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ABSTRACT: Understanding the origin of valence band maxima (VBM) splitting in transition metal dichalcogenides (TMDs) is
important because it governs the unique spin and valley physics in monolayer and multilayer TMDs. In this work, we present our
systematic study of VBM splitting (A) in atomically thin MoS, and WS, by employing photocurrent spectroscopy. We found that
VBM splitting in monolayer MoS, and WS, depends strongly on temperature, which contradicts the theory that spin—orbit coupling
solely determines the VBM splitting in a monolayer TMD. We also found that the rate of change of VBM splitting with respect to

temperature (m = %) is the highest for monolayer (—0.14 meV/K for MoS,) and the rate decreases as the layer number increases

(m =~ 0 meV/K for S layers MOS,). Our density functional theory (DFT) and the GW with Bethe—Salpeter Equation (GW-BSE)
simulations agree with the experimental observations and demonstrate that the temperature dependence of VBM splitting in
monolayer and multilayer TMDs originates from the changes in the interlayer coupling strength between the neighboring layers and
substrates. We also found that VBM splitting depends on the layer numbers and the type of transition metals.

B INTRODUCTION Despite the importance of the VBM splitting that causes the
Transition metal dichalcogenides (TMDs) exhibit remarkable unique spin and valley physic? (.’f TMDs, the temperature a‘nd
properties resulting from their reduced dimensionality and layer dependence of VBM splitting have not been well studied
crystal symmetry.'~® Monolayer TMDs (1L-TMDs) have a experimentally. In this work, we present our systematic study
direct band gap at the K point of the Brillouin zone, which is of VBM splitting in MoS, and WS, as we change the
different from its corresponding few-layer and bulk counter- temperature and the layer number by employing photocurrent
parts with indirect band gaps.'~® The valence band maxima spectroscopy. Surprisingly, we observed that the VBM splitting
(VBM) .at the K point .in TMDs SRIit; which is attributed t? Fhe in 1L-TMDs depends on the temperature, which contradicts
large spin—orbit coupling (SOC) in 1L-TMDs and the Txin the theory that VBM splitting in 1L-TMDs originates solely

of SOC and interlayer coupling for multilayer TMDs.
Strong SOC in TMDs originates from the d-orbitals of the
heavy transition-metal atoms.” Unique crystal symmetry of -
TMDs causes coupling of spin and valley degrees of freedom."* ReC?WEd: D ec_ember 16, 2021
The crystal symmetry of TMDs and SOC cause a sizable split Rews-ed: April 29, 2022

(A > 100 meV) in the valence band at the K point in the Published: May 13, 2022
Brillouin Zone (BZ). This large splitting governs many

observable physical phenomena such as the spin-Hall effect,”

valley-Hall effect,'® and optical circular dichroism."”

from the SOC. Our finding also contradicts two previously
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Figure 1. (a) Optical image of a 1L-MoS, sample connected to Au electrodes (yellow). The MoS, flake is marked by the dashed white line. The
MoS, samples are covered by a few-layer hBN flake marked by a green dashed line. The left inset is showing the vertical structure of the sample
schematically. (b) An AFM image of the same sample. (c) The photoluminescence mapping of the sample at room temperature. This is a spatial
contour plot showing the integrated PL intensity for different locations of the laser beam on the sample. The inset is showing a PL spectrum from
the sample. The gray-colored dashed boxes show the location of the Au electrodes. The laser excitation wavelength was 532 nm. We see the A-
exciton peak at 1.83 eV, a characteristic of a 1L-MoS, sample. The parallel structure in the mapping image is arising from the Au electrode induced
PL quenching. (d) Raman spectrum of three different layer MoS, samples (monolayer, bilayer, and 4-layers). The peak separation between E, and

Ay, are also shown. The excitation laser source was 532 nm.

reported experimental studies that concluded that the VBM
splitting in monolayer TMDs originates from SOC only.'>"*
Intriguingly, we found that the temperature dependence is the
strongest for 1L-MoS, than multilayer MoS,. We also found
that VBM splitting in TMDs (MoS, and WS,) depends on the
layer numbers and type of transition metals. We calculated the
electronic band structure of bilayer MoS, by using density
functional theory (DFT) and determined the absorption
spectra using the GW-BSE approach, which agrees with
experimentally measured VBM properties in MoS,.

B MATERIALS AND METHODS

Sample Fabrication. We prepared MoS, flakes from a
naturally grown Molybdenite rock. The WS, samples were
grown by chemical vapor transport (CVT) technique. We
exfoliated MoS, and WS, flakes from bulk crystals onto a
thermally grown SiO, film on a heavily doped Si wafer. Before
the mechanical transfer of TMD flakes, the wafers were cleaned
by acetone and isopropanol. The wafers were manufactured by
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Silicon Valley Microelectronics. The MoS, and WS, layers
were characterized by using optical microscopy, Raman
spectroscopy, and AFM. For encapsulation with a few layers
of hBN, we prepare hBN flakes on SiO,/Si substrate, which
was picked by polyethylene terephthalate (PET). We used a
PET stamp to pick up the top hBN flake, atomically thin
TMDs in sequence with accurate alignment using a homemade
transfer stage. The hBN/TMDs heterostructure was then
stamped on a prefabricated Au electrode (90 nm Au/S nm Cr)
on a glass substrate. We wused alkaline earth boro-
aluminosilicate glasses, which were bought from the Delta
Technologies (see Supporting Information for details). The
patterned Au electrodes were fabricated using optical
lithography followed by thermal evaporation of metals. All
devices were Fabricated on a glass substrate to avoid the
photogating effect.'” ™'

Raman Characterization. Confocal micro-Raman meas-
urements were performed using commercial equipment
(Horiba LabRAM Evolution). A 100X objective lens with a

https://doi.org/10.1021/acs.jpcc.1c10631
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Figure 2. VBM splitting of MoS,. (a) Photocurrent spectra of different layered MoS, (1L to SL). The left axis is presenting the photoresponsivity.
(b) Photoresponsivity of a 1L-MoS, sample at different temperatures. (c) The plot is showing the A-peak position at different temperatures for
different layered thicknesses. (d) The plot is showing the B-peak position at different temperatures for different layered thicknesses. (e) The
difference between the energy of the A and B peaks or VBM splitting A at different temperatures.

numerical aperture of 0.9 was used. The excitation source was
a 532 nm laser (2.33 eV) with an optical power of ~170 puW.
Laser Assisted Thermal Annealing. To obtain lower
contact resistance, we annealed the devices using a 532 nm
laser of beam power ~200 mW. The beam diameter is ~2 pm.
We kept the devices at 77 K, and under a bias voltage while we
annealed the devices. The bias voltages were varied depending
on the devices to obtain a measurable current. After annealing
for 2 min, we measure the photocurrent spectroscopy. If the
signal-to-noise ratio in photocurrent is low, we repeated the
laser assisted annealing process. We continued the process
until we obtained a high signal to low noise ratio.
Photocurrent Spectroscopy. The photocurrent spectros-
copy (PCS) at a varying temperature from 77 to 300 K was
conducted using a microscopy cryostat (Janis Research). We
illuminate devices using a low-intensity broad-band white light
from a thermal light source and record photocurrent generated
from the device across a range of photon wavelengths. The
optical beam from the broad-band thermal source (quartz
halogen lamp) was directed through a monochromator (Acton
Pro SP-2150i) and a mechanical chopper (45 Hz) onto the
sample where it was focused down to a spot (~10 ym) with a
diameter larger than the device. The photocurrent was
measured by using a preamplifier (Stanford Research,
SR570) connected to a lock-in-amplifier (Stanford Research,
SR-830), which was locked to the chopping frequency. A
commercial silicon photodetector (Hamamatsu $1223) was
used to calibrate the light intensity incident on the sample.
DFT Calculations. The DFT calculations were performed
using the Vienna ab initio simulation package (VASP).”>** The
nuclei and core electrons were described by the projector
augmented wave function (PAW).**** The exchange-correla-
tion used was the generalized gradient approximation (GGA)
of the Perdew—Burke—Ernzerhof (PBE) functional. All the
structures were optimized until the maximum Hellmann—
Feynman forces acting on each atom and the total energy is
less than 0.01 eV/A and 107° €V, respectively. Each slab has a
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vacuum thickness of 20 A along the z-direction to avoid the
interaction due to periodic boundary conditions.

We used the GW-BSE method to calculate the absorption
spectrum of TMDs.”® The GPAW electronic structure
calculations software,””*® version 21.6.0, was employed to
calculate the dielectric functions of the studied systems. Using
the imaginary part of the dielectric function, optical adsorption
spectrum and excitonic A and B peaks within the GW-BSE
level of theory, which includes electron—hole correlations,
were obtained. The reciprocal space was sampled by a highly
fine 30 X 30 X 1 k-points grid, and truncated Coulomb
interaction was considered to decouple the screening between
periodic images.”” The cutoff energy for the response function
was set to 50 eV. The four highest energy bands below and the
four lowest energy bands above the Fermi level were included
in the GW-BSE calculations.

B RESULTS AND DISCUSSION

To probe VBM splitting in atomically thin semiconductors, we
fabricated molybdenum disulfide (MoS,) and tungsten
disulfide (WS,) flakes that are electrically connected for
transport measurement. All the samples reported here are
covered by hexagonal boron nitride (hBN) for environmental
protection. The MoS, and WS, flakes were mechanically
exfoliated from bulk crystals onto a heavily doped silicon
substrate capped with a 90 nm thick thermally grown SiO,
film. The MoS, flakes were obtained from naturally grown
rock, and WS, samples were grown by a chemical vapor
transport (CVT) technique. The number of TMD layers was
characterized by using optical microscopy and Raman
spectroscopy. Atomic force microscopy (AFM) was performed
in AC mode (JPK NanoWizard, Tap300Al-G cantilever) to
confirm the topography of the monolayer specimens.

To protect the TMDs, few-layer hBN flakes were deposited
on the SiO,/Si substrate, which was picked up by a
polyethylene terephthalate (PET) stamp. After the top hBN
flake adhered to the PET, the stamp was placed on atomically

https://doi.org/10.1021/acs.jpcc.1c10631
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Figure 3. VBM splitting of WS,. (a) Photocurrent spectra of different layered WS, (1L to SL). The left axis is presenting the photoresponsivity. (b)
Photoresponsivity of a 1L-WS, sample at different temperatures. (c) The plot is showing the A-peak position at different temperatures for different
layered thicknesses. (d) The plot is showing the B-peak position at different temperatures for different layered thicknesses. (e) The difference
between the energy of the A and B peaks, or VBM splitting A at different temperatures for different thicknesses from 1L to SL.

thin TMDs with accurate alignment using an optical
microscope. The hBN/TMDs heterostructure was then
stamped on a prefabricated Au electrode (90 nm Au/S nm
Cr) on a glass substrate (see Methods and Supporting
Information for details). The patterned Au electrodes were
fabricated using optical lithography followed by thermal
evaporation of metals.

Figure la shows the optical images of a monolayer MoS,
device encapsulated or covered by an hBN layer. The vertical
design of the heterostructure sample is shown schematically in
the Figure la inset. The AFM image of the sample is shown in
Figure 1b. We conducted photoluminescence (PL) scanning of
the sample at room temperature and created a spatial contour
plot, as shown in Figure lc, by plotting the integrated PL
intensity for different laser positions on the sample. A
representative PL spectrum is shown in the inset of Figure
Ic. The PL spectrum shows a large peak at 1.8 eV due to the
A-exciton, which is characteristic of 1L-MoS,.”" Figure 1d
compares the Raman spectra for 1L, 2L, and 4L-MoS, samples
and the difference in energy between the A, and E, peaks.

Reduced screening and strong light—matter interactions in
van der Waals (vdWs) materials cause the formation of a wide
range of many-body excitonic states. Intralayer excitons are
bound electron—hole (e—h) pairs in the same layers, such as
A/B excitons in TMDs originating from the split VBM at the K
point. Hence, the measurement of A and B excitons provide a
direct pathway to measure the VBM splitting. In addition to
these many-body bound states, the band structure of 1L-TMDs
causes a singularity in the joint density of states (JDoS)
resulting in a unique exciton type, known as van Hove
singularity excitons, also known as C and D excitons.' ™"

To measure the VBM splitting directly, we conducted
photocurrent spectroscopy (PCS) as a function of temperature
from 77 to 300 K using a microscopy cryostat. We annealed
every device using a 532 nm high power laser (~200 mW)
while the device was kept at 77 K inside the cryostat (see
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Methods for details). We illuminate devices using a low-
intensity broad-band white light from a thermal light source
and record photocurrent generated from the device across a
range of photon wavelengths (see Methods for details). In
total, we studied 13 MoS, devices and 13 WS, devices (see
Supporting Information for details).

Figure 2a presents the photocurrent spectroscopy for 1L—SL
MoS, samples measured at 77 K. We observed clearly A, B,
and C peaks in the spectrum as marked in Figure 2a. We also
observed a small peak between B and C peaks, whose origin is
not clear and beyond the scope of the paper. Further study is
necessary to identify this new peak.

We present the photocurrent data in terms of photo-
responsivity (i.e, the photocurrent generated per unit of
optical power). To collect the photocurrent, we biased the
devices with different bias voltages ranging from 1 to 10 V
using a source-meter (Keithley 2400). PC spectroscopy (PCS)
is very similar to absorption spectroscopy because both are
direct absorption processes, which allows the study of single-
and many-body electronic states and valence band splitting in
TMDs."” Unlike absorption spectroscopy, PCS of 1L- SL
TMDs can be easily measured for an electrically contacted
microscopic device within a cryogenic environment, as the
device itself acts as its own photodetector.

The separation between peaks A and B in the photocurrent
spectra directly measures the VBM splitting in TMDs. We used
Lorentzian fitting to determine the A and B peak positions and
the corresponding errors of the peak position. Figure 2b
presents the energy-resolved photoresponsivity spectra at
temperatures ranging from 77 to 270 K. We see that A and
B peaks red-shift as the temperature increases. The A and B
peak positions of 1L—SL MoS, samples as a function of
temperatures are shown separately in Figure 2c¢ and 2d,
respectively. We calculated VBM splitting from the difference
between A and B peaks as shown in Figure 2e (error bars were
determined by the propagation of error).

https://doi.org/10.1021/acs.jpcc.1c10631
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at which the splitting is behaving as we change the temperature for different layers MoS, and WS,. For a blow-up

view of the splitting changing rate for 1L to SL, a break in the x-axis is used. The error bars are also indicated.

The temperature-dependent VBM splitting strength A (= Ey
— E,, where E, and Ej are the peak positions of the A and B
peak, respectively) for different layered flakes reveals three
important features. First, we observed that VBM splitting in
1L-MoS, strongly depends on temperature. This is very
surprising, as the current theory indicates that VBM splitting in
1L-TMDs originates from the spin—orbit coupling only, which
should be temperature-independent, as SOC is a relativistic
effect. Second, the rate of change of the coupling strength (

_ oA : 4 ,
m= 0T) depends on the layer thickness. It is the highest for a

monolayer MoS, (—0.14 meV/K) and it reduces to vanishingly
small for SL-MoS,. Interestingly, we found that the rate
becomes positive (0.08 meV/K) for bulk (~100 layers) MoS,.
Third, the VBM splitting value is lowest for monolayer and
increases as we increase the layer thickness.

Recently Zhang et al."’ demonstrated the temperature-
dependent properties of VBM splitting in MoS, by using
photoluminescence (PL) spectroscopy. Though the reported
results are interesting, we argue that their conclusions are
heavily affected by two characteristics of PL measurements.
First, the B peak intensity in PL measurements is weak
compared to the A-peak, which makes it challenging to
pinpoint the B peak energy and determine the VBM splitting.
Second, PL is a second-order process in which the TMD first
absorbs the photon exciting electrons from the valence band to
the conduction band, and then reemits a photon as the
electron transitions to the valence band. On the other hand,
PCS is a more precise technique to determine the VBM
splitting than PL spectroscopy because PCS is a direct photon
process that provides equally strong A and B peaks. We
measured properties of VBM splitting in TMDs that are
significantly different than the results reported by Zhang et
al.”” In particular, we found strong temperature-dependent
VBM splitting in 1L- and 2L-TMDs, whereas Zhang et al.
demonstrated temperature-independent VBM splitting for 1L-
and 2L-MoS,.

To understand the effect of the transition-metal ions in
VBM splitting, we also studied VBM splitting in WS, by using
photocurrent spectroscopy at varying temperatures and layer
numbers. We studied samples of different thicknesses ranging
from a monolayer (1L) to five layers (SL). Figure 3a presents
the photocurrent spectroscopy data recorded at 77 K for 1L—
SL samples.

Figure 3b shows the photocurrent spectra at different
temperatures for a monolayer WS, sample (see Supporting
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Information for the details of the sample). Interestingly, the
photoresponsivity increases with increasing temperature. We
attribute this effect to the lower resistance of the devices with
increasing temperature. Figure 3¢ and 3d present the positions
of WS, A and B peaks, respectively, at different temperatures.
The peak positions and the corresponding errors were
determined by fitting to a Lorentzian function. Figure 3e
presents the VBM splitting as a function of temperature.

We observed three interesting features in the VBM splitting-
temperature plots of WS,. First, VBM splitting, A, decreases as
we increase the temperature. The reduction of A in 1L-WS,
confirms that the splitting is not originating solely from SOC
similar to the case in 1L-MoS, as shown in Figure 2e. Second,
the rate of change of A with respect to temperatures remains
independent of layer thickness, which is different than the
trend observed for MoS,. Finally, the VBM splitting in
monolayer WS, has the smallest value and it increases for
multilayer WS,.

To quantify the temperature-dependent change of VBM

splitting, we calculated the rate of change m = %, for all the

samples. We also studied a bulk MoS, sample (layer number
~100 determined by AFM thickness measurement) and a bulk
WS, sample (layer number ~110). The calculated rate m for all
the samples studied in this experiment is shown in Figure 4. It
is evident from the plot that the rate m for MoS, increases as
the layer number increases up to SL. Interestingly, we did not
observe any clear trend for WS, samples depending on the
layer thickness. For the bulk sample, m becomes positive for
MoS,, whereas m remains negative for WS,. For two 10-layer
MoS, samples, we observed widely separated m values, whose
origin is not clear to us.

It has been argued that the VBM splitting can be attributed
entirely to SOC at the monolayer limit,’~"* which suggests
that the A in 1L-TMDs should be independent of temperature.
Instead, we observed the strongest temperature-dependent
VBM splitting for monolayer MoS, compared to a few or
higher number of layers. Our result suggests that the VBM
splitting at the monolayer limit is not due solely to SOC. Note
that our 1L-TMD samples are in contact with the top hBN
layer and bottom glass substrate. The contact length between
1L-TMDs and the glass substrate is ~S00 nm (see Supporting
Information for details). Since we used the top hBN layer as an
encapsulation, it is in full contact with the top side of the
sample. We argue that the VBM splitting of 1L-MoS,
originates from the combination of SOC and the interaction
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Figure S. (a) Optimized atomic structure of a bilayer MoS,. (b) Calculated electronic band structure with spin—orbit coupling. (c) Absorption
spectra for different interlayer d(S—S) separation for d, = 3.08 A, d; = 3.33 A, and d, = 3.58 A. (d) Comparison of calculated VBM splitting values
of a bilayer MoS, with the experimentally measured values. The main panel shows the calculated VBM splitting values for different interlayer
separations. The inset is presenting experimentally measured VBM splitting for a 1L-MoS, as we change the temperature. The experimental results

are the same data set presented in Figure 2e.

of the TMD with the top hBN layer and bottom glass
substrate.

When a TMD is subjected to out-of-plane compressive
pressure, it has been shown that the interlayer separation
between the adjacent TMD layer (5) decreases and the
interlayer interaction between the layer increases."®* It has
also been demonstrated that the Raman active vibrational
modes (both E, and A, modes) blue-shift as the pressure is
increased,” which suggests that the blue shift (red shift) of the
Raman peak is a signature of the decrease (increase) of
interlayer separation § and increase (decrease) of interlayer
interaction. Since an increase in temperature causes a red shift
of both E, and A;, Raman peaks,’® the average interlayer
separation § increases, and interlayer interaction decreases as
one increases the temperature. Hence, we argue that the
observed temperature-dependence of VBM splitting in TMDs
is originating from the change in the interlayer separation that
affects the interlayer coupling strength.

The valence band splitting is mainly due to spin—orbit
coupling and partly due to interlayer interaction.”'”*> The
interlayer coupling in TMDs arises from the weak van der
Waals force between neighboring layers or substrates. Even
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though van der Waals interaction is relatively weak, small
changes in the distance between adjacent layers can
significantly change the conduction and valence band
minimum and maximum, respectively, as well as the vibrational
properties of layered materials.***” It has been demonstrated
that this change is linked to the strong out-of-plane
hybridization effects and van der Waals interactions.***”

For bilayer and multilayer TMDs, the interlayer distance
increases as the temperature is increased, which causes a shift
in the energy of the out-of-plane vibration modes’* and
reduces the strength of the van der Waals interaction. In
addition, the interlayer out-of-plane coupling of Mo d orbitals
(d; — d;) will affect the spin orbit coupling strength of the
valence band.

When we have a single layer 1L-MoS, or 1L-WS, residing on
a glass substrate and encapsulated by hBN, the surfaces interact
with the S atoms of MoS,. The sulfur—substrate and sulfur—
hBN interaction introduces anisotropy of Mo—S hybridization
along the out-of-plane direction. Since Mo d- and S p-orbital
hybridization contribute to the valence band edge, the
interaction with the substrate and hBN will modify the spin
orbit coupling strength, which will be reflected in VBM
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splitting.38 Moreover, the dielectric screening is also modified
by the interlayer interactions.”” Thus, the change in the
interlayer distance due to temperature affects the VBM
splitting as well as the observed band gap.

To understand the effect of interlayer separation on VBM
splitting, we conducted DFT and GW-BSE calculations to
determine the band structure and absorption spectra. In a
TMD monolayer, there will be a combined effect of substrate/
hBN dielectrics that is more pronounced for the monolayer
due to the reduced dimension and temperature effect.
Moreover, the variability of the interface structure, effect of
substrate strain, and dielectric screen effect with temperature is
challenging and computationally expensive and requires effort
beyond DFT."”*" For these reasons, we conducted calculations
for only a bilayer MoS, as a function of interlayer separation.
The optimized atomic structure of a bilayer MoS, is shown in
Figure Sa.

We simulated the electronic band structure using the DFT
calculations. The calculations were performed using the Vienna
ab initio simulation package (VASP).**** See Methods section
for details. The electronic band structure calculated by DFT
methods shows the VBM splitting at the K point of the
Brillouin zone (Figure Sb).

To understand the excitonic A—B peak difference as a
function of the interlayer separation of a bilayer MoS,, we
employ the GW-BSE method.”® See Methods section for
details. Including the relativistic effect, the VBM splitting is
155 meV in 2L-MoS, for a sulfur—sulfur distance of d(S—S) =
3.08 A. The calculated absorption spectra for three different
values of d(S—S) = 3.08 A, 3.33 A, and 3.58 A are shown in
Figure Sc. As we increase the interlayer separation, A (VBM)
decreases as shown in Figure 5d. The inset of Figure 5d shows
the experimentally determined A values for 2L-MoS, for
comparison.

Since we measured A experimentally as a function of the
temperature and calculated A as a function of interlayer
separation, we can only make a qualitative comparison. Our
results clearly demonstrate that the temperature dependence of
A originates from the change in interlayer separation or
interlayer interaction strengths. We observed that A for a
bilayer MoS, varies by ~10 meV as we change the temperature
from 77 to 300 K. Interestingly, our simulations also predict
that the change in A has a very similar magnitude when
compared to our experiments as the interlayer separation is
increased by 0.25 A. We note that there is an ~10 meV offset
value between experimental measurements and simulations,
but the trend still provides an explanation for the
experimentally observed temperature dependence of VBM
splitting.

We note here that studying the interlayer interaction on the
valence band-splitting for a monolayer TMDs on different
substrates will further clarify the effect. But that study is
beyond the scope of this current manuscript. We will study the
interlayer interaction effect for 1L-TMDs residing on different
substrates and will report the results in a future publication.

B CONCLUSIONS

In conclusion, we studied temperature-, layer-, and material-
dependent VBM splitting for two different types of TMDs
using photocurrent spectroscopy. We found that the VBM
splitting depends on temperature, thickness, and materials of
atomically thin TMDs. Our finding of VBM splitting in 1L-
TMDs depending on temperature indicates that splitting A in
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1L-TMDs does not originate solely from the SOC coupling,
This result suggests that either SOC in 1L-TMDs is
temperature-dependent or VBM splitting in 1L-TMDs is
governed by the combination of SOC and coupling strength to
the neighboring surface or the substrate. Since SOC is a
relativistic effect, we argue that VBM splitting in 1L-TMDs is
caused by the combination of SOC and the interaction with
the neighboring surfaces. We also found that the rate of change
of VBM splitting with respect to temperature is the highest for
the monolayer and the rate decreases as the layer number
increases. To understand the effect, we calculated the
electronic band structure and VBM splitting for a bilayer
with different interlayer separations, which suggests that the
temperature-dependent VBM splitting in atomically 2L-TMDs
can originate from the changes in the interlayer separation
between neighboring layers. Our study will help understand
the intricate role spin—orbit coupling and interlayer
interactions play in determining the VBM splitting in quantum
materials.
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