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ABSTRACT

Twisted van der Waals systems have been receiving recent attention due to their potential for moiré-induced band modulation and
corresponding exotic correlated phases. Here, we present a Raman spectroscopic study of artificial trilayer graphene (3LG), represented by
monolayer graphene (1LG) on top of Bernal-stacked bilayer graphene (2LG), as a function of the twist angle (0,) with respect to each other.
The artificially twisted 3LG with 0, >5° shows a distinctive 2D peak, which is literally composed of the typical 2D peak of 1LG and that of
2LG, without signatures of strong coupling between the 1LG and the 2LG. The overall trends of the relative Raman shift and the full width at
half maxima of the 2D peak are also provided as a function of 0, ranging from 0° to 30°. In particular, non-twisted 3LG shows 2D peak char-
acteristics very similar to those of natural Bernal-stacked 3LG, revealing that the top 1LG and the bottom 2LG are translationally rearranged
to be the most thermodynamically stable state. We also realized slightly twisted 3LG with a finite 0, <1°, which presents the signature of
coexisting Bernal-stacked (ABA) and rhombohedral (ABC) 3LG domains.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0040716

Positioning one two-dimensional atomic crystal above another
with a relative twist angle (0,) between them destroys the translational
symmetry of each layer and can create unprecedented moiré superlat-
tices, giving rise to a wealth of exotic phenomena.' ~ For instance,
twisted bilayer graphene (2LG) with 0; of near 1.1° presents uncon-
ventional superconductivity and strongly correlated insulating
phases.”” In addition, rhombohedral (ABC) trilayer graphene (3LG)
on rotationally aligned hexagonal boron nitride (hBN)*” and twisted
double 2LG'”"" has shown electrically tunable correlation phenomena
associated with van Hove singularities and low-energy flat bands.
Twisted 3LG comprising monolayer graphene (1LG) and Bernal-
stacked 2LG (AB 2LG) with a finite 0, has been realized recently, pro-
ducing a variety of correlated and topological phases that are highly
tunable as a function of 6, and an electric field.'*"’

In this Letter, we investigate the Raman characteristics of artifi-
cially twisted and non-twisted 3LG, 1LG stacked on top of AB 2LG

with zero or a finite 0, on a bottom hBN dielectric (1ILG/2LG/hBN).
Raman spectroscopy is a powerful non-invasive tool that allows us to
explore the electronic and vibrational properties of carbon-based
materials.' '® In particular, the behavior of 2D Raman peaks in
graphene-based systems originating from a double-resonant process
provides rich information, such as doping,”'" strain,” ' and the
number of layers.””*’ Despite existing reports on Raman characteris-
tics of twisted 2LG,”" *° Raman studies on twisted multilayer graphene
with more than two graphene layers are rare.”” Here, we provide a sys-
tematic study on the Raman characteristics of artificially made twisted
and non-twisted 3LG as a function of 0, ranging from 0° to 30°. Our
artificial 3LG with 0; ~0° shows Raman properties similar to those of
natural Bernal-stacked 3LG (ABA 3LG) in terms of the full width at
half maximum (FWHM), position, and shape of the 2D peak spec-
trum. The 2D peak of the slightly twisted 3LG (with a finite 0, <1°)
reveals the signature of coexisting ABA and ABC 3LG domains.
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Our twisted and non-twisted 3LG were fabricated using the
“tear-and-stack” dry-transfer technique’® with an exfoliated graphene
flake containing 1LG and 2LG, allowing a precise rotational alignment
between 1LG and 2LG (Fig. S1 in the supplementary material)."”
Artificial 3LG was also prepared based on straight edges of separately
exfoliated 2LG and 1LG flakes; straight edges of exfoliated graphene
generally indicate arm-chair or zig-zag edges.”’ Based on the straight
edges of 2LG and 1LG, the rotational alignment between them is real-
ized by rotating the supporting stage of 1LG by a desired 0, before
picking up the 1LG with 2LG. Using these methodologies, we realized
twisted 3LG (Figs. 1 and 2) and non-twisted 3LG (Fig. 3).

While the tear-and-stack method provides delicate twist-control,
we admit that unintentional errors in the twist-control can occur
when separate 2LG and 1LG flakes are stacked based on their seem-
ingly straight edges. 6, was confirmed based on the R or R" Raman
peak position, which is further discussed below. Most of our 1LG/
2LG/hBN samples were annealed at 400 °C for 1h in flowing H,/Ar
gas (50 ml/min), unless otherwise stated. For a few samples with a
finite 0, < 1°, Raman spectroscopic characteristics obtained before and
after annealing were compared. Raman spectra were obtained using a
Micro-Raman Spectroscopy System with a x 100 microscope objective.
An excitation laser wavelength of 514 nm and double-edge filters cut-
ting at ~120 cm™ " were used. To avoid laser-induced heating in sam-
ples, the laser power was maintained at ~3 mW. Spatial Raman maps
of 2D peak FWHM were constructed using the FWHM value of a sin-
gle Lorentzian fitted to each 2D peak, which allows differentiation
between ABA and ABC 3LG.™"!

Figure 1(a) shows an optical micrograph of sample T1, one of our
twisted 3LG, where the edges of 2LG and 1LG flakes are marked as red
and yellow dashed lines, respectively. Figure 1(b) is the atomic force
microscope image showing the overlapped 3LG region of T1; while a
few bubbles and wrinkles were made during the transfer process, sev-
eral notable ym-range bubble-free and residue-free areas are visible. A
small but consistently measured Raman peak at around ~1470 cm™ ',
which is the R peak,” can be seen in Fig. 1(c). The R and R" Raman
peaks originate from the rotation-induced superlattice,”*** which was
used to confirm 0,. Figure S2 in the supplementary material provides
the Raman spectra of our multiple samples with R or R peaks. Based
on the position of the R peak, the 0, between the 2LG and the 1LG crys-
tal lattices was estimated as ~14°.”* Figure 1(d) shows that the 2D

scitation.org/journal/apl

peak of sample T1 is composed of the 2D peaks of 1LG and 2LG, anal-
ysis as performed for 1LG stacked on 3LG with a finite 0" the 2D
peaks of 1LG and 2LG in Fig. 1(d) were obtained from the non-
overlapping 1LG and 2LG regions of sample T1 on hBN. This signifies
that the 2D peak of sample T1 can be explained mainly by 2D-peak-
related double resonance (Raman scattering) processes separately
occurring in each 1LG and 2LG.” This also suggests that the interlayer
interaction between the top 1LG and bottom 2LG is weak, and
interaction-induced band reconstruction is negligible. This is because
the energy bands of the top 1LG and bottom 2LG are not rotationally
aligned, and interlayer coupling between the two layers is relatively
small.”” The 2D peak of the 1LG was blueshifted by ~12.9cm ™! to fit
to the 2D peak of T1, revealing reduced Fermi velocity caused by a
small but existing interlayer coupling potential between the 1LG and
2LG.” Figure 1(e) shows that the 2D peak FWHM values are homoge-
neous as ~42.4 = 0.4 cm™ ' within the overlapped 3LG region.

Figure 2(a) shows the 2D Raman peak profile of our artificial
3LG with different 0; (ranging from 0° to 30°). We also provide the
Raman spectra of our multiple samples with different 0, in a wider
Raman shift range, normalized to the G peak of each spectrum,
accompanied by the normalized 2D peak intensity vs 0,, in Fig. S3 in
the supplementary material. The 2D peak positions of natural 1LG
and our artificial 3LGs with 0, > 5° are marked for comparison. The
2D peaks of all artificial 3LGs are blueshifted relative to the 2D peak of
1LG by the reduced Fermi velocity,”” and the blueshift is strongly 0,-
dependent, as displayed in Fig. 2(b). The overall 0,-dependence of the
peak position is comparable to that of twisted 2LG,” governed by the
weak but existing interaction between the 1LG and 2LG (ie., band
renormalization). The Raman characteristics of our non-twisted 3LG
with 0, = 0° [see Fig. 2(a), black line] are surprisingly similar to those
of natural ABA 3LG, which are further discussed in Fig. 3. The blue-
shift decreases from 18.87 cm™" at 0,=0° to 3.91cm™ "' at 0, = ~5.5°
before increasing sharply at 0, = ~11°; the 2D peak position change is
not monotonic. As 0, increases, the 2D peak blueshift approaches a
finite value of ~8cm™!, similar to previous observations of twisted
2LG.” Figure 2(c) shows the 2D peak FWHM values of our artificial
3LG as a function of 0,. As seen in Fig. 1(d), the 2D peak of artificial
3LG with 0,>5° is explained as the overlap of 2D peaks from 1LG
and 2LG, and the FWHM values are relatively smaller than that of
natural ABA or ABC 3LG, which has more paths for the double
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FIG. 1. (a) Optical micrograph and (b) atomic force microscope image of sample T1. The scale bars in (a) and (b) denote 10 um and 2 um, respectively. (c) Consistent R
peaks shown in the spectra obtained from multiple points in the overlapped 3LG region of T1. (d) Superposition of the 2D peak spectra of the constituent 1LG (yellow line) and
2LG (red line), producing a spectrum (black dots) akin to the 2D peak of the twisted 3LG (gray line). (e) Raman map of the 2D peak FWHM of T1. The edges of the 1LG, 2LG,

and hBN are denoted as yellow, red, and blue dashed lines, respectively.
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FIG. 2. (a) 2D peak spectra of our artificial 3LG with different 0. The position of the
2D peak of natural 1LG is denoted as a dashed line. (b) 2D peak blueshift relative
to that of natural 1LG and (c) the FWHM as a function of 0;. The 2D peak blueshift
and FWHM values of twisted 2LG were adapted (gray triangles) for comparison.””
(d) Brillouin zone of twisted 3LG consisting of 1LG and 2LG. The yellow and red
circles represent the Fermi contours of the 1LG and 2LG, respectively. The dis-
tance between the two nearest K points of the 1LG and 2LG is represented as Ak.
(e) Low-energy bands of the 1LG (yellow) and 2LG (red) overlapping each other.

resonance.’’ It is noteworthy that both 2D peak blueshift and FWHM
show sharp increases at 6, = ~11°.

We explain these sharp increases in the 2D peak blueshift and
FWHM at 0,=~11° based on the simply overlapped low-energy
bands” of 1LG and 2LG; additional band reconstruction due to
weak interlayer interaction between the 1LG and 2LG is ignored.
Figure 2(d) describes the first Brillouin zones of 1LG (yellow hexa-
gon) and 2LG (red hexagon) with a finite 0,, and Fig. 2(e) describes
the overlapped low-energy bands of 1LG and 2LG. We neglect the
detailed band reconstruction near the region where the energy bands
of the 1LG and 2LG overlap. The energy between the two van Hove
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FIG. 3. Optical micrographs of (a) NT1 and (b) NT2. The scale bars in (a) and (b)
denote 10 um, with the edges of hBN, 2LG, and 1LG being marked as blue, red,
and yellow dashed lines, respectively. (c) The 2D peak of NT1, which is fitted with
six Lorentzian peaks gpeak width =21cm~") conventionally used to fit to the 2D
peak of natural 3LG.*"*® (d) Direct comparison of the 2D peaks for NT1, natural
ABA, and ABC 3LG. (e) and (f) Raman maps of the 2D peak FWHM for NT1 and
NT2, obtained from the rectangular regions marked in (a) and (b), respectively. (g)
2D peak FWHM values of natural 1LG, AB 2LG, ABA 3LG, and ABC 3LG com-
pared to those of our artificial 3LG samples (NT1, NT2, and ST1). The error bars
represent 95% confidence intervals. Note that the points without error bars have
95% confidence intervals smaller than the size of the symbol.

singularity points (AE,;), where the two low-energy bands overlap
each other [Fig. 2(e)], corresponds to

AEs = 2hkov = K (Ak — ko)? /m*, (1)

where m" = 0.054 m, is the electron effective mass in 2LG,” vy=10°
m/s is the Fermi velocity of 1LG,” 7 is the reduced Planck constant,
ko is the wavevector at the van Hove singularity point relative to the
nearest K point of the 1LG, and Ak is the distance between the two K
points of the overlapping 1LG and 2LG [Fig. 2(e)]. This provides Ak
as a function of AE,yy,,

Ak =05 (AEvHS + 20¢(m" ABygzs) 2) /hy. )

The relation between 0, and AE, for twisted 3LG is then written as
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0, = Ak/K = 0.5(3a/4r) (AEvHS + ZUf(m*AEvHs)l/z) Jhvg,  (3)

where a=2.46 A is the lattice constant of graphene.” For the Raman
excitation energy Ej,.r = 2.4 €V, which we used for the Raman spec-
troscopy, Eq. (3) yields the critical twist angle 0.=10.5°, at which
Ejaser & AE g this is marked by red dashed lines in Figs. 2(b) and
2(c). Interestingly, 0. = 10.5° agrees very well with the 0,, at which the
sharp increases in both 2D peak blueshift and FWHM were experi-
mentally observed [Figs. 2(b) and 2(c)]. This is because of the dramati-
cally increased density of states and the correspondingly decreased
Fermi velocity near the van Hove singularity points, where the two
energy bands overlap [Fig. 2(e)].”

Figures 3(a) and 3(b) show optical micrographs of non-twisted
3LG samples NT1 and NT2, respectively. Figure 3(c) shows a 2D peak
spectrum of NT1 accompanied by six Lorentzians with a fixed
FWHM of 21 cm ™ fitted to the spectrum. In contrast to the twisted
3LG with 6,>5°, the 2D peak spectrum of the non-twisted 3LG is
very similar to that of natural ABA 3LG [Fig. 3(d)]. AB 2LG can be
formed by stacking two 1LG flakes with a rotational alignment.”* In
contrast to the sole commensurate state for 2LG (AB 2LG), there are
two commensurate states for 3LG: ABA and ABC 3LG.”” We mechan-
ically stacked 1LG on top of 2LG with a rotational alignment, but the
translational alignment cannot be atomically controlled in the macro-
scopic stacking process. Our non-twisted 3LG was then annealed,
allowing for thermal activation of the stacking transition from a ran-
dom incommensurate stacking to ABA-stacking order, which is ener-
getically more favorable than ABC-stacking as well as any other
incommensurate 3LG states. Figures 3(e) and 3(f) show 2D peak
FWHM maps of NT1 and NT2, respectively, with associated average
FWHM values of 57.1cm™ " and 57.9 cm ™. These values are in good
agreement with that of ABA 3LG [Fig. 3(g)], suggesting the formation
of ABA 3LG. Figure 3(g) compares the 2D peak FWHM values of our
non-twisted artificial and natural 3LG. The 2D peak FWHM values of
our artificial non-twisted 3LG are relatively uniform over the entire
region [Figs. 3(e)-3(g)]. There is a limited precision in the 0,-control,
allowing even a single sample to experience slight 0, variance due to
existing wrinkles and bubbles that add local strain. For instance, NT1
and NT2 exhibit ABA-like spectra, in general, over the overlapped
3LG region but show ABC-like spectra (Fig. S4 in the supplementary
material) locally near bubbles, marked by arrows in Fig. 3(f).

In addition, Fig. S5 in the supplementary material shows the
influence of the substrate on the 2D peak position and FWHM. While
the FWHM does not show much dependence, the 2D peak position
varies noticeably depending on the presence of bottom hBN. The nat-
ural ABA 3LG and NT1 both manifest relative blueshifts of the 2D
peaks when they placed on hBN/SiO,/Si, compared to being placed on
SiO,/Si. The 2D peak blueshift is due to enhanced screening by the
dielectric substrate” as well as the hBN-induced phonon and elec-
tronic band modification.”' In particular, we note that the 2D peak
position and FWHM values of NT1 on hBN are very analogous to
those of natural ABA 3LG, while those of NT1 on SiO, largely differ
from those of natural ABA 3LG. This indicates that hBN substrates
are more favorable to fabricate ABA 3LG, close to its natural state,
thanks to the negligible environmental effect of hBN. "'

Figure 4(a) shows the Raman 2D peak spectrum of slightly
twisted 3LG (a finite 0, < 1°) (sample ST1) obtained before annealing
(black line). The 2D peak seems similar to that of ABA 3LG (red line),
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FIG. 4. (a) and (b) Raman 2D peak of slightly twisted 3LG (ST1) obtained before
annealing. The spectrum is compared to those of natural ABA (red) and ABC (blue)
3LG in (a) and to the sum of the spectra for natural ABA and ABC 3LG in (b). (c)
and (d) Raman 2D peak of ST1 obtained after annealing. The spectrum is com-
pared to those of natural ABA (red) and ABC (blue) 3LG in (c) and to the sum of
the spectra for natural ABA and ABC 3LG in (d).

but an asymmetric peak characteristic is noticeable, similar to that of
ABC 3LG (blue line). We note that the spectrum of ST1 is more simi-
lar to the sum of 2D peaks for natural ABA and ABC 3LG [green line
in Fig. 4(b)], suggesting the existence of both ABA- and ABC-stacking
domains. If 1LG is stacked on top of AB 2LG with a small 0,, the stack-
ing order will gradually vary from ABA to ABB and then to ABC,
assuming each graphene layer is rigid. In reality, atomic reconstruction
can happen based on the competition between the interlayer interac-
tion energy and the elastic energy;">*’ by overcoming small elastic
energy, the stacking order can change to the commensurate state,
ABA or ABC-stacking, which has a smaller interaction energy. ABA
or ABC-stacking (commensurate) domains broaden as much as possi-
ble, which are distinctly separated by fine incommensurate stacking
boundaries in slightly twisted 3LG."*** The Raman spectrum of ST1
obtained before annealing, which is akin to the sum of 2D peaks for
natural ABA and ABC 3LG, reveals the existence of both ABA- and
ABC-stacking domains. ABA- and ABC-stacking domains, smaller
than the spot size of the laser used in our Raman measurements, may
lead to the 2D peak constructed by the mixture of 2D peaks for both
ABA and ABC 3LG [Fig. 4(b)]. The Raman spectrum of ST1 obtained
after annealing, by contrast, is clearly symmetric and more similar to
that of ABA 3LG rather than the sum of 2D peaks for ABA and ABC
3LG [Figs. 4(c) and 4(d)]. This suggests that the thermal energy allows
the top 1LG and the bottom 2LG to rearrange to be the most thermo-
dynamically stable ABA-stacked 3LG, similar to the formation of
AB-stacked 2LG by stacking two 1LG flakes with a small 0, < 5° and
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successive annealing.”” Figure S6 in the supplementary material shows
the scanning tunneling microscopy (STM) image of slighted twisted
3LG (a finite 0, < 1°) after annealing. The topography further con-
firms the uniformity and the formation of hexagonal lattice without
moiré pattern.

In summary, we report Raman characteristics of artificial twisted
and non-twisted 3LG (1LG on top of AB 2LG) with various 0,. The
overall trends of the relative Raman shift and the FWHM of the 2D
peak are provided as a function of 0, ranging from 0° to 30°. The sharp
increases in the 2D peak FWHM and the blueshift are observed in the
twisted 3LG with 0, ~10.5°, at which incident laser energy equals the
energy difference between the two van Hove singularity points (Eje
~ AE,y;). Our non-twisted 3LG shows a 2D peak akin to that of natu-
ral ABA 3LG. The Raman signature of slightly twisted 3LG (with a
finite 0, < 1°), by contrast, reveals the existence of both ABA- and
ABC-stacking 3LG domains.

Twistronics has recently emerged as a state of the art approach to
tailor the properties of two-dimensional materials by controlling the
relative 0, between layers.'”'**** For twistronic applications, an
accurate control of the 0, and identifying the precise 0, are crucial.
Atomic scale imaging tools such as transmission electron microscopy
or STM have been mainly employed to determine the 6,**°*"" which
are certainly powerful tools. However, those are time-consuming and
not accessible for many researchers. Indeed, Raman spectroscopy is
advantageous for quick as well as delicate characterization of
graphene-based materials.'*** * Our systematic study provides the
way to rapidly identify the 0, using Raman spectroscopy in a twisted
3LG system, contributing to the development of twistronics.

See the supplementary material for fabrication details, Raman
spectra of our multiple samples in a wider Raman shift range (showing
the change of R and R’ peak position and the 2D peak intensity as a
function of 0,), the 2D peak position of natural ABA and the artificial
non-twisted 3LG on SiO, and hBN, and the ABC-like 2D peak spectra
of NT2.
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