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The Raman spectra of large-size, single-crystal, twisted bilayer graphene (tBLG) grains grown by
chemical vapor deposition (CVD) are measured as a function of the rotation angle. The rotation angle
between the graphene layers is determined using a combination of transmission electron microscopy
(TEM) and selected area electron diffraction (SAED). The 2D and G peaks follow the same trends as found
previously. The low-frequency peaks (<200 cm~!) are compared to the I'-point modes calculated from

large scale molecular dynamics simulations. In this low frequency range, the ZO’ mode and new I'-point
frequencies are observed at angles far from the resonant angle of 12°. The twist-angle dependence of the
new modes is not a monotonic function of twist angle or supercell size, and this non-monotonic behavior
is consistent with the zone-folded modes determined from the numerical calculations.

Published by Elsevier Ltd.

1. Introduction

Graphene is a single atom thick two-dimensional honeycomb
lattice made of sp2-hybridized carbon atoms at the hexagon
vertices [1]. Owing to its higher thermal conductivity [2], superior
mechanical properties [3], and exceptional charge carrier mobility
[4], graphene has been explored for a wide range of applications
such as thermal heat spreader [5], photovoltaics [6], ultrahigh fre-
quency electronic devices [7], etc.

When two graphene layers are stacked, either mechanically or
via epitaxial growth, the resulting electrical, vibrational, thermal
and optical properties depend on the relative twist angle between
the layers [8]. The misoriented stacking of the layers results in low
energy phonon modes which are not present in graphene and AB-
stacked bilayer graphene (BLG). Such a bilayer graphene system
where the two atomic planes are rotated relative to each other is
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often referred to as turbostatic, misoriented, or twisted bilayer
graphene (tBLG). In AB-stacked bilayer graphene, the two graphene
layers are such that the A-triangular sub-lattice of the top (bottom)
layer lies exactly on top of the B-sub-lattice of bottom (top) layer.
When one layer of graphene is rotated with respect to the other,
they form a Moiré pattern, the periodicity of which represents a
new structural length scale of the system [9—12].

The electrical and phonon properties of oriented bilayer gra-
phene, typically AB-BLG have been extensively studied both
experimentally [13—15] and theoretically [16,17]. The electronic
structure of AB-stacked bilayer graphene consists of quadratic
dispersion with two parallel parabolic conduction bands situated
above another two parallel parabolic valence bands with zero
bandgap [13]. For tBLG with twist angles beyond a few degrees, the
low-energy states in each layer electronically decouple, and the
low-energy dispersion becomes linear although with reduced ve-
locity for angles below 10° [10,12,18—21]. In an experimental study
it was found that tBLG had lower thermal conductivity as compared
to AB-BLG and SLG [22]. This suggests that, unlike electrons, pho-
nons which are the primary heat carriers, do not propagate in tBLG
as in two independent SLG planes, and there is a finite degree of van
der Waals interaction between the atomic planes of tBLG [22].

Raman spectroscopy has been the primary experimental tool for
analyzing the vibrational properties of graphene-based systems
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such as AB-BLG and tBLG [23—28]. The angle dependence of the G-
band was dominated by the resonant enhancement that occurs at
the critical angle 6. when the incident laser energy is equal to the
gap between the electron and hole van-Hove singularities [24,25].
Trends in the position, width, and intensity of the 2D peaks as a
function of twist angle were well described by the angle depen-
dence of the electronic structure and the van-Hove singularities
assuming the vibrational spectrum remained that of single layer
graphene [25,29]. The D-peak served primarily as an indicator of
the quality of the sample [25]. New low energy modes ~90 cm™!
were observed when the twist angle was near the critical angle for
resonant enhancement of the G band [26].

Theoretical studies of the phonon dispersion have been carried
out using density functional theory (DFT) [30,31], continuum
models [32], and atomistic force constant models [33,34]. Owing to
the smaller primitive unit cells of the SLG and AB-BLG (2 and 4
atoms respectively), DFT-based methods have been frequently used
for the studies of the vibrational properties of SLG and AB-BLG.
However, in the tBLG system, the primitive cell size increases
exponentially from 28 atoms to thousands of atoms depending on
the twist angle, which makes the DFT-based methods difficult.
Recent modeling [33] of the vibrational frequencies of tBLG
reproduced the high energy vibrational modes from experiments
for the twist angles > 7°. There have been two different studies of
the low energy breathing mode using Born von Karman and Len-
nard Jones potentials [33,34]. The first study [33] found a decrease
in the energy of ~6 cm™! as the angle increased from 0 to 7.3° and
then the frequency slightly increased by 0.4 cm~! as the angle
increased to 21.8°. Modeling of the low energy breathing mode in a
circular geometry [34] with the atoms pinned at the perimeter
showed an increase in the frequency of ~10 cm™~" as the twist angle
increased from 0° to 8°. Since both the methods are based on the
force-constants extracted from the DFT and only include local C-C
interactions while excluding the effect of temperature induced
anharmonicity during calculations, the established qualitative
agreement between vibrational spectra calculated at 0 K to the
experimental Raman data obtained at 300 K might be coincidental.
In addition, phonon modes including low-frequency modes exhibit
linear dependency in the temperature [35]. Hence, a method that
can simulate larger sample, considers long-range C-C interactions,
and includes temperature-dependent anharmonicity during lattice
dynamics is essential for the study of low frequency modes in the
tBLG systems. In this work, we present a systematic study of syn-
thesis of tBLG using chemical vapor deposition (CVD) and charac-
terization of twist angle using transmission electron microscopy
(TEM) and Raman spectroscopy. Briefly, large sized single crystal
tBLG with random orientations were grown directly on a Cu foil
using ambient pressure chemical vapor deposition (AP-CVD) [36].
The nucleating density of graphene grains and growth kinetics
were controlled so as to obtain micron-sized hexagonal single
crystals of tBLG with twist angles covering the entire range of
rotational angles. The tBLG samples were then transferred onto
TEM grids using a direct (polymer free) transfer method to avoid
polymer contamination. Additionally, having the graphene grains
suspended over the holes of a TEM grid is necessary to avoid any
interaction of the sample with the substrate that could lead to
possible dampening of the Raman modes [37]. The graphene
growth and transfer procedure are discussed in detail in
Supplementary Information. To avoid introducing defects into the
sample, the Raman characterization was performed first followed
by TEM characterization [25]. The relative twist angle between the
graphene bilayers for each tBLG grain was determined using
selected area electron diffraction (SAED) patterns obtained using
TEM. The quality and crystalline nature of the tBLG samples was
further validated by comparing the twist angle dependent Raman

signature (G and 2D peak) to the ones reported in literature [25,26].
Finally, we look into the details of the low frequency ZO’ (or ZA)
modes, which correspond to inter-layer breathing modes, and new
modes that are observed in the frequency range of 90—200 cm~ .
We compared the frequency of the experimentally observed low
frequency modes with the theoretical frequencies calculated using
large scale molecular dynamics (MD) simulations. In contrast to the
earlier theoretical studies [33,34], our method uses the Newtonian
equations motion to describe the lattice dynamics and calculates
vibrational modes by following Boltzmann statistics, which is the
high-temperature limit of Bose-Einstein statistics. This also allows
for the modeling phonon dispersion at the room temperature by
including the full anharmonicity of the atomic interactions (i.e. all
orders of phonon-phonon interactions). Hence, this technique is a
suitable theoretical modeling platform which produces tempera-
ture dependent vibrational and allows for a reasonable comparison
to our angle-dependent Raman spectra measured at the room
temperature.

2. Results and discussion
2.1. Twist angle characterization: TEM and Raman spectroscopy

Fig. 1(a—b) shows the scanning electron microscopy (SEM) and
optical images of the single layer and bilayer graphene areas on the
Cu foil and Si/SiO; respectively. The single layer graphene grains
typically were 25—30 pm in size and overlapped with the neigh-
bouring grains. The second layer of graphene nucleated near the
centre of first grain and had an average size of ~5 um. This is
indicative that the centre of first (primary) layer acts as a prefer-
ential nucleation site for the growth of secondary layer. Growth
parameters such as methane concentration, methane to hydrogen
ratio and growth time were optimized to obtain the desired
nucleation density of graphene grains and control the number of
layers and grain size of each layer.

Fig. 2 shows the SAED obtained from different regions of the
TEM grid with tBLG grains having different twist angles. The
diffraction pattern obtained from the SLG region, (Fig. 2(a)), showed
a hexagonal pattern, while that obtained from a tBLG (Fig. 2(b and
¢)) showed a diffraction pattern with two sets of hexagonal patterns
rotated at a certain angle that is indicative of the relative twist angle
0 between the stacked layers. This technique allows for determi-
nation of the twist angle with an accuracy of +1°. Fig. 2(d) shows
the population distribution of the different tBLG grains analysed in
this study. Based on the population distribution, the stacked tBLG
grains showed no preferred angular orientation and were randomly
distributed across 0°—30°.

Fig. 3 shows the Raman spectra of different tBLG grains (having
rotation angles 6 = 5.8°, 11.2°, 12°, 16°, 24.7° and 29.3°). The Ip/Ig
ratio, a parameter typically used to determine the number of layers,
was >3 for single-layer graphene. For tBLG with smaller twist an-
gles (<10°), the Raman spectra looks similar to that of few-layer
graphene with Iyp/lg < 1. While for tBLG with larger twist angles
(>20°), the Raman spectra looks similar to that of single-layer
graphene with the Iyp/lg ratio >1. Additionally, the resonant
enhancement of the G peak was observed for tBLG with 6, = 12°.
This agrees with the estimate of 0. = Ak/K = 3aE|aser/nvf4T where a
is the lattice parameter of graphene (2.46 A), n is the reduced
Planck's constant, and vr is the Fermi velocity in monolayer gra-
phene (10% m/s), Ejaser is the energy of the excitation source [25].

The Raman spectra (G and 2D peaks) observed for tBLG with
different twist angles was compared to other reports in literature
[25,26] for validation of accuracy of twist angle measurement and
the corresponding Raman signature. We analysed the peak widths
(full width half maximum (FWHM)) and peak positions of the G and
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Fig. 1. (a) Scanning electron microscopy (SEM) images of graphene on Cu foil. The scale bar is 10 pm. (b) High magnification optical images of tBLG transferred on a Si/SiO, substrate.

(A colour version of this figure can be viewed online.)

2D peaks as a function of twist angle 0. The detailed analysis is
shown in the Supplementary Information. Briefly, for smaller twist
angles, the G and 2D peak widths were broader compared to those
of SLG. There was an increase around the resonant twist angle,
6. = 12°. As 0 increased above 0., the FWHM of the 2D peak
monotonically decreased. The FWHM of the G peak had a plateau
between 19° and 24.7°, and then decreased with a minimum at 30°
that was close to the FWHM of SLG. The trends observed for in-
tensity ratios and peak widths as a function of twist angle are
indicative of layer decoupling with increasing twist angle and are
similar to those reported in literature [25,26].

2.2. Low frequency modes: theory and experiment

To analyze the twist angle dependent evolution of the low-
energy phonon modes, we performed molecular dynamics calcu-
lations of the phonon dispersion for commensurate rotation angles
between 0° and 30°. Numerical details are provided in the
Supplementary Information (Section 2). In tBLG, the ZO’ (or ZA)
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Fig. 2. Selected area electron diffraction patterns (SAED) at (a) SLG region showing a
hexagonal pattern, (b, c) tBLG region exhibiting two sets of hexagonal patterns from
the corresponding graphene layers rotated w.r.t. Each other at 6 = 19° and 6 = 25°,
respectively. (d) Histograms showing the population density of 18 different tBLG grains
analysed using TEM. (A colour version of this figure can be viewed online.)

modes, at frequency of ~95 cm™!, correspond to inter-layer

breathing modes and describe the coupling between the layers
[30,38]. We identified these low-frequency ZO’ modes by analyzing
both the direction and the magnitude of the out-of-plane dis-
placements on each layer, as shown in the inset of Fig. 4(b). For all
twist angles, the displacements of the identified ZO’ mode are
purely out-of-plane as shown in the inset of Fig. 4(b) for 21.78°
tBLG. For the other modes at I" resulting from zone folding of the ZA
branches, the displacements are a mix of in-plane and out-of-plane
components, since these modes originate from low symmetry
points in the original Brillouin zone. A detailed discussion and il-
lustrations of the origins in the original Brillouin zone of the new
modes appearing at I" due to zone-folding are provided in Ref. [33].
The low-frequency ZO’ modes for all of the simulated tBLG systems
are tabulated in Table 1.

Two exemplary low-frequency dispersions near I" for twist an-
gles 6.01° and 13.17° are shown in Fig. 4(a). The ZO’ mode at I is
indicated by the red solid circle, and the frequencies corresponding
to the acoustic branches and the zone-folded acoustic branches are
indicated by the blue solid circles. Due to the large size of the
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Fig. 3. Raman spectra of SLG and the different tBLG samples labelled with the corre-
sponding twist angle determined using TEM. All Raman spectra were obtained using a
532 nm wavelength laser (2.33 eV). The experimentally observed peaks were fitted
with a Lorentzian function and shifted vertically for clarity. The inset shows the
comparison between the Raman spectra of SLG, AB-BLG and tBLG Raman spectra ob-
tained from Ref. [22]. (A colour version of this figure can be viewed online.)
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Fig. 4. (a) Calculated phonon dispersion near I' with 6 = 6.01°(left) and
6 = 13.17°(right). The plots consist of only two g-points due to the large size of the
supercells; (b) Phonon frequencies at I' for different rotation angles. The red points are
the ZO' modes. The blue points are from the zone-folded acoustic modes. The inset
shows atomic displacements for the low energy ZO’ mode at I" with 6 = 21.78°; and (c)
Calculated ZO' mode frequencies (blue triangles) plotted on top of the low-energy
Raman spectrum from various experimentally observed twist angles in tBLG sys-
tems. The angles for the theoretical calculations are next to the data points. (A colour
version of this figure can be viewed online.)

supercell, the plots consist of only two q points. Fig. 4(b) shows the
same set of I'-point frequencies for all calculated angles. For all
angles, the ZO’ mode remains slightly set apart in frequency from
the zone-folded ZA modes. The change in frequency of the Z0O’
mode with respect to twist angle is relatively small except for the
two angles shown in Fig. 4(a). The one relatively large frequency
shift Af = —6.31 cm™! for the 6.0° rotation occurred when a band of
ZA modes was folded back to I' at the original ZO’ energy of

Table 1

~95 cm~ L. Mode repulsion pushed the ZO’ mode down below the
zone-folded band causing the large shift, as shown in Fig. 4(a,b). In
the commensurate unit cells that we have simulated, the ZO’ mode
and the manifolds of zone-folded ZA modes never intermix at T'.
They are never degenerate. The ZO' and ZA branches do not cross
near I', but push away from each other, in a manner similar to a
mode anti-crossing in which a small coupling between modes re-
sults in mode repulsion. This mode repulsion causes a shift in the
Z0' mode when zone folding results in a degeneracy with a ZA
mode.

A plot of the low-frequency experimental Raman spectrum for
various measured twist angles is superimposed on the theoretically
calculated ZO’ frequencies in Fig. 4(c). Note that the theoretically
calculated angles corresponding to commensurate rotations do not
exactly correspond to the experimentally measured samples, since
only commensurate rotations can be simulated with periodic
boundary conditions. The theoretical data points are placed close to
the experimental curves with similar rotation angles. Qualitatively,
a Raman peak does appear within a few cm~! of the calculated ZO’
frequencies. Since, as can be seen from the last column of Table 1,
the theoretical values shift by a few cm~! for small changes in
angle, and the theoretical angles are all one or more degrees
different from the experimental angles, it is difficult to make a
quantitative comparison. We can say that an experimental peak
does occur in the expected frequency range of the ZO’ mode, that
small shifts occur as a function of twist angle for both the experi-
mental and theoretical values, and that the shifts are not monotonic
functions of either the angle or the supercell lattice constant.

The next higher experimental Raman peak that appears for the
smaller angle samples (6 < 14.8°) in Fig. 4(c) is in the frequency
range 120 cm~! to 200 cm~! where we theoretically observe new
I'-point modes resulting from the zone-folded ZA branch as shown
in Fig. 4(b). The frequencies of these new I'-point, zone-folded
modes are more sensitive to the rotation angle than the fre-
quencies of the ZO’ mode. Increasing the rotation angle by 1.3° from
6.0° to 7.3° causes a new band of modes to appear in the range
between 120 and 140 cm ™. Increasing the angle another 2° to 9.4°
causes the band of modes to disappear. Thus, instead of shifts on
the order of a few cm™!, the shifts of these modes are on the order
of 20 cm~! or more. These large numerical shifts are consistent
with the shifts seen in the experimental data of Fig. 4(c). For both
the numerical calculation and the experimental data, these shifts
are not monotonic functions of the angle, in contrast to the spectra
plotted in Fig. 2(c) of Ref. [26] and Fig. 2(a) of Ref. [27]. We also
observe Raman peaks at 130 cm~! and 133 cm™! for the low-angle
rotations 6 = 5.2° and 6 = 6.3°, respectively, that are far from the
resonant angle of 12°. To the best of our knowledge, these peaks in
low-angle tBLG have not been observed previously.

3. Conclusions

The tBLG samples with twist angles varying from 0° to 30° were

Evolution of the theoretically predicted frequency for the low-energy ZO’ mode as a function of twist angle ordered by supercell size. The change in frequency with respect to

the AB structure is given in the far right column.

Twist angle (6) No. of atoms in the Supercell

Theoretically predicted low-frequency ZO’ modes (cm™')

Change in frequency Af (cm™1)

AB 4 96.44
21.78° 28 94.56
27.79° 54 95.66
13.17° 76 93.76
9.43° 148 97.97
7.34° 244 96.94

6° 364 90.13

0.0
-1.88
—0.78
—2.68
1.53
0.50
—6.31
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synthesized using chemical vapor deposition and suspended on a
TEM grid. To study the twist angle dependent vibrational proper-
ties, the Raman signature was obtained for the various tBLG grains
with different twist angles. For each tBLG grain, the relative twist
angle between the graphene layers was determined using selected
area electron diffraction (SAED). The Raman G and 2D peak shape
and frequencies followed the same trends as reported in earlier
studies. Raman peaks in the range 120 cm~! to 200 cm~' were
observed for the lower angle samples and the results are consistent
with the previous observations. Unlike previous results, strong
peaks of ~130 cm~! were observed for the two lowest angles of 5.2°
and 6.3° that were far from the resonant angle of 12°. Both
numerically and experimentally, angle-dependent small shifts of a
few cm~! were observed in the ZO’ mode, and this mode was also
experimentally observed at angles of 26°, 6.3°, and 5.2° that were
far from the resonant angle. The calculated phonon spectra of the
commensurate rotation angles and the zone-folding picture pro-
vide insight into the general positions and variations of the Raman
peaks of the tBLG structures.
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