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ABSTRACT: Unique twisted bilayers of MoSe, with multiple stacking Twist angle | 1

orientations and interlayer couplings in the narrow range of twist angles, 60 | | lps 60.0°

+ 3°, are revealed by low-frequency Raman spectroscopy and theoretical e
analysis. The slight deviation from 60° allows the concomitant presence of | oses| 59w a
patf:hes ,featurin,g all. three high-smmetw stacking cor.lﬁgurations (2H or e= Calculated Raman
AA’, AB’, and A’B) in one unique bilayer system. In this case, the periodic s[| B2B1 . N
arrangement of the patches and their size strongly depend on the twist & 5?'5 - 5\
angle. Ab initio modeling predicts significant changes in frequencies and ST E g

intensities of low-frequency modes versus stacking and twist angle. 50.9° E A
Experimentally, the variable stacking and coupling across the interface E NI
are revealed by the appearance of two breathing modes, corresponding to 0 30's0 '70 ' A

PR T I
the mixture of the high-symmetry stacking configurations and unaligned Raman shift (cm?) NRamn Shift (o™
regions of monolayers. Only one breathing mode is observed outside the
narrow range of twist angles. This indicates a stacking transition to unaligned monolayers with mismatched atom registry
without the in-plane restoring force required to generate a shear mode. The variable interlayer coupling and spacing in
transition metal dichalcogenide bilayers revealed in this study may provide an interesting platform for optoelectronic

applications of these materials.
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r r he fundamental properties and potential applications of stacking patterns. Understanding how interlayer forces resulting
artificially structured van der Waals materials con- from atomistic interactions, not only drive the alignment, but
structed by stacking two-dimensional crystalline also determine the optoelectronic properties of bilayers, is

monolayer “building blocks” have recently attracted the essential to developing assembly and characterization ap-

attention of many researchers.’ In particular, an intense proaches for the fast and effective selection and exploration
exploration of the optoelectronic properties of transition of artificially stacked 2D crystals.

metal dichalcogenide (TMD) bilayer heterostructures has Optical spectroscopies including photoluminescence,'” ab-

revealed many interesting phenomena including extremely SOI‘PtiOH;6 second-harmonic generation,m’” and Raman scatter-

fast and efficient interlayer charge’ * and energy™® transfer, ing'®"** have been used to characterize stacked 2D crystals.
interlayer excitons,”® and new emerging properties of atomi- Among these approaches, low-frequency (LF) Raman spec-
cally thin p—n junctions.”'’ Controlling the assembly of these troscopy is the most sensitive technique to probe van der Waals
vertically stacked 2D crystals to ensure a well-defined mutual interlayer coupling because it can detect the in-plane shear and
orientation and a clean atomically sharp interface remains a out-of-plane breathing vibrations of entire 2D layers.”' ~**

major challenge in the practical fabrication of these structures. LF Raman spectroscopy has been very successful in

Although bilayers of 2D crystals can be synthesized directly by characterizing the thickness-dependent interlayer interactions

chemical vapor deposition (CVD)*'" with a limited number of

possible phases (i.e., stacking configurations), the stamping Received: December 11, 2015

approach can assemble CVD-grown™'>~"* or exfoliated """ Accepted: January 12, 2016

2D monolayers with a theoretically infinite variety of possible Published: January 14, 2016
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Figure 1. (Left panel) Set of Stokes and anti-Stokes Raman spectra measured at different twist angles from 60° to 33.2° at room temperature
for bilayers of MoSe, (blue lines). Note that the upper spectra at a 60° twist angle were measured using as-grown MoSe, bilayers in the 2H
stacking configuration. The vertical dotted lines show the positions of the shear Raman peak disappearing at <55.3° twist angles and the
emerging peaks corresponding to two breathing modes. (Right panel) Set of Stokes and anti-Stokes Raman spectra measured at room
temperature for different twist angles ranging from 60° to 40.8° for a bilayer MoSe, sample doped with W (blue lines). The vertical dotted
lines show the positions of the shear Raman peak that disappears at twist angles of <56.7° and the appearance of new peaks corresponding to
two breathing modes. Note that the upper spectra at a 60° twist angle were acquired using artificially stacked monolayers. For both panels the
central columns show optical images of the bilayers used to determine the twist angles and the red lines indicate fitting using Voigt profiles
without fixing any of the peak positions or peak widths. Here S, B1, and B2 mark shear and two breathing modes, respectively. The three-peak
fit to deconvolute B1 and B2 was used only in the case of a clear and reproducible shoulder corresponding to the B2 mode. All spectra were

acquired under a parallel, z(x,x)z, polarization configuration.

and number of layers in diverse 2D layered materials, such as
graphene,m_28 TMDs,*'~** black phosphorus,zg’30 ReSe,,*!
ReS,,*> and Bi,Te, and Bi,Se;”® In addition, LF Raman
spectroscopy has also been recently used to reveal the
relationship between interfacial coupling and stacking pattern
in twisted multilayer graphene.”****> Furthermore, in a recent
work we showed that the most stable stacking configurations,
2H (or AA’) and 3R (or AB), in bilayers and even more
complex 2H-2H, 2H-3R, and 3R-3R stackings in trilayers of
MoSe, can be identified using LF Raman sca‘ctering.18 In that
study we demonstrated how LF Raman fingerprints could
decode the stacking configurations within multiple regions of a
complex crystal consisting of 1IL—3L MoSe,. In that particular
work, the triangular 2D TMD crystals synthesized by CVD
exhibited only the most stable 2H and 3R stacking
configurations in bilayers, corresponding to mutual twist angles
between the triangles of 60° and 0°, respectively.'” The
importance of this approach to decode layer stacking was also
emphasized recently for stacked TMDs monolayers””***” and
ReS,.*

The complexity introduced by artificially stacking 2D TMD
bilayers with arbitrary twist angle between 0° and 60° raises a
number of fundamental questions. How does interlayer
coupling depend on the twist angle? How do the frequencies
and Raman intensities of the LF shear and breathing modes
evolve with the twist angle? Are there any characteristic features
in the LF Raman spectra that can be used to characterize
interlayer coupling? Addressing these questions is important for
a fundamental understanding of van der Waals 2D interlayer
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interactions as well as for the development of simple and
effective characterization of artificially stacked 2D materials.

Initial LF Raman spectroscopy studies of TMD bilayers
showed high sensitivity of the LF modes to the details of the
interface, as revealed by observation of the breathing mode
corresponding to vibrations between incommensurate mono-
layers."” However, large uncertainty in the mutual rotational
angles (<5°) between TMD monolayers in the work of ref 19
did not allow study of the most interesting transitional
orientations with twist angles close (but not equal) to 0° and
60° where lattice registry exhibits coexisting commensurate and
incommensurate bilayer stacking. Furthermore, first-principles
theory has not been used to reveal the microscopic picture of
the stacking and LF Raman evolution versus the twist angle in
TMD bilayers.

Here we report results of LF Raman scattering in bilayers of
MoSe, prepared using the wet transfer method from CVD-
grown monolayers with a wide variety of twist angles. The high
quality of the transferred monolayer crystals permits determi-
nation of the twist angles with an uncertainty of +0.5° using
optical imaging, which allows us to monitor evolution of the LF
shear and breathing modes in the transient region between
commensurate and incommensurate MoSe, lattice registries,
close to a 60° twist angle. Upon only slight detuning (~0.5°)
from the 60° 2H stacking configuration, we observe that the
extremely weak and broad breathing mode'® becomes much
more pronounced and also that the shear mode rapidly
disappears as the lateral restoring force between the layers is
reduced as stacking becomes unaligned with mismatched
periodicity.”® Within the narrow range of twist angles from
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60° to 57°, theoretical predictions of the coexistence of
different high-symmetry stacking patches, and the two
breathing modes and one shear mode predicted for the
Raman spectra, were experimentally confirmed.

RESULTS AND DISCUSSION

MoSe, Sample Characterization. Stacked bilayers of
MoSe, crystals with arbitrary interlayer rotation angles were
assembled from CVD-grown monolayers by transferring the
MoSe, monolayers from one SiO,/Si substrate and stacking
them onto the as-grown MoSe, monolayers on another
substrate. The detailed procedure is described in the Methods
section. The crucial aspect of the as-synthesized and transferred
MoSe, crystals is their perfect equilateral triangular shape that
allows precise measurements of the twist angles using optical
imaging. Figure S1 in the Supporting Information (SI) shows
an optical microscope image of a typical MoSe, bilayer crystal
that demonstrates a perfect equilateral triangular shape of its as-
grown and stacked monolayer components with all three angles
equal to 60 + 0.5°.

Another important procedure in fabrication of bilayers using
the transfer approach (see Methods section for details) is the
proper annealing of the artificially stacked samples, since
without annealing, the LF Raman lines are not observable. We
note, however, the high-frequency (HF) Raman spectra do not
show any significant changes upon annealing (a schematic of
vibrations for LF and HF Raman modes is shown in Figure S2
in the SI). Furthermore, it should be mentioned that the
thermal treatment introduces some imperfections and wrinkles
in the overlapped regions, as can be seen from atomic force
microscopy (AFM) images of the MoSe, crystals (Figures S3,
S4 in the SI). The AFM images show that as-grown mono- and
bilayers (red profile, Figure S3) as well as the nonoverlapping
part of the transferred monolayer are clean, but the overlapping
region that forms the twisted bilayer exhibits multiple wrinkles
and imperfections (blue profiles with multiple spikes in Figures
S3 and S4). The same behavior of the overlapped regions has
been noticed previously in the case of MoS,/WSe, hetero-
bilayers fabricated using a similar procedure.’> Despite the
wrinkles and imperfections, the bilayer Raman spectra
measured from different spots within the same bilayer are
found to be very reproducible (see, for example, Figure S5).
Since wrinkles and imperfections might affect the Raman
spectra and their twist angle dependence, we used two samples
synthesized and processed using slightly different conditions
(see Methods section) and performed a detailed comparative
analysis of the twist angle dependence for both samples.

Raman Spectra of Twisted MoSe, Bilayers. Figure 1
(left panel) shows a set of Stokes and anti-Stokes LF Raman
spectra measured for a number of samples with different twist
angles in the range extending from 60° to 33.2°. Note that in
this case the spectra for the 60° twist angle were measured
using as-grown MoSe, bilayers. This system is found in the
natural 2H stacking configuration and shows only the shear
mode at 19.2 cm™ (see also ref 18). One can see that even
slight deviation from 60° (spectra at 59.6° angle) results in the
appearance of the breathing mode, B, at 32.3 cm™'. The
intensity of this mode increases until it reaches the intensity of
the shear mode at the twist angle of 56.9°. At a 55.3° twist
angle the LF Raman spectra change drastically; that is, the shear
mode disappears leaving two shifted peaks corresponding to the
breathing modes, B, and B,, as confirmed by polarized Raman
measurements (see Figure S6 in the SI). Further decrease of
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the twist angle to 51.3° leads to a single breathing mode peak,
B,, located at 27.0 cm™' with a full width at half-maximum
(fwhm) of 3.6 cm™'. More detailed analysis of the breathing
mode shape in the narrow range of twist angles between 57°
and 55° (Figure 2) shows the clear appearance of a new peak,
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Figure 2. Set of Stokes and anti-Stokes Raman spectra measured at
twist angles ranging from 57.3° to 55.2° under a parallel, z(x,x)z,
laser polarization configuration (blue lines). Here S, B1, and B2
mark shear and two breathing modes, respectively. The red lines
show the result of fitting using Voigt profiles without fixing any of
the peak positions or peak widths. The three-peak fit to
deconvolute B1 and B2 was used only in the case of a clear and
reproducible shoulder corresponding to the B2 mode. Note that at
the twist angles of <55.2° the 19.2 cm™' shear mode disappears.
The central column shows optical images of the bilayers used to
determine the twist angles. The Raman spectra correspond to the
first sample (left panel, Figure 1).

B,, located between the shear and breathing (B;) Raman lines
that becomes the major feature of the LF Raman spectrum at a
twist angle of 55.2°. Since both peaks at a 55.2° twist angle
disappear under the backscattering z(x,y)z polarization
configuration™ (see Figure S6 in the SI), they can both be
attributed to the breathing modes, B, and B,.

The second sample shows very similar evolution of the LF
Raman spectra versus twist angle (Figure 1, right panel). Note
that in this case we were able to find an artificial stacking with a
60.0 + 0.5° twist angle and compare its LF Raman spectra with
those measured for as-grown bilayers at 60° twist angle (right
and left upper rows in Figure 1, respectively). This comparison
shows that the spectra are almost identical, with only a slightly
more pronounced breathing mode feature at 34 cm™" in the
case of artificially stacked monolayers (right upper panel). At
58.5° and 56.7° twist angles one can clearly see the emergence
of the second breathing mode, B,, which appears as a shoulder
flanked to the left (right) of the original breathing mode, B1,
for Stokes (anti-Stokes) spectra. The B, mode remains the only
feature in the LF Raman spectra at twist angles of <50.9°.

Figure 3 summarizes our results on the Raman shifts and
peak intensities of the shear and breathing modes versus twist
angles for sample 1 (Figure 1, left panel). First, one can clearly
see a sharp drop of the shear mode peak intensity with only
slight deviations from the 60° configuration (Figure 3d). Only
very small variation (~0.5 cm™) of its frequency is observed
within the observation region marked by the vertical dotted
lines in Figure 3b. Note that outside the observation region the
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Figure 3. (a) Measured Raman shifts of the shear and two breathing
modes, B, and B,, versus a twist angle between two MoSe,
monolayers; (b) the enlarged region around 60°. The vertical
dashed lines mark the twist angle region where the shear Raman
line is observed. (c, d) Peak intensities of two breathing, B, and B,
(c), and one shear (d) Raman line normalized to the peak intensity
of the 521 cm™ Si line in Stokes and anti-Stokes spectral regions
versus a twist angle. Note that the Si substrate was properly oriented
relative to the polarization direction of the incident laser light to
maximize the intensity of the 521 cm™ Si peak and that this
orientation was maintained for all measurements.

shear mode peak disappears, largely due to its almost zero
frequency since the in-plane shear vibrations lead to virtually no
restoring force from the unaligned stacking. This mismatched
stacking is characterized by the lack of any local high-symmetry
arrangements between monolayers at these twist angles,'””” as
confirmed by the first-principles calculations discussed below.
In the region of the twist angles where the shear mode still
exists (Figure 3d) we also observe a slight increase of the
breathing mode frequency when the twist angle decreases and
the sharp emergence of a new breathing mode, B,, with lower
frequency. The frequency of the new breathing mode, B,,
remains constant within the broad range of the twist angles
from 8° to 50° (Figure 3a); however its peak intensity drops at
the smaller angles, making its detection difficult (Figure 3c).
Interestingly, the intensity of the original breathing mode, B,
initially rapidly increases and then drops to zero within only
10° from the 60° twist angle of the most stable 2H
configuration.

The frequency of the high-frequency Raman mode, A,
(Figure S2), for this sample does not show any significant
dependence on the twist angle, as it remains constant within
241 + 0.5 cm™' except for one data point at 242.0 cm™),
corresponding to the 3R (0°) stacking configuration (Figure
S7b). However, the peak intensity of this mode is slightly
higher (~1.5 times) in the range of twist angles from 20° to 50°
compared to that in the range from 0° to 10° (see Figure S7c).
Nevertheless, compared to the LF Raman modes, the HF mode
shows much fewer frequency and intensity variations with the
twist angle, confirming that the LF modes are more sensitive to
interlayer stacking and coupling.'®

To understand the possible effects of bilayer sample quality
on the observed LF Raman spectra, including defects, wrinkles,
and other imperfections that might have been introduced

(a) Stacking evolution with the twisting
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Figure 4. Results of DFT calculations at different twist angles. (a) Atomic structures of commensurate bilayer MoSe,. At 60°, there are three
high-symmetry stacking patterns, 2H, AB’, and A'B. They coexist as patches in the stacking near 60° (highlighted by circles of different colors
at 56.5°). The patch diameters continuously decrease with deviation from 60°, and the stacking becomes completely unaligned near 30°. (b)
Diameter of the high-symmetry stacking patches versus the twist angle. (c) Average interlayer distance between the two Mo layers. (d)
Calculated frequencies of low-frequency shear mode (triangle) and breathing mode (circle). In (c) and (d), all three stackings 2H, AB’, and
A’B are considered at 60° (hence three data points at 60° as distinguished by colors and labels). (e) Simulated low-frequency Raman spectra
of the three high-symmetry stackings at 60° and unaligned stacking at 38.2°. The shear mode peak is labeled as S, while the breathing mode
peak is labeled as B1 or B2 depending on the position. More details are provided in Figures S14 and S15 and Table S1.

2739 DOI: 10.1021/acsnano.5b07807

ACS Nano 2016, 10, 2736—2744



ACS Nano

during the growth of MoSe, monolayers, stacking into bilayers,
and annealing, we conducted similar twist angle dependence
measurements using the second MoSe, bilayer sample (Figure
1, right panel). This bilayer sample was slightly doped with W
(a few atomic %, equally distributed between bottom and top
monolayers). The presence of dopant does not affect the LF
Raman spectra, but allows us to synthesize better quality
samples.'® The dependence of the shear and breathing modes’
Raman shifts (Figure S8) and the peak intensities (Figures S9,
S10) are also very similar to that shown in Figure 3. Figure S11
in the SI shows direct comparison of the twist angle evolution
of the Raman shifts for these two samples.

Modeling of Raman Spectra. The observed changes in LF
Raman spectra are likely due to variations in interlayer stacking
and coupling induced by twisting. To verify this hypothesis, we
carried out first-principles density functional theory (DFT)
calculations for various stacking configurations and twist angles.
Here we focus on the twist angles from 60° to 30°, as they are
of most interest for comparison with experimental results. As
shown in Figure 4a and Figure S12, at 60°, there are three high-
symmetry stacking patterns, 2H, AB’, and A'B: for 2H (also
denoted as AA’), Mo of layer 1 are over Se of layer 2 and Se of
layer 1 are over Mo of layer 2; for AB’, Mo (layer 1) are over
Mo (layer 2) and all Se (layer 1) are over the center of the
hexagons (layer 2); for A’B, Se (layer 1) are over Se (layer 2)
and all Mo (layer 1) are over the center of the hexagons (layer
2).>*7* They can be translated into one another by simple in-
plane shifts. Slightly detuning from 60° to 56.5°, 2H, AB’, and
A'B stacking patches all show up in the stacking configuration,
as highlighted by the red, blue, and black circles in Figure 4a,
respectively. The patch sizes continuously decrease with twist
angle 0 deviating from 60° and eventually the stacking
becomes completely unaligned at 32.2° in Figure 4a (additional
examples with twist angles including 58.2°, 52.7°, 46.8°, and
38.2° are shown in Figures S13 and S14). We also consider
noncommensurate finite-size bilayer systems in Figure SIS.
Similar to Figure 4a, when the system slightly deviates from
60°, all three stacking configurations 2H, AB’, and A'B appear
in similar roughly circular shapes. These moiré-like circular
high-symmetry stacking patches are clearly periodic like the
triangular lattice. The diameters of the circular patches at each
angle were estimated and are shown in Figure 4b. Clearly, their
sizes continuously decrease with the twist angle, 6, deviating
from 60°. When 6 < 55°, one can see the stacking transfer from
a mixture of multiple high-symmetry stacking configurations to
an increasingly mismatched atomic alignment (Figure S15).

Ab initio calculations for angles of 32.2°, 38.2°, 46.8°, 50.6°,
52.7°, and 60° (three stackings 2H, AB’, and A'B) are shown in
Figure 4 and Table S1. Unfortunately, calculations of angles
closer to 60° (such as 56.5° or 58.2°) are computationally very
difficult, as the number of atoms in the unit cell exceeds 1500.
However, the theoretical results available for more modest unit
cell sizes can provide significant insight in the overall evolution
of the Raman spectra. We first examine the three high-
symmetry stackings at 60°. Moving from 2H to AB’ to A'B
stacking is characterized by an increasing interlayer distance, a
reduced thermodynamic stability, and a weakening interlayer
coupling strength (Figure 4c and Table S1). For the shear
mode, both frequency and intensity decrease significantly
(Figure 4d,e and Table S1). For the breathing mode, the
frequency also decreases notably, but not as dramatically as for
the shear mode (Figure 4d,e and Table S1). More interestingly,
in contrast to the shear mode, the intensity of the breathing
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mode increases considerably from 2H to AB’ stacking, while it
slightly increases from 2H to A'B stacking. Such intensity
increase of the breathing mode by changing stacking has been
recently experimentally observed in bilayer WSe, and was
ascribed to a change in symmetry.'® In short, there are two
distinctive breathing mode peaks among 2H, AB’, and A'B
stackings at 60° for bilayer MoSe,: B1 for 2H stacking with
higher frequency; B2 for AB’ and A'B stackings with similar
lower frequency (Figure 4e). On the other hand, the shear
mode peak is too weak for AB’ and A'B stackings (Figure 4e).

For other angles including 52.7°, 50.6°, 46.8°, 38.2°, and
32.2°, the high-symmetry stacking patches disappear, and the
overall stacking shows less and less local order resembling any
of the high-symmetry patches discussed above. At these angles,
the calculated average interlayer distance is about the same, and
thus interlayer coupling is of similar magnitude (Figure 4c and
Table S1). Hence, the breathing mode is located around 24
cm™! with minor variations, similar to the values for AB’ and
A’B stackings (Figure 4d). However, it is smaller than that of
2H stacking because the interlayer distance is larger.
Interestingly, in contrast with the breathing mode, the shear
mode shows an extremely low frequency at these angles (Figure
4d). This can be attributed to the unaligned stacking without an
in-plane restoring force. For the unaligned stacking pattern like
that at 32.2° shown in Figure 4a, the in-plane shear motion only
slightly changes the relative layer—layer stacking and gives very
small overall restoring force, while the out-of-plane breathing
motion changes the interlayer distance and coupling and thus
always leads to a finite overall restoring force.'”” In addition,
we computed the Raman intensities for the 38.2° twist angle
(Figure 4e and Table S1), as it has the smallest unit cell with 42
atoms among all considered twist angles 8 # 60° and is still
computationally affordable. The shear mode peak is invisible
due to the nearly zero frequency, while the breathing mode
peak shows comparable intensity to that of 2H or A'B stacking,
suggesting that the breathing vibration of the unaligned MoSe,
bilayer still leads to notable signal.

Such unique stacking dependence of LF Raman spectra
revealed by simulations can explain many features of the
experimentally observed evolution of the LF Raman spectra.
First, as discussed above, stacking at @ > 55° features a mixture
of high-symmetry stacking patches 2H, AB’, and A’B, and thus
the overall Raman scattering is expected to feature a
combination of Raman signature of the 2H, AB’, and A'B
patterns as well. This explains the experimental observation of
two breathing modes, B, and B,, where the higher frequency
mode B, corresponds to the most stable 2H patch and the
lower frequency mode B, probably comes from less stable AB’
and A'B patches (Figures 2, 3a—c, 4e, and S8—11). Second, the
shear mode exhibits too low frequency and intensities for AB’
and A'B patches and hence is practically invisible, which
explains why only one shear mode is experimentally observed at
0 > 55°, coming from the 2H patch (Figure 4e). As the patch
size decreases exponentially with € detuning from 60°, the
shear mode intensity has a sharp drop (Figure 3d). Third, for 6
< 55°, since the 2H patch begins to disappear, the Bl mode
also disappears, as observed experimentally (Figure 3c).
Although the AB’ and A’'B patches diminish as well, since the
mismatched stacking yields a B, peak at a similar position
(Figure 4e), the B, peak is always present for any twist angle. In
the wide range of twist angles between 5° and 55° as the
interlayer coupling varies little according to calculations (Figure
4c,d and Table S1), the measured frequency of B, generally

DOI: 10.1021/acsnano.5b07807
ACS Nano 2016, 10, 2736—2744



ACS Nano

changes little (Figure 3a). The notable frequency change occurs
around 55°, correlating with the stacking transition from high-
symmetry patches to mismatched atomic alignment. Further-
more, the unaligned stacking eliminates the restoring force
required for generation of a shear mode. Consequently, for 8 <
55° we observed a rather simple LF Raman spectrum that
consists of a single Raman line corresponding to the breathing
mode B, (Figures 1, 3a—c, and 4e).

Another interesting observation is the emergence of the
breathing mode with only slight deviations (0.5°) from the 60°
(2H) stacking configuration, where this mode is not observable.
As we pointed out earlier, a possible explanation of this effect is
the strong anharmonic coupling of the breathing mode with
other low-frequency modes.'” The anharmonic coupling
between breathing, shear, and acoustic modes has also been
suggested as the primary effect leading to broadening of the
breathing mode in few layered MoS,."" Here we observed that
even a slight deviation from the stable 2H configuration results
in eflicient decoupling of the LF modes and emergence of the
breathing mode, B,. Further decrease of a twist angle leads to
the disappearance of B, due to a sharp decrease of the 2H patch
sizes (Figure 4b). However, understanding this process requires
the development of first-principles anharmonic models,”* which
to our knowledge has not been done yet for TMDs. Another
important point is the resonant character of Raman scattering
in TMDs that also can result in redistribution of intensities
between LF modes with different symmetries.

CONCLUSIONS

In summary, low-frequency Raman measurements and
modeling of twisted MoSe, bilayers revealed variable interlayer
stacking and coupling in a narrow range of relative twist angles
(£3°) around 60°. This slight deviation from 60° results in the
coexistence of localized patches of all three high-symmetry
stacking configurations (2H, AB’, A'B). The periodic arrange-
ment of the patches and their size strongly depend on the twist
angle, leading to variations in coupling strength. The
periodically variable van der Waals coupling across the interface
results in the appearance of two breathing modes that
correspond to the moiré supercells with 2H stacking and the
other two high-symmetry stackings and possibly unaligned
regions of bilayers. The unaligned regions with the mismatched
registry between atoms in monolayers grow rapidly with
decreasing twist angle at the expense of the high-symmetry
stacking regions, which results in the disappearance of the shear
mode and emergence of a single breathing mode corresponding
to this mismatched alignment.

The evolution of the interlayer coupling with the twist angle
manifests itself in characteristic changes in the LF Raman
frequencies and intensities in the narrow range of the twist
angles around 60°, i.e., a sharp drop of the shear mode intensity
and increase of the new lower breathing mode intensity that
appears at the lower frequencies relative to the original
breathing mode from the 2H stacking configuration. The
characteristic changes in the intensities of the LF Raman peaks
and their frequencies can be used for characterization of the
interlayer coupling, e.g,, for determination of the existence of
the high-symmetry commensurate regions in the unaligned
stacking configurations in TMDs.

According to our calculations, the three high-symmetry
stacking patches together with unaligned regions of monolayers
should emerge in a bilayer near 60° twist angle for any TMD
with the monolayers’ symmetry the same as in the MoSe, case
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considered here. Therefore, all TMD bilayers with monolayers
belonging to the same noncentrosymmetric Dy, point group
should exhibit similar evolution of low-frequency modes near
60°.

Our results and further development of LF Raman
spectroscopy of layered 2D materials together with first-
principles modeling provide a new understanding of interlayer
stacking and coupling, which is crucial for designing new
artificially layered materials with different functionalities. We
note that the observed evolution of the Raman lines
corresponding to breathing modes is very important for
understanding the strong anharmonic coupling between LF
modes. Phonon—phonon interaction is the major mechanism
that determines thermal transport in few-layer TMDs, and
further understanding of anharmonic coupling and develop-
ment of an ab initio anharmonic model will be important to
achieve additional progress in this field.

METHODS

CVD Growth of MoSe, Monolayer Crystals. The CVD growth
procedure was described in detail in our previous paper (see ref 18).
Briefly, monolayer MoSe, and W-doped MoSe, crystals were
synthesized in a CVD setup at 780 °C. First, Si substrates with a
250 nm SiO, layer were cleaned using acetone and 2-propanol and
then placed onto an alumina boat with 0.25 g of MoO; powder (0.20 g
of MoOj; and 0.20 g of WO; in the case of the second sample, W-
doped MoSe,) that was positioned at the center of the CVD reactor.
Another alumina boat containing 1.2 g of Se powder was inserted into
the upstream side of the CVD reactor. The CVD reactor was pumped
down to ~5 mTorr, and the flow of the carrier gas (40 sccm (standard
cubic centimeters per minute) Ar and 4 sccm H,) was established in
the reactor. The synthesis was performed at 780 °C (30 °C/min
temperature ramping rate) for S min at the total pressure of 20 Torr.
At the location of the Se powder boat the temperature was maintained
at 290 °C.

Fabrication of Twisted Bilayers. To fabricate twisted stacked
bilayers of MoSe,, the SiO,/Si substrate with as-grown monolayer
MoSe, crystals was cut into two parts, one of which was coated with
poly(methyl methacrylate) (PMMA) by spinning at 3500 rpm
(revolutions per min) for 1 min followed by removing the SiO,
epilayer that was performed using etching in 1.5 M KOH solution in a
Petri dish at 80 °C. As a result of this procedure, we obtained a free-
floating PMMA film with the MoSe, monolayer crystals on the
solution surface. The film was transferred to another beaker with
deionized water by scooping it with a thin glass slide and was kept
there for 10 min to remove residual KOH solution. This water rinsing
procedure was repeated three times. After this bilayers of MoSe,
crystals were fabricated by stacking the free PMMA/MoSe, films on
the second half of the SiO,/Si substrate with the as-grown monolayer
MoSe, crystals. To do this, the second half of the SiO,/Si substrate
with MoSe, monolayer crystals was put into a funnel filled with
deionized water followed by transfer of the floating PMMA/MoSe,
film from a beaker with water to the funnel using a glass slide. Then
water was slowly drained from the funnel, forcing the floating film to
go down and finally get stuck onto the second half of the substrate at
the bottom of the funnel. This step is the key procedure to obtain
intact transferred MoSe, crystals with perfect equilateral triangular
shape required for our study. Finally, the PMMA film was removed
with acetone followed by annealing at 300 °C in flowing Ar (95%)/H,
(5%) at atmospheric pressure for 2 h. Note that without annealing we
did not observe any LF Raman lines. The same procedure was used to
prepare the second twisted bilayer sample with equally doped bottom
and top monolayers (a few atomic %) since they originated from the
same substrate with as-grown W-doped MoSe, monolayers.

Raman Measurements. The detailed description of our Raman
setup is given in ref 18. Briefly, the measurements were performed
using a micro-Raman setup (T64000 triple spectrometer, Jobin-Yvon)
equipped with three 1800 grooves per millimeter gratings (spectral
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resolution ~0.7 cm™', fwhm) and a liquid nitrogen cooled CCD

(Symphony, Horiba JY). All measurements were performed at room
temperature under a microscope in the backscattering configuration
using a 532 nm excitation laser. The linearly polarized laser beam was
focused on a sample surface to a ~1 um spot using a 100X objective
(NA = 0.9) with the typical laser power on the samples being ~0.3
mW. To get a sufficient signal-to-noise ratio, 1—5 min acquisition
times were used. The polarized Raman measurements were conducted
using a polarizer in the scattered beam and a half-wave plate to rotate
the scattered light polarization to optimize the gratings response.

DFT Calculations. Plane-wave DFT calculations were performed
using the VASP package® equipped with the projector augmented-
wave (PAW) method for electron—ion interactions. The local density
approximation (LDA) was used for the exchange—correlation
interaction with the energy cutoff set at 300 eV.'**** For bulk
MoSe,, both atoms and cell volumes were allowed to relax until the
residual forces were below 0.001 €V/A. We used a 24 X 24 X 4 k-point
sampling in the Monkhorst—Pack scheme for bulk calculations. Bilayer
MoSe, systems were modeled in a periodic slab geometry using the
optimized in-plane lattice constants of the bulk. For the five high-
symmetry stacking configurations at 0° or 60° (Figure S12), a 24 X 24
X 1 k-point sampling was used since their in-plane lattice constants are
the same as for the bulk (a = 3.25 A). We also considered other twist
angles with commensurate structures between 30° and 60° (ie,
periodic boundary conditions can be applied in the in-plane directions
and a unit cell can be located), including 32.2°, 38.2°, 46.8°, 50.6°, and
52.7° (more details are given in Figure S13). For all systems, a vacuum
region of at least 18 A in the z direction normal to the plane was used
to avoid spurious interactions with replicas, and all atoms were relaxed
until the residual forces were below 0.001 eV/A.

Phonon calculations were carried out using a finite difference
scheme within the supercell approach. The Hellmann—Feynman
forces in the supercell were computed by VASP for both positive and
negative atomic displacements (§ = 0.03 A) and used in the
PHONON software* to construct the dynamic matrix, whose
diagonalization provides phonon frequencies and eigenvectors. Then
nonresonant Raman intensity calculations were performed for some
twist angles including 60° and 38.2°. For other angles, the systems
were too large for the relatively costly Raman calculations.

The Raman intensity of a phonon mode is I  le;R-¢]I*, where ¢
and e, are the electric polarization vectors of the incident and scattered
light, respectively, and R is the Raman tensor of the phonon mode.

The matrix element of the (3x3) Raman tensor R of the jth phonon
46-48

mode is given by
a)(aﬁ eli(p‘)

e LS L0l
Raﬂ(ﬂ_\/;% arl(u)\/ﬁp

where y,5 = (g,5 — 8,p)/47 is the electric polarizability tensor related
to the tensor of dielectric constant, &,4 (1) is the position of the uth
BXuB
o)
polarizability tensor (essentially the dielectric tensor) over the atomic
displacement, ¢j(u) is the displacement of the uth atom along the
direction [ in the jth phonon mode (the eigenvector of the dynamic
matrix), @; is the frequency of the jth phonon mode (its square is the
eigenvalue of the dynamic matrix), and M, is the mass of the uth
atom.* To obtain Raman scattering, one needs to calculate derivatives
of the dielectric constant tensors, in addition to the dynamic matrix
discussed above. For both positive and negative atomic displacements
in a single unit cell, the dielectric tensors were computed by VASP
using density functional perturbation theory and then imported into
PHONON to generate their derivatives (calculated by the finite
difference approach). The Raman intensity for every phonon mode
was obtained in the experimental backscattering configuration.

=1

z

is the first derivative of the

atom along the direction I,
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