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G
raphene, a single atomic layer of
graphite comprising a planar hexa-
gonal lattice of carbon atoms, has

been used in the creation of vertical stacks
of homo- and heteroatomic junctions.1,2

The exotic physical properties of single-
layer graphene (SLG) might be changed by
placing an adlayer atop the host layer due to
the presence of interatomic coupling and
producing a variety of interesting proper-
ties in the low energy sector of the Dirac
spectrum. The gapless band structure in
graphene can be lifted as the A and B

sublattices in the unit cell experience differ-
ent onsite energy; that is, an energy gap
can be opened as the inversion symmetry
is broken. A well-studied example is bilayer
graphene (BLG) with Bernal-type stacking,
which exhibits a gate-tunable band gap of
up to hundreds of meV, providing appeal-
ing opportunities in optoelectronic devices
such as infrared light generation, amplifica-
tion, and detection.3 This change of the
energy spectrum also indicates the break-
down of Klein tunneling, with which Dirac

fermions are immune to localization effects
observed in ordinary electrons.4 On the
other hand, twisted BLG shows rich physics
in its energy spectrum such as twist-angle
dependent van Hove singularities,5 reduc-
tion of Fermi velocity,6 and electric field-
tunable particle-hole asymmetry.7 Placing
an additional graphene layer atop the
BLG forms a much more complicated tri-
layer structure. This TLG partially inherits
the properties of SLG and BLG, and recent
studies have actively explored its diverse
electronic structures.8�16 TLG with typical
ABA stacking lacks any appreciable field-
induced gap,17 while TLG with ABC stacking
can be gapped at the low energy sector of
the spectrum.18 Analogous to twisted BLG,
it has been theoretically shown that the
electronic and optical properties of TLG
are strongly correlated with the interlayer
twist angle,19,20 providing another unique
perspective of understanding interlayer in-
teraction in layered materials.
Micromechanical cleavage of graphite

is an early approach that isolates TLG on
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ABSTRACT Understanding the growth mechanism of graphene layers in

chemical vapor deposition (CVD) and their corresponding Raman properties is

technologically relevant and of importance for the application of graphene in

electronic and optoelectronic devices. Here, we report CVD growth of single-

crystal trilayer graphene (TLG) grains on Cu and show that lattice defects at

the center of each grain persist throughout the growth, indicating that the

adlayers share the same nucleation site with the upper layers and these

central defects could also act as a carbon pathway for the growth of a new

layer. Statistics shows that ABA, 30�30, 30�AB, and AB�30 make up the

major stacking orientations in the CVD-grown TLG, with distinctive Raman 2D characteristics. Surprisingly, a high level of lattice defects results whenever a

layer with a twist angle of θ = 30� is found in the multiple stacks of graphene layers.
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insulating substrates.12�18 It offers a simple means of
obtaining high-quality TLG with ABA or ABC stack and
is still the process currently used in most experimental
studies. However, a systematic study of the synthesis
protocol for different stacking TLG and of their prop-
erty characterizations is still lacking. The recent devel-
opment of CVD techniques for graphene growth
allows for the scalable production of large-area gra-
phene films for various applications. CVD has been
shown to grow high quality single-crystal SLG with
lateral dimensions of up to several millimeters by
controlling carbon nucleation in a self-limiting
reaction.21,22 Lu et al. recently synthesized single-crys-
tal BLG with different twist angles on Cu foils using Ar-
diluted CH4 as the carbon source.23 Such single-crystal
BLG provides a long-range interlayer atomic registry
featured by the strong Raman R0 mode, which is both
angle and excitation energy dependent. In this paper,
the similar CVD technique using Ar-diluted CH4 is
employed to grow single-crystal TLG grains, providing
valuable insight into the growth mechanism of multi-
layer graphene. Raman spectroscopy in combination
with transmission electron microscopy (TEM) was used
to characterize the as-grown TLG grains, which pro-
vides a one-to-one correspondence between the twist
angle and Raman properties.

RESULTS AND DISCUSSION

Figure 1 shows the optical micrographs of atmo-
spheric pressure CVD-grown TLG grains with different
stacking orientations on an oxidized Si substrate
(details about CVD growth are described in the
Methods). Each layer has a distinctive color, with a
prominent hexagonal shape without apparent inter-
ruption by Cu surface imperfections. At a macroscopic
scale, the crystallographic edges of the two inner
graphene grains are sharp and straight, irrespective
of the stacking arrangement. In contrast, some edges
of the largest graphene grain become curvy as the

grain size is enlarged. Nonetheless, the shapes of these
single-crystal grains differ significantly from that of
flower-like graphene grains. Crystallographically, we
can divide TLG into two BLGwith two separate stacking
orientations. Then, according to the relationship be-
tween two adjacent layers, each TLG grain is labeled
as ABA, 30�30, 30�AB, and AB�30, displayed in
parts a�d, respectively, of Figure 1.
Atomic layer deposition (ALD) is a thin film growth

technique for the deposition of uniform and conformal
films with atomic precision and has been widely used
in advanced silicon CMOS manufacturing. However,
the lack of dangling bonds on the perfect graphene
basal plane makes the ALD process problematic.24

It has been shown that conventional H2O-based ALD
process cannot be used to grow two-dimensional,
continuous, and isotropic dielectric films directly
on an ideal graphene surface. Nucleation of dielectric
embryos is only feasible on graphene edges and defect
sites due to the existence of anchor groups.25�27 This
allows for a facile and straightforward means of dec-
orating and visualizing topmost defects in graphene
layers. Here, we utilized this technique to deposit Al2O3

particles on the as-grown TLG grains to examine the
growth mechanism of multilayer graphene.
In our experiment, Al2O3 was deposited on as-grown

BLG and TLG using 100�150 alternative ALD cycles of
trimethylaluminum and H2O at 200 �C (as described
in the Methods). Figure 2a,b shows the SEM images of
BLG and TLG grains, respectively, on Cu after growth
of Al2O3 particles. Two extra satellite second layers
are also seen in the BLG grain of Figure 2a. The Al2O3

particles are found to grow only spottily on the single-
layer region and the center of the bi- and trilayers. Jeon
et al. showed that the extended long atomic orbital
(3dz2) of Cu surface atoms could partially penetrate
through the graphene lattice (Figure 2c) and serve as
nucleation sites for Al2O3 in the ALD process.28 Thus,
it is not surprising to find Al2O3 particles growing on
the single-layer regions before coarsening into a film.
Importantly, the six edges of the smallest hexagon
(the third layer) are free of Al2O3 particles (Figure 2b),
indicating that the third layer is completely isolated
from the ALD reactants and appears underneath the
upper layers. We attribute the presence of Al2O3

particles at the grain centers to the existence of lattice
defects. This sort of central defect can be found in all
of our BLG and TLG grains and is also revealed in the
low-magnification SEM image (Figure S1, Supporting
Information). This finding allows us to propose another
growth mechanism for multilayer graphene grown
on Cu that differs fundamentally from the previous
reported mechanism.29 The early graphene embryos
could be composed of defective carbon polygons
which persist throughout the growing process. The
precursor containing carbons and hydrocarbons
could penetrate through those central defects at high

Figure 1. Optical micrographs of as-grown TLG grains after
transfer onto SiO2 (90 nm)/Si substrates. Four different
types of stacking arrangements are shown in a�d, respec-
tively. Scale bar: 20 μm.
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temperatures, nucleating the adlayer underneath the
upper layers. The adlayer extends from the center over
time as long as carbon source is provided. Figure 2d
schematically illustrates this mechanism. This picture is
basically consistent with the 13C-labeled growth re-
ported by Li et al. and Fang et al.29,30 However, these
previous studies failed to reveal the growth from the
center, which is, as a matter of practice, vital to the
rational tailoring of the stacking orientation during
growth of multilayer graphene.
Selected area electron diffraction (SAED) in TEM was

used to reveal the relative stacking orientations of TLG
characterized by Raman spectroscopy. Figure 3a,b

shows the one-to-one correlation for Raman and TEM
characterization. The detailed fabrication procedure
is described in Figure S2 (Supporting Information). To
gain insight into the distribution of stacking arrange-
ments, more than 230 TLG samples were inspected.
Figure 3c presents a statistical analysis of the stacking
frequency, showing that 70% of the as-grown TLG
are ABA stack, which is energetically most favorable
in nature. Based on the limited statistics, noABC stack is
explicitly identified. Only about 10%, 15%, and 3% are
found, respectively, for the 30�30, 30�AB, and AB�30
stacks. It is also worth noting that our previous study
shown that non-30� twisted grains take up ∼25%

Figure 2. Growth mechanism of CVD-grown TLG on Cu. (a, b) SEM images of BLG and TLG on Cu after growing Al2O3 by H2O-
based ALD, respectively. White particles are Al2O3. They share the same scale bar. (c) Schematic of Al2O3 grown on single-layer
graphene.Gray spheres arecarbonatomsandorange spheres areCuatoms. Blueellipses indicateCuatomicwave functionwhich
could penetrate single-layer graphene and serve as a nucleation center for the Al2O3 (purple ellipses). (d) Growth schematic for
TLG. CHx could diffuse through the defect hole of the upper layer graphene, rather than sides, to nucleate on the Cu surface.

Figure 3. One-to-one Raman and TEM characterization. (a, b) Optical micrograph of the marker/graphene on SiO2/Si substrate
and low magnification TEM image of the same structure transferred onto a Cu grid, respectively. The red (monolayer), blue
(bilayer), and green (trilayer) points represent the corresponding locations for Raman and TEM. (c) Stacking frequency of as-
grown TLG grains. Excluding 30�, rare other twist angles were found. (d, e) HR-TEM images of ABA and 30�30 TLG grains,
respectively. ABA-stacked TLG shows the triangular pattern characteristic, while 30�30 stacked TLG looks similar to 30�-twisted
BLG (as shown in the inset). No moiré pattern was found in 30�30 TLG because the 30� twist angle is not commensurate.
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of twisted BLG23 but are rarely found (<1%) in TLG. The
percentage of interlayer twist drops dramatically as
both the number of stacks and grain size increase. This
implies that twisted orientation is energetically unfa-
vorable and the grain might reorient at high tempera-
tures as the growth duration is prolonged.
We performed Raman measurements using a scan-

ning confocal setupwith laser wavelengths of 633, 532,
and 488 nm. To avoid heating and damage, the laser
spot was focused to a diffraction-limited size with a
power below 2 mW. The Raman spectra of CVD-grown
TLG with different stacking arrangements show a rich
variation in peak intensities and shapes. Parts a�c,
respectively, of Figure 4 show the SAED patterns of
mono-, bi-, and trilayer regions of an ABA-stacked TLG
grain. A high-resolution TEM (HR-TEM) image is shown
in Figure 3d. As expected, the diffraction pattern of
each layer exhibits a typical 6-fold symmetry and is
mutually overlapping, indicating a single-crystal struc-
ture with no relative twist and no gliding-induced
transition of domain orientation. Figure 4d shows the
corresponding Raman spectra for the mono- (red),
bi- (blue), and tri- (green) layer regions. Two intense
Raman peaks, located at ∼1588 and ∼2650 cm�1,
respectively, represent the G and 2D modes. The
G peak stems from the in-plane vibration of sp2 carbon
atoms, with an intensity proportional to the stacking
numbers (<10 layers) due to the constructive interfer-
ence and multireflections of light.31 This is evident in
Figure 4d, where the G peak intensity increases linearly

with the number of layers, i.e., IG(BLG) ≈ 2IG(SLG) and
IG(TLG) ≈ 3IG(SLG). Interestingly, the G peak frequency
is red-shifted, and the full width at half-maximum
(fwhm) increases in both the bilayer and trilayer regions
(summarized in Table S1, Supporting Information).
These phenomena also apply to other TLG grains,
irrespective of the stacking orientations. These effects
can be understood in the framework presented by
Berciaud et al.,32 in which the suspended SLG shows a
clear redshift and broadened fwhm of the G peak in
comparison to the supported SLG, owing to the sub-
strate-induced inhomogeneous doping. The progres-
sive weakening of the substrate effect to the upper
layers could be the primary cause of the G peak redshift
and broadening. For the 2D peak, the SLG profile is
symmetric and can be well described by a single
Lorentzian with I2D ∼1.5IG, as shown in Figure S3
(Supporting Information). For the Bernal-stacked bi-
layer region, the energy band splits into two parabolic
subbands due to the π electron overlap and strong
interlayer interaction. Four different Raman scattering
pathways with slightly different frequencies are
then expected. As a result, the Raman spectra of the
Bernal-stacked bilayer region can be fitted with four
Lorentzians (upper panel in Figure 4e),33 without per-
turbation stemming from the presence of the third
layer. Likewise, to correctly identify the 2D line shape
for the ABA-stacked trilayer, one should model the
double-resonance (DR) Raman process with con-
sidering 15 different transitions.34 However, the energy

Figure 4. Raman spectra and TEM of an ABA-stacked TLG grain. (a�c) SAED patterns of mono-, bi-, and trilayer regions,
respectively. (d) CorrespondingGand2Dpeaks of the sameTLGgrain under 633nm laser excitation. (e) Fitting for 2Dpeaks of
bi- and trilayer regions, indicating four and six Lorentzians are needed for bi- and trilayers, respectively. The black line is the
sum of subpeaks. (f) Raman mapping with step size of 1 μm under 532 nm laser excitation. The upper panel is the optical
image (only the central trilayer regionwith surrounded bilayer regionwasmapped as shown in the red dash rectangle), while
the middle and bottom panels are G peak intensity and fwhm of the 2D peak, respectively.
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separations of these different scattering processes turn
out to be so close to each other that the line shape can
be properly identified by 6 subpeaks,14,15 as shown in
the bottom panel of Figure 4e. As previously reported,
ABC-stacked TLG shows a larger 2D peak width (Γ2D)
than the ABA-stacked TLG. This spectral difference
can be used to distinguish between ABC and ABA
stacking.14,15 Therefore, we mapped the central trilayer
region, as shown in Figure 4f. The clear contrast of the
IG map outlines the shape of the trilayer region where
the Γ2D is rather uniform (with variation less than
4 cm�1), indicating a single stacking orientation in the
TLG. Further comparison with the Raman spectra of
ABA andABC allowed us to identify this TLG as ABA.14,15

Parts a�c, respectively, of Figure 5 present the SAED
patterns of mono-, bi-, and trilayer regions of a 30�30
stacked TLG grain. Its HR-TEM image is shown in
Figure 3e. The SAED patterns of bi- and trilayer regions
are intuitively identical, making it difficult to differenti-
ate between 30�30 and 30�AB stacks based on
a comparison of the SAED patterns alone. A subtle
difference can be found in the intensity of the diffrac-
tion spots, providing a means of identification.
Their corresponding Raman spectra are presented in
Figure 5d. The G peaks show intensity, position, and
profile properties similar to those of ABA-stacked TLG.
On the contrary, the 2D peak intensity and width of
30�30 stacked TLG are distinct from those of ABA-
stacked TLG. For 30�30 stacked TLG, the 2D peak
intensity increases linearly with the number of layers
(Figure 5e), namely, I2D(BLG)≈ 3.8I2D(SLG) and I2D(TLG)

≈ 6.3I2D(SLG). Previous studies have shown that the 2D
peak intensities of twisted BLG increases monotoni-
cally with the twist angle, and the I2D(BLG)/I2D(SLG)
ratio reaches a maximum value of 2.5�3.0 in 30�-
twisted BLG.35,36 In light of this result, the 30�30
stacked TLG can be rationally regarded as a conjunc-
tion of two separate 30�-twisted BLG systems. If we
normalize the 2D peak intensity of bi- and trilayer
regions to unity, this argument is also supported by
the fact that the normalized 2D peak of TLG is nearly
identical with that of BLG (Figure 5f). Inspecting the
mean value of Γ2D, we found that the SLG takes
31 ( 1 cm�1, while both the BLG and TLG share the
close value of 22( 2 cm�1. Meanwhile, 2D line shapes
of both BLG and TLG can be fitted by a single Lorent-
zian (Figure S4, Supporting Information). What's
more, an appreciable upshift of the 2D peak position
of ∼13 cm�1 was also observed when moving from
the SLG to the TLG region. This result is in accord
with Forster's work,37 in which the 2D peak upshift is
attributed to the partial removal of the Kohn-anomaly
in the phonon dispersion near the K point due to
increased screening in the multilayer graphene.
Parts a and c, respectively, of Figure 6 present the

RamanG and2Dpeaks of 30�AB andAB�30 TLGgrains.
Their corresponding SEAD patterns are shown in
Figure S5 (Supporting Information). Apparently, the 2D
peak of the bilayer region of 30�AB can be well de-
scribed by a single Lorentzian, while that of AB�30
is fitted by four Lorentzians. Since TLG can be regarded
as the coupling of two BLG systems (AB�BLG and

Figure 5. Raman spectra and TEM of a 30�30 stacked TLG grain. (a�c) SAED patterns of mono-, bi-, and trilayer regions,
respectively. (d) CorrespondingG and 2Dpeaks of the same TLGgrain under 633 nm laser excitation. (e) 2Dpeak intensity as a
function of number of 30� twisted layers. (f) Normalized 2D peak intensity of bi- and trilayer regions.
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30�-twisted BLG in this case), the 2D profile of the trilayer
region is thencomposedof the2Dprofilesof twoseparate
BLGs. This is evident in Figure 6b ,d,where the 2Dpeaks of
the trilayer region in both the 30�AB andAB�30 TLG can
be well described by five Lorentzian subpeaks.
An interesting Raman feature was observed when-

ever a 30� twist exists. We found that the 30� twist
causes noticeable defects uniformly distributed in the
stacks. Figure 7 shows a close-up of the Raman proper-
ties of the above four different TLG grains in the
frequency range between 1200 and 1500 cm�1 where
the prominent D and Rmodes are located. The D and R
peaks are both caused by an intervalley DR process.

Similar to the disorder-induced D peak, the R peak,
which appears only at large twist angles, involves two
scattering steps: elastic electron scattering by the static
potential of the superlattice and inelastic electron
scattering by the iTO phonon around the K point.23,38

This similar Raman scattering origin yields an R peak
frequency nearly overlapping with that of the D peak.
Fortunately, the D peak is energy dispersive, while the
R peak is not. That is, the D peak frequency increases
with excitation energy, thus allowing for differentia-
tion. In Figure 7, the black dashed rectangle frames
the D peak which exhibits an energy dispersion of
∼50 cm�1/eV, consistent with previous reports.39 The
adjacent peak, which is nondispersive and centered at
∼1379 cm�1, is identified as the twist-induced R peak.
It is visible in all the 30�30, 30�AB, and AB�30 TLG
grains, as marked by the pink dashed line in Figure 7.
Note that no R peak was found under 633 nm excita-
tion owing to a lack of sufficient energy to trigger this
Ramanmode.38 In sharp contrast to the TLG containing
a 30�-twisted layer, no detectable D peak was found in
the ABA stacked TLG. The D to G peak intensity ratio in
ABA stacked TLG is ID/IG ≈ 0, increasing to ID/IG ≈
0.01�0.05 in the 30�30, 30�AB, and AB�30 TLG
grains. We exclude the origin of the defects from
postgrowth processing like wet transfer. This is evident
in the absence of D peak in the single-layer region of
the 30�30, 30�AB, and AB�30 TLG. Notably, the
intensity of this twist-induced D peak increases with
the number of twisted layers. For example, 30�30 TLG
exhibits an enhancedDpeak intensity when compared
with 30�AB TLG. The origin of the twist-induced peak
enhancement is currently unclear and will be an inter-
esting topic for future studies.

CONCLUSIONS

In conclusion, we have synthesized large hexagonal
single-crystal TLG grains on Cu using atmospheric pres-
sure CVD, with ABA, 30�30, 30�AB, and AB�30 being
the major stacking configurations. Two TLG grains with
small twist angles are shown in Figures S6 and S7
(Supporting Information). Through the deposition of
Al2O3 particles on as-grown TLGgrains usingH2O-based
ALD,we show that the adlayers graphene nucleate from
defect sites of the host layer and growunderneath. Also,
the as-grownTLGgrains are of high crystallinequality, as
revealed by the low ID/IG. A systematic study of stacking-
dependent TLG Raman characteristics is provided, pav-
ing the way for optical characterizations and potential
applications in electronic and optoelectronic devices
which require versatile energy spectra.

METHODS

Graphene Synthesis. Large hexagonal single-crystal TLG
grains were grown by atmospheric pressure CVD of Ar-diluted

methane (80 ppm) on 10 μm thickness polycrystalline Cu foils.

Prior to growth, the Cu foils were cleaned using acetone and

IPA, followed by etching in acetic acid for 30 min to remove

Figure 6. Raman spectra of 30�AB and AB�30 stacked TLG
grains. (a, c) Raman spectra of mono-, bi-, and trilayer
regions in 30�AB and AB�30 stacked TLG grains under
633 nm laser excitation, respectively. (b, d) Fittings for 2D
peaks of trilayer regions in 30�AB and AB�30 TLG grains,
respectively. The black line is the sum of subpeaks. (e)
Suggested DR process of the five Lorentzians. Pij (i, j = 1, 2)
stands for the DR process of AB stacked bilayer while P33 is
the DR process of the 30� twisted graphene layer.
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surface oxides. The Cu foils were then mounted in the CVD
chamber, and the furnace was heated to 1050 �C over 30 min
with constant flows of 300 sccm Ar and 15 sccm H2. After a
temperature of 1050 �Cwas reached, the Cu foils were annealed
for 150minwithout changing the gas flow. For graphene growth,
170 sccm methane mixed with the flows of 130 sccm Ar and of
18 sccm H2 was fed into the reaction chamber for 90 min to form
TLG. Following thegrowth, theCu foilsweremoved to the cooling
zone under the protection of Ar and H2.

ALD Al2O3. Immediately followingCVDgrowth, the TLG sheets
on the Cu foils were moved into a commercial ALD reactor
(Savannah S100, Cambridge Nano Tech, Inc.) to prevent con-
tamination by molecules in the air. The chamber was pumped
down to a pressure of 0.3 Torr with N2 purging of 20 sccm. It took
about 1 h to heat the chamber to the growth temperature
(200 �C) from room temperature. Next, Al2O3 films in 100�150
cycles were deposited on top of the graphene using trimethy-
laluminum (TMA) and water (H2O) as reactants. For one ALD
cycle, the pulse time of TMA and H2O was held constant at 5s.
The deposited Al2O3 was characterized by SEM.

Raman Spectroscopy. A high-resolution confocal Raman spec-
trometer (LabRaman 800, Horiba Jobin Yvon) equipped with a
motorized sample stage was used to acquire the Raman spectra
and spatial mapping. A 100� objective lenswas used to provide
a diffraction-limited spot size. Laser excitations of 633, 532,
and 488 nm were used with power levels set below 1�2 mW to
avoid heating or damaging the sample.

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