
Thermal Properties of Graphene−Copper−Graphene Heterogeneous
Films
Pradyumna Goli,† Hao Ning,‡ Xuesong Li,‡ Ching Yu Lu,‡ Konstantin S. Novoselov,*,§

and Alexander A. Balandin*,†

†Nano-Device Laboratory, Department of Electrical Engineering, Bourns College of Engineering, University of California − Riverside,
Riverside, California 92521, United States
‡Bluestone Global Tech, 169 Myers Corners Road, Wappingers Falls, New York 12590 United States
§School of Physics and Astronomy, University of Manchester, Oxford Road, Manchester, M13 9PL, United Kingdom

*S Supporting Information

ABSTRACT: We demonstrated experimentally that gra-
phene−Cu−graphene heterogeneous films reveal strongly
enhanced thermal conductivity as compared to the reference
Cu and annealed Cu films. Chemical vapor deposition of a
single atomic plane of graphene on both sides of 9 μm thick
Cu films increases their thermal conductivity by up to 24%
near room temperature. Interestingly, the observed improve-
ment of thermal properties of graphene−Cu−graphene
heterofilms results primarily from the changes in Cu
morphology during graphene deposition rather than from
graphene’s action as an additional heat conducting channel.
Enhancement of thermal properties of graphene-capped Cu films is important for thermal management of advanced electronic
chips and proposed applications of graphene in the hybrid graphene−Cu interconnect hierarchies.
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Graphene is a one-atom-thick material that is unusual and
highly promising for applications of electrical,1−3

thermal4,5 and mechanical properties.6 First obtained by
mechanical exfoliation from graphite,1,2 graphene is now
efficiently grown by chemical vapor deposition (CVD) on
copper (Cu) films.7−9 It was reported that layered graphene−
metal composites have enhanced mechanical strength.10

However, it is still not known how the deposition of graphene
on Cu films affects the thermal properties of the resulting
graphene−Cu films. The knowledge of thermal properties of
graphene−Cu “sandwiches” is important for the following
practical reasons. Copper became the crucial material for
interconnects in silicon (Si) complementary metal-oxide-
semiconductor (CMOS) technology by replacing Al. Main
challenges with continuous downscaling of Si CMOS
technology include electromigration in Cu interconnects, Cu
diffusion to adjacent layers, and heat dissipation in the
interconnect hierarchies separated from a heat sink by many
layers of dielectrics.11 Combining graphene and Cu in some
sort of hybrid heterogeneous global interconnect can bring
potential benefits of reducing Cu electromigration and
diffusion. It has already been demonstrated that the breakdown
current density in prototype graphene interconnects can exceed
that in metals by ×103.12 Graphene capping of Cu
interconnects increases the current density and reduces
electrical resistance.13 Intersecting hybrid graphene−Cu inter-

connects have been shown to offer benefits for downscaled
electronics.14,15 Increasing the heat conduction properties of
Cu films with graphene coating could become a crucial added
benefit for improving the thermal management of the
interconnect hierarchies.
Graphene is known to have usually high intrinsic thermal

conductivity, which can exceed that of bulk graphite limit of K
≈ 2000 W/mK at RT in sufficiently large high-quality
samples.4,5 However, graphene placement on substrates results
in degradation of thermal conductivity to ∼600 W/mK owing
to phonon scattering on the substrate defects and interface.16

The benefits of using single-layer graphene (SLG) or few-layer
graphene (FLG) as heat spreaders for large substrates are not
obvious owing to the small thickness of graphene (h = 0.35
nm) and possible thermal conductivity degradation by extrinsic
effects. Even if K is high, the uniform heat flux, Φ = K × A,
through the cross-sectional area A = hW will be small due to
small h (W is the width of the graphene layer).
In this Letter, we report the results of our thermal

measurements that demonstrate that CVD of graphene on
both sides of Cu films enhances the thermal diffusivity, α, and
thermal conductivity, K, of the resulting graphene−Cu−
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graphene (Gr−Cu−Gr) heterofilms. Deposition of graphene
increases K of 9-μm (25-μm) thick Cu films by up to 24%
(16%) near room temperature (RT). Interestingly, the
enhancement of thermal properties of Gr−Cu−Gr heterofilms
is primarily due to changes in Cu morphology during graphene
deposition rather than graphene’s action as an additional heat
conducting channel. Specifically, CVD of graphene results in
strong enlargement of Cu grain sizes and reduced surface
roughness. A typical grain size in Cu films coated with graphene
is larger than that in reference Cu films and in Cu films
annealed under the same conditions without graphene
deposition.
To demonstrate the effect we used a set of Cu films

(thickness H = 9 μm and H = 25 μm) with SLG and FLG
synthesized on both sides via CVD method (Bluestone Global
Tech, Ltd.). As references we used (i) Cu films without
graphene or any thermal treatment, and (ii) Cu films annealed
under the same conditions as the one used during CVD of
graphene. Thus, for comparison we had regular Cu, annealed
Cu, Cu with CVD SLG, and Cu with CVD FLG. Details of
sample preparation are provided in Methods. The reference Cu,
annealed Cu and Cu−graphene samples were subjected to
optical microscopy, scanning electron microscopy (SEM), and
atomic force microscopy (AFM) inspection. The number of
atomic planes in graphene films on Cu was verified with micro-

Raman spectroscopy (Renishaw In Via). Details of our Raman
measurement procedures have been reported by some of us
elsewhere.17

The measurements of the thermal diffusivity were carried out
using the “laser flash” method (Netzsch LFA). In conventional
configuration, the “laser flash” method gives the cross-plane
thermal diffusivity, α, of the sample.18 Since we are mostly
interested in the in-plane heat spreading properties of Gr−Cu−
Gr heterofilms, we altered the experiment by using a special
sample holder, which sends the thermal energy along the
sample. In this approach, the location for the light energy input
on one side of the sample and location for measuring the
temperature increase on the other side of the sample are at
different lateral positions. The latter insures that the measured
temperature increase of the sample corresponds to the thermal
diffusivity in the in-plane direction. The thermal conductivity
was determined from the equation K = ραCp, where ρ is the
mass density of the sample and Cp is the specific heat of the
sample measured separately. Details of the measurements are
summarized in Methods. Figure 1 presents a schematic of the
experiment, an image of a typical sample with the sample
holder, and Raman spectra from two different Cu substrates
indicating that one has SLG coating while the other has FLG
coating. The average thickness of FLG was five atomic planes.

Figure 1. Samples and the measurement setup. (a) Schematic of the modified “laser flash” experimental setup for measuring in-plane thermal
diffusivity. (b) Cu film coated with CVD graphene placed on the sample holder. (c) Back side of the sample holder with the slits for measuring
temperature. Cu film is seen through the openings. (d) Raman spectrum of graphene and few-layer graphene on Cu. The data is presented after
background subtraction.
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Figure 2 presents the average apparent thermal diffusivity and
thermal conductivity in reference Cu films, annealed Cu films,
Cu films with CVD graphene and Cu films with CVD FLG.
The data are presented for two thicknesses of Cu films: H = 25
μm and H = 9 μm. The term apparent (another common term
is effective) emphasizes that α and K values are measured for
the whole graphene−Cu−graphene sample. The averaging for
each type of sample (e.g., Cu film with SLG) was performed for
five locations on each film at each temperature. Two films with
the same type of samples were tested. In order to simplify the
analyses, in Table 1 we provided the average RT values of α and
K measured for different samples and locations. The ranges for
α and K values for different locations and samples are given in
the parentheses. The data scatter for different locations was
attributed to the sample nonuniformity and film bending, which
were unavoidable for large foils (centimeter scale lateral
dimensions) with small thicknesses.
The obtained α and K of Gr−Cu−Gr heterofilms and their

weak temperature dependence are consistent with literature
values for bulk Cu, which varies from 385 W/mK to 400 W/
mK.19−21 As reported in refs 20 and 21 in the relevant

temperature range of 300−400 K, the thermal conductivity of
copper slightly decreases (increases) in bulk (thin films with H
≈ 40−200 nm range) with temperature. The latter is explained
by the interplay of the intrinsic and boundary scattering
mechanisms for the heat carriers.19−21 In terms of their
thickness, our samples fall in between these two limiting cases.
The latter explains the observed weak and sometimes
nonmonotonic dependence of the thermal conductivity on
temperature in the examined relatively small temperature range.
Electrons are the main heat carriers in Cu while phonons

make the dominant contribution in graphene. The strong
reduction of K of Cu due to electron scattering from the film
top and bottom boundaries is only expected in very thin films
where the electron mean-free path (MFP) becomes comparable
with H.21 However, it is known that the grain size in Cu
decreases with the decreasing film thickness.20 For this reason,
the size effects can reveal themselves even in relatively thick Cu
films with H ≤ 10 μm.20 The lower α and K for 9 μm reference
films than those for 25 μm films measured in our experiments
are likely related to the grain size effects. The rolling fabrication
of Cu films of different thickness (9 μm vs 25 μm) is also

Figure 2. Thermal diffusivity and thermal conductivity of graphene-coated copper films. Thermal diffusivity of reference Cu film, annealed Cu, Cu
with CVD graphene, and Cu with CVD FLG (top panels). Thermal conductivity of reference Cu film, annealed Cu, Cu with CVD graphene, and Cu
with CVD FLG (bottom panels). The data are shown for Cu films with H = 9 μm and H = 25 μm. Note that CVD of graphene and FLG results in
stronger increase in the apparent thermal conductivity of graphene−Cu−graphene samples than annealing of Cu under the same conditions.

Table 1. Thermal Diffusivity and Thermal Conductivity of Graphene Coated Cu Films

Cu samples 9 μm 9 μm annealed 9 μm with SLG 9 μm with FLG 25 μm 25 μm annealed 25 μm with SLG 25 μm with FLG

α (mm2 S−1) 84 90.7 (87−93) 89.6 (88−93) 95.5 (91−99) 90 91.2 (91−92) 97.6 (95−100) 98.4 (98−99)
K (W/mK) 290 329.5 (319−340) 369.5 (361−379) 364.3 (346−378) 313 337.2 (320−358) 363.0 (354−374) 376.4 (372−377)
Δα/α (%) 7.4 6.3 12.0 1.3 7.8 8.5
ΔK/K (%) 11.9 21.5 20.4 7.2 13.8 16.9

Nano Letters Letter

dx.doi.org/10.1021/nl404719n | Nano Lett. 2014, 14, 1497−15031499

http://pubs.acs.org/action/showImage?doi=10.1021/nl404719n&iName=master.img-002.jpg&w=391&h=314


expected to result in variations in the defect densities, grain
elongation and orientation, thus, affecting α and lowering K.
The most important and unexpected observation from

Figure 2 is that α and K are strongly increased in Gr−Cu−
Gr heterofilms with graphene or FLG coating compared to
reference Cu films or annealed Cu films. Deposition of
graphene results in stronger increase of α and K than annealing
under the same conditions. In terms of thermal conductivity,
the effect of graphene deposition is particularly pronounced for
thinner Cu films (H = 9 μm). The deposition of SLG on 9 μm
Cu film results in about ∼22% enhancement of the apparent
thermal conductivity as compared to ∼12% increase in the
annealed samples without graphene. The average enhancement
of K and α after deposition of SLG on 25 μm films is less
pronounced than that for 9 μm films but still notably larger
than for the annealed reference samples. The increase in α and
K is not proportional because the thermal treatment during
CVD or annealing affects the specific heat as well. It is known
that thermal treatment of metals and alloys can noticeably

change Cp, particularly in the presence of impurities and
defects.22

The overall enhancement of heat conduction properties of
Gr−Cu−Gr heterofilms as compared to reference Cu films is
very strong and may appear puzzling. The thickness of
graphene h = 0.35 nm is negligibly small compared to H =
25 μm. For this reason, the thermal resistance Rθ = L/(KhW)
of the additional heat conduction channel via graphene will be
much larger than via Cu film (here L is the length of the path).
Thus, the high thermal conductivity of graphene5 should not
play a significant role in heat spreading ability of Cu foils over
large distances (L ∼ 5 mm) if one considers conventional heat
transfer by phonons. The observed enhancement of the
apparent α and K can be understood if the thermal data is
correlated with the microscopy data presented in Figure 3.
One can see that CVD of graphene results in substantially

stronger enlargement of Cu grains than annealing under the
same conditions. The graphene CVD and annealing temper-
ature 1030 °C is sufficiently larger than Cu recrystallization
temperature of ∼227 °C.23 As a result, annealing accompanied

Figure 3. Optical and scanning electron microscopy of Cu and graphene coated Cu. Optical image of the surface of Cu film (a); annealed Cu film
(b); and Cu film with CVD graphene (c). SEM image of the surface of Cu film (d); annealed Cu film (e); and Cu film with CVD graphene (f). Note
that deposition of graphene substantially increases the Cu grain size.

Nano Letters Letter

dx.doi.org/10.1021/nl404719n | Nano Lett. 2014, 14, 1497−15031500

http://pubs.acs.org/action/showImage?doi=10.1021/nl404719n&iName=master.img-003.jpg&w=400&h=423


by recrystallization increases the grain sizes in Cu films, reduces
the defect density and improves their mechanical proper-
ties.23,24 Our results indicate that CVD of graphene enhances
the Cu grain growth, as compared to regular annealing, by
changing the thermal balance during the deposition. Graphene
also stops copper evaporation from the surface when the
sample is heated during CVD. These conclusions are supported
by earlier observations that the substrates and underlays affect
the annealing process of Cu and the resulting Cu
morphology.25 It is also in agreement with the grain size data
in Cu with CVD graphene and annealed Cu presented in ref.26

Additionally, our SEM studies indicate that CVD of graphene
results in ∼20% reduction in surface roughness as compared to
reference Cu.
In order to further rationalize the experimental results we

estimated the ratio of the average grain sizes, D̃/D, which
would provide the relative change in the thermal conductivity,
ΔK/K, close to the one observed in the experiments (D̃ is
typical grain size in reference Cu film and D is the grain size
after CVD of graphene). The electron MFP for thermal
transport is Λ = 40 nm at RT.21 Since Λ ≪ H, it is reasonable
to assume that K is mostly limited by the grain boundary
scattering. In this case, one can express the thermal
conductivity, K, of a polycrystalline metal through that of a
single-crystal bulk metal, KB, as

21,27−29 K = (1 + Λ/D)−1KB.
Applying this equation to polycrystalline Cu before and after
CVD of graphene we derived the following relation
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+
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It is well-known that Cu films have very large distribution of
grain sizes.24,30 It is common to have grain sizes within a given
Cu sample varied by three orders of magnitude from tens of
nanometers to tens of micrometers.30 The shape of the grains
in the Cu film can also be very anisotropic. Detail investigation
of the grain size distribution requires extensive ion-milling and
transmission electron microscopy study. For these reasons, here
we provide simple estimates from the optical, SEM and AFM
studies of our samples. If one assumes that the average grain
diameters in Gr−Cu−Gr heterostructures are in the range D ≈
1−10 μm, the experimentally measured ΔK/K =0.2 can be
achieved for D̃/D ranging from ∼0.13 to 0.016, which
corresponds to the grains in reference Cu on the order of
130−160 nm. Note that the smaller grains can affect the
thermal transport the most by limiting the heat carrier MFP.
The considered range and change in the diameter by ×10 to
×100 after CVD is consistent with the microscopy data (see
examples in Figure 3 and Supporting Information). It is known
that annealing of Cu under different conditions can change the
grain size by many orders of magnitude from ∼30 to 100 mm.24
Deposition of graphene can produce even stronger effect. Thus,
our analysis suggests that the grain size increase can result in
the observed enhancement of the thermal conductivity.
Variations in the defect densities, for example, dislocation
lines and grain boundary thickness after CVD of graphene may
also affect the ΔK/K.
In order to exclude a possibility that the change in thermal

conductivity is due to the changes in the impurity content in
Gr−Cu−Gr heterofilms and reference annealed Cu films, we
performed X-ray photoelectron spectroscopy (XPS) and
energy-dispersive X-ray (EDX) spectroscopy inspection. It

was established that the impurity composition (that included O
and N) did not differ in graphene−Cu−graphene films with
graphene and annealed Cu (Supporting Information). The
differences in the grain size and roughness of Gr−Cu−Gr
heterofilms and those of annealed Cu films may also be related
to differences in the oxidation process during and after CVD of
graphene and annealing.31 One should also note that graphene
is an essential for improved thermal conductivity of Gr−Cu−
Gr heterofilms. The experiments with deposition of amorphous
carbon on Cu indicated that the thermal conductivity has not
increased but rather decreased. Amorphous carbon is known to
have very low thermal conductivity of below 1 W/mK at RT.5

We have also conducted four-probe electrical measurements
in order to investigate if the observed change in thermal
conductivity in Gr−Cu−Gr heterofilms follows the Wiede-
mann−Franz law32 K/σ = LT, where σ is the electrical
conductivity and L = (π2/3)(kB/q)

2 ≈ 2.44 × 10−8 WΩK−2 is
the Lorenz number. The electrical conductivity of the samples
was in line with the tabulated values for Cu films. However, it
did not scale up linearly with the measured K as required by the
Wiedemann−Franz law. We explain it by the fact that our
samples are heterogeneous, and the electric probes pressed
against Gr−Cu−Gr heterofilms contact both graphene or FLG
layer and Cu. The electrical conductance is provided by both
graphene and Cu channels. As a result, the evolution of
electrical conductivity with the change in the grain size does not
necessarily correlate well with the apparent thermal con-
ductivity via the Wiedemann−Franz law.
Although it is clear that the observed strong enhancement of

thermal properties of Cu films after CVD of graphene is mostly
related to the effect produced by graphene on Cu grains one
cannot completely exclude other possible mechanisms of heat
conduction, which might be facilitated by graphene. It has been
recently suggested theoretically that plasmons and plasmon-
polaritons can strongly enhance the heat transfer in graphene
and graphene-covered substrates.33,34 In our measurements, the
fact that the samples are heated by the light flash with the wide
spectrum leaves this possibility open. The plasmon contribu-
tion would come in addition to the phonon heat conduction in
graphene.
Our present findings add validity to the proposals of the

graphene-capped Cu interconnects by demonstrating improve-
ment in their heat spreading ability. Taking into account that
the next technology nodes will require Cu interconnects with
the nanometers-range thickness11 one can expect that the
effects will be even more pronounced than in the examined
micrometers-range thickness films. The latter may become a
crucial consideration for electronic industry. In addition, our
results can be possibly applied in metallurgy. Carbon additives
have long been used in steel smelting as alloying elements
distributed through the volume. Carbon alloying allows one to
vary the hardness and strength of the metal.23 Our results show
that CVD of one atom thick graphene layer on the surface of
metal foils can have a pronounced effect on its thermal
properties. This is a conceptually different approach for the
carbon use in metallurgy.
In conclusion, we demonstrated experimentally that

graphene−Cu−graphene heterogeneous films reveal strongly
enhanced thermal conductivity as compared to the reference
Cu and annealed Cu films. Chemical vapor deposition of
graphene on both sides of 9 μm thick Cu films increases their
thermal conductivity by up to 24% near room temperature. The
effect of graphene is projected to be substantially stronger in
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nanometer thick Cu interconnects. The observed improvement
of thermal properties of graphene−Cu−graphene heterofilms
results primarily from the changes in Cu morphology during
graphene deposition. Enhancement of thermal properties of
graphene-capped Cu films is important for thermal manage-
ment of advanced electronic chips and adds validity to the
proposed applications of graphene in the hybrid graphene−Cu
interconnects. Our results indicating that deposition of just one
atomic plane of graphene on a surface can substantially improve
the properties of underlying metal film may lead to a
transformative change for the use of carbon in metallurgy.

■ METHODS
Sample Preparation. The purity of 25 μm thick copper is

99.9% and that of 9 μm thick copper is above 99.99%.
Graphene is synthesized in a low-pressure CVD system
following the method described in refs 7 and 8. A copper
substrate is heated up to 1030 °C under hydrogen and then
methane is introduced for graphene growth. The samples with
SLG and FLG are synthesized by controlling the cooling rate.
For the case of SLG, the copper substrate is cooled from 1030
°C to RT within 20 min while for FLG the cooling time is
about 10 h. The annealing of copper for reference samples is
performed with the same heating and cooling process as that of
SLG synthesis but no methane addition during the process.
The annealing time was kept at 20 min.
Measurement Details. The “laser flash” technique (LFT)

is a transient method that directly measures α. The specific
heat, Cp, is measured independently with the same instrument
using Cu reference. To perform LFT measurement, each
sample was placed into a special stage and sample holder (see
Figure 1) that fitted its size. The bottom of the stage was
illuminated by a flash of a xenon lamp (wavelength λ = 150−
2000 nm) with the energy pulse of 1 J for 0.3 ms. The
temperature of the opposite surface of the sample was
monitored with a cryogenically cooled InSb IR detector. The
design of the “in-plane” sample holder ensured that heat
traveled ∼5 mm inside Cu film along its plane, which is a much
larger distance than its 25 μm thickness, and thus ensuring the
in-plane values for α and K. The temperature rise as a function
of time, ΔT(t), was used to extract α. The specific heat, Cp, was
measured with LFT by comparing ΔT(t) of the sample to that
of a reference sample under the same experimental conditions
(Cp of the reference Cu was ∼0.39 J/g × K at RT). Annealing
or CVD of SLG increased Cp. The increase of specific heat with
CVD of graphene or FLG was attributed to morphological
changes induced by high temperature during the CVD and the
fact that specific heat of graphite, Cp = 0.71 J/g × K, is larger
than that of Cu. The accuracy of LFT measurement with
Netzsch instruments is ∼3%. The thermal conductivity was
determined from the equation K = ραCp, where ρ is the mass
density of the sample.
Theoretical Analysis Details. We start with the equation

for the thermal conductivity of polycrystalline material limited
by the grain boundaries27−29

= + Λ −
⎜ ⎟⎛
⎝

⎞
⎠K

D
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1
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Here D is the grain size (mean diameter), KB is the thermal
conductivity of bulk single-crystal material, and Λ is the
electron mean free path (MFP) for thermal transport, which
can be larger than that for electrical transport.27−29 Let us

assume that the material with grain size D1 has the thermal
conductivity K1 while the material with grain size D2 has the
thermal conductivity K2. We introduce two ratios, ζ ≡ (ΔK/K)
= (K2 − K1)/K2 = 1 − K1/K2 and α = D1/D2. Writing eq 2 for
two materials with two grain sizes D1 and D2, we get
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Dividing eq 3 by eq 4, we can obtain for the thermal
conductivity enhancement factor
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Solving eq 5 for α we get

α ς= −
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Finally, we obtain the relation between the ratio of the grain
sizes and increase in the thermal conductivity
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The derived equation allows one to correlate the effect of
increasing grain size in Cu films after graphene deposition with
the measured increase in the thermal conductivity. Although
the proposed model is simple,. it captures the main trend
observed experimentally. More accurate treatment requires
inclusions of specifics of electron reflections from grain
boundaries and external surfaces in polycrystalline films.35
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