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ABSTRACT: Twisted 2D layered materials have garnered much attention
recently as a class of 2D materials whose interlayer interactions and electronic
properties are dictated by the relative rotation/twist angle between the adjacent
layers. In this work, we explore a prototype of such a twisted 2D system,
artificially stacked twisted bilayer graphene (TBLG), where we probe, using
Raman spectroscopy, the changes in the interlayer interactions and electron—
phonon scattering pathways as the twist angle is varied from 0° to 30°. The long-
range Moiré potential of the superlattice gives rise to additional intravalley and
intervalley scattering of the electrons in TBLG, which has been investigated | ‘Y« i
through their Raman signatures. Density functional theory (DFT) calculations of s /o
the electronic band structure of the TBLG superlattices were found to be in |4
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agreement with the resonant Raman excitations across the van Hove singularities T mshit
in the valence and conduction bands predicted for TBLG due to hybridization of
bands from the two layers. We also observe that the relative rotation between the

graphene layers has a marked influence on the second order overtone and combination Raman modes signaling a
commensurate—incommensurate transition in TBLG as the twist angle increases. This serves as a convenient and rapid

characterization tool to determine the degree of commensurability in TBLG systems.

KEYWORDS: twisted bilayer graphene, Raman spectroscopy, combination modes, density functional theory,
commensurate—incommensurate transition

ent stacking have been a hot topic of research recently,

as the electronic properties of such systems critically
depend on the superlattice formation due to relative rotation
between the layers. A prototype system, twisted bilayer
graphene (TBLG) has been a typical example of the
superlattice-induced modified band structure exhibiting
emergent phases such as correlated insulator, superconductiv-
ity, and ferromagnetism emerging at critical twist angles called
the magic angles."™* In a TBLG Moiré superlattice, alternating
AA and AB stacked regions emerge, leading to a hexagonal
superlattice potential that folds the bands into a mini-Brillouin
zone. The adjacent Dirac cones in this mini-Brillouin zone
hybridize leading to bands with reduced Fermi velocity near
charge neutrality point, furthermore developing into flat bands
for critical angles close to 1.1° or the magic angles.” For small
values of twist angles, the atoms adjust with the superlattice

T wo-dimensional layered materials with twist depend-
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landscape forming an energetically favorable commensurate
system, by gaining van der Waals energy, but at the expense of
elastic energy. As the Moiré period becomes smaller, the van
der Waals energy gain over the elastic energy loss is no longer
compensated, leading to an incommensurate system of
bilayers, where each layer is independent of the other.® This
shows that the mechanical and electronic degrees of freedom
are closely related in TBLG systems, wherein the twist angle
determines the modifications to the band structure and also
the interlayer coupling.
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Figure 1. (a—d) Optical images of samples (first row; scale: 10 gm), real space lattice structures (second row), and FFT analysis with
reciprocal space representing first Brillouin zone separation (third row) for 10°, 12.5°, 20°, and 30° TBLG samples. (e) Plot of q(8) vs @ for
twist angles ranging from 1.1° to 30° TBLG samples showing the values calculated by the formula in the inset and obtained from the FFT

analysis of Moiré wavevector q(f) as shown in the inset figure.

The 2D quantum materials-based technology projections are
focused on identifying artificially stacked 2D heterostructures
with combined and novel functionalities of various 2D
materials. In this context, it becomes very important to
understand how the twist degree of freedom between the
layers determines the fundamental properties such as
mechanical coupling, elasticity, electronic band structure, and
electron—phonon coupling in such 2D heterostructure stacks.
In this work, we have investigated these properties in twisted
graphene bilayers, which is a very promising system of
homobilayers exhibiting rich variation of the electronic
properties with changing relative rotation between the layers.
While at low angles emergent phases attributed to flat bands
have been observed, at high angles close to 30° TBLG forms
an incommensurate superlattice with quasi-crystalline order
and mirrored Dirac cones originating from strong interlayer
interaction.”” Significant experimental effort has gone into
studies of the Moiré superlattices in TBLG concentrating on
STM and ARPES.'”™" We have studied the effect of the
Moiré potential on the interlayer coupling and band structure
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by using Raman spectroscopy, which is a well-established
powerful characterization technique to investigate the layer
numbers, disorder, and stacking orientations in bi- and trilayer
graphene systems.”’ ~>° Raman studies on folded graphene and
chemical vapor deposition (CVD) grown rotationally stacked
bilayer graphene showed emergence of additional modes due
to the intravalley and intervalley scattering of electrons by
Moiré potential.”’ =7 Also it was found that Raman studies as a
function of laser energy and twist angle can trace the positions
of the van Hove singularities (vHs) in the conduction and
valence bands of TBLG originating from the hybridization of
the Dirac cones of the twisted graphene layers.’®™*
Modifications of the electronic band structure and the phonon
dispersion in TBLG was suggested to give rise to frequency
shifts of the 2D peak as well as the line shape and width.*'~*
On the other hand, the Raman studies in artificially stacked
bilayer graphene systems have been very limited. Similar
observations were noted in twisted CVD bilayers fabricated by
PMMA-assisted transfer, while in artificially stacked exfoliated
bilayer graphene, studies reported variations of in-plane
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Figure 2. (a) Raman shift of G-peak for all TBLG samples. G-peak enhancement occurs for ¢ = 12.5° due to parallel band transitions (inset
figure) at E; = AE,;,. (b) Raman shift of the 2D peak for all TBLG samples. The various intervalley scattering possibilities occurring for 6 >
0, 0 = 0, and 0 < O are shown in the inset. (c) Raman maps of the 2D peak (green) for different TBLG samples. Raman map for the G
peak (red) shows a resonance enhancement for 12.5° TBLG. (d) Plot for I,;,/I; and 2D-peak fwhm as a function of twist angle 0 is shown for
different TBLG samples. (e) Plot of 2D-peak shift of TBLG relative to the SLG as a function of twist angle, 6. (f) Appearance of R’-peak for

8° TBLG sample along with the intravalley scattering process due to Moiré potential as depicted in the inset.

anisotropy and superlattice-induced transverse acoustic Raman
modes with the misorientation angle."”*® For TBLG close to
magic angles, the G and 2D bands were significantly influenced
by the electron—phonon interactions and the areal coverage of
AB and BA stacked regions separated by strain soliton
regions.49

In this work, we have studied the electron—phonon
scattering mechanisms in artificially stacked TBLG in detail
and substantiated our results with those of folded and CVD
grown graphene Raman signatures. The various intravalley and
intervalley scattering mechanisms induced by Moiré potential
have been investigated, and the results have been explained by
variations in the electronic band structure and density of states
(DOS) obtained from density functional theory (DFT)
calculations. In addition, we observe that the resonance arising
from the transition between the vHs in the valence and
conduction band also presents interesting features in G and M
bands. Our work shows that the tunability of the vHs in
rotationally misoriented bilayer graphene can give rise to
enhanced absorption leading to wavelength selective photo-
detectors in the future. Finally we also explore the overtone
and combination modes in TBLG which serve as a definitive
signature of commensurate to incommensurate transition at
higher twist angles and mechanical decoupling of the layers.

4758

RESULTS AND DISCUSSION

The TBLG samples were fabricated using the tear and stack
method using a 2D transfer system (from CryoNano
Laboratories) for various twist angles as shown in the optical
micrographs in the top panels of Figure la—d.>" The middle
panel shows the superlattice evolution for the corresponding
angles from which it is evident that at low angles (<12.5°) a
long-range Moiré pattern evolves and the TBLG can be
approximately treated as a system with Moire period governed
translational symmetry. At larger twist angles (>20°), the
Moiré period is on the order of atomic length scale evolving to
a quasi-crystalline (QC) state at twist angles of 30°. The FFT
of these TBLG systems gives a direct estimation of the Moiré
wavevector, q, whose magnitude is plotted in Figure le. The
QC TBLG lattice, which lacks translational symmetry, shows a
12-fold rotational order in the FFT analysis. A geometrical
analysis in the reciprocal space reveals that the additional
periodicity due to the Moiré potential results in a mini-
Brillouin zone with a twist angle (6) dependent lattice vector
which is the result of the wavevectors q; and q, corresponding
to the top and bottom layers and is given by

(4

87

JV3a

q(0) = W
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Figure 3. Electronic band structure of TBLG for twist angles of (a) 9.43°, (b) 13.2°, (c) 21.8°, and (d) 27.8°, respectively. The red and blue
arrows in panel b represent the allowed (1 — 3 or 2 — 4) optical transitions. (e) Calculated total DOS of TBLG for twist angles 9.43°, 13.2°,
21.8° and 27.8°. The allowed (1 — 3 or 2 — 4) is given for 13.2°. (f) Value of AE g of allowed (1 — 3 or 2 — 4) and lowest forbidden
transitions (2 — 3) in TBLG for twist angles 9.43°, 13.2°, 21.8°, and 27.8° respectively.

where a = 0.246 nm is the lattice parameter of graphene.” The
values obtained for q(0) from this calculation perfectly match
the values obtained directly from the FFT analysis as can be
seen from Figure le.

The TBLG samples were studied through Raman spectros-
copy using 532 nm excitation, and the spectra corresponding
to the twist angles 1.1°, 8°, 10°, 12.5° 20°, and 30° are shown
in Figure 2a,b along with a single layer graphene (SLG) and
Bernal-stacked bilayer graphene (BLG). The G peak arising
from the doubly degenerate zone center E,, mode occurs at
1582 cm™" and shows a negligible frequency shift with the twist
angle. Interestingly at twist angle of 12.5°, we observe a huge
enhancement of the G-peak intensity. Such an enhancement
has been reported earlier in CVD grown bilayer graphene
samples at misorientation angles of 10° to 12° under 633 and
532 nm excitation.””*”** This has been attributed to the
resonant condition when the laser excitation energy matches
the parallel band singularity in TBLG. Here there are a large
number of states with the same energy difference, giving rise to
Raman scattering paths with identical phases that interfere
constructively and result in considerable enhancement of the G
peak.””*® When the Dirac cones of the top and bottom layers
overlap, the DOS is modified due to the interactions leading to
hybridization gap, and vHs emerge in the conduction and
valence bands of TBLG. When the excitation laser energy E
matches this energy separation between the conduction and
valence band vHs, which in turn is dependent on the twist
angle 6, resonance occurs as per the condition

3aE

¢ hve4n

)

where v; is the Fermi velocity in SLG (10° m/s) and 6 is the
critical twist angle. For an excitation wavelength of 532 nm
(2.33 eV), O ~ 12.3° which matches well with the twist angle
where the resonance is observed experimentally. This is also
the first observation of G-peak resonance in TBLG fabricated
by the tear and stack method. In the Raman map in Figure 2¢
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(given in red, bottom panel), the G-peak resonance is clearly
observable in the TBLG region, whereas the region of the SLG
has much lower intensity. We show later that this picture of
parallel bands is in accordance with the band structure
obtained from DFT simulations as well.

As opposed to the G peak, the 2D peak shows significant
variations in frequency and intensity as a function of the twist
angle. An interesting aspect of the 2D peak is the single
Lorentzian behavior in TBLG which is in contrast with the
convoluted peak picture for the Bernal-stacked BLG.”"*" 1t
proves that the Dirac nature of the bands from individual layers
is retained at higher twist angles. With increase in twist angle,
the intensity ratio of the 2D peak to the G peak, Lp/Ig
increases to about 4 times that of SLG, while the fwhm of the
single Lorentzian reduces and becomes similar to that of SLG
as shown in Figure 2d. At low twist angle of 1.1°, we observe a
broad single 2D peak which is blue-shifted in comparison to
the 2D peak of SLG. Previous studies have attributed this blue
shift to reduction in Fermi velocity in TBLG for twist angles
below <5°.*>*"*'7>° With an increase in twist angle, this blue
shift initially reduces but again increases at twist angles larger
than 10°. The maximum blue shift occurs at 0 and decreases
at lower and higher twist angles as seen in the plot in Figure 2e.
The variations in the intensity, fwhm, and shifts of the 2D peak
can be attributed to the differences in the scattering
mechanisms as a function of twist angle described in the
schematics in Figure 2b. For 6 > 6, the separation between
the vHs, AE,y, > E; and hence the energy dispersion is linear
with negligible interaction between the layers. The iTO
phonons contribute to the double resonance process of
intralayer intervalley scattering between the K and K’ valleys
of the two layers. Since the frequencies of the scattering
phonons, energy dispersion, and electron—phonon coupling
are all identical for the two layers, the resulting 2D peak should
have a higher intensity than SLG and also similar fwhm. At 6 =
Oc, AE y, ® E;, and a large number of optical transitions occur
due to the vHs, which increases the joint DOS. There is also a
transition from linear dispersion to a flat band dispersion, due
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ACS Nano 2024, 18, 4756—4764


https://pubs.acs.org/doi/10.1021/acsnano.3c08344?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c08344?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c08344?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c08344?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c08344?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

(a) (b)

30°

N
o

=
o

o

Intensity (a.u.)

Peak shift compared to SLG (cm!

1700 1800 1900 2000 2100

Raman shift (cm)

()|
-
I’I \’
i S
ll ..:".\\ (“
B "' “\\::: 2
’,I,‘/ o | 5
1! C
i i)
c
s . -W-LOTA
HRNEY - @ 2D-peak
\3" -4 LOLA
PR (N (ST IS R W R | L
0 5 10 15 20 25 30 4300 1350 1400 1450 1500

Twist angle (°)

Raman shift (cm)

Figure 4. (a) Plot of Raman shift for M band and combination modes (near 1860 and 2000 cm™') in different TBLG samples. Peak-fitting of
the data identifies all the possible combination modes. (b) Raman peak shift of TBLG compared to SLG for LOTA, LOLA, and 2D peaks for
different TBLG samples. (c) R peak (in red) appears for 20° and 30° at 1435 and 1375 cm™ respectively. (d) In the Fourier space, the
transition of the TBLG system from commensurate lattice (10°) to incommensurate lattice (20° and 30°) is shown. The rotational symmetry
is near 6-fold for 10° gradually reaching 12-fold for 30°, which is also a quasi-crystalline state.

to which the phonons giving rise to intervalley scattering have
larger wavevectors which also explains the huge blue shift of
the 2D peak at O¢. The flat band and the joint DOS also give
rise to slight variations in the wavevectors of the scattering
phonons leading to an increased fwhm. Finally, at 8 < 6,
AE i, < E; due to the increased interlayer interactions, along
with intralayer scattering, interlayer intervalley scattering is also
possible. This gives rise to a complex interference between the
scattered phonons, reducing the intensity and increasing the
fwhm at low twist angles as observed in Figure 2d. The 2D
Raman maps for the various twist angles are shown in Figure
2¢, which clearly indicate that the intensity is uniform
throughout the entire TBLG region and also are good
experimental proof for a spatially homogeneous superlattice
structure.

At low angles of 8°, we observe an additional peak at 1625
cm™!, which is absent for higher twist angles as shown in
Figure 2f. This peak is attributed to the R’-peak which arises
due to the intravalley double resonance process, where the
excited electron is elastically scattered by its interaction with
the Moiré potential through the rotational wavevector, (), to
the point in the same valley with equal and opposite
momentum. A phonon with a wavevector the same as g(6)
given by Q. is created and scatters the electron back
inelastically, which finally combines with a hole to give the
Raman shift observed. From the phonon dispersion curve of
graphene, we observe that Q, corresponds to the LO
phonon frequency of 1625 cm™ which lies close to the I point
in the first Brillouin zone along the I'K direction and has
strong electron—phonon coupling.””>* For this type of
intravalley scattering for a twist angle of 0, the incident
photon energy is given by
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E["(0) = hvgq(0) (3)
For E"™* = 2.33 eV, q(0) turns out to be 0.365 A™!
corresponding to a twist angle of 7.1° from Figure le, which
is very close to the experimental twist angle of 8°.

The experimental Raman signatures have also been
corroborated by first-principles DFT calculations performed
using the Vienna ab initio simulation package (VASP).***°
The electronic band structure of SLG has a linear band
dispersion in the vicinity of high-symmetry point K and results
in 4-fold degenerate states from the p, orbital of the carbon
atom. On the other hand, in TBLG, at energies far from the
Fermi level, the bands are modified and split, resulting in the
appearance of extrema for some of the sub-bands close to the
M point in the Brillouin zone as indicated by 1, 2, 3, and 4 in
Figure 3b.”” These saddle points near the M point in the band
structure of TBLG result in twist-induced spikes (singularity 2
and 3) and twist-induced kinks (singularity 1 and 4) in the
DOS known as vHs shown in Figure 3e. These saddle points/
vHs play an important role in determining the optical
transitions when light is incident on these systems. These
vHs differences (AE,,) give information on the strength and
the energy of the transitions. In TBLG, the allowed transitions
are from 1 to 3 and 2 to 4, while 1 to 4 and 2 to 3 transitions
are forbidden.”® The AE,;;, variation with twist angle of TBLG
for allowed and forbidden transitions is given in Figure 3f.
From Figure 3f; it is observed that the vHs splitting increases
with increasing twist angle of TBLG, which is consistent with
the previous literature.”” When the excitation laser energy E;
matches the energy separation between the conduction and
valence band vHs of the allowed transition (transitions 1 — 3
or 2 — 4), a large number of excitations occur. The calculated
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allowed transition energies of TBLG for twist angles 9.43°,
13.2° 21.8° and 27.8° are 1.46, 1.89, 2.70, and 2.74 eV,
respectively. The experimental E; is very close to the calculated
AE,y, corresponding to TBLG with a twist angle 13.2°.
Therefore, our theoretical observation suggests that the closest
resonance (E; &~ AEy,) for laser energy of 2.33 eV occurs in
the vicinity of 8 = 13.2°, consistent with our experimental
result and 6; = 12.3° calculated based on the continuum
model.>® Hence, our theoretical study and experimental
observation indicate that the resonance of E; with AEy is
the fundamental reason for the enhancement of the G peak in
TBLG at a twist angle of 12.5°.

Apart from the first order Raman modes, we also
investigated the second order peaks and combination modes,
which also yield crucial information regarding the layer
stacking. Specifically, we have looked into the Raman spectrum
in the range of 1700 cm™' to 2100 cm™ in TBLG and
compared it with those of SLG and Bernal-stacked BLG as
shown in Figure 4a. In BLG, a peak is observed at 1750 cm™
which is the M band, an overtone of the oTO phonon giving
rise to an electron double resonant intravalley scattering. This
mode becomes Raman active due to interlayer coupling. Hence
it is absent in SLG, but present in BLG, multilayer graphene,
and graphite with Bernal stacking.”” We find that the M band
is absent in TBLG samples, clearly indicating deviations from
Bernal stacking, which renders the oTO phonon Raman
inactive. The absence of the M band indicates significant
weakening of the interlayer interactions as compared to Bernal-
stacked BLG. Surprisingly, we observe the M band for a twist
angle of 12.5°. It has been shown that the M band can
selectively be seen in single-walled carbon nanotubes (SW-
CNTs) of certain chiralities and diameters when the laser
excitation energy matches the transition energy between the
valence and conduction band vHs.®** On a similar vein, the
observation of the M band coinciding with the G-peak
resonance enhancement suggests its origin related to the
resonant excitation between vHs and inelastic scattering
involving 0oTO phonons. From the schematics in Figure 2b,
we can see that for @ < 0 and 0 > 6, the excitation occurs
between the linear energy regimes of the two Dirac cones of
the graphene layers comprising the TBLG. In this regime there
is no hybridization of the Dirac cones of the two graphene
layers and hence essentially this can be treated as two isolated
graphene layers where the 0TO phonon is inactive. At 8 = 6,
the resonant excitation occurs between the vHs emerging out
of the strong hybridization or coupling of the Dirac cones of
the graphene layers, which can render the M band active.

We also investigated the reported combination modes
around 1860 and 2000 cm™' for the TBLG samples.’>**
These modes are shown for TBLG samples along with SLG
and BLG in Figure 4a. The nomenclature of the various
phonons giving rise to these combination modes is given in
Table 1. At 1860 cm™', we observe that for the BLG, there are
two convoluted peaks corresponding to LO™TA (LOTA@I")
and LO"TO'@I" which reduces to a single narrow peak
attributed to LOTA@I in SLG. As the twist angle increases,
we observe the reduction in intensity of the peak
corresponding to LO"TO’@I". In BLG, around 2000 cm™,
the phonon contributions around the I' and K points are
comparable leading to a band which is a convolution of three
peaks corresponding to scattering by the phonon modes
LO'LA@I', LOTLO'@I, and TOZO@K. The peak corre-
sponding to TOZO@K vanishes for the SLG as a result of

Table 1. Combination Modes between 1860 and 2000 cm™!
for the TBLG Samples

vibrational
combination Raman
modes modes significance
iLO + iTO or E, doubly degenerate in-plane symmetric with
iLO* +iTO" in-phase and out-of-phase displacement
Z0' and ZO* Ay nondegenerate out-of-plane symmetric with
in-phase and out-of-phase displacement
ZA and 20O~ Ay, nondegenerate out-of-plane antisymmetric
with in-phase and out-of-phase
displacement
LA + TA and E, doubly degenerate in-plane antisymmetric
LO™ + TO™ with in-phase and out-of-phase

displacement

negligible electron—phonon coupling of ZO™ @K, while the
interlayer interactions restore this mode in BLG.”” At high
twist angles, we observe the absence of the Raman peak from
TOZO@XK. Altogether, we find that above 12.5° twist angle,
the Raman modes in the range of 1700 cm™ to 2100 cm™*
resemble those of SLG. This suggests the transition from a
commensurate (C-TBLG) to an incommensurate (I-TBLG)
sublattice with increasing rotational misorientation. We also
observe a significant blue shift of the phonon modes associated
with LOTA and LOLA at higher twist angles when compared
to that of SLG as shown in Figure 4b. This shows a stiffening
of the phonon modes possibly due to a compressive strain in I-
TBLG as opposed to the C-TBLG. The blue shift of the
combination modes also follows the same variation as that of
2D peak. In addition to Fermi velocity renormalization (at low
twist angles <5°) and variations in band curvature (around 6
=12°), the compressive strain arising from incommensurability
at large twist angles is another reason for the observed blue
shift in the 2D peak and the combination modes. Such blue
shift of the 2D peak has also been observed earlier in h-BN
encapsulated graphene with incommensurate superlattice
structure.”> 30° TBLG is considered to be a quasicrystal
with no long-range translational symmetry but rotational
symmetry being preserved with a dodecagonal pattern of
arrangement that can also be inferred from the reciprocal space
as shown in Figure 4d. The evolution from the 6-fold
symmetry at 10° to the 12-fold symmetry at 30° is represented
in the reciprocal space in Figure 4d. From the combination
mode Raman spectrum and symmetry analysis of the reciprocal
space, we conclude that TBLG with a twist angle of 20°
behaves as an incommensurate lattice with no quasicrystalline
symmetry.

Even though the interlayer interactions are weakened in the
I-TBLG, it is important to see if there is any contribution of
the Moiré potential to the electron scattering mechanisms in
the two layers. To study this, we have looked for signatures of
predicted R-peak arising from the intervalley double resonant
scattering. Here an excited electron is elastically scattered to
another inequivalent valley by a large rotation momentum q(6)
and then inelastically backscattered to the same k value by a
zone boundary phonon Q.. followed by recombination with
a hole giving the Raman scattered photon.”” Near the K point,
the TO phonon branch has very strong electron—phonon
coupling and provides the momentum required for the
intervalley scattering. For twist angles of 30° and 20°, we
observe low intensity peaks at ~1375 cm™' and ~1435 cm™,
respectively, in the Raman spectrum shown in Figure 4c which
also matches with the predicted values for the R peaks. This
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shows that even in incommensurate lattices the Moiré
potential can influence the electron scattering mechanisms.

CONCLUSIONS

In conclusion, we have carried out detailed Raman
spectroscopic investigations of TBLG and found clear Raman
signatures which can be correlated with the changes in the
electronic bands due to the Moiré potential induced by
twisting the graphene layers. When the laser excitation matches
the energy separation between the vHs arising from hybrid-
ization between the bands of the two layers, resonance features
arise in the G peak and the M band in TBLG. The Moiré
potential can also induce intra- and intervalley scattering
processes giving rise to twist angle specific peaks in the Raman
spectrum of TBLG. The observed upshift of the 2D peak and
combination modes at high twist angles can be attributed to
the compressive strain in incommensurate superlattice. The 2D
peak intensity and fwhm, together with the Raman spectrum of
the combination modes, can jointly distinguish between
commensurate and incommensurate superlattices formed in
TBLG making this a valuable characterization technique to
investigate the degree of commensurability in graphene-based
2D heterostructures.

METHODS

Sample Preparation. The SLG and BLG used in the experiments
were obtained from mechanical exfoliation of bulk graphite of
graphenium grade with high purity from HQ_ graphene. The TBLG
samples were fabricated using the tear and stack technique detailed in
the Supporting Information.

Raman Measurements. Raman scattering measurements were
performed using the WITEC alpha300 system equipped with an 1800
lines/mm grating. The excitation was performed using a 532 nm
diode laser with a power of approximately 16.87 mW and a spot size
of 500 nm. To observe the samples, a 100X objective lens with a 0.95
NA was utilized, and the intensity was detected using a CCD. The
data analysis was carried out using the WITEC Project software.

DFT Calculations. In order to gain insights into the changes in the
interlayer interactions and electron—phonon scattering of TBLG with
twist angle, first-principles DFT calculations were performed using
VASP.*>*® The all-electron projector augmented wave (PAW)
potentials were used to represent the ion—electron interactions in
the TBLG systems.°®®” For the calculations, the electronic exchange
and correlation part of the potential was described by the Perdew—
Burke—Ernzerhof (PBE) generalized gradient approximation
(GGA).®* A 20 A vacuum was used along the c-axis in order to
avoid spurious interactions between periodically repeated images of
single layer and bilayer TBLG systems. The Kohn—Sham orbitals
were expanded using the plane wave basis sets with an energy cutoff of
value 500 eV. All structures were relaxed using the conjugate-gradient
algorithm until the Hellmann—Feynman forces on every atom were
less than 0.005 eV A™". For bilayer graphene and TBLG, the lattice
parameters and atomic positions were optimized by considering the
weak van der Waals (vdW) interactions between the layers as
implemented in Grimme’s PBE-D2.% For relaxation, a well-converged
Monkhorst—Pack (MP) k-grid of 12 X 12X 1 was used to sample the
Brillouin zone (BZ) of SLG and BLG.” For TBLG of twist angles
27.8° and 21.8° a k-grid of 8 X 8 X 1 was used, and for 13.2° and
9.43° twist angles, a 6 X 6 X 1 k-grid was used.
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