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Polymeric materials filled with heat-conducting particles can lower

microelectronics operating temperatures by reducing the thermal

resistance between chip surfaces and substrates.

By RAvI PRASHER

ABSTRACT | With the continual increase in cooling demand for
microprocessors, there has been an increased focus within the
microelectronics industry on developing thermal solutions.
Thermal interface materials (TIMs) play a key role in thermally
connecting various components of the thermal solution.
Review of the progress made in the area of TIMs in the past
five years is presented. The focus is on the rheology-based
modeling and design of polymeric TIMs due to their widespread
use. Review of limited literature on the thermal performance of
solders is also provided. Merits and demerits of using
nanoparticles and nanotubes for TIM applications are also
discussed. | conclude the paper with some directions for the
future that I feel are relatively untouched and potentially very
beneficial.
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NOMENCLATURE

Res Contact resistance between two bare solids
Rermv Contact resistance of an ideal TIM

H Hardness

P Pressure

m Mean asperity slope
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Rrim Thermal conductivity of the TIM

ky, Thermal conductivity of particles (fillers)
ki Thermal conductivity of the polymer matrix
Rrim Thermal resistance of TIM (same as impedance)
BLT Bond line thickness

Ry Thermal boundary resistance

R, Contact resistance of TIM

DF Density factor

R Junction to case thermal resistance

K Consistency index in (5)

r Radius of the substrate

Cc Empirical constant in (7)

Rpulk Bulk thermal resistance

E, Activation energy

A Acceleration factor

G Shear modulus

G Storage shear modulus

G’ Loss shear modulus

Greek

o Surface roughness

Uy, Junction to ambient thermal resistance
W Case to sink thermal resistance

e, Sink to ambient thermal resistance

1) Volume fraction of particles in TIMs

« Biot number

7 Yield stress of the TIM

I. INTRODUCTION

It is well known [1], [2] that when two solid surfaces are
joined, as shown in Fig. 1(a) asperities on each of the
surfaces limit the actual contact between the two solids to
a very small fraction, perhaps just 1%-2% of the apparent
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Fig. 1. (a) Schematic showing that real area of contact is less than
apparent area of contact. This figure also shows an ideal TIM, which
completely fills the gap with zero thickness. (b) Schematic
representing a real TIM.

area for lightly loaded interfaces. Consequently, the flow
of heat across such an interface involves solid-to-solid
conduction in the area of actual contact A, and conduction
through the fluid occupying the noncontact area Ay of the
interface. This constriction of heat flow is manifested as
thermal contact resistance (R.) at the interface. The solid—-
solid contact resistance (R.) between two nominally flat
surfaces 1 and 2 assuming plastic deformation of the
asperities is given by [1]

0.80 (H\*”
Rcs =5 |\ =
mky, \ P
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where o = (02 4 02)°°, o is the root mean square rough-
ness, m = (mf + m%)o' , m = mean asperity slope, H the
microhardness of the softer material, P the applied pres-
sure, and ky = 2kjky/(k; + k) is the harmonic mean
thermal conductivity of the interface. m is a measure of the
slope of the rough surface. m is given by, m = tan(),
where 6 is the slope of the rough surface. Fig. 2 shows the
variation of R, between copper and silicon for pressure
range applicable to electronics cooling (5-150 psi). H of
copper, which is the softer material is taken as 1280 MPa
[3]. In Fig. 2, o of the Cu is assumed 1 ym and o of the Si is
assumed 0.1 pm (assuming pohshed Si). mis calculated by
the relation m = 0.076(c x 106)
glects the contribution through the air trapped at the
interface as shown in Fig. 1(a). The low pressure range is
applicable in non-cpu products or for a heat sink on top of
a large heat spreader as shown in Fig. 3(b). Fig. 2 shows

[4]. Equation (1) ne-

that R is very high at low pressures. Equation (1) is the
best case result because it assumes plastic deformation of
interfaces at all pressures and it assumes nominally flat
surfaces. Fig. 3 shows two typical packaging architectures
used in electronics cooling. Fig. 3 shows that the Si die or
the chip is flat. In reality, the Si die or the chip surface is
not flat. The chip is typically warped due to the coefficient
of thermal expansion (CTE) mismatch between the die and
the package substrate. A schematic of a warped chip is
shown in Fig. 4. Warpage of the die for a flip chip package
was measured by Verma et al. [5] and their results showed
that depending on the temperature, the die surface could
be very convex. The magnitude of the warpage depends on
various factors such as geometry of the substrate, CTE
mismatch between the substrate and the die, and the
temperature. Due to the warpage of the die, the apparent
area of the contact will be less as compared to a nominally
flat die. This adds more resistance, thereby increasing R,
[2] as compared to that calculated from (1).

10—
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N
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2 T Ry (TIM k= 0.2 W m™ K
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Fig. 2. Thermal resistance without TIM and in presence of ideal TIM.
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Fig. 3. Schematic illustration of the two thermal architectures. (a) Architecture I, typically used in laptop applications. (b) Architecture II,
typically used in desktop and server applications. I—heat sink; II—TIM; III—IHS; IV—TIM; V—die; VI—underfill; and VIl—package substrate.

To reduce R, the interfacial gap between the asperities
in Fig. 1(a) has to be replaced by some highly conducting
material. These materials are typically referred as thermal
interface materials (TIMs). For the ideal case where the
entire gap is filled by some TIM as shown in Fig. 1(a)
analytical results are available [1]. R due to an ideal TIM
(Retiv) for nominally flat surfaces can be calculated as [1]

©)

where kry is the thermal conductivity of the TIM. Fig. 2
also shows Rcrv for two values of krpy. Fig. 2 shows that
even for krpy = 0.2 W m™ K™ (typical value for pure

Fig. 4. schematic showing a warped die (not to scale). This schematic
also shows that if there is no compliant TIM between the die and the
heat spreader, then thermal linkage between the die and the substrate
will be greatly reduced.

polymers), Rerry is very small compared to Rs. The total
R, is given by Rerota = RermmRes/(Rerim + Res) because
these resistances are in parallel. Fig. 2 shows that if it is
possible to achieve the ideal TIM, R, can be considerably
lower; however, in reality it is not possible to achieve the
ideal TIM due to various reasons. Real TIMs looks like that
shown in Fig. 1(b). This figure shows that real TIMs have
finite BLT, and at the interface they do not completely fill
the voids because of their inability to completely wet the
surface. Therefore, the thermal performance of real TIMs
fall short of that predicted by (2). Equation (2) can be used
for the best performance estimate of TIM performance.
From Fig. 1(b) it can be inferred that the total thermal
resistance (Rypv) of real TIMs can be written as [6]

BLT
Rrim :k—+Rcl+R02
TIM

(3

where R, represents the contact resistances of the TIM
with the two bounding surfaces. In real electronics cooling
applications, there are typically two packaging architec-
tures used as shown in Fig. 3. In recent years there has
been a great drive in the industry in reducing Rrim
primarily due to one very important reason. The projec-
tions for heat generation from the chip indicate that both
the total power (Q) and the heat flux (q) are going to
increase [7]. The heat flux from the chip is also
nonuniform because both the core and cache are on the
same die [8], [9]. More than 90% of Q is dissipated from
the core, i.e., from a much smaller area of the chip. Even
within the core, q is nonuniform. Readers are referred to
the paper by Mahajan et al. [8] which appeared in the same
issue of the transactions on the details of nonuniform heat
fluxes from the die. The thermal problem for chip cooling
is not about maintaining the average temperature of the
chip below a design point, but it is about maintaining the
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temperature of the hottest spot below a certain design
point. Therefore, the thermal problem near the chip is very
severe. Total thermal resistance for this situation can be
written as [10]

wj—a = DF X ch + wcs + ’(/}sa (4)

where 1);_, is the junction to ambient thermal resistance,
Ric is the junction to case thermal impedance for a
uniformly heated die, 1) is the case to sink resistance, and
s, is the sink to ambient thermal resistance. DF in (4) is a
factor that accounts for the nonuniformity of q and the die
size [10]. The unit of DF is cm 2. For a 1-cm? uniformly
heated chip, DF = 1. Typically, DF will be greater than 1
due to nonuniformity of q. Equation (4) shows that any
reduction in Rjc is multiplied by a factor greater than 1.
Therefore, reduction in Rjc leads to a greater reduction in
;o Note that Ry is referred as thermal resistance in the
paper, although the unit of R;. is that for impedance. This
is a common practice in the contact resistance community.
Since Rjc is primarily due to TIM resistance, this has lead
to a great drive in the electronics cooling industry to
reduce the interface resistance.

In this review, the focus is mainly on polymeric TIMs
due to their widespread use [11], [12]. Typically, these
polymeric TIMs are filled with highly conducting particles
to enhance their k. This paper is divided into seven
sections including the introduction. Section II provides
literature review on previous work done before the year
2000. Section III is devoted to the current state of
fundamental knowledge and physics of TIMs. Reliability
performance of polymeric TIMs is discussed in Section IV.
Solder-based TIMs are briefly discussed in Section V.
Implications of nanotechnology for TIM technologies are
discussed in Section VI. Section VII highlights some of the
key fundamental issues that need to be addressed in the
future.

In the following, p denotes the particle, m the matrix,
Ry the interface resistance between the particle and the
matrix, d the diameter, k the thermal conductivity, and ¢
the volume fraction of the particles in the paper.

II. LITERATURE REVIEW

Almost all the work before the year 2000 in the area of
TIMs was mainly experimental [13]-[20]. There was
virtually no emphasis on any type of physics-based
modeling of the thermal performance of TIMs. Some of
very early work on thermal greases were performed for
spacecraft applications [13], [14]. A great amount of
experimental work were done by Fletcher and coworkers
[15]-[19] between 1990 and 2000. Fletcher [16] published
a review paper on different types of TIMs, which included
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metallic foils and polymeric TIMs. Mirmira et al. [17]
evaluated various types of adhesives and correlated their
data with an empirical model. Mirmira et al. [18] also
published experimental evaluation of elastomeric TIMs.
Marotta and Fletcher [15] performed experiments on
different types of polymeric materials and compared their
results with the plastic deformation model given by (1).
Plastic deformation model given by (1) did not match well
with their data. Marotta and Han [19] provided experi-
mental data on different types of polymeric TIMs. Xu et al.
[20] fabricated various sodium silicate based TIMs filled
with boron nitride particles. In all these studies, there
were no attempts made to separate the contact resistance
and the bulk resistance of the TIMs. It is not possible to
extract any type of design rules from any of these studies.

ITII. CURRENT STATUS

Equation (3) shows that to accurately model and under-
stand the physics of TIM performance, three factors are to
be modeled and understood: 1) kypy; 2) BLT; and 3) R..
Reduction of Rypy can be accomplished by reducing the
BLT, increasing the thermal conductivity and reducing the
contact resistances Ry and R.,. Table 1 shows the char-
acteristics of some of the typical TIMs [11] and their
advantages and disadvantages.

Since these TIMs are loaded with solid particles, the
physics becomes complicated. First attempt to separate the
bulk resistance (Rp,) and R, was made by the author [6],
where he presented the physical model of the TIM as
shown in Fig. 1(b). Since then there have been many
studies in modeling of TIM performance. After 2000,
many studies were performed to understand the thermal
performance of various polymeric TIMs [21]-[31].

Fuller and Marotta introduced [22] a model for R, of
elastomeric materials; however, they did not have any
model for the BLT of particle-filled elastomers. Their
model for R, matched well with data. The author and
coworkers in a series of papers [6], [23]-[27] have
introduced various models for BLT, krpy, and R.. Their
focus was mainly on grease, gel, and phase change
materials (PCMs), as these materials are most widely
used TIMs as compared to elastomers [11]. Goodson’s
group [21], [29], [30] has also performed modeling and
experimentation of Rypv and R.. In this section modeling
of krivm, BLT and R, of different types of TIMs are discussed
sequentially.

A. Thermal Conductivity (k)

Polymeric TIMs are filled with highly conducting
particles to increase kypy. Therefore, these TIMs can be
treated as composites. Past literature is rife with modeling
of thermal conductivity of composites (k.) [32]-[39];
however, recently percolation phenomenon based model-
ing has been proposed to model krjy due to large contrast
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Table 1 summary of Characteristics of Some Typical TIMs

TIM Thermal General Advantages Disadvantages
Type resistance of fresh | Characteristics
samples (°C em?
W [68]
Greases 0.1 Typically Silicone High bulk thermal conductivity |e Susceptible to grease pump-out
based matrix loaded Thin BLT with minimal attach and phase separation
with  particles  to pressure e Considered messy in a
enhance thermal Low viscosity enables matrix manufacturing environment due
conductivity material to easily fill surface to a tendency to migrate
crevices
TIM curing not required
TIM Delamination is not a
concern
Phase 0.1 Polyolefin, €poxy, Higher viscosity leads to|e Lower thermal conductivity than
Change low molecular weight increased stability and hence greases
Materials polyesters,  acrylics less susceptible to pump-out e Surface resistance can be greater
typically with BN, or Application and handling is than greases. Can be reduced by
Al Os fillers easier compared to greases thermal pre-treatment
No cure required e Requires attach pressure to
Delamination is not a concern increase thermal effectiveness
hence can lead to increased
mechanical stresses
Gels 0.08 Al, AlO3,  Ag Conforms to surface irregularity | ¢ Cure process needed
particles in silicone, before cure e Lower thermal conductivity than
olefin matrices that No pump out or migration grease
require curing concerns e Lower adhesion than adhesives;
delamination can be a concern
Adhesives | Data not available | Typically Ag particles Conform to surface irregularity | ¢ Cure process needed
in a cured epoxy before cure e Delamination post reliability
matrix No pump out testing is a concern
No migration e Since cured epoxies have high
post cure modulus, CTE
mismatch induced stress is a
concern
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Table 2 various Models to Predict the Thermal Conductivity of Particle-Laden TIMs

Name of the | Formula Remarks Source
Model
Maxwell- k. [k,(1+20)+2k,]1+2¢[k,(1-a)-k,] Spherical particles 32, 33, 34,
Garnett with | k, [k,(1+20)+2k,|-¢[k,(1-)—k,] Typically valid for ¢ < 0.4 35
R
b = 2Rbkm
d
k. (1+2a)+2¢(1-a
—‘:( )+ 3 ) for k, >> k,,
k, (+2a)-¢l-a)
Bruggeman k —k k.—k Spherical particles 36,42
T R et ’
symmetric ky +2k, kp +2k, Typically good at higher ¢
model (R, not included)
Bruggeman ¥ 3/(1-e) | Spherical particle
28 ooy k, (1+2a)/(1-a) k. —k,(1-a) 3 P p 37, 42
: - =| = v R R
asymmetric kc km _ k,; (1 _ a,)
model with R,
k. 1
o (1— gy -2 /1+22) for k, >k,
m
Percolation kc — kp (¢_¢p)2 valid only for kp S5, km Cubical particles 41, 42, 43,
model
44, 45, 46,
47,48
Percolation Numerical Cubical particles 49,50
model with R,
Numerical Resistive network model Any type of particles 38,39
model with R;,
ki, = thermal conductivity of matrix, k, = thermal conductivity of particles, R, = interface resistance between particles and the matrix,
& = volume fraction of the particles.

in the thermal conductivity of the particles and the
polymer matrix [40]. Percolation modeling [41] will be
discussed in some details later. Table 2 lists some of the
most common and important analytical models along with
percolation model and sources of numerical models. The
focus in this review is on spherical particles; however,
some of the references given in this paper have also dealt
with two-dimensional systems such as aligned cylindrical
particles [32], [34], [38], [39]. The Maxwell-Garnett
(MG) effective medium model can be considered a good
model for low volume fraction (< 40%). Therefore, MG is
not used in modeling krpv, as commercial TIMs are loaded
in excess of 60% with conductive particles.
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For high volume fraction, Bruggeman symmetric
model (BSM) has been used to predict the electrical
conductivity of composites [42]. Limited used of BSM has
been made in predicting thermal conductivity [43]. One of
the biggest drawbacks of BSM is that it does not include
the interface resistance between the particle and the
matrix, which will be shown later to be very important.
The interface resistance between the particle and the
matrix is denoted as R,; however, the strength of BSM is
that it predicts a percolation threshold in the limit of
infinite contrast in the conductivity of the particle and the
matrix [42]. Other analytical models given in Table 2 do
not predict percolation threshold.



Prasher: Thermal Interface Materials: Historical Perspective, Status, and Future Directions

There is another model due to Burggeman, which is
known as the Burggeman asymmetric model (BAM) [42].
Every et al. [37] modified the BAM to include R}, between
the particle and the matrix. This model is capable of
predicting thermal conductivity of spherical particles for
larger volume fractions.

Recently Devpura et al. [40] proposed the use of
percolation model for TIMs due to large contrast in the
conductivities of the particles and the polymer matrix.
Liang et al. [44] and Liang and Ji [45] used the percolation
model to predict the thermal conductivity of thin
composites. Percolation is a geometrical phenomenon. It
basically means that after some volume fraction, called the
percolation threshold (¢,), there is a continuous path for
heat conduction trough the particles because the conduct-
ing particles start to touch each other as shown in Fig. 5(a).
The percolation model as given in Table 2 is strictly valid
only near the percolation threshold. There are some very
important subtle points that have been overlooked in
applying the percolation-based models to predict thermal
conductivity of composites [40], [44], [45]. The percolation
phenomenon is strictly valid for kp/km — o0o. This is
possible in reality for electrical conductivity as perfect
insulators are possible. For thermal conductivity, this is not
possible in reality because for any solid there is a nonzero
thermal conductivity. The percolation model was numer-
ically evaluated [41] for planar geometries such as cubical
particle. The percolation threshold for cubical particles (p,)
is given in Table 3 for different arrangements of particles.
Zallen [46] used p, and the maximum packaging fraction
for spherical particles to obtain ¢, for spherical particles,
which is around 15% for all arrangements of particles as
shown in Table 3. For two-dimensional composites made
from aligned cylinders, ¢. is 0.45 [46]. If k, /k,, — 00 then
this scaling is all right and the percolation model can be
used for spherical models; however, if kp/km = 00, then
there is a problem with spherical particles. For cubical
particles, if k, /ky, 7 00 but if the ratio is still very large, a
correction to the percolation model has been proposed
[47]. For spherical particles due to the curvature of the
surface, there will be constriction and spreading of heat
flow lines near the particle and matrix interface. This
constriction/spreading of heat flow lines is not taken into
consideration in the percolation model. This effect will
increase with decreasing contrast between k, and ky,. This
was recently shown by Ganpathy et al. [39]. This is not a
problem for planar geometry. Ganpathy et al. [39] also
showed that for k, /k,, = 00 nonplanar results reduce to the
planar results which means that percolation model could
strictly be used for spherical particles only in the limit of
kp/km = 00. Therefore, percolation model has been
successful in the prediction of electrical conductivity of
composites made from spherical particles [48] and other
nonplanar geometries [49]. Various modifications to the
percolation model has also been proposed [48]. The
percolation model for k,/k, — 00 can also be used to

Surface 1: Source

Higher
conductivity
particles which
do not form a
continuous
chain between
the two
surfaces

Higher
conductivity
particles
forming a
continuous
chain between
two surfaces;
participate in
percolation

Surface 2 : Sink

(a)

40% Ni rd )

silicone

k'l‘l M/k
>

30% Ni

0.01 0.02

CNT Volume Fraction
(b)

0.00 0.03

Fig. 5. (a) The phenomenon of site percolation occurring with the
formation of a continuous chain between the two surfaces by the
highly conducting particles. (b) Thermal conductivity of TIM made from
CNT and Ni particles (Hu et al. [29]). This figure indicates the presence
of percolation. Solid and dashed lines are model developed by Hu et al.
[29] based on bond percolation. This figure shows a jump in thermal
conductivity near percolation threshold, which means that the CNT is
making contacts with different Ni particles.

capture thin-film effects [50] which happens when the
thickness of the composite is comparable to the dimensions
of the particles. Recently Devpura et al. [51] and Keblinski
and Cleri [52] considered the percolation model in the
presence of R;, and showed that percolation phenomenon is
diminished in the presence of R;. The percolation model
has been applied with some success in predicting the
thermal conductivity of superconductors [53] and some
complicated compounds [54].
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Table 3 Critical Concentrations for Site Percolation on a Variety of Lattices (Zallen [46]). p. is for Cubical Particles and ¢ Is for Spherical Particles.
fcc: Face Centered Cubic, bcc: Body Centered Cubic, sc: Simple Cubic, rcp: Random Close Packing

Lattice or structure Pec [0
fee 0.198 0.147
bee 0.245 0.167
s¢ 0.311 0.163
Diamond 0.328 0.146
rep 0.28 0.16

All the discussions on the percolation model given in
the previous paragraph is for site percolation. There is
another type of percolation known as bond percolation,
which is applicable to fiber-type particles [41]. Hu et al.
[29] applied a bond percolation model to a TIM made from
carbon nanotube (CNT) and Ni particles. Their data and
model predictions are shown in Fig. 5(b). Fig. 5(b) shows
the existence of a percolation threshold at a very small
volume fraction of CNT. Their work indicates the potential
of using CNTs in TIMs.

Thermal conductivity of composites can also be
calculated using computationally intensive numerical
methods and there are plenty of literature on that (see
[38] and [39] for details). Recently Ganpathy et al. [39]
proposed a numerical model for nonplanar geometry,
which uses MG model to define the thermal conductivity
of a unit cell. This transformation converts the nonplanar
geometry to a planar geometry while capturing the effects
of constriction/spreading of heat flow lines due to
nonplanar geometry. This model reduces the number of
elements in finite element modeling by a huge amount.
Their model also includes R, and it compared very well
with experimental data. For complicated situations such as
misaligned fibers or short fibers, some literature exists
[34], [55]. Progelhof et al. [56] have also provided a
detailed discussion on various models of thermal conduc-
tivity of composites.

Recently the author used the BAM to model krpy.
Fig. 6 shows the comparison between experimental data
on kv from various sources and BAM. Fig. 6 shows that
BAM is very successful in modeling krpy. Data from He
[57], [58] for silicone-based TIMs was given in terms of
weight fraction. To obtain the volume fraction silicone oil
density was assumed to be 971 kg m~> [59]. Fig. 6 shows
that the importance of R,. BAM match the data assuming
a=0.1 where « is the Biot number. Assuming
ky =0.2 W m™ K! and diameter (d) of the particles
10 pm (typical in commercial TIMs), a = 0.1 gives
R, =5x%x10"% Km? WL, R, at the interface between
the particle and the matrix could arise due to two factors:
1) phonon acoustic mismatch and 2) incomplete wetting
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of the interface by the polymer. R, due to phonon
acoustic mismatch is of the order of 1078 K m? W~! [61]
at room temperatures. This means that o = 0.0002 due
to phonon acoustic mismatch for d =10 ym and k, =
0.2 W m™! K™1. Prasher et al. [61] recently showed that at
room temperature phonon acoustic mismatch could be
ignored in comparison to the incomplete wetting;
however, for nanoparticles phonon acoustic mismatch
could become important. R, due to incomplete wetting of
the particle could become a function of the volume
fraction because it is difficult to completely wet the
surfaces with increasing volume fraction due to difficulty
in processing conditions. The percolation model and BSM
will predict much higher conductivity than the experi-
mental data. Fig. 6 also shows the inability of MG model
in predicting kry for higher volume fractions. Data on
some particle filled mold compounds by Bujard et al. [62],
[63] also show that at volume fractions as high as 80% the
thermal conductivity was only around 4.5 W m™! K.
BAM is much simpler to use than any numerical model.
BAM is a model, which takes the closeness of the particles

LT e e L L B B B o e LA BN e B o
8 B
—— M-GEMT{(x=0) :

- oo BAM (o= 0) /

< —— BAM (¢=0.1) /

X &t ® Prasheetal. [24] / .

‘e o Hel[57,58] /

E v Zhang [60] 5)

= 4} / i
x'_ &/

Fig. 6. Comparison of Bruggeman Asymmetric model with
experimental data.
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into account while accounting for R, whereas MG does
not take the closeness of the particles into account.

B. BLT: Rheological Modeling

The first serious effort to model the BLT was made by
Zhou and Goodson [21]; however, they treated particle-
laden polymeric (PLP) TIMs as Newtonian fluids. This led
to the unphysical conclusion of BLT = 0 for larger time
(t). Prasher et al. [23], [25] measured the viscosity of
various silicone-based PLT TIMs and showed that these
TIMs behave as Herschel-Bulkley (H-B) fluid. The
viscosity (1)) for H-B fluid is given by [64]

T \n—
n==2+K(H)""

©)
gl

where 7, is the yield stress of the polymer, + is the strain
rate, K the consistency index, and n is an empirical
constant. Prasher et al. [25] showed that steady state BLT
depends only on T,. Fig. 7 shows 7, for three different PLP
TIMs loaded with different volume fractions of particles.
Fig. 7 shows that 7, increases with increasing volume
fraction of the particle. Applying the law of conservation of
momentum and mass, the BLT by using (5) is given by

(6)

2 Ty
BLT =— r(—)
3 \P

where r is the radius of the substrate and P the applied
pressure. Prasher et al. [26] showed that (6) under

1@+6 ey
I o 40%
~1eroe » o 50%|
*‘.'E 7 v v o60% | ]
P 1e+a b E
£ : E
g 3
2 C
g 1et3E ?
[*] F ]
2
>
les2 ) 3
et S P
0.1 1 10 100 1000 10000

Shear stress (N m2)

Fig. 7. Viscosity versus shear stress to obtain yield stress for different
volume fraction of particles in silicon-based greases [25].

predicted the BLT by a huge margin. They introduced an
empirical model

™)

where C and m are empirical constants. They found
m = 0.166 and C = 0.31 x 10~*. Subsequently the author
[26] offered an explanation for the empirical (7) by
applying finite size scaling argument to a percolating
system of particles. A heterogeneous system can be
macroscopically treated, as homogenous only if the
thickness (BLT in this case) is much larger than the
diameter of the particles. At high pressures the BLT of
TIMs range from 20 to 50 pm. If the particle diameter is of
the order of 10 pm, then the TIM cannot be treated a
macroscopically homogeneous system. Prasher [26] used
the finite size scaling of elasticity modulus [65] for a thin
percolating systems as a clue to scale 7, of the PLT TIM.
Prasher [26] also considered the fact that if BLT > d (at
low pressures) then any BLT model should reduce to (6).
Based on these arguments Prasher’s model [called the
scaling-bulk (S-B) model] is given as

=31 (s) 1 6)

where ¢ = 13708. This equation at high pressures shows
that m = 0.188 which is very close to the m obtained in the
empirical (7). Equation (8) reduces to (6) for a very small
value of P/7, and to (7) for a large value of P/7, with
m = 0.188. The author also proposed an approximate

(8)

version of (8) for quick calculations. This is given as

L :a (Q) n <g) 0.188‘10‘811 o (Q) 0.188
P3N/ s p)

Fig. 8 shows the comparison of (9) (S-B model) with
experimental data obtained on various PLT TIMs [25]. The
author also compared (8) with a variety of other

9

suspensions for d as large as 80 pm and as small as 2 ym
and showed that (8) matches very well with the data.
Recently Hu et al. [30] proposed a model based on the
percolation phenomenon for BLT. Their model assumes
that the force applied is supported by the fluid (polymer)
and the particles separately. They calculated the force
carried by the particles by applying percolation model and
assuming that BLT is less than the correlation length. An
empirical constant (¢;) was used to calculate the force
carried by the particles. For the force carried by the liquid,
they treated the systems as a Newtonian liquid. Their
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Fig. 8. Comparison of scaling bulk model with experimental data for
the PCM [25], [26].

prediction leads to conclusion that BLT o< P~%> whereas
data by Prasher et al. [25] show much smaller dependence
on P. It is also not clear if ¢ is a universal constant or it
depends on TIM type.

Equation (8) can be used for PCM, greases, and
precure gels, as these TIMs are well described by the H-B
model. Equation (8) cannot be used for elastomeric TIMs
or cured gels. The author is not aware of any systematic
study of BLT for PLP elastomeric TIMs. Fuller and Marotta
[22] conducted a study on pure polymers and metal joints;
however, they measured BLT from experiments and their
focus was solely on R.. Modeling of BLT for PLP
elastomers could be handled by using the approaches by
Lewis and Nielsen [66] or by applying the percolation
models for the elastic properties of composites [65]. The
use of elastomeric TIMs is very limited in current tech-
nologies because of their poor thermal performance as
compared to greases, gels, and PCMs [11], [68]. Therefore,
in the opinion of the author, much advancement in the
modeling of BLT of PLP elastomers is not expected in the
future.

C. Dependence of Bulk Thermal Resistance on
Particle Volume Fraction
The bulk thermal resistance of the TIM is given by

BLT
Rpuik = —. (10)
krim
Using (7), Rpuik can be written as
1 7\
Rpuik = ——C|( = (11)
krim p
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7, depends on particle volume fraction (¢) as shown
by Fig. 7. If electrostatic interaction [64] is assumed to
be negligible compared to the Van der Walls interac-
tion in the particle-laden polymer, then 7, can be ex-
pressed as [64]

1

5= i 1 (2

where A is constant and ¢, is the maximum particle
volume fraction. Equation (12) can also be written as

Ty 1

A |(gn)0) —1 4

where 7' is the dimensionless yield stress. Using 7/,
(11) can be written as

/m
Rpup™ 7

= 14

Using the BAM and (14), Prasher et al. [25] showed that
Rpuik reaches a minima with respect to the volume fraction
of the fillers. This was experimentally verified by them.
Their result is shown in Fig. 9. Fig. 9 shows that there is an
optimal volume fraction for the minimization of the
thermal resistance. Prasher [26] recently performed
parametric studies on the thermal resistance for various
factors such as ¢, diameter of the filler and the applied
pressure. The key conclusion from Prasher’s parametric
study was that there is an optimal volume fraction for a
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Fig. 9. Experimental results for resistance versus particle volume

fraction for silicon-based thermal greases [25].
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given pressure and filler shape, above which thermal
resistance of the TIM increases.

D. Contact Resistance

Various authors [6], [21], [67] have modeled the
contact resistance of PCM, grease, and uncured gel TIMs,
assuming them to behave like a pure liquid. Some groups
have considered incomplete wetting of the interface
between the TIM and the substrate [6], [21] and other
groups have considered complete wetting of the interface
[67]. The author [6] proposed an incomplete wetting by
applying surface chemistry. This model was based on the
assumption that due to trapped gases in the valleys of the
rough surface, the TIM is unable to fill all the valleys. This
is shown in Fig. 10. By applying force balance which
includes the externally applied pressure, capillary force
due to the surface tension of the TIM and back pressure
due to the trapped air, it was possible to calculate the
penetration length of the TIM in the interface. The author
defined a constriction resistance parameter based on Ae,
and Apominal as shown in Fig. 10. For kriv << Ryubstrate the
surface chemistry model is given by

R o 01+ 02 Anominal
o 2ktim Areal

where 0y and o, are the surface roughness of the two

(15)

substrates sandwiching the TIM. A, can by calculated
from penetration length of the TIM. The surface chemistry
model was in good agreement with PCM and greases as
shown in Fig. 11. This model was also used by Zhou and
Goodson [21]. However, considering the later finding by
the author [25], [26] that these TIMs posses yield stress
and viscosity, which means that they are semisolid and
semiliquid, the pure liquid-based surface chemistry model
is not good enough for the modeling of the contact
resistance of PLP TIMs. Intuitively speaking, the area

TIM

/

Fig. 10. Mechanism of heat transfer near the TIM substrate
interface [6].
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Fig. 11. Comparison of the surface chemistry model with experimental
results for PCMs [6].

covered by the PLP in the valleys of the interface as shown
Fig. 1 will eventually depend on the pressure and yield
stress. This relation could be somewhat similar to that
obtained for bare metallic contacts where the contact
resistance depends on the pressure and the hardness of the
softer material. For PLP TIMs most likely hardness will
have to be replaced by the yield stress. Internal studies at
Intel on various state-of-the-art TIMs have suggested,
however, that bulk resistance of the TIM is more dominant
than R..

For cured gels, Prasher and Matyabus [27] proposed a
semiempirical model for R., which has similar form as (1).
This model is given as

R.o (G> "
A
krim P

where G = v/G"? + G"?. G’ is the storage shear modulus
and G” is the loss shear modulus of the TIM. For cured
gels, G > G, and for uncured gels, G' < G”. Note that
uncured gels are nothing but greases. Fig. 12 shows the

(16)

comparison between this model and experimental data on
four different formulations of gels.

For the contact resistance of elastomers, Fuller and
Morotta’s [22] model can be used. Morrotta et al. [28] also
applied their elastomer model to predict the R, of TIMs
made from graphite foils.

IV. RELIABILITY PERFORMANCE OF
POLYMERIC TIMs

The focus of all the research on polymeric TIMs until now
has been on understanding the behavior of freshly made
samples. In reality, however, these TIMs are exposed to
high temperatures and harsh conditions for a long period
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of time. Assuming that a processor life is seven years, this
translates into approximately 61 000 h under continuous
operation or 35000 h for 14 h a day. If the chip
temperature is 100 °C, then the polymers in the TIM are
being exposed to relatively high temperatures for a very
long time. Polymers degrade under such high tempera-
tures [69]. It is not possible to test these TIMs for such
long times to understand their behavior for exposure to
high temperatures. Therefore, to understand the degrada-
tion behavior accelerated life time testing is performed
[68]. Under accelerated testing the TIM is exposed to
higher temperatures than the use condition temperature.
For example, if the chip temperature is 100 °C it could be
tested at 125 °C and 150 °C for a much shorter period than
the use condition. The thought behind this is that higher
temperature will accelerate the degradation and engineers
would be able to generate degradation models. Fig. 13
shows themogravitic analysis (TGA) of a PCM. Fig. 13

101
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-
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=
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-
S
2
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96
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Temperature (°C)

Fig. 13. Thermogravimetric analysis of a PCM showing onset of
oxidation at about 125 °C.
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shows that polymer loses weight due to oxidation. With the
current level of understanding, it is not possible to relate
this behavior to degradation in the thermal performance of
TIMs. Therefore, empirical methods are typically applied.
Fig. 14 shows the thermal resistance (Rjc) of a PCM TIM as
function of time and temperature. The lines represent an
Arreheneous-type model. These lines are curve fit and
their form is

(17)

Ric(t) = Ric(t = 0) + Av/texp (i)

kpT

where E, is the activation energy, A the acceleration factor,
and k;, the Boltzmann constant. t represents the time and
the first term on right-hand side is the Rjcatt=0,1i.e., Rj
of a pristine fresh sample which has not been exposed to
high temperature. The focus of the research discussed in
previous sections have been on R;.@t = 0. Equation (17)
shows some type of a diffusion process due to square root
dependence on time [69]. Once A and E, are known from
matching the data at higher temperatures, the use
temperature can be put into (17) to obtain the value of
Rjc at the use temperature and end of life of the product. In
the industry, TIMs are designed for end-of-life perfor-
mance. Therefore, it is very possible and quite frequent
that a particular TIM gives great ch@t = 0 performance,
but that TIM might degrade so much that at end of life it
gives very bad performance.

There is no mechanistic understanding of the degra-
dation of the thermal performance of the TIMs due to large
exposures to high temperatures. The form of (17) suggests
some type of diffusion process; however, it is not clear
what is really diffusing. Even if it is assumed that the
oxidation of the TIMs follows a diffusion process, no
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attempt has been made to relate this to thermal
performance. This area of research is wide open.

Thermal greases suffer from another type of degrada-
tion, which commonly known as pump-out [11]. Pump-out
typically happens in temperature or power cycling.
Recently Prasher and Matyabus [27] related the pump
out problem to the ratio of G’ and G”. They showed that to
avoid pump out G’ of grease should be greater than G”. This
is exactly what a gel does. Gel is nothing but a cured
grease. Fig. 15 shows the rate of degradation of thermal
performance versus G'/G”. Fig. 15 shows that the
degradation rate is almost a constant after G’ > G”.

Other types of stress testing include testing under
humidity, temperature cycling, shock and vibration. For
most of these stress, testing mechanistic understanding is
still missing and most of the modeling and analysis are
empirical in nature.

V. SOLDERS

Solders are now actively being pursued as TIMs due to
their large thermal conductivity [70]-[72]. Chiu et al. [70]
characterized various solder TIMs and showed that some
solders possessed very small thermal resistance. Voiding is
the biggest problems for solder. Pritchard et al. [71]
performed numerical studies to understand the influence
of voiding on the over all thermal performance of solders.
Hu et al. [72] have performed experimental characteriza-
tion of voids in solder type TIMs. Microscopic modeling of
thermal performance of solders is missing from the
literature primarily because of the lack of a driving force.
In the opinion of the author, this is because: 1) most of the
solders’ performance is inherently very good and 2) they
are not preferred over polymer TIMs because of cost and
the complexity involved in implementing solder TIMs as
compared to polymer TIMs.

VI. NANOTECHNOLOGY IN TIMs

Ever since it was demonstrated that CNTs [73] have very
high thermal conductivity, various CNT-based composites
have been proposed and evaluated [74]-[77]. Although
promising candidates as fillers, CNTs have a big limita-
tion. Due to their small diameter, the impact of any
thermal interface resistance between the polymer and the
CNTs on krpv will be huge. Huxtable et al. [78] have
experimentally measured R, between CNTs and various
liquids and they have shown that Ry, is substantial (8.33 x
1078 K m* W'). Nan et al. [79] recently proposed sim-
plified effective medium model to compute k of CNT-
based composites. Hu et al. [29] have performed a
feasibility of study of CNT-based TIM as mentioned
earlier. Their preliminary results are encouraging and
show the potential of achieving percolation threshold are
very small volume fractions. Another potential problem
of using CNT is that the BLT of the resultant TIM will be
high because the yield stress of fiber-based composites
are very high. Therefore, for a fair comparison between
CNT-based TIMs and conventional TIMs thermal resis-
tance is the right metric as compared to krpy.

Xu and Fisher [80], [81] have grown CNTs directly
on the back of Si. Their concept is schematically shown
in Fig. 16. The heat spreader was pressed against the
as-grown CNTs. They have also used PCM TIM and as-
grown CNT combination to reduce the thermal resis-
tance. Hu et al. [82] have experimentally measure the
thermal resistance for this concept and their results are
shown in Fig. 17. At this time there is no physics-based
model for this concept; however, it looks very promising. It
seems that this concept will not suffer from the reliability
problems of polymer-based TIMs as mentioned earlier,
because this does not use polymers. It is more complex and
expensive than polymer-based TIMs; however, it seems
that this concept has good potential and this could lead to
various creative ideas, such as those shown by Xu and
Fisher [81], where they used PCM TIMs.

l Pressure

Copper

CNT

Silicon

Fig. 16. Schematic showing the use of CNT grown in the back of
Si (Xu and Fisher [80], [81].
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Researchers have also proposed the use of nano-
particles as fillers [83], [84]; however, nanoparticles
suffer from the same problem as CNTs, i.e., R, will
play a dominant role in nanoparticle-based composites.
Putnam et al. [85] measured R, between polymer
and alumina in the range 2.5x10°%® Km? W'~
5 x 1078 K m? WL, This means that the critical radius
(o =1) below which the thermal conductivity of the
nanocomposite is less than the conductivity of the matrix
varies between 5 and 10 nm. The yield stress of particle-
laden polymers increases with decreasing particle diame-
ter [64]. Therefore, the BLT of these nanoparticle-based
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