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S

imple, controllable, and economical
methods of growing large-area, highquality, continuous, and uniform
monolayer graphene are a prerequisite for
a wide range of applications of graphene.
Chemical vapor deposition (CVD) growth
of graphene on the surface of a Cu substrate1,2 is the most promising method to
date for the growth of large-area monolayer
graphene, owing to the extremely low solubility of C in Cu.3 Typically, growth of graphene by CVD has used methane as the
precursor1,2,4 and growth temperatures of
around 1000 C. Although a Au Ni alloy
catalyst can grow graphene at 450 C, only
74% monolayer graphene was obtained, and
by Raman mapping, the D peaks were higher
than the G peaks around the domain edges.5
Recent reports6 9 indicate that the temperature of graphene growth with several other
carbon sources can be less than 1000 C, such
as hexane-derived continuous graphene ﬁlms
grown at 950,8 975, and 900 C,9 ethanol or
pentane-derived graphene grown at 900 C,6
alcohol-derived graphene at temperatures
ranging from 650 to 850 C,7 and under
low-pressure CVD (LPCVD) or ambientpressure CVD, respectively. The “graphene”
grown at 650 C7 had a D peak intensity much
higher than that of the G peak in the reported
Raman spectrum. The lowest growth temperature reported to date was 300 C with benzene
by LPCVD in which 10 graphene ﬂakes
were obtained but not continuous graphene
ﬁlms.
In addition, many groups have been
using Cu foils from Alfa-Aesar after the
work reported by Li et al.1 We have found
that these foils are typically covered
by the supplier with a layer of chromium oxide for anticorrosion protection.
Moreover, the surface roughness of the
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ABSTRACT

A two-step CVD route with toluene as the carbon precursor was used to grow continuous largearea monolayer graphene ﬁlms on a very ﬂat, electropolished Cu foil surface at 600 C, lower
than any temperature reported to date for growing continuous monolayer graphene.
Graphene coverage is higher on the surface of electropolished Cu foil than that on the
unelectropolished one under the same growth conditions. The measured hole and electron
mobilities of the monolayer graphene grown at 600 C were 811 and 190 cm2/(V 3 s),
respectively, and the shift of the Dirac point was 18 V. The asymmetry in carrier mobilities can
be attributed to extrinsic doping during the growth or transfer. The optical transmittance of
graphene at 550 nm was 97.33%, conﬁrming it was a monolayer, and the sheet resistance was
∼8.02  103 Ω/0.
KEYWORDS: monolayer graphene . chemical vapor deposition .
low-temperature growth . electropolish . toluene

Cu substrate is expected to be a factor
inﬂuencing homogeneity and electronic transport properties of the graphene due to the growth terminating
in the irregular “valleys” of the substrate
surface.11,12
Here, we report using toluene and
LPCVD to grow continuous monolayer
graphene ﬁlms at 500 to 600 C on ﬂat
and electropolished Cu foils and by a twostep growth method. The Raman spectra,
electron and hole mobilities, sheet resistance, and optical transmittance of the
graphene were measured and are reported below.
VOL. 6

’

NO. 3

’

* Address correspondence to
r.ruoﬀ@mail.utexas.edu.
Received for review December 9, 2011
and accepted February 17, 2012.
Published online February 17, 2012
10.1021/nn204827h
C 2012 American Chemical Society

2471–2476

’

2012

2471
www.acsnano.org

RESULTS AND DISCUSSION
A ﬂat and smooth Cu foil was achieved by electropolishing (see Methods). Figure 1a,b shows the surface
of the Cu foils before and after electropolishing as
measured by an optical proﬁlometer. The Cu foils were
produced by cold rolling, and their surfaces have
straight striations with spacing of a few micrometers
(Figure 1a). The electropolished Cu surface is much
smoother, and the striations have been removed, as
shown in Figure 1b (also see Figure S1a,b in Supporting Information). A measurement of the root-meansquare (rms) surface roughness, Rq (see Supporting
Information), showed that Rq was reduced from
218.56 nm for the as-received Cu foil to 64.00 nm for
the electropolished one. The electropolishing thus
“ﬂattens” the Cu foil surface and removes metal oxides.
In order to remove oxide layers prior to graphene
growth, our team has tried hydrochloric acid or acetic
acid etching and mechanical polishing. However, electropolishing the metal substrate for graphene growth
is rarely reported,11 even though it is a widely used
method in metal research. Our procedure is diﬀerent
from the method reported by Luo et al.,11 as we present
a simple method to electropolish the Cu foils in 1 min
(see Methods).
After 980 C annealing in hydrogen under low
pressure, the Cu foils were exposed to toluene. The
weakest bond in toluene is the C H bond in the
methyl group, whose bond energy is 324 kJ/mol,13
while the bond energy of the C H bond in benzene is
ZHANG ET AL.
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Figure 1. Optical surface proﬁler images and the calculated
roughness of the Cu foil substrates (a) before and (b) after
electropolishing.

460 kJ/mol. This consideration motivated our choice of
toluene, along with the fact that it is considerably less
toxic than benzene. To observe the morphology of
graphene domains (islands) prior to formation of a full
monolayer, growth was interrupted at various times
(batch experiments). Figure 2a d shows typical SEM
images of the graphene ﬂakes grown on electropolished Cu foils at diﬀerent temperatures after a 30 min
one-step growth (without using a second step that is
described below). With a growth temperature of
300 C, sparse domains are observed on the Cu foil surface, whereas more graphene domains per unit area are
observed for the 400 C growth. Domains grown at 500
and 600 C (Figure 2c,d) have a rectangular shape. The
corresponding Raman spectra (Figure 2e) show features
typical of monolayer graphene.14,15 The 2D band centered at ∼2691 cm 1 is symmetric; the full width at halfmaximum (fwhm) of the 2D peak is ∼39 cm 1, and the
intensity ratio of the G band to the 2D band (IG/I2D) is
∼0.5. The size of the rectangular domains grown at
600 C is larger than that grown at 500 C after the same
30 min growth. The rectangular shape is diﬀerent from
the shapes typically seen, such as the four- or six-lobe
shape of methane-derived graphene domains16 grown
at 1035 C under low pressure , the hexagonal shapes of
methane-derived domains grown at 1050 C17 at ambient pressure, and the benzene-derived domains
grown at 500 C under low pressure.10 The rectangular
graphene might be related to the partial pressure of the
hydrogen in the reactors. Hydrogen might play an
important role in etching edges and corners of the
graphene ﬂakes under proper growth conditions. Comparing the partial pressure of hydrogen reported in the
literature 10,16,17 and the present results, the higher
the partial pressure of hydrogen, the easier the
domain shapes tend to be equiaxed shape due to
more sharp edges and corners of the graphene
ﬂakes etched. This means that sharp four- or sixlobe domains can grow under lower partial pressure of hydrogen and the hexagonal domains under higher hydrogen partial pressure. The partial
pressure of hydrogen for the present rectangular
domains is between them.
The Cu foils used for the catalyst growth of diﬀerent domain shapes are the same sort of Alfa-Aesar
foils, which tend to have the same grain orientations
after annealing.18 Figure 2f presents a typical EBSD
map of our annealed Cu foil covered with graphene
domains. The corresponding inverse pole ﬁgure is
also shown in the right part of the Figure 2f. It can be
seen that most grains on the surface of the annealed
Cu foil have (001) planes. Our result is consistent with
the well-accepted fact that recrystallization would
result in the formation of an Æ001æ texture component when a cold-rolled Cu is annealed above the
recrystallization temperature. This tendency is commonly reported in the literature related to metal
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Figure 2. SEM images of graphene domains grown at the temperatures of (a) 300 C, (b) 400 C, (c) 500 C, and (d) 600 C.
(e) Corresponding Raman spectra of the graphene ﬂakes on Cu foils; (f) EBSD map of the Cu foil annealed at 980 C followed by
growth of graphene domains at 600 C and its corresponding inverse pole ﬁgure.

cold-working. For example, Dai et al.18 reported that,
after having been annealed at high temperature, Cu
foil had a strong Æ001æ texture; that is, most of the
grains in the foils tend to have an out-of-plane
orientation close to Æ001æ. Our (001)-oriented grains
at the foil surface actually became preferential sites
for the more uniform growth of graphene, as shown
in Figure 2a d. Furthermore, it is worth noting that
only rectangular domains were observed by SEM.
This indicates that there is not a close relationship
between the domain shape and the underlying
Cu grain orientation under our growth conditions.
In addition, we have performed a two-step growth
process ﬁrst developed in our group for the
growth of methane-derived graphene at higher
temperature.16 A low graphene nuclei density is ﬁrst
created under lower chamber pressure, followed by
ZHANG ET AL.

achieving full graphene surface coverage by increasing the chamber pressure by a factor of 10.
Figure 3a is a SEM image of a continuous graphene
ﬁlm grown on electropolished Cu foil at 600 C after 1 h
exposure to toluene using our two-step growth process. The clear presence of Cu surface steps throughout
indicates that graphene completely covers the Cu
surface. Figure 3b shows a graphene ﬁlm transferred
to a Si/SiO2 substrate (285 nm thick oxide) and an
optical image taken with a 100 objective lens in the
Raman spectroscope. The image taken with the 100
objective lens reveals that the graphene ﬁlm is continuous and uniform, and no wrinkles are observed.
The Raman spectrum in Figure 3c is that of monolayer
graphene,14,15 with an intensity ratio of the 2D to G
band of about 2.18 and a symmetric 2D band
at ∼2700 cm 1 with a fwhm of ∼36 cm 1. The D band
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Figure 3. Toluene-derived continuous graphene ﬁlms grown at 600 C. (a) SEM image of the graphene on the electropolished
Cu surface. (b) Optical image of the graphene transferred onto a Si/SiO2 substrate and an image taken under Raman 100 lens
(λ = 488 nm). (c) Typical Raman spectrum of the graphene. (d,e) Raman maps of the intensity ratio of the D band
(1300 1400 cm 1) to the G band (1540 1640 cm 1) and the 2D band (2640 2760 cm 1) to the G band, respectively. (f)
Raman map of fwhm of the 2D band (measured over 30  30 μm2 area).

is observed at ∼1350 cm 1, suggesting the presence of
disordered structural defects, which might be present
at the domain boundaries of the graphene. Sample
uniformity was conﬁrmed by confocal Raman spectroscopy mapping over 30  30 μm2 areas of the
graphene on Si/SiO2. Measured maps of the intensity
ratio of D band (region from 1300 to 1400 cm 1) to G
band (1540 to 1640 cm 1), the 2D band (2640 to
2760 cm 1) to the G band (I2D/IG), and the fwhm of
the 2D band are presented in Figure 3d f, respectively.
Figure 3f presents the fwhm map of the 2D band in the
range of 23.87 37.78 cm 1, which indicates that the
graphene ﬁlms are monolayer. These data are also
consistent with the Raman map of I2D/IG (Figure 3e).
Most areas of Figure 3e are light blue/green, which
show I2D/IG in the range of 2.0 3.0, characteristic of
monolayer graphene. At one point of the map, the ratio
is less than 1. As to the reason why we never observed
wrinkles of our graphene, which are typically attributed
to the diﬀerent thermal expansion coeﬃcients between Cu and graphene,1 some may arise due to
hydrogen dissolved in Cu foils degassing at elevated
temperature.19 The solubility of H2 gas in Cu at 1000 C
is ∼7  10 3 atom %,19,20 while this value is much
lower, namely, ∼7  10 5, at 600 C. At room temperature, the solubility of hydrogen declines to less
than 10 7 atom %.20 It is possible that hydrogen is
dissolving into the copper during the annealing step,
then leaving the copper after the graphene is formed.
By growing at lower temperature, most of the dissolved hydrogen has perhaps already left the copper
before the graphene is formed, which could be useful if
evolution of H2(g) from the Cu is playing a role in, for
example, the presence of wrinkles.
ZHANG ET AL.

Figure 4. (a) Graphene FET used for carrier mobility measurement. The channel width and length between the two
Cr/Au contacts were 300 and 50 μm, respectively. IDS vs VGS
curve for a ﬁxed VDS = 0.01 V. VGS scans from 50 to 50 V. (b)
Transmittance of the graphene ﬁlm from 350 to 1000 nm.
The transmittance at 550 nm is 97.33%, and the sheet
resistance (Fsheet) of the graphene is ∼8.02  103 Ω/0.

In addition, we also tried unelectropolished Cu foils
without the anticorrosion coating and compared
it with the electropolished ones. After the same
45 min growth at 550 C, graphene coverage on the
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METHODS
Electropolishing of Copper Foils. Used as an anode, 25 μm thick
Cu foil (99.8%, Alfa-Aesar, item no. 13382) was electropolished
in a homemade electrochemistry cell with a large Cu plate as the
cathode; the electropolishing solution was 1000 mL of water,
500 mL of ortho-phosphoric acid, 500 mL of ethanol, 100 mL of
isopropyl alcohol, and 10 g of urea. Supported by an alligator
clip, the Cu foil was placed into the solution. A Hewlett-Packard
6612 System DC power supply was used to supply constant
voltage/current, and a voltage in the range of 3.0 6.0 V was
applied for 60 s. After electropolishing, the Cu foil was rinsed
with deionized water, further washed with ethanol, and then
blow-dried with nitrogen.
Graphene Growth with Toluene. Electropolished Cu foils were
inserted into a 22 mm i.d. quartz tube, heated by a horizontal
split-tube furnace. The toluene was loaded in a homemade
container which is isolated from the main system with a valve.
First, the quartz tube was pumped down to 10 2 Torr, and then
ultrahigh purity grade hydrogen (Air Gas Inc.) was introduced
during temperature ramp-up of the furnace (pressure
∼370 mTorr, flow rate of ∼3.3 sccm (STP flow rate)). The Cu
foils were annealed at 980 C in hydrogen for 15 min. After
annealing, the furnace was cooled to the desired growth
temperature, 300, 400, 500, or 600 C. A schematic of the LPCVD
system is in Figure S1. When the desired temperature was
achieved, the valve to the toluene was opened. Toluene vapor
was passed into the quartz tube at a flow rate of 2.7 mL/h to
maintain a toluene partial pressure of ∼300 mTorr without
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Although the carrier mobilities and the sheet
resistance of our graphene ﬁlms, so far, are worse
than that of graphene grown by our team with
methane and typical strategies at higher temperature, the feasibility of graphene grown at low temperature demonstrated here has a wider signiﬁcance
for the lower energy consuming growth of largescale graphene. Moreover, it is expected that the
CVD graphene grown at low temperature might be
transferred more easily due to the weaker coupling
to the metal substrate, which may be beneﬁcial for
developing other transfer methods. Further work to
optimize growth at low temperatures with various
hydrocarbon precursors is indicated. The carrier
mobilities and the sheet resistance of our graphene
ﬁlms can be further improved by crack-free
transfer24 and/or graphene doping.
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unpolished Cu foil is much lower than that of the
electropolished one, although graphene can also grow
on it (see Figure S3 in Supporting Information).
We fabricated a back-gated FET with graphene
grown at 600 C (see Methods and Supporting
Information). The graphene channel width and length
were 300 and 50 μm, respectively. Devices were measured at room temperature under ambient conditions.
The IDS versus VGS (the gate voltage) curve (Figure 4a)
measured at a source drain bias (VDS) of 0.01 V shows
that the gate can cause either hole or electron conduction. The Dirac point voltage is at VGS ∼ 18 V. The
mobilities were calculated to be hole mobility μh =
811 cm2/(V 3 s) and electron mobility μe = 190 cm2/(V 3 s).
The asymmetry21,22 in carrier mobility of the device
may be attributed to the extrinsic doping during the
growth, transfer, and/or the adsorption of air molecules during the measurement process under ambient conditions. The same type of graphene (8  8 mm2)
was transferred to a glass slide, and the same glass was
used as a reference. The transmittance at 550 nm
wavelength is 97.33% (Figure 4b), which is comparable
to that reported, 97.7%, for high-temperature CVD
monolayer graphene.23 The sheet resistance of the
same graphene was ∼8.02  103 Ω/0. The sheet
resistance and the carrier mobilities are “worse” than
that of graphene grown by our team with methane at
higher temperature (1.00 4.00  103 Ω/0 and
∼4000 cm2/(V 3 s), respectively). This may result from
the increased density of grain boundaries and/or
defects of graphene grown at the low temperature.

CONCLUSION
Uniform and continuous monolayer graphene ﬁlms
have been grown on electropolished copper foils at
600 C with LPCVD using toluene and hydrogen. The
ﬂat electropolished Cu foils help in growing uniform
and large graphene domains. A second growth step
(increasing chamber pressure by a factor of 10 to
complete a full ﬁlm) is a key factor that allows completing the coverage of graphene on the Cu surface.
Electron and hole mobilities of 811 and 190 cm2/(V 3 s),
respectively, were measured; the transmittance of
graphene at 550 nm was 97.33%, and the sheet
resistance of the same graphene was 8.02  103 Ω/0.

changing the flow rate of hydrogen. The typical growth time
was 60 min at each of the four temperatures studied. For the
second growth step (that causes islands (domains) to continue
to grow and merge into a complete film), 5 min before finishing
the growth, the ball valve between the quartz tube outlet and
the pump was closed, so that the pressure increased by a factor
of 10 without changing any other parameters. The furnace was
then cooled to the 200 300 C range at a rate of ∼50 C/min.
Toluene was then turned off, while hydrogen continued flowing
until the furnace cooled to room temperature.
Graphene Transfer. When the copper foil is electropolished,
both sides are polished at the same time. So, graphene was
found on both sides of the Cu foil. However, we usually keep the
graphene grown on the side facing the counter electrode, and
this side was spin-coated (4000 rpm  40 s) with a layer of
poly(methyl methacrylate)25 (PMMA) (MW 350 000; 46 mg/mL
in chlorobenzene). After the Cu foil was dipped in an aqueous
(NH4)2S2O8 solution (0.5 M) for 20 min, the graphene on the
other side of the Cu foil was removed by “washing it off” using
deionized water. Then, after the Cu substrate was completely
dissolved in the aqueous (NH4)2S2O8 solution, the PMMA
graphene was transferred onto Si substrates covered with
285 nm thick SiO2 (Si/SiO2 substrate) or glass slides. The samples
were dried in air for 30 min and then under vacuum (10 2 Torr)
for 30 min in order to remove water between graphene and the
substrate. Subsequently, PMMA was removed using acetone.
Characterization. Scanning electron microscopy (SEM) images
were obtained using an FEI Quanta-600 FEG-ESEM at an
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accelerating voltage of 30 kV. Raman spectroscopy was done
with a WITec alpha 300 confocal Raman spectroscope with a
laser wavelength of 488 nm and a 100 objective lens (laser
spot size is 300 nm). Scanning with this instrument was used to
evaluate the quality and uniformity of graphene on a Si/SiO2
substrate. A wide range of surface roughness of the Cu foils
before and after electropolishing trials was measured by a
noncontact optical profiler (Wyko Surface Profiler) in vertical
scanning interferometry (VSI) mode. An electron backscattering
diffraction (EBSD) analysis was conducted in a Zeiss Neno 40 FESEM to obtain a grain orientation map of the Cu foil covered
with graphene domains. FET measurements were performed
with a programmable voltage source (Keithley 2611A and
Keithley 6221 digital voltmeter and 6514 digital ammeter) at
room temperature under ambient atmosphere. The electrical
resistance of the graphene films was measured by the van der
Pauw method.26 A spectroscopic ellipsometer (JA Woolam,
M-2000) was used for the measurement of the transmittance
of the graphene films, and a bare glass slide was used as a
reference.
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