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ABSTRACT: Room-temperature liquid metals (LMs) are
attractive candidates for thermal interface materials (TIMs)
because of their moderately high thermal conductivity and
liquid nature, which allow them to conform well to mating
surfaces with little thermal resistance. However, gallium-based
LMs may be of concern due to the gallium-driven degradation
of many metal microelectronic components. We present a
three-component composite with LM, copper (Cu) micro-
particles, and a polymer matrix, as a cheaper, noncorrosive
solution. The solid copper particles alloy with the gallium in

eff

poly-dispersed
> LM-Cu filler
(in situ CuGa,)

micro-

dispersed

the LM, in situ and at room temperature, immobilizing the LM and eliminating any corrosion issues of nearby components.
Investigation of the structure—property—process relationship of the three-component composites reveals that the method and
degree of additive blending dramatically alter the resulting thermal transport properties. In particular, microdispersion of any
combination of the LM and Cu additives results in a large number of interfaces and a thermal conductivity below 2 W m™ K™,
In contrast, a shorter blending procedure of premixed LM and Cu particle colloid into the polymer matrix yields a composite
with polydispersed filler and effective intrinsic thermal conductivities of up to 17 W m™" K™' (effective thermal conductivity of
up to 10 Wm ™" K™"). The LM—Cu colloid alloying into CuGa, provides a limited, but practical, time frame to cast the uncured
composite into the desired shape, space, or void before the composite stiffens and cures with permanent characteristics.

KEYWORDS: liquid metal, thermal conductivity, in situ alloying, polymer composite, thermal interface material, particulate filler,

copper, galinstan

1. INTRODUCTION

Thermal management of integrated circuits (ICs) has become
a limiting factor for transistor frequency, which has stalled
around a few gigahertz over the past decade."” The large
thermal loads stem from extremelgr densely packed, nanometer-
sized features of modern ICs,” " which provide minimal
surface area for dissipation of the generated heat. This
limitation has motivated the development of novel materials
that can more efliciently conduct heat away from such
hotspots.

Thermal interface materials (TIMs) play an integral role in
dissipating heat away from ICs. Specifically, TIMs minimize
the thermal contact resistance between electronic packaging
components, such as processors and heat sinks, which stems
from air gaps formed by surface mismatches of the two mating
components. TIMs eliminate these air gaps by filling the
geometrical imperfections with materials that have a high
thermal conductivity (k). Some of the best performing
commercial TIMs consist of thin metal foils with moderately
low melting temperatures (Tp,) such as indium (Tp = 157
°C, k =~ 80 Wm™ K™") or alloys such as SnBi (T = 138 °C,
k~ 20 W m™ K™).>° However, these relatively low melting
temperature materials have low mechanical compliance (as
compared to that of, for example, polymer composites), which
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results in thermal fatigue in the IC because of the large
mismatch in coefficients of thermal expansion between IC
components.7’8 This issue, along with the higher temperature
required to melt and apply the indium and related films, makes
room-temperature liquid metals (LMs) attractive alternatives.
LMs have inherently good mechanical compliance because of
their liquid state at normal IC operating temperatures.

Although a TIM made up of an array of mercury
microdroplets has been described,” the limit of 100 ppm of
mercury in any piece of electronic equipment (as dictated by
the European Union’s Restriction of Hazardous Substances
Directive'”), as well as general toxicity concerns, discourages
the use of this metal. These limitations make gallium-based
eutectic alloys such as Galn (T, = 15.5 °C, k =~ 32—-39 W
m™' K™') or GaInSn (T, = —19 °C, k =~ 16—39 Wm ™' K™})
much more practical for use in a TIM."'~** TIMs consisting of
such LMs are commercially available, and several methods
have been recently proposed to improve their thermal
properties and wettability." "'
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Figure 1. Schematic demonstrating the (a) difference between sequential mixing and premixing of liquid metal (LM) and copper microparticles
(Cu) prior to blending into the PDMS matrix and (b) remaining fabrication procedure consisting of molding and curing.

One major concern with gallium-based LMs being used in
TIM:s for ICs is the rapid gallium-induced degradation of many
metals used in IC packaging.”’”>* This concern is particularly
severe with aluminum (one of the most common heat sink
materials), which becomes extremely brittle when exposed to
gallium.”" To prevent corrosion, the mating materials can be
modified through surface treatments (e.g, anodizing or
introducing a tungsten barrier layer23), but, alternatively,
gallium can be encapsulated and immobilized in a polymer
matrix. This encapsulation process also resolves so-called
pump-out issues, whereby voids (and correspondingly,
hotspots) are created when the liquid metal is squeezed out
from the gap during thermal cycling-induced device warping
(see illustrative images of liquid metal side-leakage under
minor compression in the Supporting Information, Figure S7).

To make polymers attractive as TIMs, thermally conductive
particles are commonly added as fillers to increase the
inherently low thermal conductivity of the matrix.”*>* While
the addition of many advanced materials such as carbon
nanotubes, graphene, metal nanowires, boron nitride, and
others has been recently investigated,”””™>’ the majority of
commercial TIMs rely on lower-cost ceramic or metal
additives such as silver flakes, alumina, and graphite.38‘39 In
nearly all cases, however, the effective intrinsic thermal
conductivity of the composite, k, is limited by interface
thermal resistances. These interface thermal resistances exist
between the particles and the matrix and, when the percolation
threshold is crossed, between the particle—particle contacts.
Recent work has shown that k can be increased either by
decreasing the particle—particle resistance (e.g., by microwave
welding®"*’) or by decreasing the number of interfaces
through the matrix (e.g, by alignment of long particles*'~**).
Using LM as filler in a poly(dimethylsiloxane) (PDMS) matrix,
Bartlett et al."® demonstrated that a high directional thermal
conductivity of up to 10 W m™ K™! can be achieved by strain-
induced spherical-to-cylindrical deformation of the microscale
LM inclusions. Unfortunately, surface leakage of LM is a
problem when composites with large LM inclusions™ ™" are
cut or compressed (as with typical TIM applications). These
types of mechanical forces drive the LM out of the polymer
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matrix (see Figure SSa in the Supporting Information) and
hence Ga-induced corrosion of adjacent materials is still a
concern.

In this work, we seek to simultaneously resolve the LM
leakage issue and enhance the thermal properties of the
composite by embedding both LM inclusions and copper (Cu)
microparticles in a polymer matrix. In these three-component
composites, the LM “glues” the copper particles together and
eventually solidifies via in situ alloying of the LM and Cu into
crystalline CuGa,. In other words, the presented filler material
system can be viewed as a solder that is molten at room
temperature but then solidifies via chemical reaction (as
opposed to freezing). We assert that this effect increases
percolation and improves thermal pathways through the
composite, thus increasing k, as well as immobilizing the LM
to prevent gallium-induced degradation of nearby components.
We investigate the structure—property—process relationship of
these three-component composites and discuss the physical
mechanisms underlying their performance.

2. EXPERIMENTAL SECTION

2.1. Composite Fabrication. We fabricated the three-component
composites using the procedure outlined by Fassler et al.* and
Bartlett et al.** In particular, we manually mixed together the GalnSn
LM (Rotometals), Cu microparticles (10 um APS, Alfa Aesar), and
the poly(dimethylsiloxane) matrix (PDMS, Sylgard 184 with 10:1
base-to-curing agent ratio by weight) with mortar and pestle (see
Figure 1a). We then poured the mixture into an open silicon mold
and cured it in an oven (see Figure 1b). We controlled particle
dispersion using the mixing time. Because our goal was to maximize
the thermal conductivity of the composite, all samples were made at a
filler volume fraction of ¢ = 0.5, which is also the highest fraction
tested by Bartlett et al*® We note that Jeong et al.*® made LM
nanodroplet—PDMS composites with ¢ up to 0.66; however, these
samples were, comparatively, very brittle. In our own attempts to go
higher than ¢ = 0.5, the samples became difficult to fabricate and
handle. Additionally, because copper is the most thermally conductive
constituent of our three-phase composites, we used the highest
practical fraction of the copper particles (i.e, 25% Cu, 25% LM, and
50% PDMS for the three-phase composites). We found that higher
than 25% Cu was difficult to fully manually premix into the LM.
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The casting mold consists of top and bottom silicon wafers with
glass slide spacers that determine the sample thickness (see Figure
1b). To maintain contact between the silicon wafers and the glass
spacers, which will ensure a constant thickness throughout the sample,
we placed two 200 g weights on top of the mold assembly for the
duration of the cure. All samples in this work were about 2 mm thick
prior to compression during the thermal transport measurement. All
samples were cured in an oven (Fisher Scientific Isotemp 280A) at
100 °C for 2 h.

We used two approaches to combine the LM and Cu additives with
the PDMS matrix. We either sequentially mixed the additives into
PDMS (LM followed by Cu) or premixed the LM and Cu together
prior to dispersing them in PDMS, as illustrated in Figure la. The
sequential additive mixing method results in predominantly isolated
microfillers with minimal LM—Cu interactions. Conversely, the
additive premixing method ensures maximal interaction between the
LM and Cu. This method produces initially heterogeneous LM—Cu
particles that spontaneously alloy into CuGa, over time and in situ.

2.2. Composite Characterization. We imaged the morphology
of the composites using high-magnification optical microscopy (Zeiss
Axio Zoom.V16) with an objective lens of 2.3X/0.57 FWD and 10.6
mm focal length (Zeiss PlanNeoFluar Z) as well as scanning electron
microscopy (SEM) (Amray 1910 with field emission gun). Because of
the microscopic size of the particles and ease of their differentiation
through color, optical imaging of the polymer composites proved to
be much more insightful than SEM images. Consequently, we present
optical images of the polymer composite samples. For characterization
of solidified LM—Cu alloy cross sections, which were mirror-polished
using standard procedures,* we utilized SEM imaging as well as
energy-dispersive X-ray (EDS) mapping (performed with electron
beam energy of 15 keV and spot setting of —15 using an EDAX
Apollo detector with Genesis software). X-ray diffraction (XRD) was
performed using a PANalytical X’Pert PRO MRD with a Cu Ko X-ray
source operating at 40 kV and 40 mA.

We used two image processing methods to quantify the extent of
filler dispersion in the samples. For the samples with microdispersed
spheroidlike fillers, we calculated an equivalent diameter, Dgq, to
evaluate particle size such that

4A
Dy = | —>
m (1)
where A, is the area of the particles as identified with Image]. For the

samples with strongly polydispersed LM—Cu fillers, however,
determination of an equivalent diameter was not representative
because of the highly random nature of the filler shapes.
Consequently, for these samples, we report the particle area
distribution (PAD). Furthermore, because the PAD is highly non-
Gaussian (a large number of particles with small areas and a few
particles with very large areas), we present the PAD in cumulative
terms. Specifically, the cumulative particle area distribution corre-
sponds to the summation of the particle areas, sorted from the
smallest to the largest, up to a given area value. The distribution is
normalized by the total cumulative area. As a representative measure
of the cumulative particle area, we used the SO percentile (referred to
as PADyy). For each sample, we analyzed 8—10 images of the surface
at various locations and separated filler from matrix through manual
thresholding.

We measured the thermal resistance of the samples using a
stepped-bar apparatus (SBA),°>*' which is based on the ASTM
D5470 standard®® for measuring the thermal resistance of thin
materials. Our custom SBA includes a linear encoder and a load cell
that measure sample thickness and pressure, respectively, during
thermal resistance measurements. Figure Sla in the Supporting
Information illustrates the measurement principle of the ASTM
D5470 method. Measuring thermal conductivity fundamentally
requires applying a known heat flux to a sample of known geometry
and then measuring the temperature drop across the sample. In this
method, a steady-state temperature gradient across the sample is
created using a heat source and a heat sink. The sample is placed
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between two metallic reference bars of known cross-sectional area and
thermal conductivity. To minimize errors from misalignment, the top
bar has a larger cross section than that of the bottom bar.’® The
temperature distribution in the reference bars (measured via
thermocouples in precision-machined holes along the reference bar
lengths) is then used to measure the heat flux, g, in the bars. Because
the system is well insulated, the measured heat flow through the bars
is equal to the measured heat flow through the sample. Extrapolating
the temperature distributions of the reference bars to the bar—sample
interfaces allows the temperature drop across the sample, AT, to be
determined. The measured thermal resistance, Ry, across the sample
is then obtained with

AT
Ry, =—
q ()

This thermal resistance represents the summation of the sample’s
intrinsic thermal resistance, R, as well as the thermal contact
resistance, R, between the sample and the reference bars (note that
R. is the sum of two contact resistances, the contact resistance
between the top reference bar and the top of the sample, and the
contact resistance between the bottom reference bar and the bottom
of the sample). The samples are under pressure during thermal
resistance measurements to minimize R, which will bring kg closer to
the true k of the composite. Various loads are used to gauge sample
properties, but the target pressure for the results of this study is 1.5
MPa, which is near the high end of the pressure range applicable to
electronic cooling.*”

The measured thermal resistances, Ry, can be converted into
intrinsic thermal conductivity values if the sample thickness, t., and
the sample contact resistance, R, are known. We obtained the sample
thickness during our measurements via the linear encoder that is
integrated into our stepped-bar apparatus thermal transport measure-
ment system. We also estimated R, of our samples by measuring the
thermal resistance of several samples with varying thicknesses and
extrapolating to zero thickness. We estimate the values for R, to be
approximately 1.2 X 10™* and 8 X 107> m*> K W' at 1.5 MPa for well-
dispersed samples and less-dispersed samples, respectively. The single-
side contact resistance, R./2, (4 X 107> m* K W™') is comparable to
that of Si—Al interfaces at the same pressure (2 X 107 m> K W™!).%
With Ry, and f, known, the effective thermal conductivity can be
calculated by

t, t

c c

R, R.+R,

ke =

©)

This effective thermal conductivity includes the combined effects of
the intrinsic sample resistance and the sample contact resistance.
Consequently, the effective thermal conductivity is smaller than the
intrinsic sample thermal conductivity. However, strictly speaking, we
cannot describe our samples with a single intrinsic thermal
conductivity value because many of our samples are heterogeneous
with large inclusions of several hundred microns in size.
Consequently, we describe them with an effective intrinsic thermal
conductivity, k, of the composite, which can be calculated via the
following equation

Fo_ o

Ry — R, 4)
Because of the Mullins effect of PDMS,** which results in a change or
relaxation of the modulus between the first and second loadings, each
sample is measured only once and only with increasing pressure. We
estimate that the overall measurement uncertainty in k. ranges from
4 to 6% (68% confidence). Additional uncertainty arises as the
thermal conductivities of the sample and reference bars become more
similar, and this corresponds to the higher end of the previously
mentioned uncertainty range. We validated our thermal conductivity
measurements against literature results on PDMS—liquid metal
composites™** (see Figure S1b in the Support Information). Our
measured PDMS thermal conductivity of 0.27 + 0.01 Wm™ K™ also
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Figure 2. X-ray diffraction patterns of (a) Cu powder diffraction file 00-004-0836; (b) as-received Cu microparticles; LM—Cu mixtures (50:50
ratio) at (c) 0.5 h, (d) 3.25 h, (e) 19.5 h, and (f) 46.75 h after mixing; (g) CuGa, powder diffraction file 00-025-0275; and (h) In powder
diffraction file 00-005-0642. An optical image (i) and a SEM image along with energy-dispersive X-ray spectroscopy (EDS) elemental maps (j—n)
of a mirror-polished cross section of Cu particles mixed in LM at a 1:1 ratio 5 months after mixing.

matches well with the thermal conductivity stated by the
manufacturer (Sylgard 184), 0.27 W m™" KL

We also conducted a limited set of mechanical measurements.
Specifically, we performed compressive relaxation tests on an
INSTRON 5969 mechanical tester. Composites with large LM—Cu
colloids have comparable properties to those of composites with 10
um copper particles embedded in the PDMS matrix. Further details of
the procedure and results of the mechanical tests can be found in the
Supporting Information.

3. RESULTS AND DISCUSSION

3.1. LM—Cu Colloid and Alloy Characterization. Prior
to discussing thermal properties of the polymer composites, we
first discuss our material characterization of the LM—Cu
colloid and CuGa, formation. Formation of the latter
compound is thermodynamically favorable at room temper-
ature, as illustrated in the Cu—Ga phase diagram,s‘s’57 and
likely kinetically facilitated by the liquid state of the Ga in the
LM. Indeed, X-ray diffraction (XRD) spectra presented in
Figure 2 directly confirm CuGa, formation. In fact, Figure 2c
shows that CuGa, diffraction peaks can be observed in as little
as 30 min after mixing the Cu and LM together. Continual
formation of CuGa, is also observed as the intensity ratio of
the CuGa, peaks relative to the Cu peaks increases over time
(Figure 2c—f). Extraction of Ga from the LM is also indirectly
observed via the appearance of an In diffraction peak at 33.0°
at 46.75 h (Figure 2f). This diffraction peak indicates the
formation of crystalline In, which results due to LM
solidification (i.e., extracting Ga from the LM changes the
LM elemental composition and increases the melting temper-
ature to above room temperature). Although this in situ
alloying process is favorable from the perspective of
immobilizing Ga and preventing damage to neighboring IC
components, it also limits the time frame for shaping and
molding the composites.”® Markedly, mixing LM and Cu
particles at a 1:1 ratio exhibits notable signs of hardening from
CuGa, formation in under an hour, as observed in this study
and by Hong and Suryanarayana.®”
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Because we are using a 50:50 ratio of Cu/LM, excess Cu
remains after the formation of CuGa,. This is evidenced by the
presence of both Cu and CuGa, peaks in the XRD patterns.
The In content in the LM is also revealed via the formation of
the diffraction peak at 33.0° (Figure 2f). The presence of Sn in
the LM is not directly detected by our XRD. This suggests that
the Sn signal is too weak (the Sn content in our Cu/LM
composite is just ~3.5 atom %) or that Sn has dissolved/
alloyed into one of the other metallic phases. Note that the
colocation of Sn and In in the SEM EDS mapping (Figure
2m,n) suggests that Sn may have alloyed with the In phase;
however, more precise characterization is needed to definitely
confirm this hypothesis.

We used optical and SEM imaging as well as EDS mapping
of the mirror-polished LM—Cu colloid cross section after full
alloying occurred to evaluate the spatial distribution of CuGa,
when Cu particles are mixed into LM at a 50:50 ratio. The
results shown in Figure 2i—n clearly show that, at a 50:50 LM-
to-Cu mixing ratio, the colloid alloys into a CuGa, matrix with
the In, Sn, and O content surrounding Cu microparticles.
Specifically, contrasting Cu and Ga distributions in Figure 2k
indicates that Cu is mixing with the LM to form CuGa, in the
space between pure Cu particles.

It is also important to acknowledge the effect of gallium
oxide on the fabrication and performance of these composites.
The LM—Cu colloids and all composites in this study were
made in the presence of air, without any attempt to prevent
LM oxidation. Gallium oxide forms readily on the surface of
gallium-based LMs when exposed to even trace amount of
oxygen and changes three main properties of the LM: viscosity,
thermal conductivity, and wetting properties.">**°" Specifi-
cally, when gallium oxide is present in the LM, the thermal
conductivity of the resulting colloid (LM—solid oxide) is
significantly decreased,'®'>"” the viscosity significantly in-
creased,'”” and the wetting properties are generally
in1pr0ved.”’l4’63’64 However, Li et al."> demonstrated that
when Cu particles at ¢pc, = 0.07 are added to LM in the
presence of oxygen (ie., with oxide formation), the effective
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Figure 3. (a) Optical images of Cu-only PDMS, sequentially mixed LM—Cu—PDMS, premixed LM—Cu—PDMS, and LM-only PDMS composites
at ¢p = 0.5 with comparable inclusion size distributions, (b) plot of the particle size distributions where Dy, is the equivalent diameter based on the
particle and inclusion areas from image particle analysis, and (c) plots of the measured and theoretically predicted two-component and three-
component composite thermal conductivities including literature data from Bartlett et al.** and Tekce et al.*®

thermal conductivity of the colloid (LM with solid oxide and
Cu which alloys into CuGa,) is near that of pure LM. Taking
into account that we use @¢, = 0.5 in the LM colloid, the effect
of oxide on the resulting thermal properties should be
negligible. The Cu particles are likely well wetted by LM
predominantly due to reactive wetting (via in situ alloying),*®
and not only by oxide formation. The oxide, however, forms on
the surface of the colloid during blending into PDMS and
likely facilitates the dispersion process.”" It is also worth noting
that, despite being only 1—2 nm thick, the oxide shell is strong
enough to support free-standing LM structures’® and even
internal LM flow in pipes made out of oxide shells.”” However,
its presence is unlikely to have a major impact on mechanical
properties of the three-phase composites once the alloying
(ie., solidification of the colloid) process occurs.

3.2. Thermal Properties of Composites with Micro-
dispersed Fillers. We first evaluated the thermal properties of
three-component composites with inclusion size distribution
comparable to that of two-component Cu-only and LM-only
composites. The images in Figure 3a show that the manual
blending process can produce uniformly microdispersed Cu-
only, LM-only, sequentially mixed LM—Cu, and premixed
LM—Cu filler in the PDMS matrix. The particle size
probability distribution plots in Figure 3b show that the
manual blending process can produce LM microdroplets with
Dgq = 8.6 = 3.2 um (68% confidence interval) and LM—Cu
particles with Dgq = 11.2 + 2.8 um (for premixed) and 9.3 +
32 pm (for sequentially mixed) close to that of the Cu
particles (Dgq = 10.5 + 1.5 um). These probability
distributions are fit from particle size distributions of the
well-dispersed samples, assuming normal distributions (see
Figure S2 in the Support Information). Because the particle
distributions are similar in average size, the difference in the
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thermal conductivity of the composites should theoretically be
predominantly determined by the thermal properties of the
constituents and their volume fractions.

To predict the thermal conductivity of our composites, we
start with the model as described by Tavangar69 and add in a
shape factor, L, to adjust for ellipsoidal LM inclusions when
under load. The Tavangar model is a differential effective
medium (DEM) scheme that accounts for interface thermal
resistance between particles and the matrix and is fairly
accurate at high-volume-fraction filler.””’® The Tavangar
model is given as

_ (k)" (kykRy, + ak, — ak,)
(k)" (k Ry + ak,, — ak,)

©)

where L is the shape factor and is equal to 1/3 when the filler
particles are spherical, k, is the thermal conductivity of the
particles or inclusions, k;, is the thermal conductivity of the
matrix, k. is the thermal conductivity of the composite, Ry, is
the interface thermal resistance, a is the radius of the particles
(see the Supporting Information for the values of our specific
inputs into the Tavangar model). Because the Tavangar model
considers only composites with two components, we
sequentially applied the Tavangar model for our composites
with three components. More specifically, for our composites
with PDMS, Cu, and LM, we first used the Tavangar model to
calculate the thermal conductivity of a composite consisting of
LM particles in a PDMS matrix, k; y_ppms. We then considered
a composite consisting of Cu particles in a matrix and used
kpa—ppms as the matrix thermal conductivity, k,, to yield the
overall thermal conductivity of a Cu—=LM—PDMS composite.
Calculating k. by adding LM into a Cu—PDMS matrix results
in the same value as that obtained on adding Cu into a LM—

DOI: 10.1021/acsami.7b15814
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Figure 4. Premixed Cu—LM—PDMS composite structure—property—process results: (a) optical images of composites at 25% Cu, 25% LM, and
50% PDMS going from uniformly microdispersed on the left to highly polydispersed on the right, with their respective effective thermal
conductivities; (b) normalized cumulative area distributions with indication of the S5Oth percentile (PADjyy,) utilized to characterize each
distribution; (c) effective thermal conductivity against the PADj,; along with theoretical upper (green) and lower (red) bounds based on filler
dispersion: from a block of CuGa, in parallel to a block of PDMS to microdispersed LM + Cu in PDMS.

PDMS matrix, but the latter sequence is used because it is the
sequence whereby the actual samples are made.

Figure 3c shows measured and theoretically predicted values
of k_ for the two-component and three-component composites
as the ratio of LM to Cu is varied and ¢ is held constant at 0.5
(i.e., 50% PDMS and the other 50% is a ratio of LM and Cu).
As predicted, the three-component composites have thermal
conductivities in between 2.0 + 0.1 W m™' K™! for the Cu-only
PDMS composite and 1.5 + 0.1 W m™ K™ for the LM-only
PDMS composite. Specifically, the sequentially mixed and
premixed LM—Cu—PDMS composites both have thermal
conductivities of 1.65 + 0.15 W m™' K™'. All of the measured
composite thermal conductivities with well-dispersed fillers are
about an order of magnitude higher than those of the matrix
material (0.27 + 0.01 W m™ K™') and are comparable to
previously described results.**® These results demonstrate
that increasing the thermal conductivity of the filler particles
has diminishing returns. In particular, a 14-fold change in the
thermal conductivity of the filler from 28 Wm™ K™' for LM to
400 W m™" K™ for Cu results in only about a 1.3-fold increase
in the thermal conductivity of the composite. Thus, substantial
thermal conductivity enhancements can only be achieved by
increasing the polymer thermal conductivity and/or improving
the interfacial thermal transport (i.e., decreasing the number of
interfaces and/or decreasing the thermal interface resistance).

3.3. Thermal Properties of Premixed Three-Phase
Composites. Premixing the Cu particles into bulk LM
provides a unique opportunity to enhance the composite
thermal conductivity by decreasing the number of filler—
PDMS boundaries via different levels of the LM—Cu colloid

2088

dispersion. Figure 4a shows that, by adjusting the manual
blending time of the LM—Cu colloid into PDMS, we achieved
dramatically different morphologies of the inclusions. In
particular, decreasing the mixing time from 300 s (used for
the microdispersed composites) to ~20—30 s results in a broad
particle distribution with feature sizes ranging from a few
microns to hundreds of microns. To quantify the filler
dispersion in these samples, we used image processing to
evaluate the particle cluster area distributions as described in
Section 2.2. Figure 4b shows the normalized cumulative cluster
area distributions corresponding to the example sample images
in Figure 4a. In turn, Figure 4c presents the effective thermal
conductivities of premixed LM—Cu—PDMS composites
against their S0th percentile normalized cumulative cluster
area distribution achieved through varied mixing times (see
Section 2.2 for the reasoning behind the use of this distribution
characteristic). These results demonstrate that retaining large
fill structures within the matrix enhances thermal performance
up to an effective thermal conductivity of 10 + 0.6 Wm™" K™!
(or an effective intrinsic thermal conductivity of k ~ 17 + 3 W
m~' K" if R is accounted for; see Figure S3 in the Supporting
Information). One limitation to this work is that, although
samples with such high thermal conductivity were repeatedly
fabricated, it is difficult to fabricate them consistently because
of variability associated with the short manual mixing time (we
frequently observed a k.4~ 4—8 W m™' K™! for a short mixing
time). These inconsistencies could be resolved by replacing the
simple mortar and pestle mixing method outlined by Fassler et
al.*® and Bartlett et al.* with an alternate automated process.
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All of the thermal conductivity data in Figure 4c falls
between the lower bound of uniformly microdispersed
particles (kg ~ 2 W m™" K™') and the upper bound of a
two-part composite with 50% PDMS and 50% CuGa, (k = 98
W m™ K1) blocks arranged in parallel (k4 ~ 16 W m™'
K™', accounting for R. of the same magnitude seen with our
samples), as shown in the top left of Figure 4c.

We hypothesize that the thermal conductivity increase stems
from two key factors: (i) the small thermal interface resistance
of metal—metal interfaces with respect to that of the polymer—
metal interfaces and (ii) the increased likelihood of percolation
for large colloids relative to that for small colloids (i.e., the
polydispersed colloids and well-dispersed colloids in this work,
respectively). A review of the literature reveals that typical
polymer—metal interfaces have thermal interface resistances of
107°~1077 m> K W™, whereas typical metal—metal interfaces
are several orders of magnitude lower (e.g, 2.5 X 107 m* K
W for an Al—Cu interface).***””> Consequently, we expect
thermal transport through our CuGa,—Cu interfaces to be
orders of magnitude better than the transport through
polymer—CuGa, or polymer—Cu interfaces.

It is also useful to analyze these numbers in the context of
Kapitza lengths, Ly = TBRX k., where Ly, TBR, and k. are
the Kapitza length, thermal boundary resistance, and reference
thermal conductivity, respectively.”* The Kapitza length relates
the thermal boundary resistance to an equivalent slab of
material with a thickness and thermal conductivity equivalent
to Ly and k. For example, a typical polymer—metal interface
with TBR = 1 X 1077 m* K W™ poses a resistance equivalent
to about 10 ym of CuGa, (kg,g,, = 98 W m™" K™').”" This

value is significant because it is comparable to the 10 um
diameter of our well-dispersed particles (Figure 3b).
Furthermore, considering that each particle has two heat
transfer interfaces (i.e, going into and leaving the particle),
thermal transport through the filler particles is bottlenecked by
thermal transport through the polymer—particle interface.
Relative to a polymer—metal interface, a typical metal—metal
interface with TBR = 1 X 107" m*> K W' poses a resistance
equivalent to ~0.01 ym of CuGa,, which is negligibly small.
This means that the internal Cu—CuGa, interfaces within our
large LM—Cu colloids can be ignored and that these large
colloids can be thought as large single particles with thermal
conductivities on the order of 10> W m™' K™'. This high
thermal conductivity should also allow these large particles to
effectively short circuit around the low-thermal-conductivity
PDMS (kppys = 027 W m™' K1),

We also hypothesize that the larger size of our polydispersed
colloids with respect to that of our well-dispersed colloids (i.e.,
characteristic lengths of ~100 and ~ 10 um, respectively) also
plays a key role with respect to increased thermal conductivity.
The classical percolation theory focuses on the probability of
forming an infinite network in an infinite lattice. Naturally,
such conditions are never perfectly achieved in the lab.
Percolation studies on finite systems have shown that the
percolation threshold decreases as a system becomes more
finite.”* This suggests that our larger colloids should more
easily percolate than our smaller colloids. This is intuitive given
our sample thickness, large colloid effective diameter, and small
colloid effective diameter of ~2 mm, ~100 ym, and ~ 10 um,
respectively. To a first approximation, percolation for our large
colloids is a 20-body interaction and should be significantly
more common than percolation for our small colloids, which is
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a 200-body interaction. Moreover, the thermal conductivity of
the large colloid samples should also be improved because the
thermal conductance for a percolating thread formed by ~100
um particles should be significantly larger than the thermal
conductance for a percolating thread formed by ~10 um
particles.

3.4. Ga Leakage and Corrosion Issues. Another benefit
of the in situ CuGa, formation is that it immobilizes Ga,
preventing any liquid leakage and associated corrosion of
surrounding metals. This characteristic makes our composites
safe to use with aluminum heat sinks and other metal
components. Figure 5 shows a premixed composite sample pad

Figure 5. (a) 25% LM, 25% Cu, 50% PDMS sample made using the
premixed method after being sandwiched between aluminum foil at
55 °C and 3 MPa for 40 h, (b) GaInSn on aluminum foil after 24 h at
room temperature, and (c) the hole it corroded through the
aluminum.

after 40 h of being sandwiched between aluminum foil at 55 °C
and 3 MPa (a) next to aluminum foil that was exposed to a
drop of LM at room temperature for 24 h with no applied
pressure (b, c). No macroscopic corrosion of the aluminum
foil occurs with the premixed composite samples. Furthermore,
to demonstrate that our samples can be applied with LM—Cu
in the colloidal state, we cured a three-component sample in
between two pieces of aluminum foil for 2 h at 100 °C (see
Supporting Information). As in the previous case, we did not
observe any evidence of corrosion of the aluminum foil. These
results indicate that the affinity of Ga to Cu is sufficient to
prevent Ga from leaching from the polymer and reacting with
Al. Thus, the three-component composites should be safe to
cure in place next to aluminum components.

4. CONCLUSIONS

Our work demonstrates that gallium-based LMs have a great
potential as filler in polymer TIMs once their leakage, and
associated degradation of nearby components, is resolved. We
showed that adding Cu particles as a third component to LM—
polymer composites improves the chemical stability and
effective thermal conductivity of the material over either
two-component counterparts. The addition of Cu eliminates
LM leakage from the composite via in situ CuGa, formation as
well as by displacing the overall content of LM needed to
achieve enhanced thermal conductivity. The formation of
CuGea, is sufficiently slow to cast or mold this composite into
any desired shape or void but fast enough to inhibit leaching of
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Ga to surrounding metals during the molding process. We note
that, if found necessary, the rate of CuGa, formation could be
altered through change of the sample processing temperature.
Prevention of Ga leaching makes these composites safe to use
with aluminum IC components.

Synergistically, the LM helps to glue or solder the Cu
particles together forming LM—Cu colloids. The precoating of
the Cu particles with LM facilitates the formation of large
highly conductive filler structures that can more readily
percolate and thermally short circuit through the polymer
matrix. This leads to effective intrinsic thermal conductivity of
up to 17 Wm™ K (kg ~ 10 W m™ K™') and represents a
10-fold improvement over the microdispersed composites with
the same filler ratio and a 70-fold improvement over the
polymer matrix itself.
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