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ABSTRACT: van der Waals homo- and heterostructures
assembled by stamping monolayers together present optoelectronic properties suitable for diverse applications. Understanding the details of the interlayer stacking and resulting
coupling is crucial for tuning these properties. We investigated
the low-frequency interlayer shear and breathing Raman
modes (<50 cm−1) in twisted bilayer MoS2 by Raman
spectroscopy and ﬁrst-principles modeling. Twisting signiﬁcantly alters the interlayer stacking and coupling, leading to
notable frequency and intensity changes of low-frequency
modes. The frequency variation can be up to 8 cm−1 and the intensity can vary by a factor of ∼5 for twisting angles near 0° and
60°, where the stacking is a mixture of high-symmetry stacking patterns and is thus sensitive to twisting. For twisting angles
between 20° and 40°, the interlayer coupling is nearly constant because the stacking results in mismatched lattices over the entire
sample. It follows that the Raman signature is relatively uniform. Note that for some samples, multiple breathing mode peaks
appear, indicating nonuniform coupling across the interface. In contrast to the low-frequency interlayer modes, high-frequency
intralayer Raman modes are much less sensitive to interlayer stacking and coupling. This research demonstrates the eﬀectiveness
of low-frequency Raman modes for probing the interfacial coupling and environment of twisted bilayer MoS2 and potentially
other two-dimensional materials and heterostructures.
KEYWORDS: Molybdenum disulﬁde, twisted bilayer, interlayer coupling, interlayer phonon modes, low-frequency Raman spectroscopy,
density functional theory

M

high variability in possible interlayer coupling. This stacking
sensitivity is expected to strongly aﬀect the development of
MoS2-based electronics.
Raman spectroscopy is a widely used technique to characterize nanomaterials due to its convenience, nondestructiveness,
and sensitivity to materials change, including strain, temperature, doping, and defects. The Raman spectrum of MoS2 in the
high-frequency (HF) region (E2g around 385 cm−1 and A1g
around 405 cm−1) has been extensively studied.20−24 The lowfrequency (LF) range (<50 cm−1), where the interlayer in-plane
shear and out-of-plane breathing modes (Figure 1 and Figure
S1) originate from the relative vibrations between layers, has
recently begun to attract increasing attention because these
modes are more sensitive to both the interlayer coupling and

olybdenum disulﬁde (MoS2) is a promising layered
material for optoelectronic applications, mainly due to
its strong photoluminescence (PL) emission,1−4 light absorption,1,4 photocurrent,5,6 and valleytronics.7−9 These properties
can be very sensitive to the number of layers. For instance, the
PL intensity of MoS2 drops dramatically going from a singlelayer to few-layers,1,2,10 due to the electronic structure changing
from a direct to indirect bandgap.2,10−14 Such a change
underscores the importance of interlayer coupling in MoS2,
which is sensitive to the layer−layer relative stacking. The
attractiveness of bilayer compared to monolayer MoS2 for
optical and electronic applications has been illustrated by the
development of a MOSFET device where the optimal balance
between carrier mobility and on/oﬀ ratio was achieved for
bilayer systems,15 as well as its unique spin and valley properties
that are diﬀerent from monolayer MoS2.14,16,17 However, as
previously reported in studies using PL spectroscopy,10,18,19 the
properties of bilayer MoS2 are sensitive to stacking due to the
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twisted bilayer MoS2 from 0° to 60°. The Raman measurements reveal that these modes change notably with twisting,
suggesting their sensitivity to interlayer stacking and coupling.
Our ﬁrst-principles density functional theory (DFT) calculations provide a detailed microscopic picture of how the
interlayer stacking and coupling evolve with twisting. We ﬁnd
that when the twisting angle is near 0° or 60°, the frequencies
and intensities of the shear and breathing modes strongly vary,
showing a frequency shift of up to 8 cm−1 and an intensity
change by as much as a factor of 4.8. This behavior is due to the
mixture of multiple high-symmetry stackings near 0° or 60°,
leading to signiﬁcant changes in the stacking and interfacial
coupling upon twisting. In contrast, for twisting angles between
20° and 40° where the stacking is found to yield mismatched
lattices without any highly ordered domains, the shear mode
cannot be observed, because its eﬀects are expected at very low
frequency (below 10 cm−1). Here we use the concept of
mismatched lattices wherever the resulting bilayer structure
does not show any evident patches of high-symmetry stacking.
The appearance of very low frequency spectral features for
twisting angles between 20° and 40° is because in-plane layer−
layer shear vibrations lead to virtually no restoring forces
associated with the mismatched stacking (i.e., very weak
interlayer shear coupling). The out-of-plane breathing mode
shows small variations with diﬀerent twisting angles, as the
mismatched stacking leads to an almost constant interlayer
breathing mode coupling. For some ﬂakes, we observe the
appearance of multiple breathing modes. This observation
indicates the presence of a nonuniform interlayer coupling
across the interface, probably caused by either multiple highsymmetry stacking patches or mechanical transfer-induced
localized strains, defects, or wrinkles. This signature is
particularly important for the characterization of samples used
in a number of optoelectronic applications, which require
highly uniform materials.
In contrast to the LF interlayer Raman modes, the HF modes
are found to be much less sensitive to interlayer stacking and
coupling; the maximum variation in frequency is found to be
about 1 cm−1. It follows that LF Raman modes are required to
probe the interlayer stacking and coupling of twisted bilayer
MoS2, and they are best suited to reveal the interfacial qualities,
such as the degree of nonuniformity. These results can be
extended to other 2D materials and their heterostructures. With
the growing interest in the mechanical stamping of monolayers
to create a variety of van der Waals (vdW) homostructures and
heterostructures for diverse electronic and optical applications,41−44 LF Raman spectroscopy can be critical for
understanding and characterizing the interfacial properties of
layered materials.
We used the dry transfer method to stack two CVD
monolayers together to prepare twisted bilayer MoS2 samples
(Figure 1a). This method is simple and eﬀective, and allows
preparation of samples with controllable twisting angles. In
addition, this stacking method does not introduce any
contaminating substances between the two layers. These
properties ensure a robust and reproducible interlayer
coupling.10 The inset to Figure 1b shows an illustrative optical
microscope image of twisted bilayer MoS2 after dry transfer on
a SiO2 /Si substrate. The bilayer area can be readily
distinguished. Optical microscopy can detect the twisting
angle θ but not the detailed stacking pattern and interfacial
coupling strength. In contrast, and as will be shown here, LF
Raman spectroscopy is a particularly well-suited technique to

Figure 1. (a) Scheme of the angular twisting in bilayer MoS2. The left
and right plots show the separated top layer and bottom layer,
respectively. Purple (yellow) spheres denote Mo (S) atoms. (b,c)
Raman spectrum of twisted bilayer MoS2 at θ = 46°. See panel (a) for
deﬁnition of θ. (b) Full spectrum showing E2g, A1g, 2LA(M), and A1g2
modes of MoS2. Inset: optical microscope image of a dry-transferred
twisted bilayer sample. The green (red) triangles show the outlines of
some bottom (top) layer MoS2 triangles, and one bilayer region is
labeled. The LF range is marked with a red dashed rectangle and is
enlarged in panel (c), including interlayer shear and breathing modes.
Their vibrational motions are shown in the insets of panel (c). Green
arrows indicate the vibrational directions of each layer.

number of layers.25,26 LF modes can also eﬀectively probe the
thickness-dependent interlayer coupling in other two-dimensional (2D) material systems, such as few-layer graphene and
black phosphorus.27−33 In addition to their capability to
determine thickness, the interlayer shear and breathing modes
have been used to uncover the relationship between interface
coupling and stacking pattern in twisted multilayer graphene.34−36 The LF modes show a unique ﬁngerprint for the
two most stable stacking conﬁgurations (i.e., 2H and 3R) in
chemical vapor deposition (CVD) grown bilayers and trilayers
of MoSe2 and WSe2. In contrast to the HF modes, which are
almost unaﬀected by stacking, this LF sensitivity enables a clear
determination of layer stacking.37−39 However, most of the
previous studies were limited to a few high-symmetry stacking
patterns at 0° or 60°.25,37 Therefore, except for a recent
experimental study mainly on MoSe2/MoS2 heterobilayers,40 a
systematic LF Raman study on transition metal dichalcogenides
(TMDs) to reveal the evolution of interlayer stacking and
coupling within the full range of twisting angles is still needed.
Here, we report an integrated experimental/theoretical
investigation of the interlayer shear and breathing modes of
1436
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Figure 2. Raman spectra of twisted bilayer MoS2 with diﬀerent twisting angles selected from 0° to 60° and of monolayer (1L) and exfoliated bilayer
MoS2 (Exf. 2L). (a) The LF range including interlayer shear and breathing modes, and (b) the HF (high-frequency) range including E2g and A1g
modes. In panel a, the red rectangle and letter “S” label the interlayer shear modes, and the blue rectangle and letter “B” label the interlayer breathing
modes.

Figure 3. Twisting angle θ dependence of the LF interlayer Raman modes. θ dependence of the intensities of (a) shear modes located around 23
cm−1 and (b) breathing modes located around 37 cm−1. θ dependence of the frequencies of (c) shear modes and (d) breathing modes. The θ values
are categorized into ﬁve ranges. The heights of the data bars show the variation range of the data points in each θ range, and the horizontal line in the
middle of each bar shows the mean value in the θ range. The values measured for exfoliated bilayer MoS2 are labeled as the horizontal dashed lines in
(a−d) for comparison.

Distinctive Raman signals are also present in the LF range
(<50 cm−1). Zooming into this range (Figure 1c), there are two
peaks corresponding to the interlayer shear and breathing
modes.25,26 As shown in the insets to Figure 1c, the LF
interlayer modes describe the layer−layer vibrations with each
layer moving as a whole unit, and hence their frequencies are
solely determined by the weak interlayer restoring forces and
thus are typically below 100 cm−1.30 They are categorized into
two types: the in-plane shear mode and the out-of-plane
breathing mode.46 On the other hand, the HF modes involve
vibrations from intralayer chemical bonds (Figure S1), and thus

determine these properties. Figure 1b shows a typical Raman
spectrum in the frequency range of 15−490 cm−1 for a bilayer
MoS2 with θ = 46°. In the HF range, the characteristic ﬁrstorder E2g and A1g modes,21 second-order 2LA(M) mode and
ﬁrst-order A1g2 mode43 of MoS2 can be seen. Note that strictly
speaking, the symmetry assignments here are valid only for the
bulk 2H stacking, while the symmetry assignments of a bilayer
system can be changed with the stacking and twisting (Table
S1). But for simplicity and consistency, the notations of E2g and
A1g are used for all twisted bilayer systems (more details in
Figure S1).
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Figure 4. Atomic structures of commensurate bilayer MoS2 at various twisting angles. Purple (yellow) spheres denote Mo (S) atoms. At θ = 0°, there
are two high-symmetry stacking patterns 3R and AA. When the system deviates from 0° slightly (e.g., 3.5°), both the 3R and AA stacking patches are
still present, as highlighted by the purple and green circles, respectively. The boundary stackings between these high-symmetry patches serve as the
transition to other stacking arragements. The patch sizes continuously decrease as θ deviates increasingly from 0°, and eventually the stacking
becomes completely mismatched near 30° (e.g., 27.8°). At 60°, there are three high-symmetry stacking patterns, 2H, AB′, and A′B. When the system
deviates slightly from 60° (e.g., 56.5°), 2H, AB′, and A′B stacking patches are still present, as highlighted by the red, blue, and black circles,
respectively. The patch sizes continuously decrease with θ deviating more from 60°, and eventually the stacking becomes completely mismatched
near 30° (e.g., 32.2°). More details are in Figures S5 and S7−S10.

peak information are shown in Figure 3. Figure 3a,b shows the
intensity dependence of each peak on each θ range. For both
modes, when θ is close to 0° and 60°, the intensities show large
variations, as indicated by the large bar heights. When θ
approaches 30°, the shear mode disappears and the breathing
mode intensities show only a weak dependence on θ, compared
to the cases where θ is close to 0° or 60°. Hence the breathing
mode has a smaller bar height in the [20°, 40°] range. The
disappearance of the shear mode in the available frequency
window between 20° and 40° is due to its extremely low
frequencies (<10 cm−1), as will be discussed below. For all the
twisting angles, there is an intensity change of about a factor of
3.8 for the breathing mode and of about 4.8 times for the shear
mode. The frequencies of the shear and breathing modes for
diﬀerent θ are shown in Figure 3c,d, respectively. The shear
mode clearly disappears when θ is between 20° and 40°, while
it shows up as θ approaches 0° or 60°. Similar to the intensity,
the shear mode frequency near 0° or 60° varies signiﬁcantly
with θ (up to ∼8 cm−1). For the breathing mode, the frequency
remains around 37 cm−1 when θ is between 20° and 40°, but
varies by as much as 6.7 cm−1 when θ approaches 0° or 60°.
Overall, both the intensities and frequencies of the shear and
breathing modes show strong variations when θ is close to 0°
or 60°, and they show considerably weaker variations when θ is
between 20° and 40°, as is clearly shown in Figure 3 by the bar
heights. For comparison purposes, we marked the parameters
for exfoliated (naturally 2H stacked) bilayer MoS2 with dashed
lines in Figure 3. Compared to most twisted bilayer samples,
the exfoliated sample shows a higher shear mode intensity, a
lower breathing mode intensity, and relatively larger
frequencies for both the shear and breathing modes. Such
intensity and frequency diﬀerences can be attributed to the
strong interlayer coupling of the naturally 2H stacking, as will
be explained below.
It is interesting to note that some twisted ﬂakes, such as for θ
= 55° in Figure 2a and θ = 3°, 13°, 59°, and so forth in Figure
S2, have asymmetric breathing modes, suggesting the possibility
of overlapping of multiple modes. These multiple peaks also
exist in the corresponding anti-Stokes spectra. For bilayer MoS2

the strong restoring forces are dominated by strong intralayer
chemical bonds instead of the weak interlayer coupling.
Because of the high sensitivity to the interface, the shear and
breathing modes can be eﬀectively used to probe the interlayer
stacking and coupling.
Because of the D3h symmetry of monolayer MoS2, the
properties of twisted bilayer MoS2 show a variation period of
60°.10,18,19 The shear and breathing modes of MoS2 bilayer
with θ between 0° and 60° are shown in Figure 2a, together
with the data from monolayer MoS2 and exfoliated bilayer (2H
stacked) MoS2 presented for comparison. The interlayer shear
and breathing modes are absent for monolayer MoS2, further
conﬁrming that they originate from interlayer vibrations. For
bilayer samples, the naturally 2H stacked (exfoliated sample)
MoS2 shows a sharp shear mode at 22.9 cm−1 and a broad
breathing mode at 38.1 cm−1, consistent with previous
works.25,26 Compared to exfoliated samples, experimentally
stacked bilayers generally show shear modes with lower
intensities and breathing modes with higher intensities, and
both of these frequencies are down shifted. Diﬀerent twisting
angles also show diﬀerent characteristics for the shear and
breathing modes. The shear mode is typically of lower intensity
than that of the breathing mode and is even absent for certain
twisting angles. Similar phenomenon of the disappearance of
the interlayer shear mode has also been observed in other
bilayer TMD materials.40 The frequency of the LF interlayer
breathing mode also changes as a function of θ, shown in
Figure 2a. In contrast to the LF interlayer Raman modes, the
HF intralayer E2g and A1g Raman modes in Figure 2b show a
much smaller dependence of their frequency and intensity as a
function of θ, indicating that the HF modes are not as eﬀective
as the LF modes in detecting changes in stacking conﬁgurations.
We carefully studied the dependence of the shear and
breathing modes on the twisting angles of bilayer MoS2, and we
extracted information for each Raman peak as a function of θ.
The θ values are grouped into ﬁve ranges: 0°−10°, 10°−20°,
20°−40°, 40°−50°, and 50°−60°. In each θ range, the results
for the statistical mean value and maximum variation for the
1438
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Figure 5. DFT calculations for twisting angles θ from 0° to 60°. (a) Average interlayer separation between the two Mo layers. The bars show the
minimal and maximal local layer separations at an angle. (b) Total energy versus θ. The energy of 60° (2H stacking) bilayer is set as zero. (c) The θ
dependence of the frequencies of LF shear mode (squares) and breathing mode (triangles). (d) The θ dependence of the frequencies of HF E2g
(squares) and A1g (triangles) modes. In (a−d), both stackings 3R and AA are included at 0° (hence two data points at 0°), and all three stackings
2H, AB′ and A′B are included at 60° (hence three data points at 60°). In (a−c), these data points are diﬀerentiated by colors and labels, while in (d)
they almost overlap. (e) Simulated Raman spectra of the ﬁve high-symmetry stackings at 0° and 60°. From (c−e), the LF Raman modes clearly show
much larger frequency and intensity changes versus the stacking and twisting angle, compared to the HF Raman modes. All numerical data are also
shown in Table S3.

In addition to the LF shear and breathing modes, we also
summarize how HF intralayer Raman modes (E2g, A1g, 2LA(M)
and A1g2) change upon twisting. The frequencies of HF modes
barely change. For instance, the A1g mode is red-shifted from 0°
(or 60°) to 30°, but the frequency change is only around 1
cm−1, as shown in Figure S3a. For some ﬂakes, the A1g peak
splits (Figure S3b), and multiple peaks can be observed in the
LF range as well, suggesting that the A1g splitting and the
multiple LF modes share the same origin, namely, the presence
of a nonuniform interface. The number of ﬂakes featuring
multiple LF interlayer modes is more than twice that of ﬂakes
with A1g splitting, clearly indicating that the LF modes are more
sensitive to interfacial environment than the HF modes. The
variation of the E2g frequency (Figure S3c) is also within about
1 cm−1. The 2LA(M) mode around 452 cm−1 shown in Figure
1b is a second-order Raman mode involving two longitudinal
acoustic (LA) phonons at the M point of the Brillouin zone.45
Moreover, the A1g2 mode in bilayer MoS2,25,45 located around
466 cm−1, corresponds to the Raman inactive B2g mode in bulk
MoS2, which becomes Raman active in few-layer MoS2 due to
symmetry breaking (see its vibration in Figure S1). For
2LA(M) and A1g2 modes, the dependence of their frequencies
on θ is also weak (Figure S3d). In short, the HF Raman modes
are less eﬀective than the LF ones to probe the interface.
Finally, we note that for all of these HF intralayer Raman
modes, relatively strong variations also occur when θ is close to
0° or 60°. This phenomenon is consistent with the
experimental results for the LF modes, suggesting that the
variation of interlayer coupling near 0° or 60° is the strongest
and most complex.
To understand the experimental data in more detail, we ﬁrst
examined the atomic structures of twisted bilayer MoS2 to
reveal the microscopic picture of the stacking evolution with
twisting. Unlike bilayer graphene that has two high-symmetry
stacking patterns AB (i.e., Bernal) and AA, bilayer MoS2 has

with a uniform interface, there should be only one breathing
mode. The presence of multiple breathing modes could arise
from a nonuniform interface across which the interlayer
distance and coupling vary signiﬁcantly. For θ near 0° or 60°,
diﬀerent high-symmetry stacking patches coexist (Figure 4),
which could lead to multiple breathing mode peaks, because
each stacking patch contributes a diﬀerent breathing mode,
which will be discussed in detail below. In contrast, for θ near
30° where the stacking does not show any obvious highsymmetry patches, the presence of multiple peaks could be
caused by localized strains, defects, or wrinkles, introduced
during the dry transfer procedure (such eﬀects could be
possible for θ near 0° or 60° as well).18 In short, LF Raman
spectroscopy could provide a sensitive tool to detect the
presence of nonuniform interface. It is well established that
strains can aﬀect the Raman spectrum of MoS2.47−49 In
particular, LF interlayer Raman modes are very sensitive to the
interlayer distance and coupling. Local strains introduced
during the transfer process could lead to local variations of
interlayer distance and coupling. Subsequently, multiple LF
Raman peaks with diﬀerent frequencies can appear. However, it
is diﬃcult to conclude that such phenomena are only due to
strains instead of other localized eﬀects. Strains on mono- or
few-layer MoS2 lead to a notable frequency shift of the highfrequency E2g peak: Δω/ϵ is up to −2 cm−1 per percent of
uniaxial tensile strain and 3 cm−1 for a 0.2% biaxial compressive
strain, respectively. For the high-frequency A1g peak, there is
almost no frequency shift for the uniaxial strain, and the
frequency shift can be about 2 cm−1 for a 0.2% biaxial
compressive strain.47−49 However, our measurements covering
the whole θ range [0°, 60°] show that the variations of the E2g
and A1g frequencies are within ∼1 cm−1 (will be discussed
below), indicating that strains are not signiﬁcant in the samples.
Therefore, we expect that strains, though present, are not a
dominating factor.
1439
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ﬁve high-symmetry stacking patterns due to its two diﬀerent
elements, as shown in Figures 4 and S5.19,37,50,51 At θ = 0°,
there are two stacking patterns interchangeable by translation,
3R and AA. For 3R, Mo is over S and the other Mo and S are
over the center of the hexagons; for AA, Mo is over Mo and S is
over S. At θ = 60°, there are three stacking conﬁgurations that
are interchangeable by translation: 2H, AB′, and A′B. For 2H,
Mo is over S and S is over Mo; for AB′, Mo is over Mo and all
S are over the center of the hexagons; for A′B, S is over S and
all Mo are over the center of the hexagons (more details
provided in Figure S5). Note that 2H at 60° (also denoted as
AA′) is the most stable conﬁguration, and 3R at 0° (also
denoted as AB) is the second most stable. These two stackings
are present in natural and CVD-grown bilayer systems.18,37 In
the mechanically stacked samples, all ﬁve stacking patterns are
possible and some of them coexist for the same twisting angle.
In Figure 4, at 3.5° where the system slightly deviates from 0°,
both 3R and AA stacking patches appear. The patch sizes where
the AA and 3R conﬁgurations are seen continuously decrease as
θ deviates more from 0°, and eventually the stacking becomes
completely mismatched at 27.8° (more angles 1.8°, 7.3°, 13.2°
and 21.8° are shown in Figure S7). On the other hand, at 56.5°
where the system slightly deviates from 60°, the 2H, AB′, and
A′B stacking patches all appear (Figure 4). Similar to the 0°
case, the patch size continuously decreases as the deviation of θ
from 60° increases, and eventually the stacking becomes
completely mismatched at 32.2° (more angles 58.2°, 52.7°,
46.8°, and 38.2° in Figure S9). We also considered noncommensurate ﬁnite-size bilayer MoS2 (Figures S8 and S10).
Similar to Figure 4, when the system only slightly deviates from
0° or 60°, high-symmetry stacking conﬁgurations appear in
roughly circular shapes. Their size continuously decreases, as θ
deviates more from 0° or 60°. When θ > 10° and θ < 50°, the
high-symmetry stacking patches disappear, and the overall
stacking becomes increasingly mismatched and does not display
any high-symmetry domains.
DFT calculations were also carried out on various
commensurate bilayer MoS2 structures. We ﬁrst examined the
ﬁve high-symmetry stackings at 0° and 60°. As shown in Figure
5a,b and Table S3, 2H stacking is the most stable and all
energies will be expressed relative to its energy. The 3R
stacking shares a very similar interlayer separation and total
energy (less stable by only 0.3 meV/atom).47 Thus, the
frequency of the shear mode is only weakly modiﬁed. The
breathing mode is also mildly downshifted by 3 cm−1 from 2H
to 3R (Figure 5c). Compared to 2H stacking, the interlayer
distance of AB′ stacking slightly increases by 0.04 Å and the
AB′ conﬁguration becomes less stable by 4.2 meV/atom.
Moving from 2H to AB′, the shear and breathing modes are
slightly downshifted by 3.8 and 6.8 cm−1, respectively. On the
other hand, the interlayer distance of A′B (or AA) stacking is
signiﬁcantly increased by 0.68 (or 0.71) Å and these stacking
conﬁgurations become much less stable by 11.5 (or 12.1) meV/
atom, compared to 2H stacking.19,50,51 This leads to dramatic
frequency changes from 2H to A′B (or AA) stacking: the shear
mode is down shifted by as much as 17.6 (or 22.0) cm−1 and
the breathing mode by 7.4 (or 10.8) cm−1. In stark contrast, the
frequencies of the HF intralayer E2g and A1g modes are almost
unchanged for all ﬁve high-symmetry stackings, where the
maximum frequency variation is within 1−2 cm−1 (Figure 5d).
These results clearly demonstrate that in-plane rotation and
translation can induce diﬀerent high-symmetry stackings for
bilayer MoS2 with considerable changes of the interlayer

distance and coupling. Such changes signiﬁcantly modify LF
Raman modes while HF modes are essentially unaﬀected.
In addition to shifts in frequencies, the intensity dependence
of the LF Raman modes on stacking is also very noticeable, as
shown in the simulated Raman spectra in Figure 5e. In contrast,
the intensities of HF modes have a much weaker dependence
on stacking. This result can be understood by the fact that
Raman intensity of a phonon mode is positively correlated with
the change of the system’s electric polarizability by the
corresponding phonon vibration.39,52 For the HF modes
corresponding to intralayer vibrations, the change of the
polarizability (i.e., Raman intensity) is primarily contributed by
the vibrations of intralayer chemical bonds. Hence, a change of
layer−layer stacking results in a relatively small intensity
change. In contrast, for the LF modes corresponding to layer−
layer vibrations, the change of the polarizability is solely due to
layer−layer vibrations. Thus, the change of layer−layer stacking
can lead to a relatively dramatic intensity change, as seen in
Figure 5e. Interestingly, in going from the 2H to 3R stackings
in bilayer MoS2, the intensity of the shear mode decreases while
the intensity of the breathing mode increases (this eﬀect was
also experimentally observed in bilayer WSe2),37 and a similar
intensity trend occurs for the 2H to AB′ transition. The 3R and
AB′ stackings share similar interlayer coupling strength with 2H
stacking, so their intensity changes are largely due to the altered
atomic arrangements and diﬀerent electronic environments for
each atom. On the other hand, for A′B or AA stacking, as the
interlayer distance is much larger (close to decoupling of the
two layers) the layer−layer vibrations lead to a much smaller
polarizability change, and hence the shear mode has almost
zero intensity and the breathing mode has considerably weaker
intensity.
Turning to θ near 0° or 60°, the stacking yields a pattern
composed of a mixture of multiple high-symmetry domains.
For 52.7°, bilayer MoS2 has 2H, AB′, and A′B stacking patches,
which have quite diﬀerent interlayer separations from one
another. Consequently, notable variations in the local interlayer
distance (about 0.37 Å in Figure 5a) are expected. A similar
variation of the local interlayer distance is found in the 7.3°
sample because it has 3R and AA stacking patches with very
diﬀerent interlayer separations.18 When the system deviates
slightly from the natural 2H stacking at 60°, AB′ and A′B
stacking patches appear. The shear mode intensity is
considerably decreased for both AB′ and A′B stackings but
the breathing mode intensity increases signiﬁcantly for AB′
stacking (Figure 5e). Hence, compared to exfoliated 2H bilayer,
generally for θ near 60°, the shear mode becomes weaker while
the breathing mode is enhanced, largely due to the appearance
of twisting-related AB′ and A′B stackings (such as at 57° and
55° in Figure 2 and more twisting angles shown in Figure S2).
For the bilayer system near 0°, 3R and AA stacking patterns
appear. Both exhibit weakened shear modes while 3R stacking
has an enhanced breathing mode, compared to 2H stacking
(Figure 5e). Hence, relative to the exfoliated 2H bilayer,
generally for θ near 0°, the shear mode is weak while the
breathing mode can be enhanced owing to the presence of 3R
stacking (such as the 4° and 5° in Figure 2 and more angles
shown in Figure S2). This analysis can explain why for θ < 10°
or θ > 50° the average intensity of the shear mode is lower
while that of the breathing mode is higher, compared to the
exfoliated bilayer (Figure 3a,b). Regarding the frequencies,
because all other stacking conﬁgurations have weaker interlayer
coupling than the 2H stacking, the average frequencies of the
1440
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measured (Figure 3c) and calculated (Figure 5c) values of the
shear mode in the [10°, 20°] or [40°, 50°] ranges, where the
measured frequencies are around 21−22 cm−1 while the
calculated ones are around 2−3 cm−1. At these angles, an ideal
interface has largely mismatched stacking arrangements without
high-symmetry stacking patches, and our calculations suggest
that little restoring force can come from the in-plane shear
motion (thus frequency 2−3 cm−1). However, the presence of
various nonideal eﬀects (such as local strains, wrinkles, or
defects) can in actuality induce shorter interlayer distance
locally, and thus the shear mode with relatively stronger
restoring force and higher frequencies can appear (like
frequency 21−22 cm−1). If a sample has little or no nonideal
eﬀects, the shear mode should disappear. In fact, only less than
half of the samples in the [10°, 20°] or [40°, 50°] ranges show
the shear mode experimentally. This suggests that localized
strains, wrinkles, or defects are probably present in these
samples to cause the measured 21−22 cm−1 modes, while the
majority of the samples are free of these nonideal eﬀects and
thus the shear mode has too low a frequency to be observable
as the theory predicts.
To quantify the strengths of interlayer shear and breathing
coupling, we estimated their force constants based on the
widely used linear chain model (see Section S1, Figure S4, and
Table S2 in Supporting Information).25−27,53 The force
constant of the shear mode (Ks) was found to vary from 2.30
× 1019 to 4.51 × 1019 N/m3 in the range of θ < 20° and θ >
40°, where the shear mode is observable. This gives a variance
of 0.2 × 1019 N/m3 and a relative deviation of ∼7.2%. Note that
the shear mode disappears in the [20°, 40°] range due to its
extremely low frequency (only ∼2 cm−1 according to DFT
calculations). Hence, in [20°, 40°], Ks is estimated to be about
0.02 × 1019 N/m3, and thus the relative deviation in the whole
range [0°, 60°] is very large (up to more than 90%). However,
the force constant of the breathing mode (Kb) ranges from 6.26
× 1019 to 9.52 × 1019 N/m3 in [0°, 60°], giving a variance of
0.43 × 1019 N/m3 and relative deviation of 5.9%, which is much
smaller than the variation of Ks. The strengths of the interlayer
coupling are generally 2 orders of magnitude smaller than those
of the intralayer vibrations (the force constants of E2g and A1g
modes are 1.88 × 1021 and 3.46 × 1021 N/m3, respectively).26
In conclusion, we have systematically investigated the
interlayer stacking and coupling in twisted bilayer MoS2 using
a combination of LF Raman spectroscopy and ﬁrst-principles
DFT calculations. Our results show that in-plane rotation and
translation can induce ﬁve diﬀerent high-symmetry stacking
patterns at 0° (3R and AA) and 60° (2H, AB′, and A′B) with
substantially diﬀerent interlayer distances and coupling
strengths. Consequently, the frequencies and intensities of
the LF interlayer shear and breathing modes change
dramatically with stacking. Upon twisting away from 0° and
60°, the stacking becomes a mixture of these high-symmetry
stacking patterns, and thus twisting leads to signiﬁcant changes
in stacking and coupling, as reﬂected by notable frequency and
intensity variations of the shear and breathing modes
(frequency variation by 8 cm−1 and intensity variation by 4.8
times). On the other hand, when θ is within [20°, 40°], the
coupling is nearly constant because the stacking pattern shows
highly mismatched lattices with no local high-symmetry
domains. This explains why the breathing mode shows small
variations in such θ range. Interestingly, the shear mode
disappears near 30°, as the in-plane shear motion leads to
almost no restoring force from the mismatched stacking and its

shear and breathing modes are generally lower compared to the
exfoliated bilayer (Figure 3c,d). Besides, for θ < 10° or θ > 50°
the coexisting high-symmetry stacking patches can lead to very
diﬀerent frequencies and intensities for the shear and breathing
modes (Figure 5e and Table S3). Twisting can change both the
weight of each stacking patch and the boundary stacking
between the patches in the overall stacking pattern, and such
changes will in turn modify their relative contributions to the
Raman scattering. Therefore, the frequency and intensity
variations of the shear and breathing modes can be large at
diﬀerent θ near 0° or 60°, as indicated by long bar heights in
Figure 3 (frequency variation up to 8 cm−1 and intensity
variation by 4.8 times).
The situation is diﬀerent for θ in the [20°, 40°] range, where
the stacking is such that it does not present any sizable domains
similar to those with high-symmetry stackings (Figure 4 and
Figures S7−S10). It follows that neither rotation nor translation
within this angular range change the coupling. This is
conﬁrmed by DFT calculations which show that the interlayer
distance remains ∼6.36 Å with essentially no variation (Figure
5a) and the total energy varies negligibly (Figure 5b). Hence,
the interlayer coupling is nearly constant, and consequently the
frequency and intensity variations of the breathing mode in the
[20°, 40°] range are insigniﬁcant (short bar heights in Figure
3). Furthermore, compared to 2H stacking, the interlayer
distance near 30° increases by 0.32 Å and the structure is
energetically less stable by ∼7.4 meV/atom, suggesting much
weaker interlayer coupling. Thus, the breathing mode
frequency is lower than that of the exfoliated 2H bilayer, as
shown in Figure 3d. Note that the shear mode cannot be
observed in [20°, 40°] since it has a calculated frequency as low
as ∼2 cm−1 (Figure 5c and Table S3). This frequency is buried
in the strong Rayleigh line and therefore beyond the detection
limit available to Raman measurements. Such stark contrast
between the shear and breathing modes originates from the
mismatched stacking. The absence of local high-symmetry
domains makes the stacking features essentially insensitive to
the in-plane shear motion, leading to very small overall
restoring force. In contrast, the out-of-plane breathing motion
changes the interlayer distance and coupling and always leads to
a ﬁnite overall restoring force.36,40 To provide further evidence
for these conclusions, we introduced artiﬁcial in-plane and outof-plane relative shifts by 0.5 Å to the bilayer systems for
various stackings and angles (Figure S11 and Table S4).
Compared to 2H stacking where the in-plane shift gives energy
diﬀerence of 3.62 meV/atom, the in-plane shift results in
almost no energy diﬀerence for 21.8°, 27.8°, 32.2°, and 38.2°
(only ∼0.05 meV/atom), conﬁrming the very low restoring
force from the in-plane shear motion for these mismatched
stacking arrangements. However, the out-of-plane shifts lead to
comparable magnitudes of energy diﬀerences for diﬀerent
stackings and angles. Clearly, the shear mode is overall more
sensitive to twisting and it might provide a good indicator of
the degree of stacking mismatch, while the breathing mode is
present for all twisting angles and thus serves as a practical
indicator of the interlayer coupling for mechanically stacked
systems.
Finally, for θ in the [10°, 20°] or [40°, 50°] ranges the
predicted local stacking arrangements lie between the highsymmetry stacking mixture near 0° or 60° and the mismatched
stacking near 30°, and it follows that the θ dependence of the
shear and breathing modes is intermediate (Figure 3). Note
that there is a seemingly appreciable discrepancy between the
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diode pumped solid state laser (Excelsior, Spectra Physics) with
the wavelength of 532.1 nm. The laser power on the sample
was maintained at 120 μW to avoid damage to the sample. The
typical acquisition time was 300 s to ensure a high signal-tonoise ratio. A 100× objective with NA = 0.95 was used to focus
the laser beam to a spot ∼1 μm in diameter on the sample
surface. A motorized XYZ stage with micron resolution was
used to locate MoS2 ﬂakes. Both Stokes and anti-Stokes Raman
spectra were collected. The Raman spectra were ﬁt with
Lorentzian line shape to extract peak information. More than
50 samples covering the whole [0°, 60°] twisting angle range
were measured.
DFT Calculations. Plane-wave DFT calculations were
performed using the VASP package56 equipped with the
projector augmented-wave (PAW) method for electron−ion
interactions. The local density approximation (LDA) was
adopted for the exchange-correlation interaction with the
energy cutoﬀ set at 400 eV.10,18,25,37 For bulk MoS2, both atoms
and cell volumes were allowed to relax until the residual forces
were below 0.001 eV/Å. We used a 24 × 24 × 4 k-point
sampling in the Monkhorst−Pack scheme.57 The bilayer MoS2
systems were modeled by a periodic slab geometry using the
optimized in-plane lattice constants of the bulk. For the ﬁve
high-symmetry stackings (corresponding to 0° or 60°, see
Figures 4 and S5), a 24 × 24 × 1 k-point sampling was used
since their in-plane lattice constants are the same as for the bulk
a = 3.13 Å. We also considered other twisting angles with
commensurate structures (i.e., periodic boundary condition can
be applied in the in-plane directions and a unit cell can be
located), as shown in Figure S6. Speciﬁcally, for 21.8° and
38.2°, the in-plane lattice constants are 8.29 Å and a 9 × 9 × 1
k-point sampling was used; for 27.8° and 32.2°, the in-plane
lattice constants are 11.29 Å and a 6 × 6 × 1 k-point sampling
was used; for 13.2° and 46.8°, the in-plane lattice constants are
13.65 Å and a 6 × 6 × 1 k-point sampling was used; for 7.3°
and 52.7°, the in-plane lattice constants are 24.41 Å and a 1 × 1
× 1 k-point sampling was used. For all bilayer systems, a
vacuum region of at least 18 Å 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/Å. Then nonresonant Raman calculations were
performed on the ﬁve relaxed high-symmetry stackings at 0°
or 60° using the PHONON software58,59 based on the ﬁnite
diﬀerence scheme (more details in refs 37 and 52).

frequency is close to zero. Moreover, a nonuniform interface
with variable interlayer coupling can be formed due to the
coexistence of multiple high-symmetry stacking patches, or
mechanical stamping induced localized strains, defects, or
wrinkles. Such nonuniformity can be properly captured by LF
Raman spectroscopy (i.e., multiple breathing modes). This
work paves the way toward a deeper understanding of
interfacial properties of 2D homostructures and heterostructures and proves that LF Raman spectroscopy oﬀers eﬀective
and quick characterization of layered materials.
Methods. CVD and Dry Transfer of MoS 2 . MoS 2
monolayers were synthesized by chemical vapor deposition
(CVD) using the seeding promoter method.54 In our synthesis,
the precursors, molybdenum trioxide (MoO3) and sulfur (S),
were loaded in two crucibles separated in the quartz tube. A
300 nm SiO2/Si substrate was placed face-down on the crucible
loaded with MoO3. The seeding promoter, perylene-3,4,9,10tetracarboxylic acid tetrapotassium salt (PTAS), was applied on
the substrate surface. Under the growth temperature (650 °C),
MoO3 and S react and form MoS2. With the assistance of the
seeding promoter, monolayer MoS2 ﬂakes with triangle domain
shapes were nucleated and deposited on the substrate. The
MoS2 crystalline orientation can be identiﬁed from the triangle
domain shapes:55 the triangles with straight edges have Moterminated zigzag edges.
The dry transfer method used to stack two MoS2 monolayers
and form twisted bilayer MoS2 has been published in our
previous work.10 Brieﬂy, monolayer CVD MoS2 ﬂakes on a
SiO2/Si substrate were used. The MoS2 chip was spin coated
with 4.5% poly(methyl methacrylate) (PMMA), followed by
substrate etching using potassium hydroxide (KOH) solution.
Then a polydimethyl-siloxane (PDMS) elastomer was used to
load the PMMA-MoS2 ﬁlm with PMMA touching PDMS. The
structure was placed under an optical microscope connected
with a motorized stage. The MoS2 layer was facing down, and
another substrate with MoS2 ﬂakes was placed underneath. By
adjusting the relative locations and angles between the top and
bottom MoS2 ﬂakes through the optical microscope, the PDMS
structure on top was lowered to have the two MoS2 layers
contacting each other. After subsequent 130 °C baking, the
PDMS was carefully lifted, leaving the top layer MoS2 still on
the SiO2/Si substrate. Therefore, twisted bilayer MoS2 was
constructed on a SiO2/Si substrate. The PMMA left on the
substrate was then removed by annealing in an Ar atmosphere
in 400 °C for 3 h. This dry transfer method introduces no
foreign substance between the two layers of MoS2, ensuring
strong interlayer coupling.10 Atomic force microscopy and PL
spectroscopy have been measured on the twisted bilayer MoS2
and have conﬁrmed that the interface has no foreign
substances.10 The AFM shows the surface is relatively uniform
and the interlayer distance is similar to the thickness of
monolayer MoS2. PL shows that bilayer area has weaker PL
intensity than monolayer area. This is an indication of coupling
between the top and bottom layers and has also been reported
in literatures.1,2,18 In contrast, for a control sample that contains
some PMMA residues in between the two layers, the bilayer
area has stronger PL intensity than monolayer area.10 Optical
microscopy was used to identify the twisting angle between the
top and bottom layers of MoS2.
Raman Measurements. Raman spectra were taken in a
backscattering conﬁguration on a triple Raman spectrometer
(T64000, Horiba Jobin-Yvon) equipped with three 1800 lines/
mm gratings. The excitation laser was a frequency-doubled
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