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Evolution of high-frequency Raman modes and
their doping dependence in twisted bilayer MoS2†
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Twisted van der Waals heterostructures provide a new platform for studying strongly correlated quantum

phases. The interlayer coupling in these heterostructures is sensitive to the twist angle (θ) and key to con-

trollably tuning several interesting properties. Here, we demonstrate the systematic evolution of the inter-

layer coupling strength with twist angle in bilayer MoS2 using a combination of Raman spectroscopy and

classical simulations. At zero doping, we observe a monotonic increase in the separation between the A1g

and E2g
1 mode frequencies as θ decreases from 10° → 1°, and the separation approaches that of a bilayer

at small twist angles. Furthermore, using doping dependent Raman spectroscopy, we reveal the θ depen-

dent softening and broadening of the A1g mode, whereas the E2g
1 mode remains unaected. Using rst

principles based simulations, we demonstrate large (weak) electron–phonon coupling for the A1g (E2g
1)

mode, which explains the experimentally observed trends. Our study provides a non-destructive way to

characterize the twist angle and the interlayer coupling and establishes the manipulation of phonons in

twisted bilayer MoS2 (twistnonics).

1. Introduction

The choice of the material, the number of layers and the rela-
tive rotation between the layers (twist) provide three important
degrees of freedom for engineering the properties of van der
Waals (vdW) heterostructures.1–7 The introduction of a twist
between two layers of a two dimensional material generates a
large-scale periodic pattern, known as a moiré superlattice. In
the case of twisted bilayer graphene, the moiré superlattice
potentially induces a periodic pattern in the electrons, which
yields many fascinating phenomena, such as flat bands in the
electronic band structure which can host a correlated insulat-
ing phase,8 superconductivity,9,10 and ferromagnetism.11 The
ability to tune these properties in a controlled manner requires
a detailed understanding of the evolution of interlayer coup-
ling strength with twisting.10,12–14

Compared to graphene, the eects of twisting in layered
MoS2, an important material for electronic and optoelectronic

applications,2,4,5 have been relatively less explored.15–32 The
existing experimental studies have predominantly concen-
trated on the change in optical properties and low frequency
vibrational modes using chemical vapor deposition (CVD)
grown samples.15–22 Although the change in the interlayer
coupling strength with twist angle is evident in these studies, a
definitive experiment relating the precise evolution of the
interlayer coupling strength to the twist angle is still lacking.

Electron–phonon coupling (EPC) aects many important
properties in solids, including those in two dimensional
atomic layers, for instance carrier mobility, and thermalization
of hot carriers.33 Doping dependent Raman spectroscopy is
often used to probe EPC in two dimensional materials.34–39

The evolution of the Raman active modes upon electron
doping in twisted bilayers of transition metal dichalcogenides
(TMDCs) can shed light on the twist angle dependence of EPC.
As the electron mobility in 2D TMDC devices is often limited
by electron–phonon interactions,33 by tuning the EPC through
the twist angle one can, in principle, engineer the mobility in
these systems.

Here, using bilayer MoS2, a prototypical TMDC, we investi-
gate the evolution of the high-frequency phonon modes as a
function of twist angle and electron doping using Raman spec-
troscopy. The twisted structures are prepared from mechani-
cally exfoliated MoS2 layers, which exhibit higher mobility and
lower disorder than CVD grown samples.40 We demonstrate a
monotonic change in the E2g

1 and A1g modes for relatively
small twist angles (θ ≲ 10°) by combining Raman spectroscopy
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with classical and first principles based simulations. We also
find two intriguing features of the electron doping dependence
of these high-frequency modes. First, irrespective of the
number of layers (single or bilayer) or the twist angle between
them, the A1g mode shows strong doping dependence; the
phonon frequency decreases by ∼0.9 cm−1 and the linewidth
increases by ∼2 cm−1 for electron doping of 4.87 × 1012 cm−2

at large twist angle. On the other hand, the phonon frequency
and linewidth of the E2g

1 mode remain unchanged on electron
doping. Second, the doping dependence of the A1g mode fre-
quencies for large (small) twist angles resembles that of a
single layer (bilayer), thereby providing a new route to identify
the twist angle and doping concentration in twisted bilayer
MoS2 (tBLMoS2). We explain these observations using first
principles based calculations.

2. Materials and methods
2.1. Experimental details

2.1.1. Device fabrication. Atomically thin crystalline layers
of MoS2 were prepared by standard mechanical exfoliation of
MoS2 on 285 nm thick SiO2 on a p++-doped Si substrate using
the scotch tape technique.41,42 We used the dry transfer5

method to stack two mechanically exfoliated MoS2 layers to
prepare twisted bilayer samples (tBLMoS2). By using a micro-
manipulation stage, this method allows the preparation of
samples with the desired twist angle within the accuracy of 1°.
Additionally, this technique greatly reduces any contamination
between the two layers, which ensures robust and reproducible
device properties. Fig. 1a and b show a generic moiré pattern

due to twisting and an illustrative micrograph of tBLMoS2 after
transfer on the SiO2/Si

++ substrate, respectively. Edge profiles
of the top and bottom MoS2 layers were determined using the
technique described in ref. 43. Among 2D materials, MoS2
shows a distinctive tendency to cleave along the zigzag direc-
tion. For each exfoliated monolayer flake, the angle between
the two straight edges (edge angle) was measured, and those
with edge angles of ≈60° were chosen. To make tBLMoS2
devices, we used MoS2 monolayers with smooth straight edges.
Here the twist angle is defined as the relative rotation between
the straight edges of the top and bottom flakes determined by
using optical microscopy. Based on this definition, we mostly
fabricated twisted devices with θ → 0°, and a few devices with
θ → 60°. We also carried out second harmonic polarization
measurements at several twist angles. This gave us a non-
destructive way to verify the twist angle within an experimental
error of ±1° (see ESI, Fig. S6†). Electrical contacts were fabri-
cated by e-beam lithography, followed by 5/50 nm Cr/Au depo-
sition. The room temperature gate voltage dependent Raman
measurements were performed with 532 nm laser excitation
under high vacuum (10−5 mbar). The laser power was kept
below 1.5 mW to avoid sample heating. For gating, we used a
285 nm SiO2 back gate. The threshold voltage (VTh), at which
the device switches from the o state to the on state was
determined (see ESI, Fig. S3†). The eective electron
doping concentration was determined using the equation
n*e = Cox(Vg − VTh) = CoxṼg, where Cox is the gate capacitance
per unit area (here 1.2 × 10−4 F m−2). The maximum electron
doping that we studied in this work was ∼0.004e per unit cell
at Ṽg = 60 V.

Fig. 1 (a) Schematic of a generic moiré pattern. (b) Optical micrograph of twisted bilayer MoS2 with the twist angle dened as the relative rotation
between two straight edges. (c) Raman spectra of monolayer MoS2 and bilayer MoS2 with the dashed lines representing the phonon modes of
monolayer MoS2. (d) and (e) Twist angle dependence of the individual E2g

1 and A1g mode frequencies and their peak separation, respectively. The
dashed black line shows the peak separation of naturally exfoliated bilayer MoS2. The error bars show the uncertainty in θ and the peak position.
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2.1.2. Dry transfer method. MoS2 flakes were exfoliated on
dierent SiO2/(p

+)Si substrates. A drop of PDMS polymer was
placed on a transparent glass slide and baked at 150 °C for
30 min. We used LCC polymer for the sacrificial layer, which
was spin coated on the PDMS drop at 8000 rpm and baked for
3 h. The glass slide containing the PDMS drop, facing down,
was aligned with the substrate containing the flake under the
microscope. Using a micro-manipulator, the alignment was
performed in such a way that, when the glass slide and the
substrate were brought closer, the convex surface of the LCC
only touched the substrate in the region surrounding the
flake. Following a contact time of 5 min at 57 °C, the glass
slide was removed, lifting the flake from the substrate due to
the strong adhesion to LCC. To avoid the deformation of LCC
and tearing the flake, the lower substrate temperature was
decreased to 50 °C before detaching the LCC. In the next step,
the LCC drop, containing the upper layer flake, was precisely
and manually aligned with the bottom flake at the desired
twist angle by using the micro-manipulator, and then picked
up in a similar manner to form the heterostructure. In the
final step, the glass slide containing the LCC, along with the
heterostructure, was pressed against an RCA cleaned patterned
SiO2/(p

+)Si substrate at 120 °C. The desired heterostructure
stuck to the patterned SiO2/(p

+)Si substrate along with part of
the LCC. Later, the LCC was dissolved in acetone to obtain the
heterostructure on the patterned SiO2/(p

+)Si substrate.
2.1.3. Raman spectroscopy. Raman spectra of MoS2 flakes

were recorded by using a Horiba LabRAM HR spectrometer. A
532 nm laser with laser power less than 1.5 mW was used for
the spectroscopy measurements. For gate voltage dependent
Raman spectroscopy, a vacuum compatible (10−5 mbar)
chamber was used.

2.2. Details of the theoretical calculations

2.2.1. Classical simulations. We use the Twister code23 to
create twisted bilayer MoS2 with several commensurate twist
angles. The commensurate twist angles and corresponding
moiré lattice constants are calculated in the following manner:

θ ¼ cos1 m2 þ 4mnþ n2

2 m2 þmnþ n2ð Þ

� �

, and Lm ¼
m nj ja

2 sinðθ=2Þ
, where m

and n are integers and a is the lattice constant for the unit cell
of MoS2. The smallest moiré lattice constants are only found
for |m − n| = 1, which is feasible to simulate. We use the
Stillinger–Weber and Kolmogorov–Crespi potentials to capture
the intralayer and interlayer interactions, respectively.44–46 The
phonon frequencies are calculated for relaxed tBLMoS2 using
PHONOPY.47

2.2.2. First principles calculations. The first principles
based quantum calculations using density functional
theory48,49 are performed with both the local density approxi-
mation (LDA) and the Perdew–Burke–Ernzerhof generalized
gradient approximation (GGA) for the exchange–correlation
functional as implemented in Quantum ESPRESSO.50 We use
a plane wave basis set with a kinetic energy cuto of 80 Ry, an
optimized norm conserving Vanderbilt pseudopotential,51 and

a 12 × 12 × 1 uniform ~k point Monkhorst–Pack grid for the
sampling of the Brillouin zone with a 30 Å vacuum. For the
GGA, we use GGA + DFT-D52 for the BLMoS2 calculations. For
the linewidth calculations, we compute the phonon frequen-
cies and eigenvectors using a 6 × 6 × 1 uniform ~q point grid
and determine maximally localized Wannier functions53,54

with a much finer electron grid (72 72 1~k) and phonon
grid (72 72 1~q) to interpolate the electron–phonon coup-
ling matrix elements with EPW.55,56 The linewidth is finally
calculated from the imaginary part of the phonon self-energy
using EPW with 106 ~k points. In the double delta approxi-
mation, the smearing used to replace the delta function is
chosen to be relatively large (0.1 eV). The electron doping for
the linewidth calculations is simulated within the rigid band
approximation by shifting the Fermi level above the conduc-
tion band minimum. The Fermi level is determined with EPW
by adding a fraction of electrons to the unit cell and using a
fine 1000 1000 1~k grid with a small smearing of ∼0.002 eV
to replace the energy conserving delta function.

For the doping dependent phonon calculations (at Γ), we
explicitly add a small fraction of electrons, corresponding to
the gate voltage in our experiment. For single layer MoS2
(SLMoS2), we use a dense 96 96 1~k grid and a smearing of
0.002 Ry, corresponding to room temperature. To correct the
boundary conditions for 2D materials, we also compute the
phonon mode frequencies by truncating the Coulomb inter-
action in the out-of-plane direction of SLMoS2. We do not see
significant changes on renormalization of the phonon mode
frequencies. Spin–orbit coupling is not included in our
calculations.

3. Results and discussion
3.1. Experiments

3.1.1. θ dependence of high-frequency modes without

doping. To investigate the twist angle dependence of the inter-
layer interaction in tBLMoS2, we measured the Raman spectra
of tBLMoS2 for several twist angles (Fig. 1c) with a focus on the
two prominent first-order vibrational modes, the in-plane E2g

1

mode and the out-of-plane A1g mode. It should be noted that
the E2g

1 mode is red-shifted and the A1g mode is blue-shifted
as we increase the layer number from monolayer to bilayer
MoS2.

57,58 As is well known, the blue-shift of the A1g mode
with increasing layer number is due to additional “springs”
between two neighboring MoS2 layers, whereas the red-shift of
the E2g

1 mode frequencies arises from enhanced dielectric
screening of the Coulomb interaction.58 The high-symmetry
stacking regions present in tBLMoS2 are dierent for θ → 0°,
and θ → 60°. This is due to the presence of dierent sub-
lattice atoms (Mo, S) in the unit cell.23,26 Therefore, there is a
quantitative dierence in the position and width of the E2g

1

mode near θ = 0° and θ = 60°. Here, we mainly focus on twist
angles near 0°. Among all the possible stacking modes, AA′
stacking (θ = 60°, Mo and S of the top layer are directly above S
and Mo of the bottom layer) is known to be the most stable. As
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a result, naturally exfoliated BLMoS2 has AA′ stacking. In
Fig. 1d, we show the evolution of the E2g

1, and A1g mode fre-
quencies with twist angle. It is clear that as θ decreases (from
10° → 1°) the E2g

1 mode is red-shifted while the A1g mode is
blue-shifted monotonically. The separation between these
peaks (ωA1g

− ωE2g
1) is often used as a quantitative measure of

the strength of the interlayer mechanical coupling.17 For
brevity, we refer to the interlayer mechanical coupling as the
interlayer coupling. The larger the peak separation, the stron-
ger the interlayer coupling. For example, we find that the peak
separation of BLMoS2 (∼21.3 cm−1) is always larger than that
of SLMoS2 (∼18.7 cm−1). Remarkably, we discover that the
peak separation can be monotonically tuned by altering the
twist angle in tBLMoS2 (Fig. 1e). The peak separation is a
maximum for θ ≲ 2° (approaches the BLMoS2 value) and a
minimum for θ ∼ 10° (slightly greater than the SLMoS2 value).
This immediately implies tunability of the interlayer coupling
strength through altering the twist angle. Moreover, it also
suggests that tBLMoS2 with small (large) twist angle behaves
like BLMoS2 (SLMoS2).

3.1.2. θ dependence of high-frequency modes with doping.

Next, we investigate the evolution of the high-frequency
phonon modes in tBLMoS2 upon electron doping. A schematic
and micrograph of the tBLMoS2 device used in this experiment
are shown in Fig. 2a and b, respectively. In Fig. 2c, we show
the gate voltage dependence of the A1g and E2g

1 modes for a 7°

twist angle. It is evident from the figure that, as the gate
voltage increases, the A1g mode is softened and broadened,
whereas the E2g

1 mode remains unaected. In Fig. 2d and e
(Fig. 2g and h), we show the shift of the A1g (E2g

1) mode fre-
quency and the corresponding linewidth respectively, as a
function of electron doping at dierent twist angles. Three
Lorentzians are fitted to the data to obtain the line shape para-
meters, where the peak position and full width at half
maximum (FWHM) denote the phonon frequency and line-
width, respectively (see ESI, Fig. S2†). Here, Δω and ΔFWHM
signify the shift of the mode frequency and FWHM with
respect to zero doping (for instance, Δω = ω(Ṽg ≠ 0) − ω(Ṽg =
0)). We find that the softening of the A1g mode of BLMoS2
under electron doping is smaller compared to that of SLMoS2.
This can be qualitatively understood by noting that, upon elec-
tron doping, dierent conduction valleys with dierent band
curvature are occupied in SLMoS2 and BLMoS2 (K for the
monolayer, Λ for the bilayer as shown in Fig. 2i, see ESI,
Fig. S4† for details). The rate of softening of the A1g mode with
Ṽg is shown in Fig. 2f for dierent twist angles. For large θ

(≈7°), the slope of the softening of the A1g mode frequencies
(∼−0.016 cm−1 V−1) is identical to that of SLMoS2. This further
suggests that the two layers are very weakly coupled for large
twist angles. As θ → 0° (θ ≲ 2°), the softening of the A1g mode
resembles that of BLMoS2. In sharp contrast to the A1g mode,
the phonon frequencies of the E2g

1 mode remain unaected

Fig. 2 (a) Schematic of the tBLMoS2 FET device. (b) Optical micrograph of tBLMoS2 (θ = 56°). (c) Raman spectra of tBLMoS2 for θ = 7° at dierent
gate voltages. (d) and (g) The gate voltage dependence of the softening of the A1g and E2g

1 mode frequencies, respectively. (e) and (h) The gate
voltage dependence of the broadening (linewidth) of the A1g and E2g

1 modes, respectively. (f ) The slope of the softening of the A1g mode frequency
calculated by tting a straight line to the doping dependent Raman data. (i) Schematic of the Fermi level position showing the occupation of
dierent valleys in monolayer and bilayer MoS2 for the maximum doping considered.
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by electron doping. This is due to large electron–phonon coup-
ling occurring in the A1g mode, which preserves the symmetry
of the MoS2 lattice.

36 Our results clearly establish a one-to-one
correspondence between the doping concentration and the
softening of the A1g mode frequency of tBLMoS2. Furthermore,
in Fig. 2e and h, we show that the change in linewidth
(ΔFWHM) of the A1g mode in tBLMoS2 increases significantly
under electron doping, whereas the linewidth of the E2g

1 mode
remains unaected. It should be noted that the changes in
ΔFWHM within the applied range of gate voltages are similar
for both SLMoS2 and BLMoS2. Interestingly, the change in
ΔFWHM for θ ≈ 1° is strikingly dierent (Fig. 2e). We find that
ΔFWHM not only saturates at smaller gate voltages, but also
attains an unmistakably smaller maximum than at all the
other measured twist angles for Ṽg = 60 V.

3.2. Simulations

3.2.1. θ dependence of the interlayer separation landscape.

The introduction of twist in bilayer MoS2 leads to the co-exist-
ence of multiple high-symmetry stacking regions in tBLMoS2.
To compare with the experimental data, we restrict the theore-
tical analysis to θ → 0°. In unrelaxed tBLMoS2 with θ → 0°, we
find two unique high-symmetry stacking regions, AA (where
Mo and S of the top layer are directly above Mo and S of the
bottom layer) and AB (Bernal stacking with Mo of the top layer
directly above S of the bottom layer, the same as BA stacking
with S of the top layer directly above Mo of the bottom layer).59

Among these stacking modes, AA (AB, BA) stacking is the ener-
getically most unfavorable (favorable).26,46 Upon relaxing these
structures, the most stable stacking regions grow significantly.
In order to illustrate this, we show the evolution of the inter-
layer separation (ILS) landscape in Fig. 3a–c, calculated from
the separation between Mo atoms of dierent MoS2 layers.26

As θ decreases, the stable AB and BA stacking regions (alter-
nate blue triangles with minimum ILS) occupy significantly
larger area-fractions of tBLMoS2 than the unfavorable AA stack-
ing region (red circles with maximum ILS). This twist angle
dependence of the ILS landscape inherently controls the evol-
ution of the high-frequency Raman modes.

3.2.2. θ dependence of high-frequency modes. Considering
the significantly large cost of phonon calculations using first
principles based methods, we adopt classical force field based
simulations to compute the A1g mode frequencies for
tBLMoS2. In Fig. 3d, we show the evolution of the A1g mode
frequencies (with respect to the bilayer A1g mode) for the rele-
vant twist angles in our experiments. The calculated A1g mode
is only shown with the largest projection, pA1g. The projection
is defined as 〈êtBLMoS2|êA1g

〉, where the eigenvectors of tBLMoS2
are projected on the A1g mode of BLMoS2. Our calculations
correctly capture the monotonic increase in the A1g mode fre-
quencies as θ → 0°. Furthermore, we find that both the theore-
tical and experimental data can be fitted well with a sigmoid
curve, A/(1 + e(−(θ−θ0)/d )) for ΔωA1g

(Fig. 3d). The fitted para-
meters are also consistent with each other (theoretical: A =

Fig. 3 (a)–(c) Evolution of the ILS landscape of relaxed tBLMoS2 with moiré lattice constants written in brackets. The color bar denotes the ILS in Å.
(d) Twist angle dependence of ΔωA1g

. Both the theoretical and experimental data are tted with a sigmoid function (see the main text for tting para-
meters). (e)–(g) A visualization of the vibrations of the bottom S atoms of the top layer of MoS2 in tBLMoS2, corresponding to the normalized A1g

mode for θ = 5°, 2.9° and 1.5°, respectively (top panel). Similarly, the panel below shows the corresponding eigenvectors for the top S atoms of the
bottom layer of MoS2. The out-of-plane displacements are denoted by the colored elds, whereas the arrows denote the in-plane displacements.
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−0.88 ± 0.02, θ0 = 7.6 ± 0.1, d = 1 ± 0.1; experimental: A =
−0.55 ± 0.02, θ0 = 4.5 ± 0.2, d = 0.8 ± 0.2). It should also be
noted that the experimentally assigned twist angle has an
uncertainty of 1° (Fig. 3d). In order to understand the twist
angle dependence of the A1g mode from a microscopic point
of view, we show the eigenvector components on the inter-
layer-nearest-neighbor S atoms in tBLMoS2 (Fig. 3e–g). For
large θ, the neighboring S atoms from two layers locally move
out-of-phase but not with the same amplitude (“incoherent”,
Fig. 3e). This is due to the presence of multiple high-symmetry
stacking regions of equal area-fraction (Fig. 3a), leading to
inhomogeneous interlayer coupling.26 As θ → 0°, the neighbor-
ing S atoms from two layers locally move out-of-phase and
with a similar amplitude (“coherent”, Fig. 3g). This is due to
the significant increase in the stable AB and BA stacking area
as shown in the ILS landscape (Fig. 3c). The amplitudes of the
in-plane displacements are always one order of magnitude
smaller than those of the out-of-plane displacements. Both the
ILS landscape and the evolution of the A1g mode clearly justify
the bilayer-like behavior of tBLMoS2 with small twist angles
(θ ≲ 3°) and the single layer-like behavior at large twist angles
observed in our experiments.

A similar detailed quantitative estimate of the twist angle
dependence of the E2g

1 mode frequencies requires proper
treatment of the dielectric screening of the Coulomb inter-
action.58 The present parametrization of the classical force
field used in our calculations does not properly take into
account this screening. Hence, we qualitatively explain the
observed trend for the E2g

1 mode using first principles calcu-
lations based on density functional perturbation theory
(DFPT). Our argument relies on two important observations of
the θ dependence of the relaxed ILS landscape: (i) for θ ≲ 3°,
AB/BA stacking occupies a significantly large area-fraction of
tBLMoS2 and the ILS for these stacking modes is a minimum
(≈6.1 Å), and (ii) for relatively large twist angles, both the
stable stacking modes not only occupy similar area-fractions to
the AA stacking mode but also have a larger ILS (≳6.2 Å).26

Thus, by simply noting the change in the E2g
1 mode frequen-

cies for AB stacking on increasing the ILS from the minimum,
we can qualitatively understand the θ dependence. We note
that the ILS for AB stacking decreases as θ → 0° and reaches
its minimum for θ ≲ 3°.26 We increase the ILS for AB stacking
by ∼0.3 Å relative to its equilibrium spacing, which causes
stiening of the E2g

1 mode by ∼0.2 cm−1. In sharp contrast,
the A1g mode softens by ∼3 cm−1. The frequencies of both
modes become closer to their single layer values with the
increase in ILS. In SLMoS2, the frequency of the E2g

1 (A1g)
mode is greater (less) than in BLMoS2.

57,58 Thus, the frequency
shifts in tBLMoS2 can be qualitatively understood in terms of
the change in the ILS.

3.2.3. Softening and broadening of high-frequency modes

due to doping. The intrinsic linewidth of the phonon modes
can have two origins, phonon–phonon anharmonic eects and
EPC. In view of our doping dependent Raman measurements,
we study only the linewidth change due to EPC. In our calcu-
lations of linewidth, the electron doping is modelled in the

rigid band approximation by shifting the Fermi level above the
conduction band minimum.60 In Fig. 4a and b, we show the
calculated change in linewidth (FWHM) for both SLMoS2 and
BLMoS2 for the relevant doping concentrations in our experi-
ments. The FWHM of the A1g mode increases significantly
more than that of the E2g

1 mode for both SLMoS2 and
BLMoS2. This clearly indicates strong EPC for the A1g mode,
which is in excellent agreement with our experiments. The
ratio of the EPC strength at Γ also confirms this conclusion
(λA1g

/λE2g
1 ≈ 102). The computed change in FWHM (∼1.3 cm−1

with GGA) is also in good agreement with our experiment
(∼1.2 cm−1). Since the change in FWHM due to doping can
depend on the exchange–correlation functional used, we
confirm our conclusions using LDA as well (see ESI†).

We also compute the change in the phonon mode frequen-
cies due to electron doping within the Born–Oppenheimer
approximation using DFPT. The electron doping corres-
ponding to dierent gate voltages is simulated by adding a
fraction of electrons in the SLMoS2 unit cell. We find that the
A1g mode softens significantly, while the change in the E2g

1

mode frequency is negligible (Fig. 4c). It is well known that the
magnitude of the softening can be sensitive to the exchange–
correlation used.37,61 The softening calculated with GGA of
∼0.3 cm−1 (LDA ∼0.9 cm−1) is underestimated (overestimated,
see ESI†) compared with our experimental result of
∼0.75 cm−1 for Ṽg = 50 V. For BLMoS2, we find that the soften-
ing of the A1g mode frequency (∼0.15 cm−1) is marginally
lower than that found for SLMoS2 with GGA, consistent with
the trends in our experiments. However, this small change is
within the accuracy of our calculations.

Fig. 4 (a) and (b) The doping dependence of the linewidth of the E2g
1

and A1g modes for single layer and bilayer MoS2, respectively. (c) The
doping dependence of the phonon mode frequencies for single layer
MoS2. (d) The change in the conduction band minimum at the K point of
the electronic band structure due to dierent phonon modes with
several displacement amplitudes (large amplitude is used to show the
dierence clearly).
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In order to qualitatively understand the strong (weak) EPC for
the A1g (E2g

1) mode, we study the change in the electronic band
structure due to frozen atomic displacement corresponding to the
phonon mode.62,63 For SLMoS2, from the Fermi level position for
electron doping relevant to our experiments, we conclude that only
the K valley near the conduction band minimum (CBM) is popu-
lated. We find that the CBM at the K point changes significantly
due to the A1g mode, implying strong EPC, whereas it remains
practically unchanged due to the E2g

1 mode, implying weak EPC
(Fig. 4d). This simple argument can also be easily extended to
BLMoS2, confirming our experimental observations.

Quantitative estimates of the softening of the phonon
modes and FWHM for dierent twist angles due to doping are
computationally challenging. Nevertheless, the doping depen-
dence of the softening of the A1g mode (single layer-like at
large θ, bilayer-like at small θ, Fig. 2f ) can be qualitatively
understood from the evolution of the interlayer coupling pre-
sented earlier. However, the ΔFWHM for θ ≈ 1° (Fig. 2e) satu-
rates at a significantly lower gate voltage than for BLMoS2,
which cannot be explained without explicit calculation of EPC
and probably suggests band flattening. It is also interesting to
note that, at larger electron doping than that considered here,
multiple inequivalent valleys might be occupied, which can
lead to greater softening of the phonon mode frequencies and
superconductivity.37,61,64–66

The low-frequency shear and layer breathing modes orig-
inate from the relative displacement of the constituent layers
in bilayer MoS2 and provide a non-destructive probe for the
interlayer coupling.67–69 Therefore, these low-frequency modes
can provide further insights into the evolution of the interlayer
coupling strength and can also be used as a sensitive probe for
twist angle.18,19,26 Furthermore, a recent computational study
also suggests the existence of phason modes in all twisted
bilayer structures.26 The detection of these phason modes and
their twist angle dependent velocity can provide valuable infor-
mation about the rigidity of the moiré lattices.

4. Conclusions

We have demonstrated the systematic evolution of the inter-
layer coupling in twisted bilayer MoS2 using Raman spec-
troscopy. When the twist between the two layers is large,
tBLMoS2 behaves like SLMoS2, whereas for small twist angles
it behaves like BLMoS2. Furthermore, using doping dependent
Raman spectroscopy, we observe strong EPC in the A1g mode
irrespective of the number of layers or the twist angle between
them, unlike the E2g

1 mode which shows weak EPC. We
explain our results by combining classical force field and first
principles based simulations. Our study provides another step
toward twistnonics26 and can be generalized to other TMDCs.
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