
Extremely high thermal conductivity of graphene: Prospects for thermal
management applications in nanoelectronic circuits

S. Ghosh,1 I. Calizo,1 D. Teweldebrhan,1 E. P. Pokatilov,1,a� D. L. Nika,1,a� A. A. Balandin,1,b�

W. Bao,2 F. Miao,2 and C. N. Lau2

1Nano-Device Laboratory, Department of Electrical Engineering, University of California-Riverside,
Riverside, California 92521, USA
2Department of Physics and Astronomy, University of California-Riverside, Riverside, California 92521
USA

�Received 26 February 2008; accepted 18 March 2008; published online 16 April 2008�

The authors reported on investigation of the thermal conductivity of graphene suspended across
trenches in Si /SiO2 wafer. The measurements were performed using a noncontact technique based
on micro-Raman spectroscopy. The amount of power dissipated in graphene and corresponding
temperature rise were determined from the spectral position and integrated intensity of graphene’s
G mode. The extremely high thermal conductivity in the range of �3080–5150 W /m K and
phonon mean free path of �775 nm near room temperature were extracted for a set of graphene
flakes. The obtained results suggest graphene’s applications as thermal management material in
future nanoelectronic circuits. © 2008 American Institute of Physics. �DOI: 10.1063/1.2907977�

As the electronic industry moves toward nanometer de-
signs, one of the most important challenges is growing chip
power consumption. Thus, thermal management in electronic
circuits is becoming an integral part of the design.1 As the
performance of ultralarge scale integrated �ULSI� circuits
depends on temperature T, even a small increase in T results
in reduction of the device lifetime. A possible approach
for solving the thermal problem is finding a material with
extremely high thermal conductivity K, which can be inte-
grated with Si complementary metal-oxide semiconductor
�CMOS� technology. Diamond and carbon nanotubes �CNTs�
have been considered for such applications.2,3 Although these
materials have high thermal conductivity4–6 they are not well
suited for integration with CMOS.

In this letter, we show that graphene, i.e., individual
sheets of sp2-hybridized carbon bound in two dimensions,7–9

exhibits an extremely high thermal conductivity and long
phonon mean free paths �MFP�. The letter provides details of
a measurement technique and explains the obtained K values
with a simple model. A large number of graphene layers have
been produced by the mechanical exfoliation of bulk highly
oriented pyrolitic graphite �HOPG� using the standard
technique.7–10 We used Si /SiO2 substrates with an array of
trenches fabricated by the reactive ion etching �RIE�. The
nominal depth of the RIE trenches was �300 nm, while the
trench width D varied in the range of 1–5 �m. Among the
samples, we selected long graphene flakes with a relatively
constant width W suspended over the trenches and connected
through the few-layer graphene regions to large graphitic
pieces at the distance of few micrometers from the trench
edges. The suspended single-layer graphene �SLG� flakes
were found with the help of Raman spectroscopy.11–14 The
large graphitic pieces connected to SLG acted as heat sinks.

None of the conventional techniques for measuring ther-
mal conductivity of material worked well for the atomically

thick graphene layers. For this reason, we developed an ap-
proach on the basis of confocal micro-Raman spectroscopy.
The schematic of the experiment and samples are shown in
Fig. 1. The laser light is focused in the middle of the sus-
pended SLG with the spot size of about �1 �m.15 A fraction
of the excitation light ��=488 nm� is absorbed by graphene,
which results in the heating power PG, while the remaining
light is absorbed by the trench. Since K of the
air is negligible, the heat generated in graphene laterally
propagates through the layer with the thickness of aG
=0.35�0.01 nm toward the heat sinks on the sides of the
flakes. Due to the small cross-sectional area of the heat con-
ducting channel, even a small power dissipated in graphene
can lead to a detectable rise of the local temperature.16

The suspended portion of graphene is essential for �i�
forming a nearly plane heat wave front, which propagates to
the heat sinks, �ii� reducing graphene—substrate coupling,
and �iii� determining the fraction of power dissipated in SLG
via the original procedure outlined below. The temperature
rise �TG in the middle of the suspended portion of graphene
can be established by measuring the shift in position of the
graphene G peak �� and using the peak temperature coeffi-
cient �G, which we reported earlier.16,17 In this case, the
micro-Raman spectrometer acts as a thermometer, which
gives �TG=�� /�G. We induced substantial heating in the
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FIG. 1. �Color online� �a� High-resolution scanning electron microscopy
image of the suspended graphene flakes. �b� Schematic of the experimental
setup for measuring the thermal conductivity of graphene.
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middle of the suspended portion of the graphene flake. The
average temperature rise along the length of the about flake
was about �70–100 K.

The heat transport in graphene layer in our experiment is
at least partially diffusive. The latter is expected from the
phonon MFP data reported for a rather similar material sys-
tem such as suspended CNTs.5,6,18,19 It was found that MFP
in CNTs is �250–750 nm at RT.18 In our setup, the distance
from the trench edge to the sink was in the range of
6–10 �m. For the plane-wave heat front propagating in two
opposite directions from the middle of SLG, we can write
K= �L /2aGW���PG /�TG�. Here, �TG is the change in the
temperature in the suspended portion of graphene flake due
to the change in the power �PG dissipated in graphene. Fi-
nally, the thermal conductivity can be determined as

K = �L/2aGW��G���/�PG�−1. �1�

It is not possible to directly measure �PG. The detector
placed at the site of the sample measures PD= PG+ PS, where
PS is the power loss in Si trench. To determine PG, we de-
veloped a calibration procedure with HOPG used for exfo-
liation of graphene. The power absorbed in SLG can be writ-
ten as PG=�GaG�1+RSi�I0A, where A is the illuminated area,
I0 is the laser intensity on the surface, �G is the absorption
coefficient in graphene, and RSi is the reflection coefficient of
Si. Here, we took into account the power, which is reflected
from the Si trench and absorbed by the suspended portion of
graphene. The reflection from SLG is assumed negligible,
which is in line with the findings of Ref. 20. The integrated
Raman intensity from SLG is given as21 �IG=N�GI0, where
N is the number of the scattering atoms in the surface area A
and �G is the Raman scattering cross section. Now we can
relate the integrated Raman intensity to the absorbed power
as �IG= �N /A���G /�GaG�PG / �1+RSi�.

Focusing the same laser beam on the calibration
HOPG, we set PD= I0A. The integrated Raman scattered in-
tensity from HOPG is obtained by summation over all n
graphene layers, which make up HOPG, i.e., �IHOPG
=N�HI0�n=1

	 exp�−2�HaHn�, where �H is the absorption co-
efficient and aH is the thickness of each monolayer. The later
leads to �IHOPG= �1 /2��N /A���H /�HaH�PD�1−RH�, where
RH is the reflection coefficient for HOPG. Defining the ratio
of the integrated intensities as 
=�IG /�IHOPG, we express
the power absorbed in graphene through the power measured
by the detector as

PG = �
/2���H�GaG/�G�HaH��1 + RSi��1 − RH�PD. �2�

Since the term in the square brackets is about unity, the mea-
surement of 
 completes the calibration. Figure 2 shows
measured �IG and �IHOPG for a typical suspended graphene
and its “native” HOPG. The measured intensities define 
,
which is almost constant over the examined �PD range. Us-
ing the characteristic values of RH=0.27–0.34 �Ref. 22� and
RSi=0.25–0.30 for the rough Si trench together with the
measured 
, we obtain that PG��0.11–0.12�PD. Although
the larger fraction of laser power is lost in the trench, it does
not interfere with the measurement because the heat in Si
trench diffuses to the substrate bottom and does not form a
parallel conduction channel to the graphitic heat sinks.

We independently confirm that substantial amount of
power is dissipated in the trench by measuring the shift of Si
522 cm−1 peak with the laser excitation power. The tempera-

ture coefficient, defined as ����T� /T���T=0�, for Si is well
known and reported to be in the range of �−4.7�10−5 �Ref.
23� −1–5.4�10−5 / °C.24 From the measured shift of ��
�1 cm−1, we estimated that the temperature rise in Si trench
is �T�35 K. The significant rise despite a large thermal
conductivity of Si ��145 W /m K at RT� is in line with our
assessment of the absorbed power distribution between the
suspended graphene and the trench. To verify that there is no
strong thermal coupling between graphene and SiO2 layer,
we determined the positions of W2 and W3 Si–O–Si stretch-
ing bonds25,26 in the range of 800–1100 cm−1 at different
power levels. The absence of shifts suggests that SiO2 layer
is not heated despite its low K ��1 W /m K�.

Figure 3 shows a change in the G peak position with the
total dissipated power PD for a typical suspended SLG. In
this figure, the peak position change �� is referenced to the
value at the lowest excitation power. The extracted slope is
�� /�PD�−1.226 cm−1 /mW. Knowing 
=�IG /�IHOPG for

FIG. 2. �Color online� Integrated Raman intensity for the spectra region near
G peak for suspended graphene and reference HOPG sample. The intensity
ratio is approximately constant over the relevant excitation power range.
Inset show the G peak region for graphene.

FIG. 3. The shift in G peak spectral position vs change in total dissipated
power. The slope of the dependence is used for the extraction of the thermal
conductivity of graphene.
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a given sample and power range, one can recalculate the
measured slope into the value of �� /�PG. Using �G=−1.6
�10−2 cm−1 /K �Ref. 17� and plugging into Eq. �1� the val-
ues of aG, L, and �� /�PG, we obtain, for the examined set
of SLG samples, the averaged values in the range of K
�3080–5150 W /m K. One should note that the upper
bound of K for graphene is higher than the conventionally
accepted values for individual CNTs.5,6 The standard error in
our measurement of �� /�PD is �9%.

From the Wiedemann–Franz law Ke /�= �2 /3��kB /e�2T
�where Ke is the electron contribution to K, �=1 /� is the
electrical conductivity, � is the electrical resistivity, kB is the
Boltzmann constant, and e is the charge of an electron� and
the measured resistance R=�L /S�1 k� for the graphene
conductor of the length L and cross-sectional area S, we
estimated that the contribution of electrons to the thermal
conductivity is less than 1% at RT. This may seem unusual
for a semimetal but in line with the predictions for
graphite.27 We evaluated the phonon MFP � in graphene
from the expression K= �1 /2�CV�, where C is the specific
heat and V is the averaged phonon velocity. The coefficient
1 /2 appears due to the two-dimensional nature of SLG. Us-
ing similarity of graphene and CNT material parameters and
the data provided in Ref. 18, we estimated from our K values
that MFP in graphene is ��775 nm near RT.

The Umklapp-limited phonon thermal conductivity can
be approximated as K=�V4 / �T�2�D�,27,28 where � is the
mass density, � is the Gruneisen parameter, and �D is the
Debye cutoff frequency. In order to get a rough estimate
for K of graphene as compared to that of CNTs, KCNT, we
neglect the difference in � and �D, and write: K /KCNT
��VG /VCNT�4��CNT /�G�2. There is a discrepancy in reported
values of � for graphitic materials. At the same time, the
published data suggest that � for graphene is smaller than
that in graphite or CNTs. Using the values for graphene from
Ref. 29 and CNTs from Ref. 30, one gets ��CNT /�G�2

�1.37. Thus, if one assumes equal phonon velocities in
CNTs and graphene, the thermal conductivity of graphene
should be larger than that in CNTs. For KCNT values reported
in Refs. 5 and 6 we would get graphene’s low bound K
estimate of �4100–4800 W /m K. It has been suggested that
the in-plane Gruneisen parameter of graphite reduces with
increasing temperature near RT.31 The latter can be a possible
reason for the higher maximum value obtained in our experi-
ment because graphene flakes experience substantial tem-
perature rise. Based on the dispersion calculations in gra-
phitic materials,32,33 the phonon group velocity in graphene
is higher than that in CNTs, which leads to larger K.

An important implication of extremely high thermal con-
ductivity of graphene is its possible use for thermal manage-
ment in future ULSI circuits. While SLG is hard to produce,
graphene multilayers are much cheaper and are expected to
retain the heat conducting property. Graphene layers can be
naturally attached to heat sinks, thus, avoiding the problem
of thermal contact resistance, which is a major issue for
CNTs. The flat plane geometry of graphene simplifies its
integration with Si CMOS circuits for thermal management.
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