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G
raphene is a single atomic layer of
carbon crystal which exhibits re-
markable electronic properties as a

result of its particular conical band struc-
tures with a Dirac-type spectrum of low-
energy quasiparticles.1 It provides an unique
platform to enrich our understanding in
condensed-matter phenomena that are ex-
perimentally not observable in conventional
two-dimensional electron gases2,3 and also
points to a broad range of applications based
on its electronic structure and transport
properties.4�7 Aside from the peculiar mass-
less Dirac fermions that emerge in single-
layer graphene (SLG), stacking graphene
sheets one atop the other may result in very
different energy-momentum relations,8�10

expanding the electronic versatility of this
two-dimensional carbon system. In the sim-
plest architecture, two graphene layers can
be arranged in an AA, AB, or a twisted con-
figuration; the physical properties of such bi-
layer graphene (BLG) are correlated with the
stacking order and relative twist angle,9�12

with each type possessing a uniqueπ-electron
landscape. For example, the breaking of inver-
sion symmetry in AB stacked BLG leads to a
quadratic energy dispersion with a band gap
tunable by a perpendicular electric field.13�15

For twisted (rotationally stacking-faulted)
BLG, the electronic properties critically depend

upon the twist angle, as revealed by mea-
surements combing scanning tunnelingmi-
croscopy and Landau-level spectroscopy: the
electronic properties of the twisted BLG with
anangle>20� are indistinguishable fromthat
of SLG, while a substantial reduction of Fermi
velocity occurs for small angles.16,17

The early studies of the rotational stack-
ing fault have been focused on SiC-derived
graphene which is of high quality, but suf-
fers from a strong substrate interaction.18,19

To study the Raman properties of twisted
BLG, folded or consecutively transferred gra-
phene layers are used.20,21 In these cases, the
existence of interlayer contamination decisi-
vely affects on exploring intrinsic properties
of the coupled two layers.22,23 Therefore,
chemical vapor deposition (CVD) synthesis
of single-crystal twisted BLG that can be
isolated from their growing substrate would
produce a material of fundamental interest.
Recently, high-quality graphene growth has
been realized on various transition metals
using CVD.24�26 The most noticeable de-
monstration is the scalable growth of fewer
graphene layers onCu.27 At lowgrowth pres-
sure, the CVD process can be surface-
mediated and somewhat self-limiting due
to the negligible solubility of carbon in Cu,
yielding predominantly SLG typically made
of randomly oriented domains. Single-crystal
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ABSTRACT Bilayer graphene is an intriguing material in that its electronic structure can be altered by

changing the stacking order or the relative twist angle, yielding a new class of low-dimensional carbon system.

Twisted bilayer graphene can be obtained by (i) thermal decomposition of SiC; (ii) chemical vapor deposition (CVD)

on metal catalysts; (iii) folding graphene; or (iv) stacking graphene layers one atop the other, the latter of which

suffers from interlayer contamination. Existing synthesis protocols, however, usually result in graphene with

polycrystalline structures. The present study investigates bilayer graphene grown by ambient pressure CVD on

polycrystalline Cu. Controlling the nucleation in early stage growth allows the constituent layers to form single

hexagonal crystals. New Raman active modes are shown to result from the twist, with the angle determined by

transmission electron microscopy. The successful growth of single-crystal bilayer graphene provides an attractive

jumping-off point for systematic studies of interlayer coupling in misoriented few-layer graphene systems with well-defined geometry.
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graphene with lateral dimensions of up to several
millimeters has been realized by controlling carbon
nucleation in the self-limiting reaction.28�30 These re-
sults have inspired the search for a new protocol that
allows the CVD growth of two single-crystal graphene
layers coupled at a separation of only van der Waals
distance. Recently, it has been reported that self-limiting
growth can be broken using modified CVD conditions
(e.g., high growth pressure and enlarged supply of
carbon feedstock), yielding multiple stacks of gra-
phene layers on Cu.31,32 This paper studies BLG grown
in the early stages of ambient pressure CVD (AP-CVD).
Controlling the nucleation conditions on Cu foils allows
both constituent layers to form as hexagonal single
crystals. Each BLG grain possesses a specific twist angle
which is characterized by Raman spectroscopy in com-
bination with transmission electron microscopy (TEM).
This combined technique provides the one-to-one cor-
relation between the twist angle and Raman properties.

RESULTS AND DISCUSSION

Figure 1 shows the scanning electron microscopy
(SEM) images of a BLG array and magnified individual
grains on Si substrates. Each grain consists of two
graphene layers, with the small (secondary) and large
(primary) layers typically measuring 3�5 and 10�15 μm,
respectively. Each layer has a prominent hexago-
nal morphology that persists without apparent inter-
ruption by Cu surface imperfections, indicating their
single crystalline nature.29,33,34 Their edges are predo-
minantly oriented parallel to the zigzag direction, as
will be detailed in the Ramanmappings and also in the
TEM imaging (Supporting Information). The secondary
hexagon may be elongated along one of the zigzag
directions, as shown in Figure 1c. In some cases,multiple
nucleation of secondary grains on the host layer can be
observed, with small satellite grains arranged around
the central grain (Figure 1c, Supporting Information).
Over a prolonged growth time, a third layer is seen to
start nucleating from the center of the existing BLG
(Figure 1d). This implies that the early embryos act as
a preferential site for the later growth of a new layer, and a
proper control over the embryo size might be of impor-
tance in the layer-by-layer stacking single crystal graphene.
Controlled growth of single-crystal BLG grains and

arrays were achieved by optimizing a number of growth
parameters. Critical factors include temperature, hydro-
gen partial pressure, methane concentration, and cop-
per surface conditions, all of which are mutually corre-
lated and may affect the growth and nucleation of the
primary and secondary layers.35,36 Figure 2 shows the
SEM images of themorphology changes given changes
to these parameters. Temperature plays a key role in
the nucleation rate and needs to be addressed prior to
the systematic search for an optimized growth protocol.
As shown in Figure 2a, a lower temperature (950 �C)
favors the growth of polycrystalline bilayer graphene

with an arbitrary grain shape, while increased tem-
peratures result in the shrinkage of the secondary layer.
At 1050 �C, hexagonal embryos form which then devel-
op into graphene dendrites at a low hydrogen partial
pressure (5 Torr), but into star-shaped graphene at an
increasing partial pressure (>13 Torr), with a secondary
grain nucleated preferentially at the center of the host
layer (Figure 2b). From this point on, methane con-
centration becomes critical to further manipulate the
growth of the secondary layer, which tends to vanish at
a low methane concentration (<50 ppm, Figure 2c).
Increasing themethane concentration to 80ppm results
in stable BLG growth with both layers being single
crystal in nature. Further increasing the methane con-
centration has little impact on the hexagonal morphol-
ogy, but does affect the lateral dimensions of the layers.
A blurry concentration region, which is relevant to other
gas flows and typically covers spans between 40 and 70
ppm in our growth conditions, exists for the cogrowth of
single- and bilayer graphene grains. In addition to the
temperature and gas effects, the growth of single-crystal
BLG is also largely influenced by Cu foils with different
crystalline purities, surface roughness, and foil thickness
(Figure2d).Underoptimizedgrowthconditions, the largest
secondary layer is 5�6 μm prior to coalescing into films.
At a microscopic scale, the crystallographic edges

of thus grown graphene are not ideally straight,

Figure 1. CVD single-crystal BLG. (a) SEM image of bilayer
graphene array. An array of carbon seeds comprising cross-
linked PMMA by a strong electron-beam irradiation was
made on Cu foil prior to the growth of BLG, followed by the
AP-CVD growth using the optimized parameters shown in
the Methods section. The period of the array is 50 μm, and
the size of each seed is ∼1 μm. Few grains that nucleated
randomly are also observed. (b�d) Different orientation of
the twisted BLG grains. In panel c, an elongation of the
secondary layer along one of the zigzag directions is
obvious. Small satellite grains on the primary layer can
sometimes be seen near the secondary grain in panel d.
Figure 1d shows a third grain which starts nucleating at the
center of the BLG grains in a prolonged growth time. The
figures in (b�d) share the same scale bar.
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irrespective of the stacking order and twist angle (see
Supporting Information). Nonetheless, the edges pro-
vide a rude method to determine the twist angle
between the two layers. Precisely correlating the Ra-
man spectra with the twist angles requires differentiat-
ing AA fromAB stacking and identifying angles close to
0 or 30� through selected area electron diffraction
(SAED). To achieve this, gold markers were first pat-
terned around the BLG by standard e-beam lithogra-
phy, followed by a clean transfer of the marker/
graphene to a Cu grid using the previously reported
techniques.22,23 Figure 3 panels a and b respectively

show optical photographs of the marker/graphene on
Si substrate and a low-resolution TEM image of the
same structure transferred onto a Cu grid. This method
inevitably results in ca. 40�50% of BLG loss due to the
blockage of BLG by metal grids. Figure 3 panels c�f
show high-resolution TEM (HR-TEM) images of different
graphene superlattices interpreted as Moiré patterns
caused by misorientations between graphene layers.
The insert in each figure presents the corresponding
Fourier transform defractograms (FFTs), showing the
twist angles. A crystal forms, as a matter of principle,
only at a discrete set of commensurate twist angles

Figure 2. Tuning CVD growth for single-crystal BLG. (a�d) Representative SEM images of graphene grown using the parameters
provided in theMethodssection.Only the indicatedparametersarevaried in thegrowthprocess: (a) temperatureeffect; (b) hydrogen
partial pressure; (c) methane concentration; (d) Cu thickness. (e) SEM image of single-crystal BLGwith optimized growth conditions.

Figure 3. TEM images and supercells of twisted BLG. (a) Optical photograph of BLGgrains transferred onto a Si substrate,with
coordinate markers and scaffolds that encircle the grains for Raman measurements and later for TEM imaging and SAED. (b)
Low-resolution TEM image of the same structure transferred onto a Cu grid. (c�f) HR-TEM images of BLG with different twist
angles. Moiré patterns are formed due to the misorientation of the two layers. The insets for each figure present the fast
Fourier transform patterns. All the scale bars are 1 nm. (g) Schematic of a commensurate twist of two graphene layers. The
twist angle θ leads to a large supercell defined by the purple rhombus. A twist vector T =ma1þ na2, where a1 = a(

√
3/2, 1/2) and

a2 = a(
√
3/2,�1/2) are the primitive lattice vectors for the first graphene layer, is used to characterize the periodic structure of a

twisted BLG. n andm are integers (0 <m< n) such that gcd(n,m) = 1. (h) Angle-dependent number of C atoms in the supercell of a
commensurate twist. The marked points denote the commensurate twists of the HR-TEM images shown in panels c�f.
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when two graphene layers are overlaid. The size of the
supercell varies greatly with a slight change to the angle
(Figure 3g,h). However, the Moiré pattern observed in
TEMmight also be caused by an incommensurate stack
which behaves as if it were commensurate. The differ-
ence between a commensurate angle and a neighbor-
ing incommensurate angle can be very small, often
indistinguishable, especially for small angles.
To gain insight into the distribution of stacking orders

and twist angles, more than 200 BLG samples were pre-
pared and half were successfully examined by SAED after
acquiring Raman spectra. Figure 4a shows the diffraction
patterns of AB stacked, 30� twisted, and 21.8� twisted
BLG. All the patterns exhibit 6-fold symmetry. For AB
stacked BLG, the intensity ratio is I{1100}/I{2100} < 1, as
opposed to I{1100}/I{2100} > 1 for SLG, consistent with
other computational37 as well as experimental38 stud-
ies. For twisted BLG, however, the intensity ratio is
always I{1100}/I{2100} > 1, resembling the case of SLG.
Even for the 21.8� twisted BLG, which is constructed
with the smallest commensurate supercell, the ratio
remains above unity. Figure 4b presents our analysis of
stacking probability, showing that 50% of the BLG are
AB stacked, which is energetically most favorable in
nature. The rest are twisted BLG. Surprisingly, our statis-
tics showed no AA stacking (a translational shift of AB
stacking). This shows a sharp contrast to the pyrolytic
graphite whose BLG often exhibits AA stacking.39

Further comparison shows that over 60% of the BLG
have a twist angle θ > 25�, as opposed to fewer than
10% for θ e 5�, an angle at which the Fermi velocity is
substantially reduced with respect to SLG.16,40

The relative orientations and interlayer coupling in
twisted BLG have been intensively studied, both exper-
imentally12,16 and theoretically.9,10 For example, an
appreciable enhancement of the G band intensity for
specific twist angles was attributed to the formation of a
low-energy singularity in the joint density of states.20,41,42

Two new Raman features also appear in the twisted BLG
as a result of intravalley and intervalley double reso-
nance processes involving elastic electron scattering by
the static potential which stems from the interaction
between the two layers. Previous studies could only be
conducted in folded BLG with short-range atomic reg-
istry or in polycrystalline BLG with perturbation of other
grain orientations.43 The single-crystal twisted BLG stud-
ied here provides a clean system to gain more insight
into the angle-dependent Raman properties. We per-
formed Ramanmeasurements using a scanning confocal
setup with laser wavelengths of 488, 514, and 633 nm
and intensity below2mWfocused to adiffraction-limited
spot size. The graphitic signal of single-crystal BLG, as
shown in Figure 5a for different twist angles, appears at
∼1580 (G band). The absence of D band (∼1350 cm�1)
indicates the high crystallinity and low structural defects
in the BLG. Careful comparison between the AB stacked
and twisted BLG shows a prominent feature at the
wavenumber 1625 cm�1 (called the R0 band) for twisted
BLG with small angles.21 This peak is nondispersive
(Figure 5b) and has its intensity maximum at θ = 5�
under red light excitation (EL = 1.96 eV). The R0 intensity
maximum shifts to larger angles as the laser energy
increases. Although this unusual Raman feature occurs
in the same spectral range as the D0 band of disordered
sp2 carbon, it cannot be assigned to the D0 band which
exhibits a dispersion rate of∼10 cm�1/eV in the visible
range and is associated with high defect densities.44

In light of Carozo's work,21 this newRaman feature of
twisted BLG can be interpreted in the framework of a
double resonance process, as elucidated in Figure 5c in
momentum space. Resembling the origin of the D0

band where the scattering of photoexcited electrons
near the K (or K0) points is mediated by a phonon ωq

and a static disorder potential V�q, the R0 band is attrib-
uted to a similar intravalley double resonance process
with the static potential generated by the weak cou-
pling of the two layers. Themismatch between the two
layers gives rise to a reciprocal rotational vector q.
When an electron�hole pair is created by a photonwith
energy EL in one of the valleys located at the K (or K0)
point of the Brillouin zone boundary, the electron is
elastically scattered by the momentum q to another
point of the same Dirac cone with the opposite wave-
vector �k0, thus creating a phonon with wavevector
Qintra. The inelastic backscattering by the phonon re-
turns the electron to k0 in the same valley where it
completes its Raman roundtrip transition by recombin-
ing with its companion hole in the course of emitting
Raman light of energy pωs. Theq increases as increasing

Figure 4. Electron diffractions and histograms of BLG. (a)
Electron diffraction patterns of AB stacked, 30�, and 21.8�
twisted BLG, with the spots labeled by Miller-Bravais in-
dices. The lower panels show the corresponding spot
intensities taken along the marked axes, e.g., 1�210 to
�2110 axis for the AB stacked BLG. The twisted BLG has
intensity ratio of Ia/Ib > 1, a characteristic identical to that of
SLG. (b) Histogram of the AB stacked, AA stacked, and
twisted BLG for all the diffraction patterns collected. (c)
Histogram of the twist angle for the twisted BLG.
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θ, and this, in turn, requires a larger wavevector k0 of
electrons to be excited by the laser energy EL to

proceed the intravalley double resonance. Therefore,
θ and EL have one-to-one correspondence. For a given
θ, deviation of EL from the specific energy EL(θ) will
suppress the R0 double resonance, thereby lowering
the intensity of the peak (Figure 5b).
The R0 band is only activated at a low twist angle

(3�<θ<8�) in the visible rangeandbecomes inaccessible
at a larger twist angle due to the large q vector which
requires electrons with much higher energy to com-
plete the intravalley double resonance process. The
linear dependence of the R0 frequency (ωR0) with re-
spect to the twist angle (θ) makes the ωR0 increasing
monotonically as θ increases for θ < 9�.21 This results in
a shift of R0 intensity maximum to a larger angle as EL
increases. Figure 5d shows the 488 nm-excited Raman
spectra of the same twisted BLG shown in Figure 5b.
We can clearly see that the R0 intensity maximum shifts
from θ = 5.1� for EL = 1.96 eV to θ = 6.0� for EL = 2.33 eV.
Moreover, the R0 intensity maximum becomes weaker
as the twist angle increases, for example, IR0/IG (θ = 5.1�,
EL = 1.96 eV) = 1.22, IR0/IG (θ = 6�, EL = 2.33 eV) = 0.20,
and IR0/IG (θ = 6�, EL = 2.54 eV) = 0.18.
Figure 6 shows the Raman mappings of AB stacked

and 28� twisted BLG using a 488 nm excitation. The
intensity maps convey important information on
the geometrical and electronic structures of graphene.
The G band associated with the zone-center in-plane
stretching eigenmode reveals an sp2 carbon�carbon
bond, with an intensity proportional to the stacking
numbers (<10 layers) due to the interference of the
laser in the graphene layers as well as multireflections
of Raman light.45 As a result, the G band intensity in the
bilayer region is always higher than that in the single
layer region, irrespective of the stacking order or twist
angle. For the 2D band, the intensity of the AB stacked
bilayer is rather uniform, as compared with that of the

Figure 5. Raman spectra of twisted BLG with small angles.
(a) Raman spectra in the range of 1300 and 1700 cm�1 for
twist angles from 3.9 to 7.3�. The spectrum of AB stacked
BLG is presented as reference. A new Raman active mode (R0
band), centered at 1625 cm�1, appears in the twisted BLG. (b)
Raman spectra in the vicinity of the R0 band for 3.9� twisted
BLG taken at different laser excitation energies. (c) The upper
panel shows the Brillouin zone of one layer, with a rotation of
the other, yielding a rotation momentum q. The lower panel
schematically illustrates an intravalley double-resonance
process involving elastic electron scattering by the static
potential. (d) Raman spectra in the range of 1500 and
1650 cm�1 for twist angles from 3.9 to 7.3�. The dashed lines
in panels a�c are eye-guides for the Raman modes.

Figure 6. Two-dimensional Raman mappings of BLG. (a,b) Raman intensity maps for AB stacked and 28� twisted BLG using
488 nm excitation. The spectral regions of the intensitymaps are G peak (1560�1610 cm�1); 2D peak (2650�2750 cm�1); and
D and R peaks (1335�1385 cm�1). A satellite BLG appears near the AB stacked BLG in panels a and shows properties similar to
those of the 28� twisted BLG in panels b. All the maps have the same scale bar.
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28� twisted bilayer, but with intensity in the AB stacked
bilayer lower by a factor of 0.2�0.25 due to the lifting of
band degeneracy that allows four possible pathways
for phonon scattering.46

In all the Ramanmaps shown in Figure 6, the D band
region is relatively featureless at the grain edges,
indicating a zigzag termination which does not fulfill
the momentum conservation in the elastic intervalley
scattering of the electrons and holes and as a result
cannot contribute to the Raman D band.47 Unlike SiC-
derived graphene, which prefers armchair termination,48

our AP-CVD conditions yield predominantly zigzag
edges, similar to other CVD graphene grown at low
hydrocarbon concentrations.33,34,49 For the BLG with a
large twist angle (θ > 25�), a new Raman active mode,
weakly peaking at 1375 cm�1, becomes accessible
under blue light excitation (Figure 6b). Although this
Raman feature occurs in the same spectral range as the
D band of disordered sp2 carbon, the D band is not a
plausible cause, as revealed in the high crystalline quality
of the bilayer region in the large-area TEM images with
atomic resolution (Supporting Information). Consistent
with the origin of the R0 band, this new Raman feature,
called theRband, results fromanother double-resonance
process activated by the same above-mentioned static
potential. The photoexcited electron proceeds to an
intervalley double resonance in which the electron is first

elastically scattered by the large rotation momentum q
(due to a large value of θ) to an inequivalent Dirac valley,
followed by an inelastic backscattering by a zone bound-
ary phonon -Qinter, which brings the electron back to k0
and recombines with its companion hole for Raman light
emission.
The R peak is nondispersive and appears only at

large angles in the visible range, as compared in Figure 7.
It shows that a peak near 1375 cm�1 appears only in
the bilayer regions with a large twist angle (28 or 30�),
while it vanishes in the single-layer regions and the
bilayer regions with a small twist angle (7 or 13�).
Although one can use the nondispersive feature to
differentiate it from the D peak, it cannot be activated
by low energy light sources which are generally avail-
able in a lab. Excitation energies in the ultraviolet range
are required to access this mode for the small twist
angles.21Moreover, it is very unlikely that all the Raman
mapped graphene areas contain low defects, except
for the bilayer regions with a large twist angle. It is
therefore rational to attribute this peak to the R peak,
instead of the D peak. Further systematic study using
continuous high excitation energies will help in under-
standing the angle-dependent Raman modes.

CONCLUSIONS

We have synthesized single-crystal bilayer graphene
with different stacking orders and twist angles using AP-
CVD under controlled nucleation conditions. The grown
graphene layers are of high crystalline quality, as re-
vealed in the featureless Raman D band and the high
electron mobility (8000 cm2/V 3 s shown in Supporting
Information) without particular treatment of the silicon
substrate surface. The rotationally faulted bilayers result
in Moiré patterns in commensurate stacks. Each twist
angle in the bilayer graphene, determined by electron
diffraction, defines a particular electronic band structure
which interprets the unusual Raman active modes as a
result of the intra- or intervalley double resonance
process in twisted stacking. Unlike the layer-by-layer
stacking of transferred graphene, which causes un-
avoidable polymer contamination between the con-
stituent layers, the electronic structure and transport
properties of the CVD grown single-crystal bilayer gra-
phene paves the way for a broad range of applications.

METHODS
Graphene Synthesis and Transfer. Optimized single-crystal BLG

grains and arrays were grown by the AP-CVD of methane
(99.99%) on polycrystalline Cu foils. Prior to growth, the Cu foils
were cleaned by acetone and IPA with sonication, followed by
etching in acetic acid for 30 min to remove surface oxides. The
Cu foil was then mounted in the CVD chamber and the furnace
was ramped up to 1050 �C over 40 min, with constant flows of
300 sccm Ar and 10 sccmH2. After reaching 1050 �C, the sample
was annealed for 90 min without changing the gas flow. For

graphene growth, methane (80 ppm) mixed with the flows of
300 sccm Ar and of 15 sccm H2 was fed into the reaction
chamber for ∼7 min to form bilayer graphene. Following the
growth, the Cu foil was moved to the cooling zone under the
protection of Ar and H2. Some more details of our CVD condi-
tions (i.e., the carbon concentration vs time relationship) are
provided in Supporting Information. For the transfer process,
the graphene sheets were first coated with a thin layer of
polycarbonate, followed by etching in HCl aqueous solution
to remove the Cu. The polycarbonate film, along with the

Figure 7. Full Raman spectra of BLG with each angle deter-
mined by electron diffraction. The spectra were taken using
488 nm excitation. The arrows point to the R peak region.
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attached graphene, was then transferred onto a silicon sub-
strate. The polycarbonate film was then removed using chloro-
form. Same process was also used for second transfer onto a Cu
grid for TEM observations.

Transmission Electron Microscopy. A field emission TEM JEM-
2010F (JEOL) equipped with a CEOS post-specimen spherical
aberration corrector (Cs corrector) was operated at 120 kV for
the TEM observations. A Gatan 894 CCD camera was used for
digital recording of the SAED patterns and HR-TEM images.
A sequence of HR-TEM images (10 frames) was recorded, with
1 s exposure time for each. After drift compensation, some
frames can be superimposed to increase the signal-to-noise
(SN) ratio for display.

Raman Spectroscopy and Mapping. A high-resolution Micro
Raman spectrometer (LabRaman 800, Horiba Jobin Yvon)
equipped with a motorized sample stage was used to acquire
the Raman spectra and spatial mapping. A 100� objective was
used to provide a diffraction-limited spot size. Three different
laser excitationswere used: λ=488, 514, and 633 nm. The power
level was set below 1�2 mW to avoid heating or damage to the
sample.
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