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Recent Advances in Thermal Interface Materials
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In recent years, miniaturization and integration have become the development trends of electronic devices. With the power

of electronic devices continuing to increase, the amount of heat generated is sharply increasing. Thermal interface material
(TIM) can effectively improve heat transfer between two solid interfaces, and it plays an important role in the performance,
service life and stability of electronic devices. In this case, higher requirements are put forward for thermal management,
so much attention is also attached to the innovation and optimization of TIM. In this paper, recent research development
of TIM is reviewed. Rheology-based modeling and design are discussed for the widely used polymeric TIMs. It is discussed
for the effects of thermal conductive fillers on the properties of composites. Many studies have shown that some polymers

filled with high thermal conductivity and low loss ceramics are well suitable for electronic packaging for device

encapsulation. Until now, extensive attentions have been paid to the preparation of polymeric composites with high thermal
conductivity for the application in electronic packaging. Finally, the problems are also discussed and the research directions

of TIM in the future are prospected.
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1. Introduction

1.1 What is Thermal Interface material?

In recent years, miniaturization and integration have become
the development trends of electronic devices. With
continuingly increasing power of electronic devices, the
amount of heat generated is sharply increasing.'” Owing to
roughness in morphology, just a small fraction of the apparent
surface area will have an actual contact when two solid
surfaces are joined. “"” The rest of the area will be separated by
an air-filled gap, and since the thermal conductivity of air
(0.026 W/mK) is about four orders of magnitude lower than
that of metals, heat transfer across the interface through air is

negligible. The bulk of the heat flux will go through the actual
contacting points, which presents a severe thermal bottleneck
even for substrates with avery low roughness. This exhibits
itself as a temperature drop across the interface as seen in Fig.
1. As a result, TIM is placed between two mating surfaces to
increase the thermal conductance over the interface.

The TIM is typically made of a material that is compliant
and can fill out the voids in between the two surfaces, thereby
increasing the effective contact area. An ideal TIM would only
fill the existing voids in the interface with a thermally
conductive material. In a realistic application, the thickness of
the TIM will create a gap between the two mating surfaces, but
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the improvement in thermal conductivity of the TIM compared
to the ambient fluid still gives a big improvement on the
interfacial heat transfer.

Tchip L} ( C)

T
I
I
I

AT

1
Theatsink _IL
W TChip

Fig. 1 Schematic representation of working principle of a TIM.
An interface lacking a TIM will have a very concentrated heat
flux, causing a large temperature drop at the interface. A TIM
fills out the voids and reduces the temperature drop over the
interface.

Heatsink
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Fig. 2 Schematic illustration of a typical ball grid array (BGA)
electronics package with two TIMs. The heat is conducted
through the backside of a BGA chip. There are TIMs between
chip and THS and between THS and heat sink. The different
TIM applications are called TIM1 and TIM2, respectively.

In an electronics package, TIMs are usually employed at
all interfaces between two solid materials. Typically these
interfaces occur between heat-generating die and integrated
heat spreader (IHS) as well as between the IHS and a heat sink.
These two TIM applications are called TIM1 and TIM2,
respectively, and are illustrated in Fig. 2. There are also
packages with a single TIM connecting a die directly with a
heat sink and packages with more than two TIM instances
between chip and heat sink." The thermal performance of a
TIM is generally evaluated according to its thermal interface
resistance (Rry), which is a measure on how difficult it is for

© Engineered Science Publisher LLC 2020

heat to dissipate over the interface. It is related to the
temperature drop (A7) over the interface according to Fourier's
law as AT=R;,;Q, where Q is the heat flux. Minimizing Ry
is a general goal of TIM's development. The thermal interface
resistance can be divided into resistive components, for a TIM
typically:

BLT

Ry = _’_Rd_'_Ra (1)

TIM

where R, is the total thermal interface resistance, R., and R,
are the contact resistances at the interface between the TIM and
the two substrates, 4, the thermal conductivity of the TIM and
BLT is the bond line thickness, i.e. the thickness of the TIM.
Depending on the type of TIM and application, the different
terms of the equation will have more or less impact on the
overall performance, and when choosing or designing a TIM,
it is important to identify which parameters to optimise.

R.-Between substrate and TIM, there is a contact
resistance depending on the thermal contact. This contact
resistance depends on how well the TIM conforms to the
substrate and fills out voids. It is affected by the compliancy
of the TIM as well as how well it wets to the substrates, and
can be very dependent on applied pressure for some TIMs.
There is also a thermal boundary resistance between two
different materials, even if atomically smooth due to phonon
or electron scattering at the interface. This effect is called
Kapitza resistance."” The bond line thickness (BLT) of the TIM
is a measure of how separated the two surfaces are i.e. how
thick the TIM is. As the TIM typically still has a significantly
lower thermal conductivity than either of the substrates, it is
desirable to minimise the BLT. In addition, a lower BLT means
less material used, and thus usually a lower cost as well.
Ideally the TIM fills out only the voids in the original interface.
However, in practice a very thin bond line can result in voiding
due to uneven TIM coverage as well as reliability issues during
thermal cycling due to mismatch in coefficient of thermal
expansion (CTE). For TIMs in liquid form, the BLT is
influenced not only by the amount of material but also by the
viscosity of the material and clamping pressure. In addition, for
TIM loaded with solid filler particles, the size of the fillers can
introduce a limit on how thin BLT is possible. For a TIM
applied as a pad, the BLT is limited by handling and
mechanical requirements. The thermal conductivity (A) of the
TIM is the measure on how well the material conducts heat
within itself. The importance of a high thermal conductivity is
proportional to the BLT i.e. for very low bond line thickness,
the contact resistance dominates over the resistance due to
thermal conductivity, but for thick TIMs the thermal
conductivity becomes a critical parameter.

In recent years, there has been a great drive in the industry
in reducing R ;. The heat flux from the chip is non-uniform,
% because both the core and cache are on the same die.

ES Mater. Manuf., 2020, 7, 4-24 | 7



Review Paper

ES Materials & Manufacturing

Majority of power is dissipated from the core, i.e., from a much
smaller area of the chip. Even within the core, heat flux (g) is
non-uniform. Mahajan et al.” discussed the issue of the non-
uniform heat fluxes from the die and indicated that cooling
solutions were not only needed to maintain the average chip
temperature below a design point, it was also important to
maintain the temperature of the hottest spot below a certain
design point. Therefore, the thermal problem near the chip is
very severe. The total thermal resistance for non-uniform
heating can be written as:"

[//],a :DF >< Rﬂ» + l//('\ + l//.\'a (2)

where y; , is the junction to ambient thermal resistance, R, the
junction to case thermal impedance for an uniformly heated
die, w,, is the case to sink resistance,and y,, is the sink to
ambient thermal resistance. DF in Eq. (2) is called "Density
Factor" that accounts for the non-uniformity of ¢ and the die
size.” The unit of DF is cm™. For a 1 cm® uniformly heated
chip, the DF is 1. DF is typically larger than 1 for most
microprocessors due to high non-uniformity of q and small die
sizes, but theoretically DF can approach zero for very large die.
According to Eq. (2), a reduction in both R, and DF leads to
a reduction in y;_,. Note that the reduction of R, leads to a
greater reduction in y; , if DF is larger than 1. Since R, is
primarily due to TIM thermal resistance, this has lead to a great
drive in the electronics cooling industry to develop better TIMs.
An ideal TIM consists of a material combining low bond line
thickness with a high thermal conductivity and a low thermal
contact resistance. However, aside from the thermal interface
resistance, there are a number of other parameters to be
considered when choosing or designing a TIM. Whether the
TIM is electrically insulating or not can be relevant, as other
specifications are related to the mechanical properties of the
TIM, which affect the handling capability as well as reliability
issues. A TIM can be in either liquid or solid form, and not
necessary be the same during handling as during operation.
TIMs that are liquid during handling can lead to a somewhat
messy process and uncertain BLT, but are generally able to
infiltrate voids well if the viscosity is low enough, while
applying as a pad is a much more simple process but might not
be able to conform to the substrates as well. The importance of
the conformability parameter depends on the substrate
roughness and flatness.

During operation, liquid TIMs may be susceptible to
effects that negatively affect the reliability. During thermal
cycling, the package will undergo mechanical deformations,
which tends to spread out the TIM further, eventually pumping
out material from between the surfaces. This pump-out effect
can be a significant problem for liquid TIMs. Another aspect
to consider is whether the TIM can act as an adhesive or if it
requires external pressure. TIMs that are liquid during
operation will need an applied pressure to hold the system

8 | ES Mater. Manuf-, 2020, 7, 4-24

together, also depending on the viscosity of the TIM. TIMs that
are solid during both handling and operation will generally
require a significant pressure to make the TIM conform to the
substrates. On the other hand, there are TIMs that also function
as adhesives which will bond the two substrates together and
do not require any external pressure during operation, although
it can cause delamination issues which can be a reliability
concern.

2. Recent Progress in Modeling of TIM

In order to accurately model the physics of TIM performance,
we need to understand: (1)A 1y, (2) BLT, and (3) R. according
to Eq. (1). Eq. (1) shows that R, can be reduced by reducing
the BLT, increasing the thermal conductivity Ay, and reducing
the contact resistances R,, and R,,. Table 1 summarizes the
characteristics of various TIMs'"'® and their advantages and
disadvantages. Since most TIMs are loaded with solid particle
fillers, the physics to describe TIM thermal performance
becomes complicated. Prasher' first attempted to separate the
bulk resistance (R,,;) and R, by proposing a physical model,
Prasher and co-workers have introduced various models for
BLT, A, and R, in a series of papers.'”' They mainly focus
on grease, gel, and phase change materials (PCM) since these
TIMs are most widely used as compared to elastomers.” In the
following sections, modeling of Ay, BLT, and R, for different
types of TIMs is illustrated sequentially.

2.1 Model to Predict Thermal Conductivity (4 ;,)

Since most polymeric TIMs are typically filled with highly
thermal conductive particles to increase Ay, these TIMs can
be treated as composites. In general,thermal conductivity of
any composite can be written as:*

)\l :f(;{m’/lp’Rln¢) (3)

where A,, is the thermal conductivity of the matrix, 4, is the
thermal conductivity of the particles, R, the interface resistance
between the particle and the matrix, and ¢is the volume
fraction of the particles. Many literatures can be found for
modeling thermal conductivity of composites (A.). Prasher”
has extensively discussed the merits and demerits of various
models.

Table 2 lists various models to predict A. Prasher'?
found that Bruggeman asymmetric model (BAM) matches the
experimental data of various polymeric TIM. BAM is very
successful in modeling Ay BAM matches the data by
assuming a (Biot number) of 0.1. Assuming A,, of 0.2 W/mK
and particle diameter (d) of 10 um (typical in commercial
TIMs), a=0.1 gives R,=5x10° Km*W"'. R, at the interface
between the particle and the matrix could arise due to phonon
acoustic mismatch or incomplete wetting of the interface by the
polymer. R, due to phonon acoustic mismatch is of the order
of 10®* K m*> W'at room temperatures, resulting in a of 0.0002
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Table 1 Summary of characteristics of some typical TIMs.

Ry, of fresh

TIM type samples General Advantages Disadvantages
C cm?W 1)? characteristics
+High bulk thermal conductivity
Tvoi e *Thin BLT with minimal attach .
ypically silicone- ressure *Susceptible to grease pump-out
based matrix loaded P . . . and phase separation
. . *Low viscosity enables matrix . .
Greases 0.1 with particles to - . *Considered messy in a
material to easily fill surface . .
enhance thermal crevices manufacturing environment due
conductivity N . . to a tendency to migrate
*No curing required
*TIM elamination is not a concern
*Lower thermal conductivity than
Polvolefin. epox *Higher viscosity leads to increased ~ greases
lowymolec’ulzli)r ¥, stability and hence less susceptible - Surface resistance can be greater
weight polvesters to pump-out than greases. Can be reduced by
PCM 0.1 ac glicspt yicall > * Easier application and handling thermal pre-treatment
Wilgl BN %’? y than greases *Requires attach
ALO. fillers *No cure required pressure to increase thermal
23 *Delamination is not a concern effectiveness and thus could lead
to increased mechanical stresses
*Cure process needed
Al AlLO,, Ag . . Lower thermal
clos o sili *Conforms to surface irregularity ductivity th
Gels 0.08 particles in silicone, "’ © L conductivity than
- olefin matrices that -No pump-out or migration concerns & ca>¢
require curing pump & Lower adhesion than adhesives;
delamination can be a concern
- Cure process needed
Typically A +Conforms to surface irregularity *Delamination post reliability
- Data not ypieal’y Ag before cure testing is a concern
Adhesives : particles in a cured . .
available *No pump-out *Since cured epoxies have

epoxy matrix

*No migration

modulus, CTE mismatch induced
stress is a concern

PCM-phase change material

Table 2 Models to predict the thermal conductivity of particle-laden TIMs."*

Name of themodel Formula

Remarks

A [+ 2a0) 420, ]+ 2004, (1- @) - A, ]

Aw o (A, (14 20)+ 24, ] - $A,(1-a)-A,]

Maxwell-Garnett with

Spherical particles

2Rb)\m
R, a= d Typicallyvalid for ¢<0.4
A, 1+ 2a)+2¢4(1 -
= ( )+ 26(1 - a) forA, > A,
A, (14 2a)-o¢(1-a)
A, = A, A, AL Spherical particles
i 1- + ! =0 p p
Elr;ldgeglemansymmetrlc ( d)) A, + 22, A, + 24, Typically
(R, not included) good at higher ¢
3/0-a)
(1-¢) :(’\'" /e A A0 -a)
Bruggeman A, A, -A(l1-a) . .
. Spherical particle
asymmetric model A, 1

m

A (1 _ d))z(l—a)/(uza)

for A, > A,

A, = thermal conductivity of matrix, A, = thermal conductivity of particles, R, = interface resistance between
particles and the matrix, ¢ = volume fraction of the particles.
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for the case with d of 10 um and A, of 0.2 W/mK. Prasher et
al. also showed that phonon acoustic mismatch at room
temperature is negligible when compared to incomplete
particle wetting; however, phonon acoustic mismatch Table 1.

2.2 Rheological Model to Predict TIM Bondline Thickness
(BLT)
Prasher et al.” measured the viscosity of various silicone-based
TIMs and indicated that these TIMs behave like Herschel-
Bulkley (H-B) fluid. The viscosity (1) for H-B fluid is given
by

T

7= +K(7)" )

where 7, is the yield stress of the polymer, y is the strain rate,
K the consistency index, and # is an empirical constant. Prasher
et al.” further showed that steady state BLT depends only on
7,. By applying law of conservation of momentum and mass,
the BLT by using Eq. (5) can be expressed by

2 |,

BLT= 3 r( P) (5)
where 7 is the radius of the substrate and P the applied
pressure. However, Prasher et al. " found that Eq. (5)
underpredicted the actual TIM BLT by a huge margin. Thus,
they decided to introduce an empirical model

7,

h,=C (P) (6)
where C and m are empirical constants. They found m is 0.166
and C is 0.31x10". Subsequently, Prasher” offered an
explanation to Eq. (6) 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 typically
ranges from 20 to 50 pum. If theparticle diameter is of the order
of 10 pum, then the TIM cannot be treated a macroscopically
homogeneous system. Prasher” used the finite size scaling of
elasticity modulus™ for a thin percolating system as a clue to
scale 7, of the TIM. Prasher® also considered the fact that if
BLT >>d (at low pressures) then any BLT model should reduce
to Eq. (5). Based on these arguments, Prasher's model (Called
scaling-bulk (S-B) model) is given as

d\" ,
BLT=§rHBLT) +1J(;;) 7)

where ¢ =13,708. This equation at high pressures shows that
m = 0.188 which is very close to the m obtained in the
empirical Eq. (6). Eq. (7) reduces to Eq. (5) for very small
value of P/t, and to Eq. (6) for large value of P/t, with m =

0.188. The author also proposed an approximate version of Eq.
(7) for quick calculations. This is given as

10 | ES Mater. Manuf., 2020, 7, 4-24
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Fig. 3 Comparison of scaling bulk model with experimental
data for the phase change material. (Reproduced with
permission.”” Copyright 2006, IEEE)

Fig. 3 shows the comparison of Eq. (7) (S-B model) with
experimental data obtained from various TIMs.** The author
also compared Eq. (7) with a variety of other suspensions for
d as large as 80 um and as small as 2 pm and showed that Eq.
(7) matches very well with the data.” Eq. (7) can be applied to
phase change material, greases, and pre-cure gels as these
TIMs are well described by the H-B model.

2.3 Effect of Particle Volume Fraction on Bulk TIM
Thermal Resistance
The bulk thermal resistance of the TIM is given by,
BLT
Ry = T (9)
TIM

By combining Egs. (6) and (9), R, can be arranged as,

1 T’ m
Ru=— C[= 10
bulk Ame (p) (10)

If electrostatic interaction is assumed to be negligible
compared to the Van der Waal's interaction in the particle laden

polymer, then t, can be expressed as,”
2

1

(¢m/¢) ) :

where A4 is constant, and ¢,, is the maximum particle volume

7,=A

y

(11

fraction. Eq.(11) can also be rearranged as,
2

LT 1

=2 = 4(¢m/¢) 1/3 B

A
where 7' is the dimensionless yield stress. Using 7/, Eq. (10)
can be written as,

(12)
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‘m

Ry T

= 13
c4” /1T1M ( )

Using the BAM and Eq. (13), Prasher et al."” showed that R,
reaches minima with respect to the volume fraction of the

fillers. This was experimentally verified by them, as shown in
Fig. 4.

K | 1 S ——
[ @ 20 PSI (137880 Pa) ]
6 [ ]
L @ 90 PSI (620460 Pa) é ]
2 26x108f i ]
% ]
< [
6l 1
5 24x10 r 1
o i i 1
22x10°6 [ g ]
20)(10'6 L PR R R N PR Y P P U SR 'Y ]
0.35 0.40 0.45 0.50 0.55 0.60 0.65

Particle volume fraction

Fig. 4 Experimental results for resistance vs. particle volume
fraction for silicone-based thermal greases. (Reproduced with
permission. ¥ Copyright 2003, The American Society of
Mechanical Engineers)

Fig. 4 shows that there is an optimal volume fraction for
the minimization of the TIM thermal resistance. Prasher”
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 given
pressure and filler shape, above which thermal resistance of the
TIM increases.

2.4 Model to Predict Thermal Contact Resistance (Rc¢)
Prasher'” proposed an incomplete wetting by applying surface
chemistry and assuming pure liquid-like behavior for TIMs.
This model assumed that the TIM is unable to fill all the
valleys due to trapped gases in the valleys of the rough surface,
as shown in Fig. 5. By applying force balance among 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. A constriction resistance parameter was defined
based on A, and 4,,,.. as shown in Fig. 5. For Apy, <<
Aasiates the surface chemistry model is given by

o + g Am)minal
RC‘ o — 1 2
2j'TIM Areal
where o, and o, are the surface roughness of the two substrates

sandwiching theTIM. A ., can be calculated from penetration
length of the TIM.

(14)
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Fig. 5 Mechanism of heat transfer near the TIM substrate

interface.

The surface chemistry model was in good agreement with
PCM and greases as shown in Fig. 6. However, considering the
later finding by Prasher'** that these TIMs possess yield stress
and viscosity, which means that they are semi-solid and semi-
liquid, the pure liquid-based surface chemistry model is not
good enough for the modeling of the contact resistance of
TIMs.

18'3: v LB R AL} L LR B ERAL ] L LB RRL) ¥ LIRLERIBE AL -
1e-4 | E
= 1e-5 =
N, E E
E E E
X [
2 e 3
o - E
1 F 3
L ® Experimental Data
1e-7 £ Line of slope =1 .
1e-8 Lol P | Ll L
te-7 1e-6 1e-5 1e-4 1e-3

Surface Chemistry Model

Fig. 6 Comparison of the surface chemistry model with
experimental results for phase change materials. (Reproduced
with permission.” Copyright 2006, IEEE)

Intuitively speaking, the area covered by the TIM in the
valleys of the interface as shown in 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 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 Rc. For
cured gels, Prasher and Matyabus® proposed a semi-empirical
model for Rc, which has similar form as Eq. (1). This model is
given as

RC/,{TIM G"

e (15)
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where G=V G*+ G”. G'is the storage shear modulus and G
is the loss shear modulus of the TIM. G'> G"is for cured gels,
while G'< G"is for uncured gels that are nothing by greases.
Fig. 7 shows the comparison of this model with experimental
data from four gels with different formulations. Fig. 7(a) shows
R. plotted against G/P, and there exists a strong correlation
between and as all the data fall into a single curve when Rc is
plotted against G'/P. Fig. 7(b) shows R, plotted against G/P, a
strong correlation of with as well. G is related to the ratio of the
nominal area of contact and the real area of contact which is
same as that for metals where the hardness of the material
dictates the ratio of the nominal area of contact and the real
area of contact.
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Fig. 7 (a) RAum/o versus G/P, (b) R, Ann/o versus G"/P, (c)
R /o versus G/P for TIM. (Reproduced with permission.*
Copyright 2004, IEEE)
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2.5 Reliability Consideration for Polymeric TIMs
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Fig. 8 Degradation of thermal resistance with time. Lines are
the empirical curve fit of the form given by Eq. (16).
(Reproduced with permission.”” Copyright 2006, IEEE)

Most research on polymeric TIMs until now has focused
on the behavior of freshly made TIMs. In reality, these TIMs
are likely exposed to high temperatures and harsh conditions
during the product life time. Assuming that a product life is 7
years, this translates into approximately 61, 000 h under
continuous operation or 35,000 h for 14 h per day. If the
product operation temperature is 100 °C, then the polymers in
the TIM are being exposed to relatively high temperatures for
the product lifetime. Polymers degrade under such high
temperatures.”® However, it is unlikely to test these TIMs for
such long times to understand their behavior for exposure to
high temperatures before launching the product. Therefore, to
understand the degradation behavior, accelerated lifetime
testing is performed. Under accelerated testing the TIM is
exposed to much higher temperatures than the "use condition"
(or operational) temperature. For example, if the product
operation temperature is 100 °C, TIM could be tested at 125 °C
and 150 °C for a much shorter period of time than the product
life. The thought behind this is that higher temperature will
accelerate the degradation and engineers would be able to
generate TIM degradation models in a limit time frame. Fig.
8 shows the thermal resistance (K;) of a PCM TIM as a
function of time and temperature.'® The lines represent an
Arrhenius type model obtained by curve fitting empirical data
to the following equation:

R.(t) =R.(t=0) + AVt exp (E)

T (16)
where E, is the activation energy, A is the acceleration factor
and A, is the Boltzmann constant, ¢ represents the time, and the
first term on the right-hand side is the R, value at 7 =0 (i.e.,
fresh TIM without exposing to high temperature). The research
discussed in previous sections has focused on R, at t=0. Eq.
(16) shows some type of a diffusion process with a square root
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dependence ontime.* Once 4 and E, are obtained from
matching the data at different (or higher) temperatures, the use
temperature can be put into Eq. (16) to obtain the value of R,
at the use temperature and end-of-life of the product. In the
industry, TIMs
performance so that it should be very careful to choose the
appropriate TIM based on their reliability performance. This
is because some TIM gives the best R, at =0, but that TIM
might degrade so that at end-of-life it gives worse performance
than the other TIMs.

There is no mechanistic understanding of the degradation
of the thermal performance of the TIMs due to large exposures
to high temperatures. Form of Eq. (16) 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 attempt has been made to relate
this to thermal performance. This area to research TIM
reliability behavior is wide open. In addition to high
temperature, thermal greases suffer from another type of
degradation that is commonly known as pump-out."* Thermal
grease pump-out typically occurs after temperature cycling or
power cycling. Recently, Prasher and Matyabus® related the
pump-out problem to the ratio of G'and G". They found that G’
of grease should be greater than G to avoid pump-out. This is
exactly what a gel does. Gel is nothing but a cured grease. Fig.
9 shows the rate of degradation of thermal performance vs.
G'/G". It was observed that the degradation rate is approaching
to a much lower constant after G'> G".

are typically designed for end-of-life

Current commercial TIMs can be divided into several
categories, as each one has different properties and
applications. A summary of the properties of different common
TIM types is given in Table 3. Thermal grease-Thermal grease

Table 3 Common types of commercial TIMs and typical properties.

consists of thermally conductive filler in a silicone or
hydrocarbon oil and has historically been widely used in
industry. It conforms well to the substrates and can form thin
BLT, leading to thermal interface resistance approaching 10
Kmm*W" for the highest performing thermal greases.” It is
also cheap compared to other TIM types, hence its popularity.
It is applied as a paste leading to a somewhat messy
processing, which is one of the large drawbacks. Since it is in
liquid form, it is affected by the pump-out effect, which
negatively affects the reliability. Also specifically for thermal
grease, the matrix surrounding the fillers preferentially flows
out of the interface, leading to a dry-out of the interface.
Thermal pads-like thermal grease, thermal pads consist of
thermally conductive fillers in a polymer matrix. However, in
the case of thermal pads, the polymer matrix is heavily cross-
linked, leading to a solid pad, which is much easier to handle.
This leads to corresponding weaknesses of thick BLT (around
200- 1000 um®) and requiring high pressure to properly
conform to substrates. To be able to conform to the substrates,
the softness of the pad is very important, and since higher filler
fractions of conducting particles increase the stiffness of the
composite, the overall performance is severely limited by this
trade-off between softness and filler fraction. Phase change
materials (PCMs) aim to combine the best properties of
thermal grease and pads. It consists of a matrix material with
a melting temperature between room temperature and
operating temperature. This allows it to be handled like a pad,
but melts during operation and is able to conform to the
substrates and form thin BLT-like thermal grease.”* It is also
possible to have a PCM with a melting temperature above the
operating temperature, in which case the TIM is reflowed
during processing and kept solid during operation.

27-38

Thermal

Thermal interface Absorbs e
Type conductivity BLT(pm) resistance Pump-out stress Reusable  Replaceability

(Wm'K") (Km? W)
Thermal grease 0.4-4 20-150  10-200 Yes Well No Medium
Thermal pad

0.8-3 200-1000 100-300 No Well Yes Excellent
Phase change material 0.7-1.5 20-150  30-70 Yes Well No Medium
Thermal gel 2-5 75-250  40-80 No Medium No Medium
Thermally
conductive adhesive ~ 1-2 50-200  15-100 No Medium No Poor
S 20-80 25-200 <5 No Poorly No Poor
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The most common type of TIM is thermally conductive
PLPs, which includes most types of greases, pads, gels and
PCMs. Filler particles greatly enhance the thermal conductivity
of the polymer matrix, while retaining wetting and viscous
characteristics from the polymer matrix. Its widespread usage
in industry makes the road from research to industry short, and
new progress can be introduced to the market relatively
quickly. Relatively simple experimental procedures, combined
with a large variety of potential filler candidates, have spurred
a large number of publications, although the overall
performance has not increased substantially in the last decade.
PLPs typically come in a liquid form, and due to ease of
measurement uncertainties during application, comparative
values in the literature are generally based on the thermal
conductivity rather than the thermal interface resistance during
operation. Comparisons with other types of TIM necessitate the
simulation of the other parameters of Eq. (1). Research
presented in this review is focused on improving thermal
conductivity, but it is important to consider other properties
that will influence behaviour in a real application, primarily the
viscosity. Another important parameter to consider in the
context of particle fillers is the filler fraction, i.e. how much of
the composite material consists of the conducting material.
This is especially important when comparing research results,
as a higher filler fraction obviously leads to better conductivity,
but has severe drawbacks both in terms of cost and mechanical
properties. Achieving a great performance boost at a very low
filler fraction would be a significant achievement.

The filler fractions can be measured either as weight
percentage or volume percentage. Weight fraction is much
easier to measure, but the mechanical properties are generally
more related to the volume fraction. There is no general
guideline for what value should be reported, in some cases
making it difficult to compare results with each other.

At a certain concentration of fillers, individual particles
will be in contact with their neighbors, forming a network of
conductive particles. This network formation is called
percolation, and the critical filler fraction where it occurs is
called the percolation threshold. Increasing the filler fraction
above the percolation threshold allows for continuous heat
paths, Fig. 9(b), abruptly increasing the composite thermal
conductivity compared to a filler fraction below the percolation
threshold Fig.9(a). Fillers with a high aspect ratio, Fig.9(c) and
composite materials with fillers in different sizes, Fig.9(d) can
help achieve percolation at lower total filler fraction.
Different materials used as fillers in PLPs can be seen in Table
4together with their thermal conductivity. Aside from the
thermal conductivity, there are a number of parameters to
consider for choosing material to suit different applications,
such as electrical conductivity, thermal interface resistance
between filler and matrix, and cost.

14| ES Mater. Manuf-, 2020, 7, 4-24

Fig. 9 Schematic representations of percolation concepts in
PLPs. (a) PLP with filler fraction below the percolation
threshold. (b) PLP with filler fraction above percolation
threshold, allowing thermally conductive pathways to form. (c)
Combination of fillers with high aspect ratio can achieve
percolation at lower filler fractions. (d) Combination of fillers
with different sizes can achieve percolation at lower filler
fractions.

Table 4 Thermal conductivity of common types of fillers.

Material Conduccivity (W m"' K™)
Graphene 600

SWCNT 3500

MWCNT 3000

Diamond 2000

Graphite 100-400(in-plane)
BN 250-300

Ag 427

Cu 393

Au 315

Al 237

BeO 218

AIN 170

AlLO, 39

Zno 21

SiO, 1

What type of filler to use in TIM depends on application.
For instance, the most highly thermally conducting particles
also conduct electricity which can be unsuitable in some
applications and the mechanical properties of the TIM will
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Table 5 Summary of recent results in PLPs.

Filler Matrix Filler fraction Thermal Conductivity TCE (%) Ref
(Wm'K™")
Carbon fillers
SWCNT PMMA 7 vol-% 0.35 55 [39]
SWCNT Polystyrene 1 wt-% 0.25 50 [40]
SWCNT PMMA 1 wt-% 2.43 880 [41]
MWCNT Silicone 2 wt-% 0.315 19 [42]
MWCNT PMMA 4 wt-% 3.44 1276 [41]
MWCNT Silicone 2 wt-% 4.267 522 [43]
MWCNT/ALO,; clusters Epoxy 0.15 wt-% 0.39 130 [44]
Ag plated CNF Epoxy 4.5 wt-% 2.33 1165 [45]
CNF FKM 13.2 wt-% 21 10986 [46]
GNP Epoxy 25 vol-% 6.44 3000 [47]
GNP Silicone 20 wt-% 23 752 [48]
Graphite Epoxy 20 wt-% 5 2400 [49]
Graphene Epoxy 10 vol-% 5 2300 [50]
Graphene Epoxy 30 wt-% 4.9 1900 [51]
Ceramic fillers
BN Epoxy 20 wt-% 0.9 3350 [52]
BN Epoxy 70 wt-% 5.24 1800 [53]
BN Epoxy 70 wt-% 3.1 1550 [54]
BN HDPE 50 vol-% 4.5 800 [55]
BN Silicone 60 vol-% 1.2 500 [56]
BN Silicone 9.14 vol-% 0.6 - [57]
AIN Epoxy 60 vol-% 2.7 1200 [58]
AIN Epoxy 30 wt-% 0.24 52.5 [59]
Metal fillers
AgNP network Epoxy 45 vol-% 27 13400 [60]
AgNW Polycarbonate 9 vol-% 30.3 - [61]
AgNW Silicone 7.2 wt-% 0.19 - [62]
CuNW Acrylate 0.9 wt-% 2.46 1350 [53]
AuNW Silicone 3.3 vol-% 5 2900 [63]
Liquid Ga Silicone 92.5 wt-% 2.2 1194 [64]
FeCr/Al O, shell CPE 70 vol-% 4 - [65]
Hybrid filler combinations
BN/CNF Epoxy 6/8 wt-% 0.6 750 [66]
BN/MWCNT Epoxy 30/1 1.912 743 [67]
BN/MWCNT Polyethylene  50/1 wt-% 1.641 323 [68]
MWCNT/GO Epoxy 50/0.36 wt-% 4.7 2250 [69]
MWCNT/GO PEEK 0.45/1 wt-% 0.44 145 [70]
GNP/Carbon Black Epoxy 14/4 wt-% 0.81 305 [48]
Graphene/Al,O, Silicone 1 wt-% /63 vol-% 3.45 2553 [71]

© Engineered Science Publisher LLC 2020

ES Mater. Manuf., 2020, 7, 4-24 | 15



Review Paper

ES Materials & Manufacturing

increasingly depend on the filler particle properties at higher
filler fractions. The most common types of fillers investigated
are presented in Table 4.

O SWCNT [72)
O GNP (47)
P> Graphene (50)
O BN (54, 55,56, 73]
O A [s8)
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Fig. 10 Summary of reported values of thermal conductivity
of PLPs versus the filler fraction, divided into groups: carbon
allotropes black), ceramics (green), metal (blue) and hybrid
filler combinations (red). Included is also the value for a
commercial thermal grease (magenta). The values are divided
into two graphs depending on if (a) filler volume fraction or (b)
filler weight fraction was reported. (Reproduced with
permission.'’ Copyright 2018, Taylor & Francis)

Recent progress in PLPs is summarized in Table 5, with
filler combination, matrix material, filler fraction, thermal
conductivity and thermal conductivity enhancement (TCE), i.
e. the improvement in thermal conductivity versus the base
matrix material. Also, reported thermal conductivity values
versus filler fraction are shown in Fig. 10. The figure is split
into two graphs as filler fraction value reported is alternatively
given in volume fraction or weight fraction. The volume
fractions give a more accurate representation of the effect of
higher filler fractions, but general trends can be distinguished
in both cases. It is clear that alignment of high-aspect ratio
fillers such as carbon nanofibers and metal nanowires can
provide a magnitude higher thermal conductivity at the same

16 | ES Mater. Manuf., 2020, 7, 4-24

filler fraction compared to unaligned fillers, and is generally
the only way to increase the thermal conductivity beyond 10
W/mK. Also noteworthy is that although CNTs have shown
rather unimpressive performance as fillers, other carbon
allotropes, such as graphene and GNP, have shown better
performance than other kinds of fillers at similar fractions.
Aside from these few exceptions, the actual performance of
PLPs has not increased significantly during the last decade, and
recent reports have similar performance to commonly available
industrial TIMs. Part of the reason for the continued high
research interest might be that researching new filler
combinations is relatively easy compared to other types of
TIMs, rather than actual potential for further research. Still, by
combining high aspect ratio fillers with alignment methods,
there might be a potential for a true breakthrough.

The current industry is dominated by PLPs in different
varieties, and there is a large infrastructure already in place for
developing new compounds. This means that any breakthrough
in research has the potential to quickly reach the market. The
matrix material has little effect on the thermal conductivity,
allowing filler development to have an effect on a wide range
of TIMs.

3. Organic-Inorganic Composites of TIM

Common polymers have low thermal conductivities, they
cannot effectively dissipate heat when being used in various
devices and their high thermal expansion coefficients result in
thermal failure. Organic-inorganic composites of TIM have
attracted increasing attention. They have also gained wide
applications in various branches of industry because of their
low density, ease of formation, chemical inertia, low cost, and
electrical insulation. By adding thermal conductive fillers to
polymers, the thermal behavior of packaging materials can be
improved remarkably. The literatures concerning thermal
conductive polymer composites are particularly focused on the
use of different kinds of ceramics or carbon nanofiber.
Different nanoparticles have been used to improve the thermal
conductivity of polymers. However, in most of these papers,
thermal and other properties are still not good enough.
Therefore, there is a need for improvement, whereby there will
be a balance point for both electrical and thermal management.
The thermal conductivities of all composites greatly depend on
the properties of polymers and fillers, such as their content,
components, and the surface treatment of filler. Have to point
out is that it is disfigurement such as air hole, impurity etc. in
composites that is a very important factor to account the
effective thermal conductivity of composites.

3.1 Polymeric Matrix Materials

The thermal conductivity of polymers has been traditionally
enhanced by the addition of high thermally conductive fillers,
including graphite fillers, carbon black fillers, carbon fibers
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fillers, ceramic fillers and metal fillers, and so on. These fillers
possess very high thermal conductivity, some even as high as
several thousand W/mK, e. g. CNT, diamond. Thermal
conductivity of composite can be improved remarkably by
adding thermal conductive fillers to polymer. High filler
loadings (>35 vol%) are typically necessary to achieve the
appropriate level of thermal conductivity in thermally
conductive polymer composites, which represents a significant
processing challenge. Moreover, high inorganic filler loading
also dramatically alters the polymer mechanical behavior and
density while increasing thermal conductivity of composites.
For these reasons, obtaining composites having thermal
conductivities higher than 4 W/mK and usual polymer process
ability are very challenging at present. A common trait among
all polymer matrices is the low thermal conductivity, which
varies between 0.1 and 0.3 W/mK. While a large number of
matrix materials can be used, most research is done on one out
of two main types of polymers: epoxy and silicone oil. The
main difference is that epoxy functions as an adhesive, and can
be used for die attach applications while silicone oil needs
external clamping. Silicone oil is the base material of many
common types of thermal grease.

3.2 Ceramics

Ceramics have the additional advantage of being electrically
insulating, which limits the application of the other groups. Out
of the ceramics, BN has the highest thermal conductivity, and
even higher thermal conductivity has been reported for very
thin sheets, making it an increasingly interesting material for
thermal management applications. As early as 1998, Ishida et
al.”® reported a thermal conductivity value of 32.5 W/mK for
BN-filled polybenzoaxine which still stand as the highest value
to date, although at a very high filler fraction (88 wt%). It has
more recently been investigated further in silicone thermal
pads®, epoxy™” and other polymer matrices. ¥ Another
ceramic which has attracted academic interest is AIN,™ which
is also together with AL,O; popular in commercial applications.

3.3 Metals

Metals have very high intrinsic bulk thermal conductivity and
good handling properties. The best commercially available
thermal greases have a thermal conductivity of about 8 W/mK
with a filler of Ag flakes. Most recent progress using metal
fillers is focused on using metal nanowires (NWs) rather than
spherical fillers. A reason for the perceived promise of CNTs
is the 1D structure which allows for percolating net- works at
a much lower filler fraction than spherical fillers. Metal
nanowires have a similar 1D structure, and can improve the
thermal conductivity drastically at very low filler fractions. Ag
is the most popular metallic filler in commercial compounds
and is a natural candidate, and has been demonstrated as TIM

filler by electrodeposition of a template®”” or a chemical
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process. ** The electrodeposition method forms a highly
aligned network, which allows for a significantly higher
thermal conductivity than using a random dispersion, 30.3 W/
mK® compared to 1.4 W/mK.” In addition to these methods,
Pashayi et al. demonstrated a self-structured metallic nanowire
network based on agglomeration and sintering of PVP-coated
Ag-nanoparticles which exhibits a thermal conductivity of up
to 38.5 W/mK at 48 vol%."" Other metals have also been
investigated. Wang et al. found that CuNWs gave a larger
conductivity enhancement at a lower filler fraction than
AgNWs, and achieved a thermal conductivity of 2.46 W/mK
at a low filler fraction of 0.9 wt%.* Other investigated metals
are Ni"* and Au.® In addition to the work on nanowires, there
has been work done to decrease the metal-polymer contact
resistance using modified FeCr nanoparticles with a
nanoporous Al,O; shell to decrease the phonon scattering at the
particle-matrix interface. ® Also, Jeong et al. * recently
introduced a concept of liquid metal fillers in PDMS matrix in
order to allow thermally conductive, yet flexible and
stretchable thermal elastomers to be produced.

3.4 Hybrid Fillers

A method of increasing the thermal conductivity at a lower
filler fraction is to combine different fillers into the same TIM
matrix, i.e. hybrid fillers. Different fillers create synergistic
effects that increase the effective thermal conductivity beyond
what would be expected from models. The most common
mechanisms behind the synergistic effects are size variations
of fillers, which can help forming percolating networks (see
Fig. 9) and improve packing ratio,”*>*' or variations in aspect
ratio wherein the percolation-forming networks formed by high
aspect ratio fillers can be combined with the bulk thermal
transport properties of bulk and 2D fillers.* Hybrid filler
combinations reported typically include filler materials with
different dimensionality (1D, 2D or 3D). Lee et al
demonstrated the concept of mixing 1D rods with spherical
particles* in 2006. Recent progress includes studies of BN/
MWCNTs, %% BN/CNFs® and GO/CNT®™ hybrid
composites, which all combine 1D and 2D fillers, which are
more effective for creating conducting networks than 1D/
spherical filler combination.” Since spherical 3D and 2D flake
fillers already exist as commercial compounds, the addition of
a high aspect ratio filler into commercial thermal grease has
proved a popular method of investigating the synergistic effects
of spherical/high aspect ratio hybrid fillers. **”"** Among
these, the highest thermal conductivity value reported to date
can be found, at 14 W/mK, by the addition of an optimised
mixture of graphene and multilayer graphene into thermal
grease at a low filler fraction of 2 vol%.* Also, the addition of
MWCNTs to thermal grease has been directly shown to
decrease the temperature of a running microprocessor.*
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3.5 Carbon Nanotube Array TIMs

CNTs have had limited success as fillers in PLPs, due to high
thermal contactresistance between individual CNTs. An array
of vertically aligned CNTs spanning the whole gap between
substrates would eliminate all internal interfaces and could be
apractical way of harnessing the high thermal performance of
CNTs in a TIM application.” Different possible configuration
of CNT array TIMs are shown in Fig. 5. A carbon nanotube
array TIM consists of an array of CVD-grown CNTs on the
growth substrate and in contact under pressure with a second
substrate as seen in Fig. 11(a). The thermal interface resistance
of CNT array TIM depends, as seen in Eq. (1), on the thermal
contact resistance at the growth substrate and at the connecting
substrate, as well as the inherent thermal conductivity of the
CNT array. The CNT array thermal conductivity, in turn,
depends on the thermal conductivity of each individual CNT
and the CNT density in the array. At the growth substrate, each
CNT has a connection, while at an opposing substrate only a
fraction o of all CNTs will effectively contribute to thermal
transport. Each parameter will be discussed in the following
section. The thermal conductivity of a carbon nanotube can
reach as high as 3000 W/mK,** but the bulk value for CNT
arrays is much lower, both due to low CNT density and defects
and imperfections in the CNTs themselves. * Thermal
conductivity measurements have been reported as high as 267
W/mK, at filling fraction of about 10%,”" corresponding to an
individual CNT conductivity close to the highest values
reported. More typical value for a CNT array, however, is on
the order of 10 W/mK.” While there is a large discrepancy
between measured and theoretical thermal conductivity values,
at moderate bond lines (<30 um) the thermal conductivity will
have relatively low effect on the thermal interface resistance
compared to the contact resistances.” The thermal interface
resistance components for a Si-CNT-Ag interface at 0.241 MPa
were measured by a photo acoustic method. While the contact
resistance was 1.7 Kmm?*/W at the Si-CNT and 14 Kmm*/W at
the CNT-Ag interface, the thermal resistance from the bulk
CNT array was less than 0.1 Kmm?*/W.” This result, as well as
others,”"* shows that the contact resistances are dominating,
and that the thermal contact resistance between the CNT tips
and opposing substrate is about an order of magnitude higher
than the resistance between the CNT roots and growth
substrate. The large difference in contact resistance at the two
sides is mainly attributed to a relatively low fraction of CNTs
in contact with the opposing substrate, at about 15% of CNTs.
The inter-CNT thermal conduction has been found to be
negligible, and only the CNT in contact with both surfaces
significantly contributes to the thermal transport.”* Another
contributing factor is relatively well-connected CNTs at the
substrate side, with each CNT covalently bonded to the catalyst
particles,” compared to weak van der Waals forces bonding at
the tips. Depending on the catalyst deposition method, a weak
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adhesion between catalyst particles and substrate can also
significantly contribute to the total contact resistance, as shown
by Panzer et al.” where dip-coated catalyst deposition resulted
in much higher contact resistance than with PVD deposition.
The low fraction of connecting CNTs creates a pressure
dependence on the thermal interface resistance for CNT array
due to the buckling of individual CNTs which allows additional
CNTs to come into contact with the substrate.” This makes the
modulus of the CNT array an important parameter to control.
At the interface between an individual CNT and substrate,
there is also a Kapitza resistance. Li ef al. conducted an
investigation into the boundary resistance between CNTs and
various metals and polymers. ** Interestingly, the thermal
boundary resistance was shown to be significantly lower at the
CNT-polymer interface than at the CNT-metal interface, which
is attributed to a larger overlap of low-frequency vibration
modes for polymers, which is lacking for metals. The result
suggests that bonding with polymers might be a way towards
lower thermal boundary resistance, despite the poor thermal
conductivity of the polymers themselves. In an effort to
eliminate the tip-substrate interface, CNT arrays can be grown
on both mating substrates, effectively replacing the tip
substrate interface with a CNT-CNT interface and a second
root-substrate interface. The result can be seen in Fig. 11(b).
The resulting thermal resistance value for a Si-CNT-CNT-Cu
interface is substantially lower than for Si-CNT-Cu dry contact,
 but the CNT-CNT interface still shows a significant contact
resistance.”

Growth substrate

"
4

Growth substrate

(c) ///n//y// (d)

Growth substrate

1

IAAERATREATA
e

\Bonding

\sole

Fig. 11 Schematic diagrams of CNT array interface structures.
(a) one-sided interface. (b) two-sided interface. (c) CNT-coated
foil interface. (d) Bonding of CNT arrays to another substrate
using metal or chemical bonding.
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Fig. 12 Schematic showing of the use of carbon nanotube
(CNT) grown in the back of Silicon.

' was demonstrated

Ever since carbon nanotube (CNT)
to have very high thermal conductivity, various CNT-based
composites have been proposed and evaluated.'” ' Although
CNTs are promising candidates as TIM fillers, CNTs have big
limitation that interface resistance plays a significant role due
to large inherent conductivity of the CNT.'” Huxtable et al.'”
have experimentally measured Rb between CNTs and various
liquids, showing that Rb is substantial(8.33X10° K m*> W™).
Prasher ef al.'” recently calculated the interface resistance of
multiwalled CNT (MWCNT) for both horizontal and vertical
contacts and showed the MWCNTs behave as graphite.
Prasher's calculation shows the contact resistance of the
vertical contact is smaller than the contact resistance of
horizontal contact. Nan et al.'” recently proposed simplified
effective medium model to compute A of CNT-based
composites. Hu et al.'™ have performed a feasibility study of
CNT-based TIM, showing the potential of achieving
percolation threshold at very small volume fraction. Another
concern of CNT-based TIM is that the BLT of there sultant
TIM will be high due to the high yield stress of fiber-based
composites. Therefore, the overall thermal resistance is the
more appropriate metric as compared to Ay, for a fair
comparison between CNT-based TIMs andconventional TIMs.

0.20+— T T T T

0.18+

0.16

0.14

2
R (K-cm“/W)

0.12+

0.10

295 300 305 310 315 320 325

T(K)
Fig. 13 Measured contact thermal resistance between the CNT
sample and the experimental contact. (Reproduced with
permission. '’ Copyright 2006, The American Society of
Mechanical Engineers)
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Xu and Fisher'” have grown CNTs directly on the back
of Si, and then pressed a heat spreader against the as-grown
CNTs. Fig. 12 shows the schematics of their concept. They
have also combined PCM TIM and as-grown CNT to reduce
the thermal resistance. Thermal resistance for this concept was
experimentally measured by Hu et al.," as shown in Fig. 13.
At this time there is no physics based model for this concept.
However, vertically grown CNT-based TIM looks promising.
It seems that this concept will not suffer from the reliability
problems that occur on polymer-based TIMs if this concept
does not combine polymers.

This concept has good potential and could lead to various
creative ideas, such as those shown by Xu and Fisher,"" where
they used PCM TIMs in combination with vertically grown
CNT or that by Tong et al.'” where they used thin layer of
Indium in combination with vertically grown CNT.
Wasniewski'® and Barako'* extended Tong's concept by
making metallically bonded CNT and solder bonded CNT,
respectively, boundary
resistance by up to a factor of 30 over a dry unbonded contact.
Additional CNT-related development work includes bilayer
aligned CNT (BACNT),'" a composite incorporated with nano-
copper particles and MWCNT,"® transferred VACNT,"” and
reactive metal bonding VACNT."®

In addition to CNT, also proposed
nanoparticles as TIM fillers.">'*” However, nanoparticles suffer
from the same problem as CNTs because Rb plays a dominant
role in nanoparticles-based composites. Putnam et al. "'
measured Rb between polymer and alumina in the range of 2.5%
10* to 5X10° Km*W"'. This means that the critical radius
(a=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 diameter,” leading
to higher BLT for nanoparticle-based TIM than conventional
TIMs. Therefore, it is not clear if nanocomposites can really be
of great use as TIM fillers at this moment. In addition to
nanoparticles, nanostructured polymer is used as a metal
matrixcarrier (MMC) to form a composite with solder.
Carlberg'” used electrospun polymer film consisting of a
highly porous network of 2 pm-diameter fibers and In/Bi/Sn
alloy to form a composite, resulting in thermal conductivity of
8 W/mK.Zanden' used electrospinning polymide fiber film to
form a composite with Indium solder, resulting in thermal
conductivity up to 22 W/mK. MMC is a promising approach
to enhance the possibility of integrating solders for TIM
applications.'*

Graphite nanoplatelet (GNP) is also a very efficient filler
for epoxy composites. When embedded in an epoxy matrix,
even loading of 25 vol% can surpass the performance of
conventional fillers that requires a loading of 70 vol% to
achieve the same thermal conductivity. ' When GNP is

significantly reducing thermal

researchers
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compared to Carbon Black (CB),in spite of high thermal
conductivity of GNP, the effectiveness of GNP is limited due
to its high BLT than CB." Xiang'”’ investigated exfoliated
GNP in improving thermal conductivity of PCM. With only 5
vol% of GNP, thermal conductivity of 2.4 W/mK can be
achieved. Shtein'® applied high compression force to close the
gaps between adjacent GNP, resulting in a GNP-based
composite with a thermal conductivity of 12.4 W/mK.

Graphene, multilayer grapheme,'” hybrid graphene-metal
composites"’ also provide thermal conductivity up to 5.1 and
9.9 W/mK, respectively. Theoretical consideration indicates
graphene-based TIM can outperform those with CNT,
nanoparticles due to its geometry, mechanical flexibility, and
low Kapitza resistance.

4. Characterization of TIM Thermal Performance
Characterization of thermal interface materials in electronic
applications is necessary to ensure timely product launches.
This section will briefly review the methodology to test TIM.
Many TIM testing apparatuses”""** have been developed based
on ASTM D5470-93."* This testing apparatus can be used as
a simple incoming TIM monitor or a quick benchmarking tool
for new TIM without having to go through the time and
expense of completing package level measurements. The tester
was typically designed to test materials either at a controlled
bondline thickness (e.g., using spacers’™) or at a controlled
pressures, while being able to directly measure the bondline
thickness by using a laser micrometer, ** an optical
% inductive sensors,'” or a strain gage sensing the
deformation induced by the distance change between the two
mating surfaces."’ Chiu et al."” have demonstrated that the
tester is capable of evaluating TIM thermal impedance with a
reproducibility of 0.03 °C-cm?/W at a 95 % confidence level.
The testing apparatus was further modified for experimental
validation of TIM characteristics between non-flat surfaces by
Chiu et al."™”

In addition to the steady-state measurement by ASTM
D5470-93, several transient thermal analysis techniques
including flash"**"* TIM
characterization. A comparison between steady-state and
transient methods can be found in Smith. ** In addition,
photoacoustic (PA) technique,' the 3w method,'' transient
thermo-reflectance (TTR), ' infrared microscopy, '* and
Parker's method (with a hot plate and an IR camera)'*
widely used for TIM characterization. However, all these
methodologies cannot capture the interaction of TIM with the
actual packages and heat sinks in the application environment.
Several papers have described how to characterize TIM
behavior by using different thermal test vehicles.'*"'* In order
to understand reliability performance of TIM, Chiu et al.'
used an accelerated reliability test method to predict thermal
grease pump-out in Flip-Chip applications. Morris'® tested

micrometer

laser were also used for

WwWeEre
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several TIMs between heat sinks and IGBT modules under
realistic Power Cycling conditions for final material selection.
Bharatham et al."’ studied the impact of different application
pressure on a phase-change TIM on a bare-die FCBGA (Flip
Chip Ball Grid Array) package with a heat sink solution. Due'”
reviewed the commonly used reliability tests for TIM,
including elevated temperature and humidity stress test, high
temperature storage (or Bake), temperature cycling (TC), and
power cycling (PC). In addition, forced mechanical cycling
(FMC),pre-conditioning, thermos-gravimetric analysis (TGA),
differential scanning calorimetry (DSC) are also applicable
tests for TIM."" All these testing methods were used to capture
the possible reliability issues which are hard to predict by
theory or numerical modeling. It is very important for a
packaging engineer to validate TIM performance on the actual
product with various reliability tests before launching the
products.

5. Summary and Outlook

This article reviews the status of worldwide research on the
thermal conductivity of TIM, meanwhile gives some insights
into the effects of modified different fillers to improve the
comprehensive properties of composite materials for electronic
packaging applications. For future studies, there are some key
issues:

1) Future modeling efforts will focus on the interfacial shell
layer to manipulate and understand the interaction between the
fillers nanoparticles and the polymer matrix.

Based on the present discussed of the work reviewed here,
it is clear that some polymers filled with high thermal
conductivity fillers are well suitable for electronic applications
for device encapsulation. However, significant advances are
still needed to obtain thermally conductive composites
sufficiently efficient to meet the requirements of most new
market applications.

2) Decrease the loading of filler. As discussed above, the
thermal conductivity of all composites greatly depend on the
properties of fillers, they increase with the increase of the
fillers loading. However, high inorganic filler loading also
dramatically alters the mechanical behavior of composites,
which is that industrial production is reluctant to face. So using
less loading of filler for better performance of composites is
needed.

3) Surface treatment of fillers is beneficial to increase the
thermal conductivity and reduce dielectric constant of the
composites, which is still a good method for preparing
composites in future research.

Current commercial TIMs are capable of providing a
thermal resistance between 0.03 and 0.1 °C cm® W' for fresh
samples.'” However, due to degradation at large exposures to
high temperatures as discussed earlier, the thermal performance
can degrade severely depending on the operating temperature

© Engineered Science Publisher LLC 2020
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and time of exposure. There is no mechanistic understanding
of these degradations and there is strong demand for
fundamental physics based modeling that can relate the
degradation of the polymer properties to thermal properties of
the polymer composites. Use of nanoparticles and nanotubes
is almost inevitable. However, any researchers in this area
should benchmark thermal performance of their new concepts
with the current commercially available TIMs."**'* Research
should also focus on minimizing the overall thermal resistance
instead of just focusing on increasing thermal conductivity.
This is because although A, increases with increasing volume
fraction, bulk thermal resistance reaches a minimum due to
competing effects between the BLT and Ay A good physics-
based model for the contact resistance between the particle
laden TIMs and the substrate is still lacking from the
literatures. Contact resistance will become important for thin
conducting TIMs. Modeling of the thermal resistance of
vertically grown CNT array will be also needed in the future
due to their promise as TIM.

There are many improvements and incremental changes
on existing technologies, such as in the case of PLPs and
continuous metal phase TIMs that will continue to deliver
increasing performance to current application. In addition,
technology on the verge of taking the leap towards industrial
applications is actively being developed as in the case of CNT
array TIMs, which could transform the TIM market in future.
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Nomenclature

A - Acceleration factor

A - Actual contact area

A, — Non-contact area occupied by air gaps
BLT - Bondline thickness

C - Empirical constant

DF - Density factor

E, - Activation energy

G - Shear modulus

G' - Storage shear modulus

G" - Loss shear modulus

H - Hardness

K - Consistency index

A. — Thermal conductivity for composite

A — Thermal conductivity of the polymer matrix
A, = Thermal conductivity of fillers
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Amy — Thermal conductivity of the TIM

m — Mean asperity slope

P - Pressure

r — Radius of the substrate

R, - Thermal boundary resistance

R, - Contact resistance of TIM

R, — Bulk thermal resistance

R, - Contact resistance between two bare solids
Repy, — Contact resistance of an ideal TIM

R,. = Junction to case thermal resistance

Ry — Thermal resistance of TIM (same as impedance)
y,, — Case to sink thermal resistance

y,_, — Junction to ambient thermal resistance
V,, — Sink to ambient thermal resistance

o, — Biot number

o — Surface roughness

7, = Yield stress of the TIM

¢ — Volume fraction of particles in TIMs
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