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Ultrahigh Electrical Conductivity of Graphene Embedded in
Metals
Mu Cao, Ding-BangXiong* Li Yang, Shuaishuai Li, Yiqun Xie, Qiang Guo, Zhiqiang Li, Horst Adams, Jiajun Gu,
Tongxiang Fan, Xiaohui Zhang, and Di Zhang*
There is a need for ultra-conductors because they can
lead to higher efficiency and less energy consumption
in a wide range of applications. However, the
improvement of the electrical conductivity of
conventional conductors is limited by the purity of the
metal and the ability to grow single crystal structures.
Here, by embedding graphene in metals (Cu, Al, and
Ag), the trade-off between carrier mobility and carrier
density is overcome in a graphene layer through a
specific interface design and morphology control,
enabling high electron mobility and high electron
density simultaneously. As a result, a maximum
electrical conductivity three orders of magnitude
higher than the highest on record (more than 3,000
times higher than that of Cu) is obtained in such
embedded graphene. By using graphene as
reinforcement, an electrical conductivity as high as
~117% of the International Annealed Copper Standard
and significantly higher than that of Ag is achieved in
bulk graphene/Cu composites with an extremely low
graphene volume fraction of only 0.008%. The results
are of significance when enhancing efficiency and
saving energy in electrical and electronic applications
of metals, and are also beneficial for fundamental
research on electron behavior in graphene.
1. Introduction
Extensive research efforts have been dedicated to
improving electrical conductivity of Cu, such as
producing Cu with a purity as high as 7N or with
an oxygen content as low as 1 x 10-4 %. However,
an improvement of only ~3% has been achieved for
highly refined Cu compared to the electrical
conductivity officially recorded already about 100
years ago. A higher electrical conductivity of 106109% of the International Annealed Copper
Standard (IACS) can be obtained in a Cu single

crystal. However, the improvements obtained by
reducing electron scattering centers (such as
heteroatoms and grain boundaries) in both metal
purification and single crystal growth control have
been pushed to their physical limits and inevitably
lead to increased cost. Moreover, metals with high
purity and less grain boundaries usually have
insufficient mechanical strength for many
practical applications.
Producing
metal-based
composites
by
incorporating non-metal reinforcements with
excellent electrical conductivity is a promising
strategy for enhancing the electrical conductivity.
In theory, aligned single-walled carbon nanotubes
(SW-CNT) were expected to enhance the electrical
conductivity of Cu by 100% with a volume fraction
of 30-40%.[1] However, the practical challenge lies
in the sufficient purification of metallic SW-CNTs
and the actual making of such composite
materials.[2] Graphene, a single layer of sp2-bonded
carbon atoms, has been extensively studied as a
cornucopia of electrical transport phenomena.[3-16]
Because of its remarkable intrinsic carrier mobility
[17] and unique carrier transport properties,[12-16]
graphene is expected to be an excellent conductor.
However, its maximum electrical conductivity still
needs to be determined, and realizing such
superior electrical properties in macroscopic
composite materials is a great challenge.
The electrical conductivity of a material depends
on both the mobility and the density of charge
carriers. In graphene, ultrahigh carrier mobilities
are achieved at a relatively low electron density.
For instance, a carrier mobility value exceeding
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2 x 105 cm2 V-1 s-1 was measured at a carrier density of ~2 x
1011 cm-2 in a suspended, single-layer graphene sample.[18] A
much higher mobility value in excess of 107 cm2 V-1 s-1 has
been realized in a graphene layer on a graphite substrate with
an ultralow carrier density (n ~ 3 x 109 cm-2).[19] This trade-off
causes the electrical conductivity of graphene to be
comparable to that of a bulk metal with a low electron mobility
but very high electron density. Moreover, the high electron
mobility in graphene strongly depends on its structural
integrity and the type of substrate. Approaches to ensure a
high carrier mobility in graphene include lowering the defect
density,[18,20,21] suspending graphene,[13,22] depositing graphene
onto high-quality substrates,[23,24] and covering graphene with
high-k dielectrics.[25,26] However, these rather sophisticated
methods make it difficult to transfer any superior carrier
transport properties on the molecular-level to a macroscopic
bulk material. Not surprisingly, the electrical conductivity of
most reported graphene (or graphene derivative)-reinforced
metal matrix composites does not surpass that of the pure
metal matrices.[27-30] In this work, we demonstrate that
graphene sheets deposited by chemical vapor deposition (CVD)
and embedded inside metal matrices (Cu, Ag, and Al) can
provide local, ultrahigh electrical conductivity inside the
composite material. That conductivity can be up to three
orders of magnitude higher than that of most conductive pure
metals at room temperature, showing a remarkable potential
for enhancing the electrical performance of metals.

2. Results and Discussion
The sample preparation method used is described in Figure
S1 in the Supporting Information. In a first step, a graphene
monolayer is deposited on both sides of a commercial Cu foil
(Figure 1a) via a CVD process. Then graphene/copper (Gr/Cu)
composites (Figure 1c) are produced by stacking and hot
pressing i layers of the Gr/Cu/Gr foils (Figure 1b). Using this
fabrication method, large bulk composite samples can be
made, their thickness being directly proportional to the

number of foils used. The CVD process on Cu foils can provide
high-quality graphene films [31] yielding coatings with
homogeneous and defect free graphene mono-layers. Aligning
the individual graphene layers in the resulting laminated
structure allows to take advantage of the anisotropic
properties of the 2D material. The weak adhesion energy of
monolayer graphene grown on copper [32] can be improved by
using a hot-pressing process,[28] leading to a strong
mechanical bond at the Cu/Gr/Cu interface (Figure 1d, g). In
an ideal composite, all graphene layers embedded inside the
Cu matrix would be bilayers because the composite is
produced by stacking monolayer-Gr/Cu/monolayer-Gr foils.
However, in a real sample, some trilayer or tetralayer graphene
layers are also present. This is caused by unavoidable
inhomogeneities in the CVD coating process (Figure S2,
Supporting Information).
To evaluate the electrical conductivity of individual
graphene layers embedded inside a macroscopic Gr/Cu
laminated composite, a tunneling atomic force microscope
(PF-AFM, Dimension FastScan Bio, Bruker) (Figure 2a) was
used to map the electrical conductivity in a defined area[33,34]
across the Cu/Gr/Cu interface at room temperature (Figures
S3-S5, Supporting Information). A typical current mapping
image (Figure 2b) shows that the electrical current drastically
increases along the graphene layer. In some areas, the current
is more than 3000 times higher than that measured in the
surrounding Cu matrix. The peak amplitude fluctuations in
the electrical current are attributed to inhomogeneities in the
graphene layers, as seen in the transmission electron
microscope (TEM) image (Figure 1g). For reference, the same
measurement was also carried out with a control sample
created from stacked and hot-pressed pristine Cu foils not
containing any graphene. In this case, no increment or
fluctuation in the electrical current was observed in the entire
analyzed area (Figure S6, Supporting Information).
We were able to transfer part of the ultrahigh electrical
conductivity detected at nanoscale to macroscopic bulk

Figure 1. Fabrication of Gr/Cu composites with aligned CVD graphene. a-c) Stacking method for multilayered composites: I) Depositing graphene on both sides of pristine
polycrystalline Cu foil via a CVD process; II) stacking i layers of Gr/Cu/Gr foils and hot pressing at 50 MPa and 900 °C. d) Schematic of the Cu/Gr-layers/Cu interface
structure. e,f) EBSD images of the Cu foils before and after graphene deposition. g) TEM image of the Cu/Gr/Cu interface, showing mostly bilayer graphene as well as some
trilayer or tetralayer graphene, as indicated by the grayscale section analyses of the two high-intensity peaks (red) and four high-intensity peaks (blue) separated by an
expected interplanar spacing of 0.34 nm.
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Figure 2. Macroscale and nanoscale electrical conductivity measurements. a) The contributions to the electrical conductivity increase were analyzed for two Gr/Cu
multilayered composites with Cu layer thicknesses of 9 and 25 μm respectively. The Cu and NGr-Cu specimens were fabricated by stacking and hot pressing the
corresponding coated Cu foils and the naked Cu foils from which the grown-on graphene was removed by reactive oxygen-ion etching. VGr was calculated using 0.7 nm as
the thickness of bilayer graphene. For comparison, the electrical conductivities of IACS standard samples and select other reference samples are shown in the middle
column. All samples (100% IACS, pristine copper foil, Gr/Cu/Gr foil, polycrystalline Ag (poly-Ag), and annealed Cu) were fabricated by stacking, hot pressing, and annealing
(where applicable) them under the same temperature conditions as used in the CVD process. The right column shows the electrical conductivities measured at the different
sides of a bulk Gr/Cu laminated composite sample using a standard four-probe setup, revealing an anisotropic electrical conductivity. The error bars in all the histograms
represent the standard variation of the averaged electrical conductivity of samples from different batches, but not for an individual measurement. b) Schematic of a PF-AFM
nanoscale current mapping setup used for analyzing the Gr/Cu multilayered composites. c) Current mapping image of a 30 μm x 30 μm Cu/Gr/Cu interface area. The peak
current along the graphene layer is three orders of magnitude higher than that measured in the surrounding pure Cu matrix.

samples at room temperature. The electrical conductivities of
bulk Gr/Cu composite samples were evaluated using a
standard four-probe method (Figure S7, Supporting
information). The results show that the electrical conductivity
depends on the volume fraction of graphene (VGr) in the bulk
Gr/Cu composite. The VGr in the Gr/Cu composite can be
changed by varying the thickness of the stacked Cu foils. We
analyzed four different commercially available copper foils
with thicknesses of 9, 25, 37, and 45 µm (Figure S8,
Supporting information). Considering that each of the bilayer
graphene layers has a thickness of h ~ 0.7 nm, the VGr is
estimated to be in the range of <0.002% to ~0.008% for the
four different Gr/Cu composites. The electrical conductivity
increases as the thickness of the Cu layers decreases and VGr

increases (Figure S9, Supporting information). However, the
effect is relatively small because the volume fraction of
graphene is only in the ppm range for all four composites.
Additionally, an anisotropy of the electrical conductivity was
observed in the laminated Gr/Cu bulk composites (Figure 2c).
The highest electrical conductivity occurs along the in-plane
direction (σxy), while a much lower conductivity was measured
perpendicular to the Gr/Cu interface(σxz). This effect is directly
related to the true 2D nature of graphene.
The VGr-dependency and anisotropic conductivity behavior
provide clear evidence that indeed the graphene layers are the
reason for the enhanced electrical conductivity of the Gr/Cu
composites. Of all the investigated Gr/Cu composites, the
highest measured electrical conductivity was
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σxy = 68.2 x 106 S m-1 for the Gr/Cu composite with the thinnest Cu layers (i.e. 9 µm), which also corresponded to the
highest volume fraction of graphene, VGr = 0.008% (Figure 2c).
Expressed in IACS (58.1 x 106 S m-1), this value is equivalent
to an electrical conductivity of ~117.4% IACS, which is
substantially higher than that of the best metal conductor, i.e.
silver (~108% IACS at room temperature). Even the electrical
conductivity of Gr/Cu composites with a Cu layer thickness
of 25 µm (VGr ~0.003%) was determined to be only slightly
lower, i.e. 116.3% IACS, which is still much better than the
conductivity of silver.
The macroscopic enhancement of the electrical
conductivity in a Gr/Cu bulk composites can be attributed to
a combination of two factors: i) the electrical properties of
graphene and ii) microstructural changes of the Cu matrix.
The latter can be quantified by measuring the electrical
conductivity of bulk samples without graphene (NGr-Cu),
which were fabricated by removing the graphene from the
Gr/Cu/Gr foil using reactive oxygen-ion etching, and
subsequent stacking and hot pressing the resulting naked
CVD Cu substrate foils. The direct contribution of graphene
to the total conductivity can be determined by subtracting the
electrical conductivity of the sample without graphene (NGrCu) from the conductivity of an otherwise identical sample
with graphene (Gr/Cu). Two different Gr/Cu composite
sample sets with Cu layer thicknesses of 9 and 25 µm
respectively were analyzed. As seen in Figure 2c, the
contribution from the microstructural changes of the Cu
matrix dominates the macroscale electrical conductivity
enhancement in the Gr/Cu composites. By subtracting the
contribution from the microstructural changes of the Cu
matrix, the direct contribution of graphene to the overall
conductivity is 3.8% and 5.2% in the Gr/Cu composites with
Cu layer thicknesses of 25 and 9 µm, respectively. Although
the net contribution from graphene is not high, the efficiency
of the electrical conductivity enhancement is truly remarkable
considering the volume fraction of graphene being only VGr =
0.003% and 0.008% in the respective Gr/Cu composites. The
electrical conductivity of the Gr/Cu composite is expected to
be further increased by 2-3 orders of magnitude by fabricating

Poly-Cu/Trans-Gr/Poly-Cu

Gr/Cu
sub-micro-/nano-laminated
composites,
i.e.
decreasing the thickness of Cu foils and thus increasing the
volume fraction of graphene.[35-39] The enhancement efficiency
is three orders of magnitude higher than that presented in any
previous report.[40] Based on our macroscale measurements,
the electrical conductivities inside the embedded graphene
layers are 650 and 1267 times higher than that of the pure
Cu matrix for VGr = 0.003% and 0.008%, respectively. These
results are in the same order of magnitude as the values that
were obtained using the nanoscale PF-AFM method.
As seen in the electron backscattering diffraction (EBSD)
image in Figure 1, the pristine Cu foil used for CVD is polycrystalline without any obvious texture (Figure 1e). However,
after the CVD process, a strong Cu(111) orientation is
detected, accompanied by a significant grain coarsening
(Figure 1f). To evaluate the influence of the Cu matrix texture
and its microstructure on the electrical conductivity of the
embedded graphene, three Cu/Gr/Cu sandwiched samples
with different phase relations/orientations between graphene
and copper were fabricated and analyzed (Figure 3).
Individual substrates of polycrystalline Cu (poly-Cu) (Figure
3a), Cu(111) (Figure 3b), and Cu(100) (Figure 3c) single
crystals were used. For the Cu(111) and Cu(100) singlecrystal samples, monolayer graphene was directly deposited
on their surfaces using the above described CVD process,
while for the polycrystalline Cu sample, a free standing
monolayer of graphene was peeled off from a previously CVDcoated foil and transferred onto the surface of the
polycrystalline Cu to prevent any microstructural change of
the copper. Layered samples were obtained by stacking and
hot pressing the corresponding Gr/Cu slices to form
Cu/Gr/Cu sandwiched samples.
A comparison of the current flow data of the three different
samples obtained by using the PF-AFM mapping method
described above reveals that all three samples have current
peaks along the graphene layers, but the average current
amplitudes follow the sequence Cu(111)/Gr/Cu(111) >
Cu(100)/ Gr/Cu(100) > poly-Cu/Gr/poly-Cu (Figure 3).
These results are consistent with the degree of lattice
matching between the Gr layer and Cu matrix.
Cu(111)/Gr/Cu(111) has the best lattice

Cu(lll)/Gr/Cu(lll)

Cu(100)/Gr/Cu(100)

Figure 3. A comparison of current flow along the interface area in Gr/Cu composites with different matrices of a) polycrystalline Cu, b) Cu(111) single crystal, and c) Cu(100)
single crystal. The crystallographic schematics show various phase relations between the Gr layers and Cu matrices. Trans-Gr means that the graphene was peeled off of a
Gr/Cu/Gr foil and transferred onto a target substrate.
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a layer number n > 6-10 (3-5 layers x 2 in composite IV),

matching because of the same threefold symmetry and a
very similar lattice constant between graphene (2.46 Å) and
Cu(111) (2.56 Å).[41·42] However, the graphene transferred onto
the poly-crystalline Cu has unavoidable defects and
disruptions, such as wrinkles, ripples, and folds. These
defects might also have adversely affected the graphene
current transport properties in the poly-Cu/Gr/poly-Cu
sample. [43]
The intrinsic properties of graphene depend on its quality
and morphology, such as its defect density, layer number, and
lateral size. In the following part of this work, we investigate
the influence of the number (n) of graphene layers embedded
inside a copper matrix on the electrical conductivity. By
carefully controlling the carbon source concentration (gas flow)
and growth time during the CVD process, graphene with welldefined layer numbers ranging from n = 1 to n~10 was
deposited on both sides of Cu substrate foils. The structural
integrity and homogeneity of the deposited graphene were
determined by obtaining Raman spectra (Figure 4a,b) after
the deposition process. Following the fabrication scheme
depicted in Figure 1, five Gr/Cu multi- layered composites (II
to VI in Figure 4c) were obtained. The total number of Gr
layers was twice the number of the Gr inlays due the stacking
process. Composite I, with monolayer graphene inlays, was
fabricated
by
alternately
stacking
monolayer-Gr/
Cu/monolayer-Gr foil and the naked CVD Cu foil (the grown
graphene was removed from the Gr/Cu/Gr foil by reactive
oxygen-ion etching). A comparison of the current mapping
data of the different Gr/Cu composites shows that the
electrical conductivity in the graphene layers decreases with
increasing layer numbers. In the Gr/Cu composites with

a layer number n > 6–10 (3–5 layers × 2 in composite IV),
while the electrical peak current is remarkably attenuated.
According to the first-principles calculation results based on
the density functional theory for a practical model of a Cu/
bilayer-Gr/Cu interface (Figure 5a,b), we postulate that the
high electrical conductivity of embedded graphene is due to a
doping effect that leads to an increased carrier density and
very high carrier mobility in graphene. We found that a
primitive cell of bilayer graphene (containing four carbon
atoms) obtains an average of ~0.24 electrons (Table S1,
Supporting information) from neighboring Cu atoms in the
matrix, indicating a doping effect in the graphene with an
estimated electron density of ~4.3 x 1014 cm-2, i.e. ~5.5 x 1021
cm-3. Moreover, the band structure and density of states of
doped bilayer graphene (Figure 5c,d) show that the Fermi
energy shifts upward from the Dirac point by ~0.54 eV
compared to that of pristine bilayer graphene due to electron
doping. Effective doping has previously been reported for
graphene on metal substrates, [45-47] leading to a qualitatively
comparable but lower energy shift in the Fermi energy (0.3 eV
above the Dirac point).[46] The doping electrons in bilayer
graphene exhibit high Fermi velocities because of the linear
energy dispersion relation near the Dirac points. The carrier
mobility (µ) in doped graphene can be calculated based on the
doped electron density (n) and measured electrical
conductivity (σ) according to the equation µ = σ/en, where e is
the electron charge, i.e. 1.602 x 10-19 C. The highest measured
electrical conductivity of copper-embedded graphene during
this investigation on a macroscale sample is ~1267 times
higher than the conductivity of the surrounding matrix, i.e.
~7.1 x 1010 S m-1. Therefore,

Figure 4. Influence of number of graphene layers on the electrical conductivity. a) Raman spectra of graphene deposited on copper foils by a CVD process with layer
numbers ranging from one to ten. b) Mapping of the intensity ratio of the 2D peak to the G peak (I2D/IG) for the as-deposited graphene in a 30 μm x 30 μm area. A ratio of 2.1
indicates the monolayer nature of graphene.[44] c) A comparison of current flow in different Gr/Cu composites with varying graphene layer numbers. Composite I was
fabricated by alternately stacking monolayer-Gr/Cu/monolayer-Gr foil and naked CVD foil, and the graphene was removed by reactive oxygen-ion etching. All other
composites were fabricated according to the scheme depicted in Figure 1.
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Figure 5. First-principles calculations. a,b) Model system for a Cu/bilayer-Gr/Cu composite. The bilayer graphene is stacked in an AB-model. The yellow and gray spheres
denote Cu and C atoms, respectively. c) Electronic band structure. d) Density of states for doped graphene. The zero point denotes the Fermi energy.

the doped graphene is estimated to have an electron
mobility of ~8 x 105 cm2 V-1 s-1, which is almost four times
higher than the electron mobility measured in suspended
graphene.[18] An increased electrical conductivity was also
obtained for graphene embedded inside other metal matrices,
such as Ag and Al (Figure S10, Supporting information), but
not obtained when graphene was embedded inside
semiconductor or polymer matrices, such as silicon and
polymer polyethylene terephthalate (PET) (Figure S11,
Supporting information).
As reported previously, a trade-off exists between electron
mobility and electron density in suspended graphene or
graphene interacting with elaborately designed substrates, [4863] leading to not very high electrical conductivities in graphene
(on the level of Cu or Ag). Here, we report a breakthrough in
achieving a very high electron density while retaining high
electron mobility in metal-embedded graphene. This leads to
an about three orders of magnitude higher electrical
conductivity. Therefore, the electron behavior in such
graphene layers embedded in metals must be fundamentally
different from that in suspended graphene, [13·22] graphene
deposited on high-quality substrates, [23·24] or graphene covered
with high-k dielectrics. [25,26]

3. Conclusion
In summary, we made a breakthrough on the trade-off between
carrier mobility and carrier density in graphene, and realized
high electron mobility and high electron density
simultaneously in graphene by embedding it in metals through
elaborate interface design and morphology control. As a result,
an ultrahigh electrical conductivity, three orders of magnitude
higher than the highest on record, is obtained in such
embedded graphene. The hot-pressed graphene/metal
configuration provides a novel platform to explore electron
behavior in graphene, because it is fundamentally different
from the previously reported systems such as suspended

graphene, graphene deposited on high-quality substrates, and
graphene covered with high-k dielectrics. In the corresponding
graphene/Cu composites, an extremely low graphene volume
fraction of only 0.008% is sufficient to yielding an electrical
conductivity as high as ~117% IACS, which is significantly
higher than that of Ag. Much higher electrical conductivities
are expected in graphene/Cu composites with a submicro/nano-structure. The here presented results will open up
new opportunities for graphene / copper applications, which
could lead to higher efficiency and performance and less
energy consumption in electrical and electronic applications.

4. Experimental Section
Fabrication of Gr/Cu Composite: Graphene was deposited
on both sides of Cu foils via a chemical vapor deposition
method. In a typical process Cu foils with a thickness of
several tens of a micrometer were heated up to 1000 °C in a
hydrogen/argon atmosphere and then methane was added for
graphene growth. After finishing the deposition process, the
Cu foils were cooled down to room temperature within 30 min.
In order to prepare thicker (bulk) samples, several pieces of
Gr-Cu-Gr foil were stacked on top of each other in a graphite
mold and then hot-pressed (sintered) in an Ar atmosphere for
20 min at 900 °C in a linear press with a pressure of 50 MPa.
Reference samples were also prepared under the same hotpressing conditions. The typical thickness of a stacked and
sintered sample was about 150 µm.
AFM Current Mapping on Interface: To evaluate the electrical
properties along and across the interface areas, the electrical
conductivity of a well defined area across the Cu/Gr/Cu
interface was mapped using the contact current mode of an
atomic force microscope with an applied voltage
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of 2 V at room temperature. To ensure that each
measurement was done with the same contact pressure and
the same electrical contact conditions between the tip and the
sample surface, the electric current test was carried out in the
‘PeakForce TUNA’ mode of a ‘Bruker Dimension Icon and
FastScan Bio’ scanning probe AFM. For the measurement, one
side of the Gr/Cu composite sample was attached and
electrically connected to the sample holder using conductive
silver paste, while a 2V measuring voltage was applied to a Pt
coated Si-cantilever which was swept over the polished
surface of the the other side of the sample. In this experiment,
the applied peak force was 6 nN, the applied test voltage was
2 V and the current signals were peak currents measured at
the cantilever.

Keywords
electrical conductivity, graphene, interface, metal matrix
composites
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