temperature was decreased by about 5 °C with a heat 
flux of up to 800W/cm2. 
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Abstract- This paper presents our results on thermal 

properties measurements of thermal interface materials based 

on vertically aligned carbon nanotubes. In this system, the total 

interface resistance is the sum of thermal resistances created by 

the contact between the growth surface and the CNTs, the 

intrinsic resistance of the CNTs array, and the contact between 

the loose end of the CNTs and the opposite substrate. The latter 

is reported to be the limiting factor in the optimization of the 

global interface resistance, and in this work, polymers are used 

to enhance the thermal contact. Two polymers are studied. It is 

shown that the use of a polymer as interface material, despite 

its low thermal conductivity, leads to an improvement of the 

total thermal resistance. Experimental data and equilibrium 

molecular dynamics (EMD) show that the thermal contact 

resistance when using a reactive polymer – able to establish 

covalent bonds with the CNTs - is at least three times lower 

than that with the Van der Waals interaction polymer.  The 

reactive polymer also enhances adhesion between CNTs and the 

polymer, which allows the mechanical complete transfer of the 

aligned CNTs array from growth substrate to a copper 

substrate. This transfer process allows to expand applications 

for VACNTs.  

 

I.  INTRODUCTION 

The traditional TIMs are composite materials with thermal 

conductivities to the order of 1 to 5W/mK, and are used as 

film with thicknesses up to hundreds of micrometers leading 

to interfaces with thermal resistances larger than ~10
-5

 

m²K/W.The development of new thermal interface materials 

(TIMs) is today a key element for the engineering of 

advanced thermal dissipation architectures. 

Carbon nanotubes (CNTs) used as fillers seem to be good 

candidates to enhance the thermal conductivity of composite 

TIMs. CNTs are flexible, and the reported thermal 

conductivity of an isolated CNT is up to ~3000 W/mK [1], 

higher than that of diamond.. Indeed, thermal conductivities 

up to hundreds of W/mK were measured on aligned CNTs 

samples [2]. As the heat flow is perpendicular to the film 

plane in a thermal interface, vertically aligned carbon 

nanotubes (VACNTs) are required for a good heat transfer.  

For a VACNT based TIM, one issue is to ensure a low 

interface resistance at the CNT-superstrate contact. This 

resistance is indeed identified as a major contribution to the 

total resistance of such an interface [3]. Several methods 

have been proposed to deal with this issue, such as the 

application of pressure on the interface [4]; or the 

thermocompression bonding, which uses a metal as an 

interface material between the CNT and the superstrate [5,6]. 

Even more sophisticated methods employing the covalent 

grafting of the nanotubes on the superstrate have been 

reported and give low resistance values [7]. The two last 

methods have the advantage to allow the development of a 

mechanical adhesion between the CNT and the superstrate. 

To improve the contact between the CNTs and the 

superstrate, here we have used a heated polymer thin film as 

an adhesive layer at the CNT/superstrate interface. Two 

different polymers were studied. Polyethylmethacrylate 

(PEMA), which interacts with the CNT exclusively through 

Van der Waals forces, and HLK5, an azide functionalized 

polymer. Azide moieties are used to enhance thermal contact 

at the CNT/polymer contact owing to their ability to form 

covalent bonds with CNTs.  

The samples are characterized by their thermal resistance 

using flash methods to measure their thermal resistances. 

The effective thermal conductivities of the VACNT and the 

contact resistances are deduced by varying the thicknesses of 

the CNTs array. The total resistance values are compared to 

the properties of samples without any interface material. 

 

II. SAMPLE PREPARATION 

The VACNTs are provided by SHT Smart High Tech. 

They are grown by thermal CVD process onto wafers with a 

10nm Al203 diffusion barrier layer and iron catalyst. Three 

series of samples with 10, 50 and 100µm heights and  1cm² 

surfaces are studied. 

 

A.  Azide functionalized HLK5 polymer preparation 

The polymer HLK5 (fig. 1) is synthesized by esterification 

of the poly(vinylphenol) and 6-azido hexanoic acid. The IR 

and NMR spectroscopies confirm the structure of HLK5. 

NMR also allows to estimate that about 93% of side chains 

bear the azide function, so the grafting rate is about 93%. 

The glass transition temperature of HLK5 is measured to be 

~4°C by differential scanning calorimetry. 
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    Fig. 1. The structure of HLK5 polymer  

 

B.  Dry contact assemblies  

A first series of samples are obtained directly bringing into 

contact the VACNT with different CNT lengths on silicon 

with a 1cm² optical quality polished copper superstrate (fig. 

2a).  

  

C.  PEMA bonding 

The second series of samples involve the use of a thin 

polyethylmethacrylate layer at the CNT-copper contact (fig. 

2b).  

First, the PEMA thin films are spin-coated at 3000
 
rpm 

onto the surface of the Cu square from filtered 1,1,2-

trichloroethane solutions. The PEMA concentration in the 

solutions is 80g/L. The polymer thicknesses are then 

measured using a profilometer and a value of 0,6µm is 

obtained.  

The two surfaces : Si-CNTs and Cu-PEMA are then 

brought into contact. The sample is submitted to 66 kPa and 

heated at 120°C during 90 minutes. This temperature is 

higher than the glass transition temperature of the PEMA 

(66°C), allowing the polymer to flow and form a bonding 

layer between the CNT tips and the copper upon cooling. 

 

 
Fig. 2. Dry contact assembly (a) and polymer bonding (b) 

 

D.  HLK5 bonding  

The third series of sample is realized with HLK5. The 

process is similar with PEMA bonding, but the HLK5 

thicknesses are only 0,4µm. The glass transition temperature 

of the HLK5 is lower than that of the PEMA (4°C), so the 

sample is heated at only 100°C during 90 minutes. These 

conditions allow covalent bonds to be formed (fig. 3). 
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Fig. 3. The covalent bond between HLK5 and CNT 

 

III.  EXPERIMENTAL METHODS 

The interfaces thermal properties are characterized by 

measuring the total thermal resistance of the multilayered 

samples with a thermal impedancementer (QuickLine-50 

Thermal Interface analyser Anter Corporation) at room 

temperature. 

The thermal impedancemeter allows the measurement of 

the complete thermal resistance of the sample excluding the 

resistances of the substrate (Si) and superstrate (Cu). The 

resistance value includes the intrinsic resistance of the TIM 

and the contact resistances at the substrate/material interface. 

By varying the thickness of the material under study, it is 

possible to extract the intrinsic conductivity of the material, 

providing the boundary resistances are not modified by the 

thickness variation. The dependence of the resistance with 

the thickness of the sample is then linear. The slope of the 

line is the inverse of the intrinsic thermal conductivity. The 

offset allows the determination of the resistances that are not 

affected by the thickness modification i.e. the contact 

resistances. 

 

IV. RESULTS AND DISCUSSION 
 

A.  Azide functionalized polymer-CNT interaction  

In order to verify the formation of covalent bonding 

during the interface closing with HLK5, an Auger Electron 

Spectrocopy (AES) study was conducted.  

We synthesised another polymer : HLK9 (fig. 4a). HLK9 

is very similar to HLK5, and in particular bears the same 

azide based functional groups as side chains. It is however 

based on a siloxane backbone. Main chain Si atoms can be 

used as AES probes on the surface of the CNTs. After 

mixing CNTs and HLK9 at 100°C for 90 min, the CNTs 

were taken out and washed extensively with 

dichloromethane (CH2Cl2). It is assumed that the repeated 

washing of the CNT allows the solubilization of the 

physisorbed HLK9. Therefore, remaining silicon can be 

attributed to HLK9 chain covalently bonded to the carbon 

nanotubes. Samples were washed in dichloromethane 

extensively until no HLK9 molecules were detected in 

dichloromethane by infrared spectroscopy. The AES surface 

survey on CNT and on the substrate (GaAs wafer) are 

presented in Fig. 4b. The presence of Si and S from the AES 

survey of CNTs in Fig. 4b indicated that HLK9 chains were 

connected to CNT through covalent bonding, thus HLK5 

T°C 

P 

PEMA 

CNTs 

Si 

CNTs 

Si 

a)  

b)  
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chains should have covalent bonding with CNT via the same 

mechanism. 

 

Si O*
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Si O *
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OH
C
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Fig. 4: The structure of HLK9 (a) and Auger electron spectroscopy 

surface survey on washed CNTs and GaAs wafer (b). 

 

B.  Thermal resistance comparison  

The PEMA layer (0,6µm) is here thicker than the HLK5 

layer (0,4 µm). From our recent work on the dependence of 

the resistance with the PEMA film thickness [8], we have 

been able to deduce the resistance values of 0,4 µm thick 

PEMA samples. This adjustment allows to compare the 

thermal resistance between PEMA bonding samples and 

HLK5 bonding samples.    

The figure Fig. 5 shows the dependence of the measured 

thermal resistance as function of the length of the CNTs. For 

the “dry contact” series, values of 4.10
-5

 to 7.10
-5

 m²K/W are 

obtained. For the PEMA bonding series, values ranging from 

2,1.10
-6

 to 1,15.10
-5

 m²K/W are obtained. And for the HLK5 

bonding series, values of 1,4.10
-6

 to 9,13.10
-6

 m
2
K/W are 

obtained. 
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Fig. 5. Thermal resistance of the samples for dry contact and polymer 

bonding as function of the CNT length. The polymer bonding series contains 
a 400nm polymer layer as interface material. 

 

The thermal resistance as a function of the CNT length is 

as expected found to be linear in all cases. The intrinsic 

thermal conductivity, as well as the interface resistances, can 

be extracted from the slope of the line and its offset 

respectively. The results give a ~4W/mK intrinsic thermal 

conductivity for the CNT turf, and ~3,9.10
-5

 m
2
K/W for the 

interface resistances. This last value contains the resistance 

found at the CNT-Si contact and the CNT-Cu contact. The 

contact resistances values represent 38 to 95% of the total 

interface resistance depending on the CNT length. 

For the PEMA bonding sample series, a value of 

~10W/mK is found for the intrinsic conductivity of the 

VACNT forest, and 1,1.10
-6

 m²K/W for the contact 

resistances. It has to be pointed out that the contact 

resistance in that case contains contributions from the Si-

CNT, CNT-PEMA and PEMA-Cu contacts, as well as the 

resistance originating from the PEMA layer itself. In this 

second series, the contact resistances represent 10 to 52% of 

the total resistance. 

For the HLK5 bonding sample series, a value of 

~12W/mK is obtained for the intrinsic conductivity of 

VACNT array, and the contact resistance is only 3,4.10
-7

 

m
2
K/W. The values represent 4 to 24% of the total resistance 

for this series. 

Considering these results, and as pointed out in a previous 

publication [9] it is confirmed that the addition of a polymer 

layer allows a decrease of the total resistance of the 

multilayered sample. Both an increase of the intrinsic 

thermal conductivity and a decrease of the contact resistance 

are observed. These results can be interpreted as follow : 

For the dry contact samples, the effective contact surface 

is limited because of the length dispersion of the CNTs in 

the VACNT assemblies. Only the taller CNTs are in contact 

with the copper superstrate, the shorter CNTs being isolated 

with an air layer. As reported by Cola et al. [4], the 

application of pressure on the assembly allows a reduction of 

the thermal resistance of the sample [4]. Under pressure, the 

taller CNT bend and the shorter CNTs are able to contact the 

superstrate. This phenomenon has the effect to increase the 

effective contact surface at the CNT-superstrate interface 

thereby increasing both the thermal conductivity and 

decreasing the thermal contact resistance. 

The addition of a polymer layer can as well increase that 

surface. The application of heat and pressure can allow the 

polymer to flow, and the CNTs to enter the polymer layer. In 

this manner, the polymer replaces the air film for the shorter 

CNTs, allowing a reduction of the total thermal resistance by 

the increase of the number of CNTs connected to the copper. 

The effective contact surface increase seems more 

beneficiary to the thermal properties than the addition of a 

low conductivity layer. 

When PEMA layer is substituted by HLK5, the total 

resistance of sample is decreased. More than 25% decrease 

of total resistance were found in all the considered CNT 

lengths, indicating that optimized thermal paths are 

generated with CNT-polymer covalent bonding. The contact 

resistance values at zero CNT length with PEMA bonding 

and HLK5 bonding were found to be 1.1 mm
2
K/W and 0.34 

mm
2
K/W, respectively. This contact resistance contains 

contributions of resistances from the Si-CNT, CNT-polymer, 

polymer-Cu contact, as well as the intrinsic resistance from 

polymer. As the polymer layer is quite thin and it fully 

contacts the copper surface, the resistance originating from 

polymer and that between polymer and Cu can be considered 

as negligible. As a result, the thermal interface resistance 

a)  b)  
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between CNT and polymer should be the dominating factor 

to the thermal contact resistance. The thermal contact 

resistance between CNT-PEMA is 3 times as large as that 

between CNT-HLK5. This result can be attributed to the 

beneficial effect of covalent bonding to the low 

CNT/polymer thermal resistance. 

This effect is confirmed by molecular simulation. 

Equilibrium molecular dynamic (EMD) simulations were 

conducted to predict the thermal contact resistances of 

CNT/PEMA and CNT/HLK5 [9]. The thermal resistance 

between CNT and one monomer of PEMA and that between 

CNT and one monomer of HLK5 are calculated as 15.0 and 

4.92 GK/W, respectively. Which confirms that the factor of 

three decrease in the thermal contact resistance can be 

attributed to the chemical bonding of the polymer to the 

CNTs tips.  

These covalent bonds have a simpler mechanical effect on 

this contact : the enhancement of the adhesion. Indeed, when 

submitting the assembly to mechanical traction, CNTs can 

be separated from the growth substrate and fully transferred 

to the copper substrate : The CNT/polymer adhesion is 

stronger than the CNT/silicon adhesion. As such transfer 

cannot be performed on the samples bonded with PEMA, it 

can be concluded that the covalent bonds play a role in this 

strong interaction. 

The possibility to transfer the CNTs on new substrates has 

been studied previously by other teams using different 

bonding materials : metal layers [10] or sophisticated 

molecular self assembled monolayers [7,11]. This new 

polymer process (fig. 6) possesses the advantage over these 

techniques to offer the possibility to transfer the CNTs on 

metal surfaces without the need for vacuum techniques [10], 

microwaves irradiations [7], or prior chemical 

functionalization of the CNTs surface [11], while keeping a 

good thermal contact between the CNTs and the new 

substrate. 

This process opens the way to a wider use of VACNTs as 

thermal interface materials as they can be transferred on 

surfaces that could not withstand the growth conditions of 

high quality carbon nanotubes. For example, VACNT could 

be transferred directly on a microelectronic device. 

 

 
Fig. 6. The CNTs array transferred onto a copper substrate by HLK5 

bonding process. 
 

 

                       IV.             CONCLUSION 
 

We have demonstrated that the use of a polymer thin film 

as a CNT/superstrate interface material is shown to reduce 

the thermal resistances of the samples by as much as one 

order of magnitude compared to the direct CNT/superstrate 

contact. The lowest thermal resistance samples show a 

resistance as low as 1,4.10
-6

 m
2
K/W with 10µm length 

VACNTs using HLK5. The CNTs length dependant thermal 

resistance measurements suggest that the polymer thin film 

allows both a reduction in the CNT/superstrate contact 

resistance and an enhancement of the VACNT intrinsic 

thermal conductivity. An interpretation would be to consider 

the polymer thin film as a material able to increase the 

CNT/superstrate contact surface thereby reducing the total 

resistance of the samples, despite the low intrinsic 

conductivity of the polymer. The thermal contact resistance 

when using azide-functionalized polymer with C-N bond is 

at least three times lower than that with the Van der Waals 

interaction polymer.  

In addition, the azide functionalized polymer allows to 

transfer the CNTs array. This low-temperature transfer 

process allows to expand applications for VACNTs.  
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Abstract- In this paper the issues of thermal transient 
measurement of heterostructure field-effect transistors are 
discussed. It is shown that the measurement setups used for 
MOSFET devices may produce artifacts. Even though the 
measured transients may seem to be thermal, at the calibration 
of the measured temperature sensitive parameter no 
temperature dependency is observed. The influence of the gate-
lag effect is discussed, which is a plausible reason of the electric 
transients with a time constant in a few millisecond range. 

Finally a practical measurement setup is presented utilizing 
the forward voltage of the Schottky barrier gate as a 
temperature sensitive parameter. 

 

I. INTRODUCTION 

In microwave power electronics the compound semiconduc-
tor FETs such as GaAs and GaN based MESFETs and 
HEMTs play a very important role. High frequency ampli-
fiers built from these devices are the heart of many wireless 
communication applications, e.g. in mobile phone base 
stations, space and military appliances where reliability is a 
key issue. For prolonged lifetime beside other parameters the 
device temperature has to be kept as low as possible. This 
can be realized by careful thermal design where the simu-
lation results have to be supported by measurements.  

Until recent years the measurement of thermal parameters 
has been realized by surface scanning methods like liquid 
crystal thermography [1] or infrared microscopy [2]. These 
methods are able to provide temperature map over the 
surface but the thermal resistance of the device under test 
(DUT) can only be calculated with limited resolution and the 
dynamic behavior cannot be investigated. 

In case of common semiconductor components as diodes, 
bipolar junction transistors, MOSFETs and IGBTs the 
thermal transient measurement is a widely accepted test 
method with well-developed measurement setups for each 
type of these devices [3].  

At a thermal transient measurement the heating (cooling) 
is induced by applying a power step on the device. This 
nearly always occurs by sudden change of electric quantities, 
voltage or current at certain device poles. Accordingly, we 
speak about voltage or current jump measurements. 

As we know all semiconductor characteristics is tempera-
ture sensitive. That makes all characteristic curves depicting 
voltage versus current behavior shifting when the tempe-
rature of the device changes. 

However, this voltages and currents cause a self-heating of 
the device. Using a curve tracer we shall experience different 

curve set when measuring in pulsed mode with (nearly) 
constant device temperature and when measuring at each 
voltage/current point until a thermal equilibrium (steady 
state) is reached. 
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Fig.1 Output characteristics of a MOSFET,  
static (solid) and pulsed (dashed) 

Fig.1 illustrates the effect of self-heating by presenting a 
set of drain current versus drain-source voltage curves of a 
MOSFET, each curve belonging to different gate-source 
voltage. The dashed curves represent results from pulsed 
measurements where the device is nearly at ambient 
temperature. The solid lines show the operating point when a 
long waiting time lets the device reach high temperature. 
(Fig.1 is an Excel sheet calculation of a rough model just 
illustrating the concept, not an actual measurement.) These 
effects are broadly treated in the literature such as [5][6]. 

Obviously, the static measurement represented by the 
solid lines depends not only on the applied voltage and 
current but also on the actual whole heat conducting path 
between the device and the ambient. 
During a cooling transient measurement we move from a 
static hot characteristics set to a static cold characteristics set 
through a bunch of in-between cases, where power and 
cooling mounts dictate the pace of the change. Still, in most 
cases we can translate these effects to a “thermally sensitive 
parameter”, especially because we carry out a voltage-to-
temperature calibration process at low power levels, where 
the device temperature and the ambient temperature are very 
near to each other disregarding the cooling path. 
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Fig.2 Recorded transient scaled in voltage change and temperature change 

Fig.2 shows the result of the process discussed so far. We 
get a compound change of the selected parameter, as  
Fig.1 suggests seriously influenced by both electric and 
thermal causes. What makes life easier is that we can 
typically use the implicit assumption that the electric 
changes occur very fast while thermal changes take place in 
longer times. 

In case of MOSFET devices with the characteristics 
shown in Fig.1 we can directly see one of the reasons of the 
early electric change, this is the channel length modulation. 
Moving along constant ID current the change of the UDS 
voltage causes a change in UGS. This is a fast effect and so it 
can be incorporated into the correction of the early transient. 
MOS devices also show slow effects like the migration of 
charge particles on the oxide interface. However, these 
appear in the transients at very small amplitude, as such they 
are treated rather as low frequency noise than as signal. 

 If the temperature dependence of the parameter is nearly 
linear then we can scale our transient e.g. in voltage and 
temperature. In Fig.2 the electric and thermal portions of the 
transient can be well separated at 10 µs. 

A popular measurement arrangement for transient 
measurement of MOSFETS is shown in Fig.3. The power 
step is induced by sudden change in UDG or IS, then UGS is 
recorded. 

 
Fig.3 Commonly used n-MOSFET measurement setup 

  
II. ARTIFACTS IN TRANSIENT MEASUREMENTS 

All the measurement results presented in this paper had been 
measured on a GaAs based power pHEMT device fabricated 
on a semi-insulating GaAs substrate with 0.35 µm channel 
length and 8mm width.  

The electrical behavior of HEMT and MESFET devices is  

 
similar to MOSFETs. Since the electrical characteristic of 
the device had not been published in the datasheet; suppo-
sing enhancement mode characteristics the common measu-
rement setup of Fig.3 had been selected as a first test.  

The power step was induced by applying a voltage step on 
UDG and the cooling curve was recorded as the transient of 
UGS.       Two measured transients captured at different 
power levels can be seen in Fig.4.  
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Fig.4 Transient measurement results in NMOS setup  
switching between two different power levels. 

As it can be seen on the graph the thermal transient is 
quite short with moderate level of noise while the electric 
transient seems to end at around 80 µs. The quasi steady 
state is reached at around 0.1 s.  

It has to be realized that the transient plots fit perfectly 
even though they were measured at different power levels 
which indicates that the power calculation or the interpre-
tation of the measured transient given above is wrong. By 
measuring the parameters of the powering applied we found 
that there was no source current flowing through the device 
and with further measurements it has been shown that the 
DUT has depletion type characteristic. This proves that the 
nice curve recorded in this setup has non-thermal roots. 

There is no general measurement method for depletion 
type devices though it is possible to set a bias point by 
applying a constant gate-source voltage (VGS) and using the 
channel resistance (RDSON) for measurement. For applying 
sufficient power on the device we found a suitable bias point 
at VGS= -0.55 V and used the current jump method changing 
from 500 mA to 25 mA.     This resulted in 1.3W power 
change. Repeating the current jump at VGS= -0.6 we measu-
red a power step of 1.7W in the same arrangement. 

The measured transients seem to reach steady state before 
0.1 s as shown in Fig.5.   Unlike the previous measurement 
now the transients measured on RDSON seem to be proporti-
onal to the applied power step.  

The y axis in Fig.5 is scaled now in quasi-temperature, 
based on typical temperature sensitivity values of semicon-
ductors. After the measurements seemed to yield valid 
thermal transients we attempted to calibrate the temperature-
voltage correlation, which is normally monotonous; and (in 
most cases) can be approximated with a linear relation.  

The calibration results can be seen in Fig.6. The points 
represented by crosses are the measured voltages  
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Fig.5 Transient curves measured on the channel resistance 

corresponding to the temperature of the cold-plate the DUT 
is mounted on, in between we see the fitted regression line. 
The diagram shows that the change of the drain-source 
voltage is negligible, it is not temperature dependent.  

T
e

m
p

e
ra

tu
re

[°
C

] 

R² = 0.4006
20

25

30

35

40

45

50

55

60

15.68 15.685 15.69 15.695 15.7 15.705 15.71

 
Voltage[mV] 

Fig.6 “Temperature sensitivity calibration” curve of the D-S voltage  
at constant current, k = 4.8e-7 mV/K 

There are similarities between the transients in MOSFET 
setup and the ones measured on the channel resistance. On 
one hand the highest time constants are in the range of a few 
milliseconds. The time constant of the die of a MOSFET 
device falls into the same range but the time constant of the 
package must be much larger. On other hand it is proved that 
these are not thermal transients. 

Generalizing our observations above; we can state that the 
length of the electric transients of discrete semiconductor 
devices is determined mostly by the parasitic capacitances, 
inductances and resistances. In most cases the whole 
switching time falls in the few microsecond range but it is 
rarely longer than 100 µs. Moreover HEMT and MESFET 
devices are designed to be used at high frequencies.  

However they were designed to be used in small-signal 
application. In their articles [7][8] Kazushige Horio et. al. 
discussed the large signal behavior of GaAs based MESFET 
devices. They investigated the slow current transients which 
are often observed if drain or gate voltage changed abruptly 
which is called drain-lag (gate lag). In their article it can be 
seen that the time constants of this drain-lag are in the same 
range as our transients. Based on comparison of measu-
rements and simulation results they showed that the drain-
lag is the transient manifestation of the charge trapping. 
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Fig.7 Output characteristics of a HEMT,  
static (solid) and pulsed (dashed) 

Since we apply a sudden power step during the measurement 
which induces an abrupt voltage change the drain-lag effect is a 
probable explanation of the measured long electric transients.  

At the measurement time we had no detailed data sheet of 
the HEMT which we measured. As these devices are used as 
high frequency amplifiers at one optimal operating point; 
typically only the gain and bandwidth parameters at this 
point are specified. A modeled characteristics in Fig.7 hints 
that besides transients caused by the drain-lag effect we have 
also problems with setting the proper operation point. 
Selecting a starting point on the negative slopes of the static 
characteristics can cause oscillations. Other well discussed 
experiments are presented in [4]. 

III. SOLUTION 

After the unsuccessful measurement attempts, we decided to 
use the gate-source two-pole as Schottky diode for sensor 
element. The textbook scheme of the measurement setup is 
illustrated in Fig.8 . The behavior of the circuit can be 
decomposed into two steps.  

 
Fig.8 Ideal schematic for HEMT measurement 

During heating switch S1 and S2 are closed. The transistor 
is switched on by proper gate-source voltage and the drain 
current flows through the device. The drain-source voltage is 
as it comes from the device characteristics. We selected an 
operating point at a stable section not causing oscillation.  

During cooling both S1 and S2 are open. There is no drain 
current, and the forward biased gate Schottky diode works as 
sensor using a constant sensor current IM. 
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Fig.9 Schematic of the real measurement setup, for generators with two 

assigned values the first value applies for heating, the second for cooling  

In the thermal transient measurement equipment S2 is 
realized internally as a programmed current source switching 
on and off.    The voltage source can also switch between 
two voltage levels, as a consequence for realizing S1 only a 
diode had to be applied which behaves as shorted switch at 
negative gate voltage and as open circuit at positive, such not 
influencing the gate voltage in the latter case.     

The real measurement setup can be seen in Fig.9 .    
During heating D1 is forward biased by R2 (20Ω) and negative 

UCB (-1.2 V), with e.g. 0.6 V forward voltage drop on the diode. 
The heating current Iforce (800 mA) flows through the device. The 
HEMT gate is reverse biased, hence there is no gate current.     

During the cooling D1 is reverse biased thus UCB (which is 
positive) is separated. The HEMT gate is forward biased by 
Isense (1mA) sensor current. Isense must be much lower than 
allowed maximum Schottky current. 

In Fig.10 the measured transient responses can be seen at 
two different power levels. The transient curves normalized 
by the applied power step fit perfectly (Fig.11 ). The tempe-
rature elevation is proportional to the applied power step. 
The calibration had also been carried out and the temperature 
sensitivity showed good linearity. 
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Fig.10 Measured transient using the gate Schottky diode as sensor  
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Fig.11 Transient curves normalized by power-step  
with initial transient correction 

IV. CONCLUSION 

In all fields of power electronics in order to increase the life-
time and reliability the thermal management is a key issue. 
Beside the simulations the thermal properties also have to be 
measured after the manufacturing. Thermal transient testing 
is a commonly used method for the characterization of 
discrete electronic components but the measurement results 
have to be treated carefully in case of special devices.  

In this paper we presented two measurement setups for 
HEMT devices which yield transient measurement data that 
are deceptive. These results can be misinterpreted due to 
their similarities to thermal transients, long and strange 
transients have to be verified before we could believe them. 

We also presented a measurement setup utilizing the gate 
Schottky diode as temperature sensor element. Using this 
setup the measured transient was not influenced by long 
electric transient, we were able to produce the real thermal 
transient which is characteristic to the heat flow path. This 
setup can be used for the thermal transient measurement of 
theoretically any type of HEMT and MESFET device. 
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This paper deals with the system design, technology and 
test of a novel concept of integrating Si and SiC power dies 
along with thermo-electric coolers in order to thermally 
manage transients occurring during operation, thus 
turning it into a smart power device. The concept features 
double-sided cooling as well as new materials and joining 
technologies to integrate the dies such as transient liquid 
phase bonding/soldering. Coupled-field simulations are 
used to predict thermal performance and are verified by 
especially designed test stands to very good agreement. This 
paper is the first in a series of planned publications on the 
ongoing work in the project. 

I.  INTRODUCTION 

The thermal performance and thermo-mechanical 
reliability of power assemblies is largely materials- and 
technology-driven. Therefore, progress in this respect 
depends on the integration of novel semiconductor as well as 
joining materials along with specially developed processes 
within a viable system concept (for a review see e.g. [1, 2]). 
For power conversion in the automotive, energy or aerospace 
sector, new emerging power semiconductor technologies, 
respectively SiC and GaN, have demonstrated their higher 
performances than market-going technologies (Si and GaAs) 
in terms of reduction of losses, increase of efficiency and 
power handling. Consequently, to increase the efficiency of 
entire power modules, achieve smaller form factor and make 
them cost effective, lightweight and reliable, these SiC and 
GaN components need to be packaged with respective novel 
high-temperature joining technologies, assuring low thermal 
resistance and mechanical stresses, assuring high reliability, 
within the constraints of the (liquid) cooling concept.  

In the presented case of interest, twelve Si (later also SiC) 
power dies (typical six-pack converter) need to be cooled 
with a limited thermal budget and integrated into a 
commercial standard casing for industrial applications 
(motor drive). Further, thermal transients need to be 
managed by implementation of a thermo-electric cooler 
(TEC). This calls for a completely new thermal management 

concept and system architecture as it is depicted in figure 1. 

To meet the given challenges, the time-honoured design of 
a chip soldered onto direct copper bonded (DCB) substrates 
and contacted with heavy wire bonds will not work. An 
integrated TEC requires a second heat path from the top side, 
resulting in a double sided cooling approach for the 
envisaged design. 

Secondary heat path

Buffer or top plate

TIM

TEC

Die
Die Attach

Substrate
Solder
Casing (EasyPIM)

Base plate

Primary heat path

Wirebond

Time-honoured design

Envisaged design

 

Fig. 1. Schematic of time-honoured concept for power chip  
cooling (top) and envisaged new concept of double-sided  

cooling concept with integrated thermo-electric cooler (btm). 
 

The use of TEC for thermal management of power 
systems seems a very inefficient solution, so the pros and 
cons have to be carefully weighted. In general, they would 
only be applied if no other solution is available. So TECs 
have in the past been proposed for hot-spot cooling in 
microprocessors [3-5], where they do not substantially 
increase thermal dissipation due to very small area coverage 
only. For power modules this would not apply – save in a 
transient case as is suggested here – and so this needs to be 
proved, and if yes, under what conditions. 

Using TECs as needed here, entails double sided cooling 
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with all its challenges. It has been shown [2,6], that double 
sided cooling represents an ingenious way to reduce size, 
weight and costly chip area in a power module. Here, up to 
40 % performance increase are predicted. Some solutions 
already exist [2,7], all of which require development of new 
joining technologies due to issues of processability, 
planarity, high-temperature compatibility and reliability [8]. 
As there are no wire bond interconnections, reliability 
problems [9] associated with them are eliminated. 

Recent developments constitute silver sintering [10] which 
already outdoes Sn-based solder in lifetime [1], diffusion 
soldering (transient liquid phase bonding/soldering) with e.g. 
the CuSn system [8,11] or nanosponge technologies [12]. 
Often, processes have to be specifically adapted and 
reliability questions still to be answered, especially for the 
case of double sided die attach to become a mature 
technology.   

In the following, we will discuss first some general design 
considerations, then the selection of the different 
components and materials, the development of required 
technologies, performance prediction and characterisation 
methods. Finally, thermal performance will be demonstrated 
by an assembly of reduced complexity, using an already 
packaged power chip. First, tasks will be carried out on Si 
dies. In a second phase, SiC dies will be used. 

II.  SYSTEM REQUIREMENTS & FEASIBILITY 

In this paper, we contemplate a 4 KW converter for a 3-
phase motor drive application with a bias of 390-540 Volts 
and medium currents of around I = 10 Amps. The total 
power loss during normal operation amounts to ca. Ntot = 70 
W with an additional t = 60 seconds transient overload case 
(at low frequencies) of Ptot = 42 W (see also table 1). This is 
Pth = 6 W for each IGBT and 1 W for each diode. Maximum 
operating junction temperature is Tj = 130 °C, being reached 
by a liquid cooling heat transfer coefficient of ca. h = 3000 
W/m2K for normal operation (Ntot), when putting the heat 
sink at a temperature of 95°C. After one overload peak, the 
system has enough time to equilibrate again to steady state 
conditions.  

Table 1: Specifications 

 

Specification requires that during overload the junction 
temperature will not change by more than T = 5 K. This 
cannot be accommodated by the time-honoured design. 
However, in order to stick with the same commercial 
package (EasyPIM), i.e. not to increase the form factor, the 
use of a TEC is envisaged. 

 

 

Fig. 2. Schematic for first calculation and circuit 
diagram.Values refer to table 2. 

A first simulation shows the feasibility of such a concept, 
using a one-dimensional heat path simulation, taking into 
account the individual thermal resistance contributions as 
given in figure 2 and table 2. 

Table 2: Rth data and boundary conditions used. 

Quantity Symbol Value

Temperature of the heatsink 1 THS1 95 K/W

Thermal resistance of the Heatsink 1 RHS1 2,7 K/W

Temperature of the heatsink 2 
(assuming infinite capacity) THS2 95°C

Thermal resistance of the Heatsink 2 RHS2 7 K/W

Thermal resistance of the TIM RTIM 0,02 K/W

Thermal resistance of the IGBT RIGBT 0,01 K/W

Thermal resistance of AlN substrate for TEC Rcer 0,05 K/W
 

The study was carried out on a POL = 17.6 W IGBT. In this 
steady state case, the IGBT is located between two heat sinks 
and mounted with a thermoelectric cooler, as can be seen in 
figure 2 for the double side cooling configuration. The 
thermal resistance of the ceramic is assumed to be Rcer = 
0.05 K/W on both sides and the thermal resistance of the 
thermal interface material (TIM) was taken to be RTIM = 0.02 
K/W. The thermoelectric cooler was especially designed to 
cool down the IGBT to Tj = 125 °C while minimizing its 
power consumption. The TEC (c.f. figure 5) is made up of 
90 thermoelectric legs (0.6 mm x 0.6 mm x 0.45 mm height) 
and its thermal resistance is around RTEC = 11.5 K/W. With 
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the TEC switched off, the junction temperature reaches Tj = 
136°C at POL = 17.6 W as it adds a non-negligible thermal 
resistance between the IGBT and the second heat sink and 
the heat path is not laid out for that power under normal 
operation conditions. 

 

Fig. 3. First feasibility study for one IGBT with an assumed  
50 % overload power of POL = 17.6 W. Boundary  

conditions (top) and results (btm). 
 

As is seen from figure 3, during an overload of Pth = 6 W, 
the chip can be even cooled down to 125 °C (instead of Tmax 
= 130°C, as PC > Pth) using a TEC at I = 2.2 A ( Pel = 7.7 W). 
In this configuration, the cooling will induce an increase of 
around T = 60 K in the top heat sink at a low coefficient of 
performance COP = 0.85, i.e. PH = 14.2 W, adding up to an 
excess thermal energy QH = 852 J per IGBT to be handled. 
The COP (c.f. also section VI-B), which is calculated as 

1
el

H

el

C

P

P

P

P
COP  

is low, but this efficiency is of no concern as Pel is absolutely 
negligible compared to the overall electrical power. So this 
first calculation shows that a TEC would be indeed a feasible 
solution, given that the heat path for the second heat sink can 
be optimised to significantly lower THS2. 

 
III.  CONCEPTION & DESIGN 

From a systems perspective, there are several critical 
points to address when selecting materials and technologies: 

Thermal performance, local hot spots, electrical insulation 
(due to high voltage), mechanical and reliability-related 
aspects, processability, compatibility and availability 
considerations, form factor as well as cost: 

A: Thermal performance aspects 

Using a TEC to manage the overload transients requires a 
double sided die attach as well as a thermally conductive 
connection to the TEC itself. Both solutions, attaching TECs 
individually to each die (as in figure 1) or attach them on to 
the top DCB for system cooling (figure 4) would be 
thermally viable. However, considerations of planarity 
(processability) and electrical contacting of the individual 
TECs rule out the first variant.  

 

Fig. 4. Design variant showing the system-mounted TEC  
and flip-chip-mounted IGBT and diode. 

B: Processability / compatibility / availability aspects 

As TEC technology, two variants, depicted in figure 5, are 
available for that purpose: Si-wafer-level assembled thin-
film TECs or AlN-ceramic mounted TECs, both of which 
can be designed to fit the system size of the top DCB 
substrate, either as one or in several parts. TIMs for 
attaching the TECs to the DCB can be very thin bond line 
thickness (BLT) adhesives due to the small thermal 
mismatch of silicon to AlN. Both are available with 
dedicated metal finishes. 

 

Fig. 5. Different enabling TEC technologies. Micropelt mpc-
d701 (left) and a model from LITEN. 

During assembly, the DCB is each time used as a platform 
for flip-chip die bonding, including the IGBT which is 
contacted gate and emitter pad pointing downwards as 
shown in figure 4. As joining material CuSn-transient liquid 
phase bonding (TLPB), transient liquid phase soldering 
(TLPS) or silver sintering are foreseen, allowing a low BLT 
joint for low thermal resistance. The necessary metallisations 
on the die (Cu or Ag) will be provided accordingly and serve 
as buffer layers to accommodate thermo-mechanical stresses 
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as the CuSn-intermetallics forming during processing are 
brittle. All of those technologies are stable at high 
temperatures. TLPS has furthermore the advantage to 
compensate for DCB warpage and can therefore be used as 
solution for the last joint. A more detailed description of 
these technologies follows below.  

C: Mechanical / reliability aspects 

There is considerable thermal mismatch between the dies 
and the DCBs. Double sided attach will potentially increase 
thermo-mechanical stress. Physics-of-failure-based lifetime 
modelling including damage and fracture-mechanical 
modelling [13] is to accompany the process development 
phase. Regarding potential reliability problems due to the 
TLPB bond, Ag-Sintering is envisaged as an alternative. The 
Ag-Sintered bond is more ductile and may accommodate 
stresses rather than shift failure to the interfaces or even the 
die. Similar considerations for global thermal mismatch will 
be subject of evaluation when it comes to mechanically 
attach the DCBs to the TEC as well as to a casing. 

D: Electrical insulation aspects 

Dies with a voltage class of 1200 V will be used. To 
assure a large enough distance between collector and emitter 
(i.e. distance between top and bottom DCB) for high-voltage 
compatibility, which is usually accounted for by a rim 
around the perimeter of the chip of several hundred microns, 
existing gaps will be filled with polymer insulator material 
(potting, etc.) instead. In addition, epoxy underfill will be 
used to prevent flashovers between the collector potential to 
the bottom DCB. 

 

Fig. 6. The design has to fit into a commercial EasyPIM casing. 

E: Dimensionality / form factor 

Further, form factor considerations require the design to 
comply with a standard power-electronics casing, such as 
e.g. EasyPIM (figure 6). Pins which pass through the casing 
can be connected by an adopted PCB-board. Again, two 
options exist for the reverse side cooling. Either one may use 
a customer interface which allows to attach a cold plate to a 
top heat slug, or a thermal buffer. As the thermal energy to 
be buffered is not very large, one may consider the latent 
heat of a material at a phase transition temperature of around 
150 °C. To give space for the heat slug or buffer the 
EasyPIM will be adopted by removing the top casing 
partially. 

F: Local hot spots 

A further issue to be clarified is the potentially harmful 
occurrence of hot spots due to non-uniform heat transfer in 
double sided cooling as depicted in figure 7. Especially 
during transient loading this may cause temperature peaks.  

600 µm AlN

300 µ Cu

100 µ SAC

70 µ Chip

100 µ Solder

300 µ Cu

600 µm AlN

dT [°C]
01

 

Fig. 7. Transient thermal FE-simulation of center gate 
architecture power die to estimate hot spots intensity. 

Finite Element (FE) simulations were performed to that 
end, showing a maximum hot spot of T = 1 K step load 
compared to passive areas on chip, which is negligible. So 
the concept is set. 

 
IV.  JOINING TECHNOLOGY 

Three different bonding technologies are foreseen to 
realize the packages described earlier. All are high 
temperature stable and have high thermal conductivity. 

A: Transient Liquid Phase Bonding (TLPB) 

Characteristic for the TLPB is the use of a layer stack 
consisting of a low temperature melting and a high 
temperature melting metal between two substrates. By 
heating this layer stack, it melts and a reaction between the 
liquid and the high melting temperature layer occurs. The 
resulting intermetallic phases have higher melting 
temperatures than the low temperature melting material. For 
the envisaged package rolled or electroplated copper will be 
used as high temperature melting layer and electroplated tin 
will act as the low temperature melting layer. The resulting 
intermetallic phases Cu3Sn and Cu6Sn5 have decomposition 
temperatures of 640 °C, respectively 415 °C.  

To ensure that the tin layer has totally reacted and the 
bond is high temperature stable, thin tin layers of 3 µm to 
5 µm are commonly used. The reflow is mainly done with 
pressures in the range of 0.1 MPa to 10 MPa [14]. This 
guarantees a sufficient contact area between substrates and 
interlayer. Due to the small amount of solder the surface 
roughness of the substrates is of high importance. In this 
case the copper of the DCB has to be polished.  

The dies are delivered with a TiNiAg metallisation for the 
bottom side (Collector). To minimize the process steps, one 
of the envisaged TLPB bonds will be done with a copper 
substrate, a tin interlayer, but a TiNiAg metallisation for the 
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other substrate. First bonding trials with interlayer 
thicknesses of 3 µm and 5 µm tin show a bonding interface 
with very low void ratio, see figure 8. The formed 
intermetallic phases have to be checked by SEM. 

 

Fig. 8. TLPB-bond. 

B: Transient Liquid Phase Soldering (TLPS) 

The idea of TLPS is similar to that of TLPB. For TLPS no 
pressure is needed during reflow and the solder thickness is 
higher. For the TLPS, we will also use the copper–tin 
system. The process flow has already been described by 
Ehrhardt et al. [15]: SnAgCu solder paste with added copper 
powder and flux is printed on a copper substrate. It has been 
demonstrated that a one-step process is not targeting. 
Loading the paste with 40 wt.-% copper balls leads to a 
highly porous bond [8].  

 

Fig. 9. TLPS-bond. 

Good results have been achieved with a two-step process 
using a solder paste with 40 wt.-% copper balls and a 
proprietary binder. The cross-section of such a TLPS bond 
can be seen in figure 9. In a first step, solder is melted under 
pressure so the bond is compressed and solder is partially 
squeezed out. In a second step the copper oxides are 
removed under reducing atmosphere. The process 
temperature is below the melting temperature of the solder. 
Afterwards the temperature is increased and the solder, 
which has been squeezed out, is flowing back. Further 
investigations to simplify the process flow are on-going. 

C: Ag-Sintering 

Ag-Sintering can be done with or without pressure. The 
porosity of the bond can be tuned by the pressure. Figure 10 
shows cross-sections of bonds done with 10 MPa and 
30 MPa. The sinter paste is printed on a substrate with 
adequate metallisation. For Ag-Sintering this could be silver 
or gold. The counterpart is placed and the whole assembly is 
heated with or without the application of pressure.  

D: Copper-Tin Intermetallic compounds 

Copper tin phases have a thermal conductivity of 
34 W/mK for Cu6Sn5, respectively 70 W/mK for Cu3Sn [16]. 
Bulk silver has a thermal conductivity of 418 W/mK. 
Precision measurements have recently shown a reachable 
370 W/mK for a sintered Ag die attach [17]. Therefore all 
three bonding technologies are excellent choices for 
challenging thermal management. For all of them pressure 
has to be applied during the process, therefore tooling is 
relatively expensive. Ag-Sintering without pressure could be 
an alternative but is still under development.  

 

Fig. 10. Sintered silver bond. 

We will use at least one TLPS bond in the process flow of 
the packages to compensate the warpage of the DCBs. TLPB 
is not suitable for warpage compensation as the bond 
thickness is very small. For Ag-Sintering different heights 
will result in different compression ratios which should be 
avoided.  

 
V.  ELECTRO-THERMAL SIMULATION 

In order to analyse thermal concepts at field level and to 
support and verify network level estimations, finite element 
simulations are performed. Besides accurate material data 
models, the implementation of TE coolers has to be done 
carefully.  

 
 

Fig. 11. Field-coupled TE-simulation,  
principle of effective FE-model (TEC mpc-d701). 

 
In this work, coupled electro-thermal (multi-physics) TEC 

models are going to be applied to consider the (absolute) 
temperature dependent heat pumping performance of the 
Peltier effect. Also, instead of modelling each TE couple, the 
material data of an effective TE layer is adjusted to match 
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documented and measured cooling performance.  

Figure 11 drafts the steady-state coupled-field physics as 
explicitly presented in [18,19] and the applied steady-state 
TEC modelling principle using the example of the TEC mpc-
d701 at one specific load condition (0.9A/2.5W/60°C).  

 

Fig. 12. TEC performance adjustment TEC mpc-d701. 
 

The symbols and refer to the effective material 
values of the effective TE layer: mean Seebeck coefficient, 
electrical and thermal conductivity. T, TC and TH are 
absolute, cold and hot side temperature, EJIpP ,,,,

 and 

tcn are cold side heat load, heat flux density, operating 

current, current density, electric field strength and number of 
thermoelectric couples within the TEC. Now, to adjust the 
TEC’s thermal cooling performance, which (in case of one 
TE block) can be given as 
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and were investigated using the following Ohm’s law 
relations and applying correction coefficients forand:  
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0, TelR refers to the TEC's electrical resistance at a T 

(and so  Seebeck voltage) of zero. 
TEThR ,

 and 
TECThR ,

 are 

the thermal resistances of the TE layer and the TEC 
(including the bordering layers), that can be derived from the 
T curve shift at different heat loads.  

For the mpc-d701 TEC, the effective model is in good 
agreement with its datasheet performance, using the 
following material data:  

mK

W

Vm

A

K

µV
40435.0,4493,5.292    

Since this is an effective model, the picked material data 
do vary from typical values in the literature. Especially thin 
film TEC require considerable correction coefficients of 
around 0.7-0.8 because of the increasing impact of the 
metallization layer. However, figure 12 compares model and 
datasheet performance data at different hot side 
temperatures. It can be seen, that the model correlates well 
within small errors regarding the Tmax and Imax shift while 
heat load increases and of course over all heat pumping 
performance with the absolute hot side temperature.  

 

Fig. 13. TEC mpc-d701 under test,  
measurement vs. simulation. 

 
For further verification, simulations of the TEC testing 

discussed in chapter VI have been made.  Figure 13 shows 
the TEC tested at 250 mA and the TEC tester temperature 
distribution within the thermal reference blocks. Both 
measurement and simulation show the typical asymmetric 
heat flow condition (due to the TEC's power dissipation) and 
also field narrowing effects at the TEC ports.  

So, already in good agreement, the ongoing work is going 
to pursue the goal of easy and precise FE assisted TEC 
characterization and the extraction of easy-to-implement 
TEC-models by measurement, being capable of sample 
related simulations. Also transient behaviour is going to be 
taken in consideration. 

 
VI.  ELECTRO-THERMAL CHARACTERISATION  

Thermo electrical cooler TECs are heat pumps. To 
describe its pump performance two important characteristic 
values have to be taken into account. 
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A: Thermo-electrical figure of merit (ZT): 

In general the figure of merit (Z) is a quantity used to 
characterize the performance of a device. The figure of merit 
for thermoelectric devices (ZT) is defined as is the relation 
between the electrical voltage and the voltage caused by the 
Seebeck effect. [20] 

el

th

V

V
ZT 

 

The effective figure of merit of a TEC module can be 
measured by the so called modified Herman method [21], 
see figure 14. The TEC will be sourced with low constant 
DC current (few mA). Once the TEC module reaches the 
thermal steady-state, the total measured voltage on the TEC 
is the sum of the electrical voltage and the thermal voltage 
generated by the Seebeck effect. When the constant current 
is switched off, only the voltage Vth caused by the Seebeck 
effect is measured. 
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Fig. 14: Principle of ZT measurement. 

B: Coefficient of performance (COP): 

The coefficient of performance (COP) is the relation 
between the heat absorbed at the cold side of TEC (PC) and 
the input electrical power (Pel) as shown in figure 15. 

el

C

P

P
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Where the pumped heat of the hot side of TEC (PH) is the 
sum of the absorbed heat at the cold side (PC) and the input 
electrical power (Pel) 

elCH PPP   

 

 

cold side

hot side
TEC

elCH PPP 
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Fig. 15: principle of COP measurement. 

To measure the COP of TEC on module level a test stand 
shown in figure 17 was designed, which is based on the 

well-tested TIMA design [22]: The test stand allows 
measurement of the heat flow through the both side of TEC 
by metal heat flow sensors. The surface temperature of both 
TEC side can also be measured by the metal heat flow 
sensors schematically depicted in figure 16. The geometry 
and the thermal conductivity of the metal block must be 
known. The heat flow jth through the metal block can be 
calculated by following equation: 

,


L

T

A

P
jth

 

where ΔT signifies the temperature drop across the metal 
block, L its length, λ its thermal conductivity A its cross 
section area.  

The temperatures on the cold side and hot side surfaces 
can be calculated by extrapolation of the linear function. 

 

Fig 16: Schematic of metal heat flow sensor. 

The TEC is measured between two metal heat flow 
sensors. To simulate the real operation condition of the TEC, 
the heat flow sensors on the cold side of the TEC is 
connected to a heater and the sensor on the hot side of the 
TEC is connected to heat sink.  

heat 
source

cooling
device

reference blocks
with known 
parameters

T3

T2

T1

T6

T5

T4

 

Fig. 17. Concept of test stand for COP characterisation of TEC: 
Test setup (middle); topical temperature curve (left); reference 

metal block as heat flow sensor (right) 

By automated measurement and controlling software 

- 235 -



25-27 September 2012, Budapest, Hungary 

©EDA Publishing/THERMINIC 2012  ISBN:978-2-35500-022-5  

following operations can be performed: Variation and 
measurement of electrical power of TEC, regulation of the 
heat source power, calculation of the heat flow on cold and 
hot side of TEC, calculation of coefficient of performance 
and calculation of error bars of COP with respect to all 
measured values. 
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Fig. 18. ΔTTEC and COP as function of electrical  
current of WL thin film TEC (figure 5) at RT. 

The COP of commercial ceramic-based TEC and WL thin 
film TEC was characterized by the in above described test 
method. Figure 18 shows the COP of thin film TEC as 
function of the electrical current. The dimensions of the TEC 
are A = 5 x 5 x 0.5 mm3. For COP measurement the input 
electrical power was varied between 0.2 W and 7 W while 
the TEC was kept at room temperature. The result shows a 
typical trend of COP and ΔTTEC as function of electrical 
current. The COP decreased with increasing the electrical 
current. 

 

VII.  FIRST ELECTRO-THERMAL 
DEMONSTRATION 

To show the potential of a TEC base smart cooling 
solutions for power electronic devices, a special 
demonstrator concept (shown in figure 19) was designed and 
is being realized.  

AlN-Substrate

Power Mosfet

Solder

Solder

TEC (flow sensor)
T2

T3

T1

Cu bar (flow-sensor)

T=const.

Diode (T-sensor)

Solder

Solder

Connector  
Fig. 19. Schematic of first demonstrator  

set-up for characterisation. 
 

This is necessary to fit the boundary conditions given by 
the TEC characterization platform (described in the previous 
section) and to separate thermo electrical characterization 
issues from those of process development of TEC 
integration. 

 
Fig. 20. Packaged power-die (CanPAK) for the first demo. 

 
The demonstrator (figure 19) consists of a readily 

available and solderable power MOSFET transistor (see 
figure 20) soldered onto a ceramic board. The thin film 
based (figure 5) TEC (provides by project partner) is 
mounted on top of the CanPAK device. To measure the case 
temperature of the MOSFET a very thin, thermally 
negligible, chip diode (thickness 70 µm) is placed between 
transistor and TEC. On the top of TEC a metal based thermal 
flow sensor measures the pumped heat in parallel to the TEC 
which is then also used as heat flow sensor. As jointing 
technologies soldering or sintering are envisaged. Gluing 
would reduce drastically the measuring accuracy due to its 
very process dependent and low thermal conductivity and is 
therefore ruled out.  

Heat sink

Heat sink

DiodeCanPakTEC

heat flow 
sensor

IO connector 
(power)

IO connector 
(measure)  

Fig. 21. Realization of characterisation set-up  
of first demonstrator. 

To characterize the core pieces of the future smart system 
the entire test setup provides (figure 21) the following items: 
1. Heat generation by MOSFET transistor, 2. transient load 
profiles and temporarily overload scenarios are possible, 3. 
full control the heat pumped by TEC, measurement of all 
relevant temperatures of TEC and MOSFET transistor, 4. 
measurement of TEC heat pump by metal heat flow sensor 
and 5. measurement of the AlN substrate temperature by 
NTC (as monitor and reference).  

Using the completed demonstrators and the designed test 
stand can answer the question of whether smart TEC 
integration can be used to relieve transient thermal loads. At 
the time of writing of this paper no assemblies are finished 
yet. 
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CONCLUSIONS & OUTLOOK 

In this paper we have studied the design, technology and 
characterisation of a double-sided cooled power-die with 
top-mounted thermo-electric cooler under transient load. We 
have found out the following: 

 Under given boundary conditions the proposed concept 
is thermally viable. This could be proved by combined 
simulative and experimental approach. 

 Joining technologies and corresponding process flows 
have been defined in view of the challenges of high 
voltage, warpage, conductance, metallurgy and 
reliability. They also maintain high-temperature 
headroom. Critical points in the design are identified to 
best knowledge for now and are worked on in the form 
of building blocks for the design of the module. 

 The concepts demands substantial characterisation and 
modelling accompanying its optimisation. Therefore, a 
TEC characterisation test stand has been realised as well 
as first demonstrator of lower complexity to allow 
measurement of the main parameters. First thermo-
electric simulations agree well with the first 
measurements. 
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