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P
arameters for the chemical vapor de-
position (CVD) growth of graphene
have been explored on differentmetal

catalysts.1�3 Since the discovery of Cu-based
graphene growth,1 the preparation of high-
quality uniform large-area graphene mono-
layers becomes feasible.Multilayer graphene
films with specific stacking orders have
attracted enormous attention due to their
tunable electronic structures.4�7 Until re-
cently, most of these experiments were
based on micrometer-sized multilayer ex-
foliated graphene flakes,4�7 requiring a te-
dious process that is difficult to scale. To
solve this challenge, here we demonstrate
consistent CVD growth windows for large-
area Bernal-stacked bi-, tri-, or tetralayer
graphene on Cu surfaces.
Parameters that could affect the thick-

ness of graphene growth include the pres-
sure in the system, gas flow rate, growth
pressure (the partial pressure of both the
growth gas and the carrier gas), growth
temperature, and cooling rate.8�11 On the
basis of previous CVD growth conditions
for monolayer, bilayer, and multilayer gra-
phene summarized in the Supporting Infor-
mation, Table S1, we hypothesized that the
partial pressure of both the carbon sources
and the H2 gas in the growth process, which

is set by the total pressure and the mole
fraction of the feedstock, could be the factor
that controls the thickness of the graphene.
A series of experiments with continual and
precisely controlled total pressure and ratio
of growth gases was performed to generate
a coherent growth map, as shown in Sup-
porting Information, Table S2.

RESULTS AND DISCUSSION

As shown in Figure 1, a needle valve was
installed between the CVD growth chamber
(a quartz tube) and the vacuum pump to
precisely control the gas flow rate and thus
the total pressure of the CVD system. The
total pressure was carefully monitored with
a pressure gauge connected to the growth
chamber. In Supporting Information, Table
S2, amonolayer graphene growth condition
was set as the first data point in the series,
Sample 1. The growth reaction was main-
tained at 1000 �C for 15 min. The flow rates
of H2 and CH4 were 300 sccm and 10 ( 1
sccm, respectively. The flow rates were kept
the same throughout this series (Samples
1�12). The ratio between H2 and CH4 was
thus fixed, while the total pressure was
tuned from 5.8 to 740 Torr, ranging from
low pressure growth to near-atmospheric
pressure growth. The partial pressures of H2
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ABSTRACT Few-layer graphene, with Bernal stacking order, is of particular

interest to the graphene community because of its unique tunable electronic

structure. A synthetic method to produce such large area graphene films with precise

thickness from 2 to 4 layers would be ideal for chemists and physicists to explore the

promising electronic applications of these materials. Here, large-area uniform Bernal-

stacked bi-, tri-, and tetralayer graphene films were successfully synthesized on a Cu

surface in selective growth windows, with a finely tuned total pressure and CH4/H2 gas

ratio. On the basis of the analyses obtained, the growth mechanism is not an

independent homoexpitaxial layer-by-layer growth, but most likely a simultaneous-

seeding and self-limiting process.
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and CH4 were calculated from the total system pres-
sure. The detailed growth parameter values are listed
in Supporting Information, Table S2. As the growth
pressure increased, thicker graphene films grew on
the Cu surfaces. Specifically, bi-, tri-, and tetralayer
graphene films form when the PCH4 was 3.6, 5.2, and
9.6 Torr, respectively (inset of Figure 1a).
All of the graphene films were grown and trans-

ferred onto different substrates using the method
previously described.12 Optical images of this series
transferred onto quartz slides are shown in Supporting
Information, Figure S1. The graphene films became
successively darker, suggesting that thicker films were
grown with increasing PCH4. The thickness of the films
was subsequently investigated using spectroscopic
techniques. Raman spectroscopy was used to deter-
mine both the quality and thickness of the graphene

film over a micrometer-sized area according to the
laser spot-size. On the basis of the Raman spectra in
Figure 1b, when the PCH4 is below 1.6 Torr, only
monolayer graphene films grow with an I2D/IG ratio
less than 0.5 (Samples 1�3). At 1.6 Torr, bilayer gra-
phene starts to form on Cu surfaces as the average
IG/I2D increases to∼0.5, slightly higher thanmonolayer
grapheneIG/I2D ratio.13 Sample 4 is a hybrid of mono-
and bilayer graphene film as confirmed by optical ab-
sorption of∼3%. When PCH4 was 3.6�3.8 Torr, Sample
5, the graphene film displays a dominant bilayer
characteristic IG/I2D ratio over a large area.

5,14�16 Thick-
er graphene Raman signatures (3�10 layers) are also
observed on the graphene films from Samples 6�10.
Figure 1b displays the stacked Raman spectra as the
PCH4 increased; the G peak at ∼1585 cm�1 becomes
more pronounced and the 2D peak at ∼2700 cm�1

Figure 1. The growth chamber with a needle value to control the system pressure. (a) Scheme of the CVD growth chamber
where a needle valve is placed downstream between the quartz tube and the vacuum pump to control the total pressure of
CH4 andH2; the ratio of the two gases is controlled usingmass flow controllers at the source of each gas. The growth chamber
is placed in a furnace heated at 1000 �C. The inset is the partial pressure of CH4 correlated to the thickness of the graphene
layers. The ratio between partial pressure of H2 (PH2) and CH4 (PCH4) in this system was set by fixing the flow rates. (b) Raman
evolution of graphene grown under increased CH4 partial pressure (514 nm laser). (c) The 2D peak position of Raman spectra
in panel b.
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broadens and blueshifts.17,18 In Figure 1c, the 2D peak-
blueshift starts at 2690 cm�1 for monolayer graphene
and ends at ∼2717 cm�1 for >10-layer graphene, or
graphite, which is consistent with the results obtained
from mechanical exfoliated Bernal graphene.13 The
Raman spectra of non-Bernal stacked graphene were
also investigated by directly stacking monolayer CVD
graphene films atop a SiO2 surface without further
annealing. As shown in Supporting Information, Figure
S2, both the I2D and IG increase as the thickness
increases, while the relative ratio between the two
peaks does not change, suggesting a relatively weak
electronic interaction between graphene layers.1,18

The deconvolution of the 2D peaks of bi-, tri-, and
tetralayer graphene unveils more details, as shown in
Supporting Information, Figure S3.16 The 2D peak of
bilayer graphene can be fitted with four Lorentzian
curves while the 2D peak in trilayer graphene can be
fitted with six Lorentzian curves. The line shape of the
peak shows little asymmetry with no obvious shoulder,
which suggests that the graphene films are dominated
by Bernal (ABA) stacking order rather than rhombohe-
dral (ABC) stacking order.19 The tetralayer graphene's
2D peak can be fitted with 3 Lorentzian curves and its
symmetrical line shape reveals its Bernal (ABAB) stack-
ing signature. The full width at half-maximum values
(FWHMs) of the 2D peaks are 62, 71, and 72 cm�1 in bi-,
tri-, and tetralayer graphene, respectively, which are
significantly broader than the fwhm of monolayer
graphene at 30 cm�1. All Raman spectra were acquired

using a 514 nm laser at room temperature on SiO2/Si
substrates.
Selected area electron diffraction (SAED) patterns

and high resolution transmission electron microscopy
(HRTEM) images corroborate graphene's stacking or-
der and thickness. Bi-, tri-, and tetralayer graphene
films were carefully transferred onto TEM grids (C-flat,
Electronmicroscopy Services). Over ∼2 mm2, ∼10 SAED
patternswere acquiredper sample, andeach area showed
one set of diffraction pattern characteristic of Bernal
stacking, other than at the grain boundaries. In the
SAEDpatterns, the (1�210) intensitywas 3.5�6.3 times
stronger than the (1�100) in Figure 2a�f, suggesting
that these films are non-AA stacked.20 As a reference,
the monolayer graphene diffraction pattern has a
(1�210)/(1�100) intensity ratio of ∼0.87 (Supporting
Information, Figure S4). The presence of the innermost
diffraction spots (1�100) and the diffraction intensity
ratio in Figure 2 is quite different from the ABC stacking
order, which should have an intensity ratio larger than
14 according to theoretical calculations.20 However,
experimental data do not always agreewith theoretical
diffraction data.20 The inner plane strain and small
tilting angle from the imperfect wet-transfer method
could affect the diffraction intensities. Using the SAED
patterns, the graphene films are Bernal (AB) stacked
polycrystalline graphene with an average domain size
of 1�5 μm; this result has the potential to be optimized
into a single crystal using newly developed methods.8

In Figure 2g�i, edgeswere randomly chosen for imaging

Figure 2. SAED and TEM characterization of bi-, tri-, and tetralayer graphene. (a�c) Representative SAED patterns from bi-,
tri-, and tetralayer graphene samples, respectively. (d�f) The intensity profile from the SAED patterns in panels a�c,
respectively. (g�i) High resolution TEM of randomly chosen representative edges of bi-, tri-, and tetralayer graphene that
shows two, three, or four layers of carbon, respectively. Scale bar in panels g�i is 5 nm.

A
RTIC

LE



SUN ET AL. VOL. 6 ’ NO. 11 ’ 9790–9796 ’ 2012

www.acsnano.org

9793

to confirm the thickness of the bi-, tri-, and tetralayer
graphene samples.
The thickness of the graphene films was evaluated

using visible spectroscopy in Figure 3a. At 550 nm, the
bi-, tri-, and tetralayer graphene films on quartz sub-
strates exhibit transmittances of 95.4%, 93.0%, and
90.4%, respectively, in good agreement with predicted
and reported values.21 Figure 3b shows no difference
in contrast across the trilayer graphene film, providing
evidence for the uniformity of the film. Statistically,

Raman mapping at the 100 � 100 μm2 scale confirms
the thickness and uniformity of graphene films. In a
typical monolayer graphene film, more than 95% of
the graphene area has an IG/I2D ratio <0.5 (Supporting
Information, Figure S5). In Figure 3c, no monolayer
Raman signature (IG/I2D < 0.5) was observed at any
pixel on the map and ∼85% of the film had an IG/I2D
ratio of 0.7�1.1, suggesting uniform bilayer graphene.18

The Raman 2D band has been shown to be sensitive
to graphene interlayer coupling, whereby ordered

Figure 3. Spectroscopic characterization of Bernal bi-, tri-, and tetralayer graphene films. (a) Transmittance of bi-, tri-, and
tetralayer graphene films obtained with visible-absorption spectroscopy on quartz substrates. The transmittance of
graphene was measured at 550 nm. “n L” signifies the number of graphene layers. (b) Optical image of a trilayer graphene
on 2.5 � 2.5 cm2 quartz that indicates the uniformity of the film. IG/I2D Raman mapping of (c) bilayer, (d) trilayer, and
(e) tetralayer graphene.

Figure 4. Electrical measurement of Bernal-stacked bilayer graphene. (a) Overlaid SEM and optical microscopy top-view
imageof a dual-gate bilayer graphene FETdevice (TG= top gate; G=bottomgate; S = source; D=drain). Scale bar is 10 μm. (b)
Cross-sectional viewof thebilayer graphenedevice. (c) Grapheneelectrical conductance as a function of topgate voltageVt at
different fixed bottom gate voltages Vb. The measurements were taken from �40 to 40 V in Vb, with 20 V steps at 77 K.
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few-layer graphene exhibits 2D band-broadening in
addition to a shift to higher frequency.19 In Supporting
Information, Figure S6,∼85% of the sample's fwhm 2D
peak falls within 42.5 cm�1 and 62.5 cm�1, character-
istic of strongly coupled bilayer graphene.22 Substrate
effects or incidental charging could contribute to the
deviation in the ratio. In Figure 3d,e, the average IG/I2D
ratios were 1.29 (trilayer) and 1.44 (tetralayer), respec-
tively. This result was similar to tri- and tetralayer
Bernal-stacked exfoliated graphene (obtained from
highly oriented pyrolytic graphite), while it is different
than the previous values for CVD-grown graphene.1,18

Dual-gate field effect transistors (FETs) were built
with abilayergraphenefilmatopaSiO2/Siwafer (Figure4).
The electrical measurements on the devices indicate that
they have a tunable band structurewith a biased electrical
field perpendicular to the graphene basal plane.1�4 The
device hole mobility was as high as ∼2200 cm2 V�1 s�1

(Supporting Information, Figure S7), which is considerably
higher than the mobility for solution-exfoliated Bernal
bilayer graphene.23

Additional control experiments were done to explore
the growthmechanism for the Bernal stacked graphene
films. Under bilayer growth conditions (Sample 5 in
Supporting Information, Table S2), 15-min-growth pro-
duces full coverage of a bilayer graphene film on the Cu
surface. Extending the growth time to 30min under the
same conditions does not change the film's thickness
(Supporting Information, Figure S8). In addition, mono-
layer graphene was grown to fully cover the Cu surface,
after which the CVD system was changed to a higher
pressure favorable for bilayer growth.However, no addi-
tional growth was observed (Supporting Information,

Figure S9). This confirmed that the graphene growth is
not a layer-by-layer mechanism, in which an additional
graphene film can grow directly atop or underneath
existing graphene film. The polycrystalline nature indi-
cates that the graphene is grown from multiple growth
centers and that the crystals subsequentlymerge seam-
lessly. The growth of the Bernal stacked graphene
suggests that a self-limiting mechanism is operating
and that the thickness is inherent from its early seeding
stage.
The proposed growth-mechanism scheme is shown

in Figure 5. In a concentrated carbon species growth
environment, multilayer graphene seeds form when
C atoms are supersaturated in the surface layers of
the Cu. To arrest the intermediate states, a short time-
growth (2 min) on pretreated Cu surface was per-
formed. The Cu foil was prepolished and annealed
using the same method discussed elsewhere.24 In
Figure 6, the SEM and Raman spectra clearly confirmed
that the graphene thickness was defined at the initial
stage. Considering the top graphene layers have no
direct lateral contact with the Cu underneath except
for the edges, this two-dimensional growth is most
likely catalyzed by the Cu catalyst-front close to the
graphene edges as shown in Figure 5. In this way, some
of the seeds grow into graphene islands, forming and
extending synchronously rather than layer-by-layer.
The islandsmaintain their thickness and stacking order
while the edges propagate laterally on the Cu surface.
In analogy to the “tip-growth” mechanism of carbon

Figure 5. Proposed growth-mechanism. Graphene seeds
formwhen the surface carbon in Cu is supersaturated.Higher
CH4 partial pressure deposits thicker graphene seeds. The
thickness of thegraphene is predefinedby these seeds,which
grow epitaxially along the Cu surface (top). The graphene
seeds grow independently and form graphene single-crystal-
line islands (middle) before theymeet with each other. When
graphene islandsmeet, they form domains and grain bound-
aries (bottom) and the growth stops. No additional graphene
layer would be able to grow on the fully covered Cu surface.

Figure 6. Panels a and b are different magnification SEM
images of bilayer graphene seeds and islands after 2 min
growth atop Cu. The Cu foil is prepolished and annealed
using the same method discussed in ref 24. This additional
treatment is necessary to minimize carbon contamination
on the Cu surface. Without this treatment, the full coverage
of graphene growth finished too quickly for the seeds to be
arrested and captured. The red arrow in panel b points to a
graphene seed. This graphene seed is surrounded with
graphene islands, which range from 100 nm to several μm
in size (here, seeds are simply small islands). The scale bar in
panels a and b is 1 μm. (c) Representative Raman spectrum
of these bilayer graphene seeds and islands, which shows
the same signature as its final bilayer film. Out of 10 random
areas studied, eight areas were bilayer while one area was
monolayer and another was trilayer. This indicates that the
seeds were mainly bilayer.
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nanotubes,25 the growth of Bernal graphene is most
likely following an “edge-growth” mechanism. Cu
“wave fronts” are pushed back into the surface by
growing graphene crystals or they evaporate from this
surface mobile state. As the graphene islands expand,
the open Cu area shrinks. Finally, two graphene do-
mainsmerge into one, with no Cu front left in between.
As the growth temperature is close to copper's melting
point, the front of the catalyst could be a highly mobile
liquid phase. This mechanism is proposed for Bernal-
stacked graphene growth. But it could be generalized
for all 2D graphitic growth on Cu, including monolayer
graphene and graphite (>10 layers). With the same
mechanism, Bernal-stacked graphite of more than 10

graphene layers could be produced fromCu substrates
(Supporting Information, Figure S10).

CONCLUSIONS

We have shown here that between 1 and 4 layers,
the thickness of Bernal-stacked graphene, can be
tuned within selective growth windows. Indications
suggest the same type of growth up to 10 layers thick.
A defined-seed mechanism is proposed that yields
the precise layer thickness of the final graphene films.
These Bernal-stacked graphene films are expected to
show distinct electronic band structures, adding new
building blocks to existing graphene catalogs and
promoting physical and optoelectronic applications.26

EXPERIMENTAL SECTION

CVD Growth. In a 48-in. long fused quartz tube (22-mm ID,
25-mm OD, Technical Glass Products) heated in a furnace,
graphene films were grown on a ∼ 1 in2 copper foil mounted
on a boat-shaped quartz holder with a magnet affixed at one
end to facilitate insertion and removal (themagnet never enters
the hot-zone of the oven). With the furnace heated to 1000 �C
and the tube under vacuum (<30 mTorr), filtered H2 (ultrahigh
purity grade, 99.999% from Matheson, this high purity cannot
be substituted) was introduced at 300 sccm and the H2 pressure
was controlled with a needle valve (Figure 1a) to a specified
value. The copper foil was then annealed for 10 min by sliding
the holder containing the copper to the center of the furnace. In
the presence of the pressure-controlled H2, filtered methane
(chemical purity grade, 99.0%, Matheson) was opened at 10( 1
sccm for a growth time of 15 min after which the holder was
removed from the furnace area of the tube to cool under H2. The
copper foil was 25 μm thick and 99.8% grade, purchased from
Alfa Aesar.

Transfer. Graphene was formed on both sides of the Cu foil.
To protect the graphene film during Cu etching, a poly(methyl
methacrylate) (PMMA) solution (950 PMMA A 4, MicroChem)
was spin-coated (at 2500 rpm for 1 min) on the top of
the graphene-coated copper foil twice and baked at 70 �C
for ∼30 min in a vacuum oven or on a hot plate.1 Marble's
reagent was used as an aqueous etchant solution, comprising
15.6 g of CuSO4 3 5H2O (Aldrich), 45 mL of deionized H2O, and
50 mL of concn HCl (Aldrich). The PMMA�graphene�Cu
assembly was etched for a few min after which the Cu foil
was removed from the Marble's reagent and dipped in water
several times and wiped on a Kimwipe to completely remove
the unprotected graphene on the bottom of the Cu foil so that
its residue did not merge with the top graphene. The remaining
Cuwas etched, leaving the PMMA-protected graphene that had
been on top of the Cu foil floating on the etchant. The film was
floated on deionizedwater and subsequently transferred onto a
given substrate; the protective PMMA was removed using
acetone after the transferred graphene layer completely dried.
The graphene filmwas rinsedwith 2-propanol, and gently blow-
dried using N2.

Characterization. For Raman spectroscopy, scanning elec-
tron microscopy (SEM), and optical characterization, graphene
films were transferred onto a 300 nm SiO2/Si substrate. Raman
spectra and 2D Raman maps were collected using a Renishaw
inVia Raman microscope with a 514 nm Ar laser at ambient
temperature. SEM imageswere obtainedwith a JEOL 6500F SEM
at 15 KV. Optical images were taken with a Zeiss Axioplan
Polarized Optical Microscope. On quartz slides, optical trans-
mittance spectra were collected in a Shimadzu UV-3101PC
UV�vis�NIR spectrophotometer. Transmission electron micro-
scopy (TEM) images and electron diffraction patterns were ac-
quired using a JEOL 2100F field emission gun TEM at 200 kV.

The diffraction patterns were obtained at 80 000� with a zero
degree tilt. For the TEM experiments, graphene films were
transferred onto C-flat TEMgrids (ElectronMicroscopy Sciences)
in amethod similar to the transfer method used for silicon oxide
substrates.

Electrical Measurement. The bilayer graphene sheet was trans-
ferred to p-Si substrates with 300 nm thermal oxide and
patterned into a strip (5 � 20 μm) using ebeam lithography
and reactive ion etching (RIE). The source/drain electrodes
(1 nm Ti/20 nm Au) were defined using ebeam lithography
and ebeam evaporation. Then top gate dielectrics (alumina,
70 nm) and top gate electrode (1 nm Ti/20 nmAu) were defined
in series using ebeam lithography and ebeam evaporation. The
channel length was between 1 and 5 μm depending on the
devices.

The dual-gate FET properties of the bilayer graphene de-
vices were further characterized using a probe station (Desert
Cryogenics TTPX-probe 6 system) under vacuum with chamber
base pressure below 1 � 10�5 mm Hg. The I�V data were
collected using an Agilent 4155C semiconductor parameter
analyzer.The mobility was calculated using the following equa-
tion:

μ ¼ L

WCoxVsd

ΔIsd
ΔVg

where L andW are the channel length and width, Cox is the gate
oxide capacitance, Vsd is the source drain voltage, Isd is the
source drain current, and Vg is the gate voltage. The linear regime
of the transfer characteristics was used to obtain ΔIsd/ΔVg.
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