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We review the thermal properties of graphene and multilayer graphene, and discuss graphene’s
applications in thermal management of advanced electronics and optoelectronics. A special attention is
paid to the use of the liquid-phase-exfoliated graphene and multilayer graphene as the ﬁllers in the
thermal interface materials. It has been demonstrated that addition of an optimized mixture of
graphene and multilayer graphene to the composites with different matrix materials produces the
record-high enhancement of the effective thermal conductivity at the small ﬁller loading fraction
(f r 10 vol%). The thermal conductivity enhancement due to the presence of graphene in the composites
has been observed for a range of matrix materials used by industry. The hybrid composites where
graphene is utilized together with metallic micro- and nanoparticles allow one to tune both the thermal
and electrical conductivity of these materials. Theoretical considerations indicate that the graphenebased thermal interface materials can outperform those with carbon nanotubes, metal nanoparticles
and other ﬁllers owing to graphene’s geometry, mechanical ﬂexibility and lower Kapitza resistance at
the graphene–base material interface.
& 2012 Elsevier Ltd. All rights reserved.
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1. Introduction: terminology and motivations
We start the discussion of thermal properties of graphene and
multilayer graphene (MLG) and their application in thermal
management by deﬁning the terminology. It is often problematic
to distinguish between MLG and graphite ﬁlms or between MLG
and graphite nano-platelets (GnP). The deﬁnition of graphene – a
single atomic plane of sp2-bound carbon – is strict and clear. The
distinction between MLG and thin ﬁlm of graphite or bulk
graphite is more obscure and can depend on the context as well
as particular application. Some authors, who focus on electrical
properties, consider the material to be MLG rather than graphite
as long as it is thin enough to have its carrier density tuned via the
electrostatic gating, e.g., in the ﬁeld-effect transistor type structures. In the thermal context, it is reasonable to consider the ﬁlm
to be MLG as opposed to graphite as long as its Raman spectrum is
distinctively different from that of bulk graphite. The thermal
properties of graphene and graphite at room temperature (RT) are
dominated by the acoustic phonons [1]. The optical phonons
determine the Raman spectrum. In both cases it is the crystal
lattice dynamics that deﬁnes the difference between MLG and
graphite. The Raman spectrum of MLG is different from that of
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bulk graphite until the thickness H of approximately 7–10 atomic
planes is reached [2–8]. Thus, we consider the materials to be
MLG when its lattice dynamic – phonon – properties are different
from those of graphite (Hr10 E3.5 nm). It is also assumed that
MLG have much larger lateral dimensions (up to a few micrometers) than their thickness H. The GnP terminology implies
nano-particles made from graphite, which can have much thicker
than MLG. In addition, the lateral dimensions of GnP can be of the
same order of magnitude as the thickness, i.e., the aspect ratio can
be close to one. These factors determine the differences in
thermal properties between MLG and GnP.
The initial interest to the thermal properties of graphene and
MLG was driven by the exotic physics of two-dimensional (2D)
phonon transport [1]. However, recently there was a strong
motivation to investigate thermal properties of graphene and
related composite materials from the positions of practical
applications. In this review, we brieﬂy outline the experimental
and theoretical works on thermal properties of graphene, summarize the state-of-the-art in this ﬁeld, and spend more time on
discussion of thermal properties of graphene-based composites
and practical applications of graphene and MLG for thermal
management. The readers interested in fundamentals of the
phonon heat conduction in graphene and MLG are referred to
other comprehensive reviewers [1,8].
Rapidly increasing power densities in electronics made efﬁcient
heat removal a crucial issue for progress in information, communication and energy storage technologies [9,10]. Development of the
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next generations of integrated circuits (ICs), three-dimensional
(3D) integration and ultra-fast high-power density transistors
makes the thermal management requirements extremely severe
[9–14]. Efﬁcient heat removal became a critical issue for the
performance and reliability of modern electronic, optoelectronic,
photonic devices and systems. The thermal interface materials
(TIMs), applied between heat sources and heat sinks, are essential
ingredients of thermal management [10–14]. Conventional TIMs
ﬁlled with thermally conductive particles require high volume
fractions f of ﬁller (f  50%) to achieve thermal conductivity K of
the composite in the range of 1–5 W/mK at room temperature
(RT) [11–14].
The demands for better TIMs are not limited to electronics
used in information processing and communications. The key
power generation technologies for the ongoing ‘‘green’’ revolution
– photovoltaic (PV) solar cells – also require efﬁcient thermal
management. The solar cells are based on various materials,
including crystalline Si and conjugated polymers [15,16]. The
state-of-the-art PV solar cells have efﬁciency of about 15% in
converting absorbed light into electricity [17]. Absorbing light, PV
cells convert about 70% of solar energy into heat. This heat must
be efﬁciently removed from the cell to prevent degradation of
performance or damage to the cell. The temperature rise degrades
the power conversion efﬁciency in PV cells approximately linearly
with the coefﬁcient of 0.23 W/1C in the temperature range from
25 1C to 70 1C for crystalline Si [15]. This corresponds to 20%
reduction in produced power due to thermal build-up. Other
studies have identiﬁed  0.5% efﬁciency loss per 1 1C increase in
the cell temperature [18]. Considering that the highest temperatures of PV solar panels are 70 1C, the overall efﬁciency loss can
be very signiﬁcant [19]. It was observed that a reduction in the PV
cell temperature by 15 1C at one sun illumination boosts  6% in
the output power [17,20]. These facts explain why TIMs with high
thermal conductivity and low thermal contact resistance with
pertinent solids, e.g., semiconductors or metals, are essential for
further progress in PV energy conversion.
In this review we focus our attention on graphene’s use in
TIMs. We describe composites with an optimized mixture of
graphene [21] and multilayer graphene (MLG), produced by
high-yield liquid-phase-exfoliation (LPE) technique [22–24], with
the strongly enhanced cross-plane thermal conductivity K. It is
demonstrated that one can signiﬁcantly improve the heat conduction properties of the commercial TIMs with a small addition
(f 2%) of the graphene–MGL ﬁller following a proper technology.
We note here that the demonstrated enhancement of TIMs’
thermal conductivity by a factor of 10–20 compared to that of
the matrix materials may lead to revolutionary increase in device
and system performance not only in electronics but also in
optoelectronics and renewable energy generation.

2. Basics of thermal interface materials
Since the primary purpose of this review is to analyze
graphene in the context of practical applications we describe
the basics of TIMs in some details. The function of TIMs is to ﬁll
the voids and grooves created by imperfect surface ﬁnish of two
mating surfaces (Fig. 1(a) and (b)), thus forcing air out and
improving surface contact and the conduction pathway across
the interface (Fig. 1(b)). Fig. 1(a) shows a typical packaging
architecture for desktop computers used for real electronic cooling applications. Two TIM layers are used to ensure a continuous
path for the heat ﬂow. The ﬁrst layer – inserted between the
backside of the device and the integrated heat spreader (IHS) lid –
is conventionally termed TIM-1 while the second TIM layer –
termed TIM-2 – is used between IHS and the heat sink (Fig. 1(a)).

Fig. 1. (Colr online) Schematic of the action of the thermal interface material,
which ﬁlls the gaps between two contacting surfaces. The heat removal improves
with the higher thermal conductivity, smaller bond line thickness and smaller
contact resistance of TIMs with the surfaces.

TIMs’ performance is characterized by RTIM ¼BLT/K þRC1 þRC2,
where BLT is the bond line thickness and RC1,2 are the TIM’s
contact resistance with the two bounding surfaces. The magnitude of RTIM depends on the surface roughness, interface pressure
P, temperature T, and viscosity x. The common TIMs are composites, which consist of polymer matrix or base material and
thermally conductive ﬁller particles. TIMs have to be mechanical
stabile, reliable, non-toxic, low-cost and easy to apply [10–14].
They should possess as high K as possible, as well as low x and
coefﬁcient of thermal expansion. The industrial TIMs have RTIM
 3–10  10  6 K m2/W [11]. The drive to reduce size L of the
conventional ﬁllers, e.g., metal particles, is explained by the fact
that smaller L at high f results in larger particle-to-particle contact
area and lower RTIM [14]. Recently, there were strong efforts in
industry to further reduce RTIM. The latter is explained not only by
the increasing dissipated total power Q but also by the strongly
non-uniform heat ﬂux distribution within the chip [25,26]. The
problem of thermal management of the chip includes two tasks:
maintaining the average temperature of the chip below a certain
design point and keeping the temperature of the hottest spot
below a certain level. Improved TIMs can help to accomplish
both tasks.
The efﬁciency of the ﬁller in TIMs is characterized by the
thermal conductivity enhancement (TCE) deﬁned as Z ¼ ðKK m Þ=
K m , where K is thermal conductivity of the composite and Km is
thermal conductivity of the matrix material. TCE of  170% at the
50% loading of conventional ﬁllers such as silver or alumina with
the ﬁller particle size Lo10 mm are considered to be standard.
Apart from the thermal requirements, the speciﬁc needs for the
electrical insulation of electronic components have considerable
impacts on the product design-in of thermal interface materials.
TIMs therefore can be classiﬁed into the electrically insulating
(e.g., silicone foils, engineering plastics, phase change ﬁlms) and
the electrically conductive materials (e.g., thermal grease). In
addition, parameters such as chemical stability, proper surface
properties with minimal surface deviations, mechanical tolerances, softness and ﬂexibility, tensile strength, easy handling and

K.M.F. Shahil, A.A. Balandin / Solid State Communications 152 (2012) 1331–1340

last but not least the economic efﬁciency have to be considered to
meet the industry requirements. The environmental compatibility, suitability to adhesive, chemical, temperature and ageing
resistance, as well as lifetime are other important factors. These
requirements limit the type of materials and nanostructures,
which can be used as ﬁllers in TIMs. They also explain a strong
interest to each new material with excellent thermal properties
from the TIM application prospective.
Some time ago, CNTs attracted attention as highly thermally
conductive ﬁllers for TIMs. Their main attractive feature is extremely
high intrinsic thermal conductivity Ki of CNTs in the range of  3000–
3500 W/mK at RT [27,28]. The outcomes of experiments with CNTbased TIMs were controversial. The measured TCE factors were
moderate, in the range  50–250% at f7% of the CNT loading
[29–31]. In some cases, K was not improved substantially [30] or
even decreased with addition of single-wall CNTs [32]. The common
reason offered as an explanation was that although CNTs have
excellent Ki they do not couple well to the matrix material or contact
surface. The reported thermal boundary resistance (TBR) between
CNTs and polymer matrix was as high as 10  7 m2 K/W [33]. The
large TBR at CNT–matrix interface can be attributed to the fundamental property—high Kapitza resistance [34] between one-dimensional (1D) CNTs and 3D bulk owing to the large difference in the
phonon density of states (DOS). It was also suggested that the lack of
thermal percolation in CNT composites can negatively affect their
heat conduction properties [35]. Interestingly, the electrical percolation thresholds fT for CNT composites are very low, f0.1 vol%,
compared to 20–30 vol% for composites with spherical ﬁllers
[14,35]. TIMs with aligned CNTs have better K but suffer from large
RC and prohibitive cost. These outcomes provided strong motivation
for the search of alternative high-K ﬁllers and stimulated interest to
graphene and multi-layer graphene as ﬁllers for TIMs.

3. Intrinsic thermal conductivity of graphene
In 2008, it was discovered that graphene has extremely high
intrinsic Ki, which exceeds that of CNTs [1,36–38]. The latter was
conﬁrmed by theoretical studies [1,37,38]. MLG retains excellent
thermal properties [1,38]. Graphite, which is 3D bulk limit for MLG
with the number of layers n-N, is still an outstanding heat
conductor with the intrinsic Ki E2000 W/mK at RT. For comparison, Ki E430 W/mK for silver and it is much lower for silver
nanoparticles used in TIMs. The ﬁrst experimental studies of
thermal conductivity of graphene were carried out at UC Riverside
[1,36,38–40] using an original non-contact Raman optothermal
technique (see Fig. 2(a)). The measurements were performed with
large-area suspended graphene layers exfoliated from high-quality
bulk graphite. The development of the optothermal technique was
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essential for performing the thermal measurements with the
atomically thin materials. It was found that the thermal conductivity K can exceed 3000 W/mK near RT for sufﬁciently large
graphene ﬂakes. The measured thermal conductivity of graphene
was above the bulk graphite limit. The phonon mean-free path
(MFP) was estimated to be 775 nm near RT [39].
In the Raman optothermal technique, the heating power DP is
provided with the laser light focused on a suspended graphene layer
connected to heat sinks at its ends. Fig. 2(b) shows an example of
the sample for the Raman optothermal measurements, which is a
few-layer graphene (FLG) ribbon of rectangular shape with the
number of atomic planes n¼2 suspended across a 3-mm-wide
trench in Si wafer. The temperature rise DT in response to the
dissipated power DP is determined with a micro-Raman spectrometer. The Raman G peak in graphene’s Raman spectrum exhibits
strong temperature T dependence. The calibration of the spectral
position of G peak with temperature has to be performed by
changing the sample temperature while using very low laser power
to avoid local heating. The calibration curve allows one to convert a
Raman spectrometer into an ‘‘optical thermometer’’.
During the thermal conductivity measurements the suspended
graphene layer is heated by the increasing laser power. The local
temperature rise in graphene is measured as DT¼ DoG/zG, where zG
is the temperature coefﬁcient of the Raman G peak in the relevant
temperature range [1]. The amount of heat dissipated in graphene
can be determined either via measuring the integrated Raman
intensity of G peak, as in the original experiments [36], or by a
detector placed under the graphene layer, as in the follow up
experiments [41]. Since the optical absorption in graphene depends
on the light wavelength [42] and can be affected by strain, defects,
contaminations and near-ﬁeld or multiple reﬂection effects for
graphene ﬂakes suspended over the trenches, it is essential to
measure absorption under the conditions of the experiment. The
relatively strong dependence of the light absorption in graphene on
the wavelength results from the many-body effects [42].
A correlation between DT and DP for graphene samples with a
given geometry gives the thermal conductivity value via solution
of the heat diffusion equation. The suspended portion of graphene
is essential for determining DP, forming two-dimensional heat
front propagating toward the heat sinks, and reducing thermal
coupling to the substrate. The method also allows one to monitor
temperature of Si and SiO2 layer near the trench with suspended
graphene from the shift in the position of Si and SiO2 Raman
peaks. This can be used to ensure and monitor the weak thermal
coupling of graphene to SiO2 insulating layer. The thermal conductivity data in the Raman optothermal technique can be
extracted for the graphene and MLG ﬂakes of arbitrary shape
via the iterative solution of the heat-diffusion equation using the
ﬁnite element method [38].

Fig. 2. (Color online) (a) Illustration of the optothermal Raman technique used for the ﬁrst measurements of the thermal conductivity of graphene. (b) SEM image of FLG
with n¼ 2 of rectangular shape suspended across a 3-mm-wide trench in a Si wafer for the thermal measurements.
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Independent studies conducted by other research groups [41] also
utilized the non-contact Raman optical technique but modiﬁed it via
addition of a power meter under the suspended portion of graphene.
The latter was made possible via utilization of the suspended samples
fabricated in the form of membranes. It was found that thermal
conductivity of the suspended high-quality CVD graphene exceeded
2500 W/mK at 350 K, and it was as high as KE1400 W/mK at
500 K [41]. The reported value is larger than thermal conductivity of
bulk graphite at RT, which is about 2000 W/mK. Other optothermal
studies with suspended graphene found thermal conductivity in the
range from 1500 to  5000 W/mK [43].
The data for suspended or partially suspended graphene is closer
to the intrinsic thermal conductivity because suspension reduces
thermal coupling to the substrate and scattering on the substrate
defects and impurities. For practical applications, it is also important
to know in-plane and cross-plane thermal conductivity of supported
graphene, i.e., graphene attached to the substrate along its entire
length. The measurements for exfoliated graphene on SiO2/Si
revealed in-plane KE600 W/mK near RT [44]. This value is below
those reported for suspended graphene but it is still rather high
exceeding thermal conductivity of Si and copper. In Ref. [44] the
authors calculated the theoretical thermal conductivity of free
graphene to be  3000 W/mK near RT. The reduced experimental
of the thermal conductivity of graphene on a substrate was
attributed to the graphene–substrate coupling. Detail description
of thermal conductivity measurements and comparison of the
results among different groups was provided in Ref. [1].

4. Preparation of graphene-based thermal interface materials
The earliest graphene samples were produced using the micromechanical cleavage [21]. Recently the efforts have been focused
on developing large scale methods of graphene production
[22–24,45–47]. The electronic applications require high-quality
graphene. The most promising approach for this type of applications is chemical vapor deposition (CVD) [48–51]. The thermal
management applications cannot become practical without a

large-scale inexpensive production of graphene, which can be of
a lower grade. Graphene’s liquid-phase exfoliation using various
solvents shows most promise for this purpose.
The surfactant stabilized graphene dispersion method [22–24]
and graphene composite preparation techniques [52,53] were
adopted for testing graphene as the TIM ﬁller. These approaches
require relatively little chemical and thermal treatments and
allows one to produce sufﬁcient quantities of TIMs for detail
study (Fig. 3). In this section and below we outline LPE and TIM
synthesis processes following description in Ref. [54]. The dispersions were prepared by ultrasonication of graphite ﬂakes in
aqueous solution of sodium cholate followed by sonication and
centrifugation. The graphene–MLG nanocomposites were prepared by ultrasonication (  10–12 h) of natural graphite in aqueous solution of sodium cholate. The solution was left for  1 h to
settle followed by removal of thick graphite ﬂakes. The ultrasonicated solution underwent sedimentation processing in a
centrifuge. The centrifugation was performed at 15k rpm for
5 min. After centrifugation the top layer was decanted and dried
in a vacuum oven. It was again dispersed in water by the highsheer mixing followed by ultrasonication for  2 h. The solvent
was dried at 60 1C in a vacuum oven leaving graphene and MLG
consisting of 1–10 stacked atomic monolayers. The epoxy resin
was added to the suspension following an in-house developed
procedure (see Ref. [54] and its Supplemental Information). The
curing agent was added under continuous stirring in a ratio of
epoxy to curing agent of 100:26 by weight. The homogeneous
mixture of epoxy and graphene–MLG nanocomposite was loaded
into a custom stainless steel mold, heated and degassed in
vacuum for curing. The composites were cured at 100 1C for 2 h
and at 150 1C for additional 2 h to complete the curing cycle. The
samples were prepared with different graphene loadings varying
between 1 and 10% of volume fraction. In the trial-and-error
procedure the optimum sonication time ts and centrifugation rate
rc resulting in the largest Z were determined.
Fig. 3(a)–(f) presents a schematic of the preparation procedure
of the graphene-based composites for TIM applications as well as
representative characterization data. The LPE produced graphene

Fig. 3. (Color online) Schematic of the preparation process of the graphene–MLG polymer nanocomposite TIMs: (a) graphite source material; (b) weighting the utilized
materials—natural graphite and sodium cholate; (c) graphene solution after the ﬁrst ultrasonication and centrifugation; (d) LPE graphene dispersion at different
concentration; (e) SEM image of MLG revealing overlapping regions and wrinkles, which improve thermal coupling; (f) optical image of graphene–MLG polymer composite
samples prepared for thermal measurements.
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Fig. 4. (Color online) Raman spectroscopy image of bilayer graphene and MLG
ﬂakes extracted from the solution. The presence of the single layer, bilayer
graphene and MLG with no 5 was essential for the observed thermal conductivity
enhancement.

and MLG were characterized using the optical, scanning electron
microscopy (SEM) and atomic force microscopy (AFM) techniques. The thickness H ( ¼h  n, where h¼ 0.35 nm is the thickness
of a graphene monolayer) and size L distribution of MLG in the
nanocomposites were important for maximizing Z. Extremely
small dimensions of the resulting graphene sheet led to the
wrinkled topology at the nanoscale as shown in Fig. 3(e). The
nanoscale surface roughness of FLG could play an important role
in enhancing mechanical interlocking and load transfer with the
matrix and consequently, better adhesion [52].
The micro-Raman spectroscopy was used to verify n [6]. The n
counting with the Raman spectroscopy is efﬁcient for n o7. For
thicker ﬂakes the thickness distribution statistics was also derived
from AFM inspection. Fig. 4 shows an example of Raman spectra
of MLG from the solution and the reference graphite source
excited at l ¼488 nm. Deconvolution of 2D band and comparison
of the I(G)/I(2D) intensity ratio allowed us to determine n with a
high accuracy, e.g., the plotted spectra correspond to the largesize bilayer graphene (n ¼2) and MLG with n E5 with. The weak
intensity of the disorder D peak indicates the large lateral size and
low defect concentration (the diameter of the laser spot in the
micro-Raman spectroscopy was  1 mm).
The graphene–MLG concentrations utilized for preparation of the
nanocomposite TIMs were 0.253 mg/mL (ts E12 h, rc ¼15k rpm).
It was established that the composites with  10–15% of MLG with
nr2,  50% of FLG with nr5 are the optimum for maximizing Z.
Based on the optical microscopy and SEM examination, most of the
graphene and MLG ﬂakes ( 90%) had lateral dimensions in the
range LE50 nm–0.5 mm. A small fraction of the ﬂakes (10%),
predominantly with no5, had large lateral sizes LE2–5 mm. As
discussed below, their presence in the TIM composites was important. The prepared nanocomposite graphene–MLG solutions were
mixed with epoxy followed by curing and heating in vacuum to
produce a large number of samples with the carbon loading f0.2–
10 vol%.
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ensure that their thermal resistances were much larger than the
contact resistance. All measurements reported in Ref. [54] started
with the control experiments—measurements of the thermal
conductivity of pristine epoxy. The obtained values for the
pristine epoxy were K¼0.201 W/mK at RT (in agreement with
the epoxy vendor’s speciﬁcations).
Fig. 5 shows TCE factor as a function of the loading fraction of
ﬁller f for the graphene–MLG-nanocomposite epoxy—sample A
(ts E12 h, rc ¼ 15k rpm) and sample B (ts E10 h, rc ¼5k rpm) at RT.
For comparison, TCE for the epoxy composites with graphite
micro- and nanoparticles obtained by grinding of graphite (substantial fraction of particles have L 40 mm) and TEC for the epoxy
composite with commercial carbon black (CB) powder are also
shown. One can see that there is a very large increase in Z for the
graphene–MLG nanocomposites. At f¼10 vol% loading, K reaches
the value of  5.1 W/mK, which corresponds to TCE of 2300%.
Traditional ﬁllers with small aspect ratios show TCE  20% per
1 vol% loading. The measured TCE for composites with the
amorphous graphite particles were low and consistent with the
literature [10–14]. The control experiments with graphite particles and CB conﬁrm that the thermal properties of graphene and
MLG are essential for increasing the thermal conductivity of TIMs
[54].
It is interesting to note that TCE follows approximately linear
dependence on f without revealing any clear signature of thermal
percolation threshold. One would expect to observe a kink in K(f)
plot and K ¼ K T ½ðf f T Þ=ð1f T Þb dependence (where b E2 in 3D) if
the percolation is resolved. The physics of the thermal percolation
is still a subject of debates [10,30,35,52]. Unlike electrical percolation, the thermal percolation threshold can be less pronounced
due to heat conduction by the matrix. Fig. 6 shows the thermal
conductivity as a function of temperature for different loading f.
The thermal conductivity decrease with temperature at higher
loading can be related to the Umklapp phonon scattering characteristic for crystalline materials. This suggests that heat is
carried by the thermally linked graphene or MLG ﬂakes when
f 10%. Contrary, in pristine epoxy the K(T) dependence is nearly
absent, which is expected for the non-crystalline amorphous
solids [1]. The temperature dependence of our graphene TIMs is
still rather weak, which is beneﬁcial for the thermal management
applications.
To rationalize the experimental data, one can use the Maxwell–
Garnett effective medium approximation (EMA), which works well
for fo40% [55,56]. In Ref. [54] it was modiﬁed to include the size of
the ﬁllers, aspect ratios a and TBR between the ﬁllers and matrix.

5. Thermal properties of graphene-based TIMs
Thermal conductivity measurements were conducted with the
‘‘laser ﬂash’’ technique. In the laser ﬂash method, for a given
geometry of the samples, heat propagates from the top to the
bottom surface of the material under test. It means that the
measured K is more closely related to the cross-plane, also
referred to as through plane, component of the thermal conductivity tensor. The cross-plane K is the one, which is important for
TIMs’ performance. The sample thicknesses were 1–1.5 mm to

Fig. 5. (Color online) Thermal conductivity enhancement in the graphene–MLGnanocomposite epoxy TIMs as a function of the ﬁller volume loading fraction. Note
an extremely large enhancement by a factor of  23 at f ¼ 10 vol% for the optimum
nanocomposite parameters. Reproduced with permission from K.M.F. Shahil and
A.A. Balandin, Nano Lett., 12, 861 (2012).
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Fig. 6. (Color online) Measured dependence of the thermal conductivity of TIMs on
temperature for different loading fractions. The weak temperature dependence is
beneﬁcial for applications of the composites as TIMs. Reproduced with permission
from K.M.F. Shahil and A.A. Balandin, Nano Lett., 12, 861 (2012).

Both graphene and CNTs can be regarded as spheroids with principle
dimensions a1 ¼a2 and a3. An ideal graphene ﬂake can be treated as
an oblate spheroid with a ¼a3/a1-0, while CNT can be treated as a
prolate spheroid with a-N. This difference in a was theoretically
predicted to make graphene much better ﬁller than CNTs [56].
Assuming randomly oriented ﬁllers and incorporating TBR, one can
write for MLG composites [54]
K ¼ K p ½3K m þ 2f ðK p K m Þ=½ð3f ÞK p þ K m f þ RB K m K p f =H:

ð1Þ

Here RB is TBR at the graphene–matrix interface, while Kp and
Km are thermal conductivity of the ﬁller and matrix materials,
respectively. Graphene has large phonon mean-free path
L  775 nm at RT [1], which is comparable to L. To account for
the size effects on heat conduction inside MLG, we altered EMA
by introducing K p ¼ ð1=3ÞCuLeff , where 1=Leff ¼ 1=L þ 1=L, C is the
speciﬁc heat and u is the phonon velocity. For simplicity, we
assumed Kp/Km  1000 for both MLG and CNTs and took TBR
values for CNTs and graphene as 8.3  10  8 m2 K/W [33] and
3.7  10  9 m2 K/W [57], respectively. The calculations conﬁrmed that MLG can produce higher TCE than CNTs even as one
varies a and diameter D of CNTs in a wide range.
The modiﬁed EMA was used to extract the actual TBR in the
nanocomposite graphene–MLG-epoxy TIMs by ﬁtting the calculated K to the experimental data and varying RB value. For MLG, we
used a ¼0.01 (EH/L) and assumed L ¼775 nm [6]. The best match
with experiment is attained at RB ¼3.5  10  9 K m2/W. This value
is small, and it is consistent with the molecular dynamics (MD)
simulations [57]. Our own calculations indicate that for higher RB,
TCE does not increase with f linearly but starts to saturate. In
addition to the geometrical factors, the reduction of TBR at the
ﬁller–matrix interface is another key condition for achieving high
TCE for graphene–MGL nanocomposite. Recent ab initio density
function theory (DFT) and MD study [58] suggested a possibility of
extraordinary K enhancement in ordered graphene composites
(K/Km E360 at fE5%) due to graphene’s planar geometry and
strong coupling of the functionalized graphene to the organic
molecules with the corresponding decrease in Kapitza resistance.
This implies that certain phonon modes excited in graphene and
couple well to those in organic molecules and the mismatch in the
phonon DOS between graphene–matrix is smaller than between
CNT–matrix. The experimental data reported in Ref. [54] are in line
with the DFT and MD predictions [57,58].
It follows from our analysis that graphene’s geometry (a-0 in
graphene as opposed to a-N in CNTs) and lower Kapitza
resistance are the key factors in achieving outstanding TCE. The
role of the percolation threshold is not clear yet. Theory suggests

that fT  1Xa [35,59], which explains the low electrical percolation
fT for CNTs. This can also indicate that for MLG, fT should be much
larger and heat conduction is assisted, instead, by better graphene
and MLG thermal coupling to the matrix. The latter conclusion is
supported by the extracted value of RB and theoretical estimates of
Kapitza resistance. These considerations do not exclude attachments of graphene and MLG ﬂakes to each other with good thermal
links without forming a completely percolated network. In the
examined f range our TIM samples remained electrically insulating
with the measured electrical resistivity of r E1.4  109 O cm.
It has been established from the trial-and-error studies that it
is essential to have both graphene and MGL in the nanocomposite
for achieving maximum TEC. The single-layer or bilayer graphene
have greater ﬂexibility to form the thermal links while Kp in MGL
(n 43) is subject to less degradation due to phonon boundary
scattering [1]. The TIM performance, deﬁned by RTIM, depends not
only on K but also on BLT [11–13]. Using an approximated BLT
and measured TCE of 2300%, we conservatively estimated that
RTIM of the nanocomposite graphene–MLG TIMs should be, at
least, on the order of magnitude smaller than that of conventional
or CNT based TIMs. The achieved TCE at f¼10% is higher than that
in graphite composites [60], GnP–CNT epoxy composites [61–67],
graphite nanocomposites [63], or chemically functionalized graphite composites [64] at the same or even higher carbon loading.
In order to evaluate the effectiveness of graphene–MLG-based
TIMs in the practical setting of the two proximate surfaces and TIM
between them, the thermal conductivity across the thermal contact was also measured. The sandwiches of the two mating surfaces
made of aluminum with the TIM in between two surfaces have
been prepared for these studies. The initial material was a
commercial thermal grease (a type of TIM), which had Al and
ZnO2 particles as the ﬁllers [65]. The thermal conductivity of the
stacked metal–grease–metal sandwiches was measured using the
same technique. The thermal conductivity of the thermal grease
determined in our experiments was  5.8 W/mK, which compares
well with the value provided by the vendor. As the next step, we
modiﬁed the grease by adding a small quantity (f¼2 vol%) of the
mixture of graphene–MLG, and prepared several sandwiches of the
metal–TIM–metal. The thermal conductivity of the total structure
was measured again following the same procedure. The extracted
thermal conductivity of our graphene–MLG–grease TIM was found
to be  14 W/mK at RT. This corresponds to K/Km ratio of 2.4, i.e.,
TCE factor of  1.4, at the very small 2% loading fraction [54].
For comparison, in the case of our graphene–MLG-epoxy
composite the TCE factor is 3 at 2% loading, which corresponds
to K/Km 4 (see Fig. 5). Although the TCE factor in the tested
commercial grease with graphene is smaller than that in the
graphene–epoxy composite, it is still signiﬁcant. It is reasonable
to assume that in the commercial grease the TCE factor is smaller
than in the graphene–MLG-epoxy nanocomposites owing to the
presence of other ﬁller particles with the relatively low intrinsic
K. A different graphene–matrix coupling can also affect the K
value. In the graphene–epoxy composites we also start with the
much smaller matrix thermal conductivity Km. A hybrid mixture
of graphene–MLG and Al and ZnO2 can be the efﬁcient ﬁller owing
to a complex interactions among different ﬁller particles [14].
It is important to note that by using a small loading fraction,
one can keep the viscosity and other important mechanical
characteristics, such as conformity, of the original thermal grease
unaffected. Conformability allows TIM to ﬁll the microscopic
valleys on the surface of the mating surfaces, thus displacing
air, which is thermally insulating. The good spreading characteristics allow one to minimize the TIM thickness: the larger
thickness would result in the higher thermal resistance. The data
in Table 1 conﬁrmed that TCE values achieved in the graphene
based TIMs are indeed the highest reported to date. The upper
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Table 1
Thermal interface materials with various ﬁllers.
Filler

Properties
TCE (%)

Part I: Non-carbon ﬁllers
Ni
Al2O3
ALN
BN
Al2O3
BN
AlN
Ag
Part II: TIM with CNT ﬁllers
MWNT
SWNT
p-SWNT
CNT
SWNT
SWNT
SWNT
MWNT
SWNT
MWNT
MWNT

566
–
1900
650
–
–
–
–
150
125
350
65
50
55
–
–
–
–

Loading

Base material

Measurement

Ref.

o30%
50 wt%
60%
30 wt%
10 wt%
0–35 vol%
40 vol%
28 vol%

Epoxy
Epoxy
Epoxy
Epoxy
PS
Polyethylene
Epoxy
Epoxy

Laser ﬂash
Guarded ﬂow
ASTM
ASTM
Laser ﬂash
Hot disk
Laser ﬂash
Laser ﬂash

[81]
[89]
[82]
[83]
[84]
[88]
[87]
[85]

1.0 vol%
1.0 wt%
9.0 wt%
3.8 wt%
1 wt%
7.0 wt%
–
–
2.3 wt%
–
–

Oil
Epoxy
Epoxy
Silicone
Polystyrene
PMMA
–
Epoxy
Epoxy
–
–

Hot wire
Comparative
Laser ﬂash
ASTM
Steady state
Guarded plate
–
ASTM
Comparative
ASTM
ASTM

[31]
[77]
[29]
[78]
[66]
[30]
[91]
[92]
[90]
[93]
[94]

60 wt%
40 wt%
25.0 vol%
5.0 vol%
1.0 vol%
20 wt%
20 wt%
20 wt%
10 vol%

Epoxy
Rubbery epoxy
Epoxy
Glycol and parafﬁn
Epoxy
Silicone
Epoxy
Silicone
Epoxy

Laser ﬂash
Hot disk
Laser ﬂash
Comparative
Hot wire
Hot disk
Laser ﬂash
Hot disk
Laser ﬂash

[86]
[95]
[79]
[80]
[76]
[96]
[60]
[97]
[54]

K (W/mK)

0.35–0.65

0.18
0.8–1.2
1.3
3.0
–
–

–
4.8
0.5
0.61
0.43
1.21

Part III: TIM with graphene, graphite and diamond ﬁllers
Diamond
 406
1.2
Carbon nanoﬁber
 945
1.845
GnP
3000
–
GON
30–80
–
GnP
10
0.23
GnP
700
1.4
Graphite
1800
–
GnP
990
1.909
Graphene–MLG
2300
5.1

part of the table lists TIMs with non-carbon ﬁllers such as metal
and boron nitride (BN) micro- and nano-particles. The middle part
summarizes data for TIMs ﬁlled with CNTs. The lower part of the
table provides data for TIMs with graphite, GnP and graphene. For
comparison, the data point for diamond is also included.
The large TCE factors are often accompanied by increasing
electrical conductivity s, i.e., decreasing r. In our case, we
observed a record-high TEC without a substantial change in r in
the examined f range. The increase of TEC without decreasing r
was reported in a few other studies. For example, a substantial
enhancement of K in the composites with CNTs at 1 wt% loading
was reported in Ref. [66]. The electrical conductivity s of the
composites remained low 10  11–10  9 S/cm in these samples. The
low s of 10  15–10  9 S/cm in the SWNT/PS composites with
enhanced K was also reported [67]. Moreover, there were studies
where the increasing K was accompanied by the decreasing s in
the composite with the same ﬁller fraction [61].
The increase in the thermal conductivity without substantial
change in the electrical conductivity can be explained by the
following. The strong increase in the electrical conductivity in the
composite with the electrically insulating matrix requires formation of the percolation network. In our case, we have enhancement of K owing to the present of graphene–MLG ﬁllers, perhaps
with partial ordering, while the complete percolation network is
not formed. The heat can be conducted through the matrix while
the electrical current cannot. The narrow layers of the epoxy
matrix may not present a substantial thermal resistance while
blocking the electric current. According to the theory [35,68], an
increase in the thickness of the polymer layer from zero to 10 nm
does not affect signiﬁcantly the heat transport while such an

increase in the width of the tunneling barrier for the electrons
would effectively eliminate the electrical transport.

6. Thermal boundary resistance at the graphene–matrix
interface
Heat conduction across graphene and FLG on substrates was
measured by several different techniques, including electrical
3-omega, Raman-electrical, and optical pump-and-probe methods
[69–72]. The thermo-reﬂectance technique was used to study graphite interface with Cr, Al, Ti and Au [73]. The RT TBR of  10  8 K m2/
W was found in most of cases. The summary of the reported TBR data
is provided in Table 2. The studies, which utilized different experimental techniques, were in agreement that the cross-plane conductance G or TBR do not reveal a strong dependence on the thickness of
FGL or nature of the dielectric or metal substrate. TBR decreases with
temperature following a typical trend for Kapitza resistance.
The ﬁrst-principle calculations of heat transfer between graphene and SiO2, which treated the graphene–substrate coupling
as a week van der Waals-type interaction, determined the heat
transfer coefﬁcient of  2.5  107 W/(m2 K) [74]. This translates to
TBR of  4  10  8 K m2/W, which is close to experimental data.
Despite agreement on the average TBR, most studies note a
signiﬁcant sample to sample variation in TBR at graphene–SiO2
interface (e.g., factor of 4 for FLG with n ¼5 in Ref. [71]). This
means that graphene thermal coupling to other materials can
depend strongly on the surface roughness, presence or absence of
suspended regions in graphene layers, and methods of graphene
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Table 2
Thermal boundary resistance.
Interface

Thermal resistance (K m2/W)

Method

Ref.

Alumina–Polymer
CNT–D2O
Carbon nanoﬁber–Cu
Aligned MWCNT
CNT–CNT interface
Graphene–SiO2
Graphene–SiO2
Graphene–SiO2
Metal–graphene–SiO2
Graphite–metal
Graphene/a-SiO2
Graphene–oil
Graphene–epoxy

2.5  10  8–5  10  8
8.3  10  8
0.25  10  4
8–18  10  6
3.8  10  4
 4  10  8
 (0.6–12)  10  8
 2  10  8
 4  10  8
 (1–3)  10  8
 4  10  8
 (0.4–4)  10  8
 3.5  10  9

3o method
Transient absorption
ASTM
Photoacoustic technique
Infrared technique
Raman and electrical
Electrical
Pump and probe
Raman and electrical
Reﬂectance
Theory
Theory
Laser ﬂash

[98]
[33]
[100]
[99]
[101]
[69]
[70]
[71]
[72]
[73]
[74]
[57]
[54]

preparation. The low TBR of graphene with many materials add
validity to the proposed graphene and MLG applications in TIMs.

7. Hybrid graphene–metal nano/micro-particle composites
In this section we describe recent progress in the electrically
conductive TIMs achieved via a combination of graphene and MLG
with metal nano- and micro-particles in hybrid composites. We
follow the methods and data reported in Ref. [75]. For this study,
the authors used electrically conductive silver epoxy with the
silver particles as the initial ﬁller. The sizes of the silver particles
were in micrometer range. The graphene–FLG solution was prepared by the ﬂake isolation via the density gradient ultra-centrifugation (DGU) [23]. The aqueous-solution-phase approach was
enabled by the sodium cholate (SC) surfactant [24]. In DGU, the
solution of graphite ﬂakes is centrifuged to control the MLG
thickness. To remove the thick graphite material from the dispersion, the centrifugation was performed at 15k rpm for 5 min. The
ﬁnal product was encapsulated graphene–MLG sheets with the
concentration of 0.05 mg/mL. The utilized liquid graphene–MLG
solution had the single layer graphene and bilayer graphene
content of  27% and 48%, respectively. The solution was treated
thermally to reduce the surfactant concentration and improve the
ﬂake-to-ﬂake contact.
The hybrid graphene–metal-epoxy composites were prepared
by dispersing the graphene solution in the silver epoxy, and
applying the high-shear mixing with the following ultrasonication. The epoxy hardener was added to the homogeneous mixture
of the graphene–silver epoxy and shear mixed. Fig. 7(a) shows the
scanning electron microscopy (SEM) image of the resulting hybrid
graphene–silver-epoxy composite. One can see the silver particles
as the mm-scale grains. The graphene–MLG ﬂakes with nm-scale
thickness and lateral sizes varying from nm to mm scale are more
difﬁcult to distinguish. Their presence and concentration were
veriﬁed with the electron dispersive spectroscopy (EDS). The EDS
data presented in Fig. 7(b) reveals carbon (C) atoms present
together with silver (Ag) and oxygen (O) atoms. The left inset to
Fig. 7(b) is the TEM image of MLG ﬂakes utilized in the composite.
The selected-area electron-diffraction patterns, collected during
TEM characterization, indicated that graphene ﬂakes retained
their good crystal structure after all processing steps. The right
inset to Fig. 7(b) shows the image of the TIM sample.
Fig. 8 presents the measured thermal conductivity of the
commercial silver epoxy, the hybrid composites with different
graphene–MLG loading and reference composites with the carbon
black. The error bars represent the data scatter for several
samples. The measured K for the commercial silver-epoxy TIM
was 1.67 W/mK, which is in agreement with the value provided

Fig. 7. (Color online) (a) SEM image of the graphene–silver-epoxy composite.
(b) EDS data for the composites indicating the presence and concentration of
graphene–FLG particles together with the silver particles. The left inset shows
TEM image of a representative graphene ﬂake used in the composites. The scale
bar is 25 nm. The right inset shows an optical image of TIM sample prepared for
thermal measurements. The diameter of the sample is 10 mm and its thickness is
1 mm. Reproduced with permission from V. Goyal and A.A. Balandin, Appl. Phys.
Lett., 100, 073113 (2012).

by the vendor. The thermal conductivity of the reference composite does not increase noticeably with the addition of carbon black
in the examined f range. Carbon black is an amorphous material
with low K [1]. However, one can see a drastic K increase in the
composites with addition of the graphene–FLG ﬁller. The RT
thermal conductivity of TIMs with the graphene–FLG nanomicro-ﬁller particles reaches 9.9 W/mK at the small 5 vol% of
the graphene–FLG loading. This is signiﬁcant increase by a factor
of  6, which corresponds to  500% K enhancement as compared
to the commercial silver-epoxy TIM.
The epoxy matrix is a weak conductor of heat and electrical
insulator. However, the high loading fraction of silver particles in
the pristine silver epoxy ensures that TIM is electrically conductive.
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The measurements of the silver epoxy revealed the electrical
resistivity re E10  4 O m. The low re means that the silver particles
touch each other forming an electrically percolating network. It is
interesting to note that re of the hybrid samples did not change
noticeably with addition of graphene. The latter can be explained
by the fact that since the composite is highly electrically conductive
by itself the addition of only 5 vol% of graphene–MLG cannot
change its r substantially.

8. Conclusions
We reviewed the thermal properties of graphene and discussed applications of graphene and MLG in thermal interface
materials. It was pointed out that one can obtain the thermal
conductivity enhancement by a factor of 23 with the help of
graphene–MLG at f¼10% loading, which is higher than anything
reported to-date. The unusual enhancement was explained by
high intrinsic Ki of graphene and MLG; low Kapitza resistance at
the graphene–matrix interface; geometrical shape of graphene–
MLG ﬂakes (a-0); high ﬂexibility if MLG (n o5); and the
optimum mix of graphene and MGL with different thickness
and lateral size. Additional beneﬁts of the graphene-based composites, which come at no additional expense, are their low
coefﬁcient of thermal expansion and increased mechanical
strength. It has also been shown that one can obtained the
thermal conductivity of  14 W/mK in the commercial thermal
grease via addition of only f¼2% of the optimized graphene–MLG
mixture. The graphene-based TIMs have the thermal resistance
reduced by orders-of-magnitude and be can produced inexpensively on an industrial scale.
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