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ABSTRACT: Excitonic properties in 2D heterobilayers are closely governed by
charge transfer (CT) and excitonic energy transfer (ET) at van der Waals interfaces.
Various means have been employed to modulate the interlayer CT and ET, including
electrical gating and modifying interlayer spacing, but with limited extent in their
controllability. Here, we report a novel method to modulate these transfers in the
MoS2/WS2 heterobilayer by applying compressive strain under hydrostatic pressure.
Raman and photoluminescence measurements, combined with density functional
theory calculations, show pressure-enhanced interlayer interaction of the heterobilayer.
Heterobilayer-to-monolayer photoluminescence intensity ratio (η) of WS2 decreases
by five times up to ≈4 GPa, suggesting enhanced ET, whereas it increases by an order
of magnitude at higher pressures and reaches almost unity. Theoretical calculations
show that orbital switching and charge transfers in the heterobilayer’s hybridized
conduction band are responsible for the non-monotonic modulation of the transfers.
Our findings provide a compelling approach toward effective mechanical control of CT and ET in 2D excitonic devices.
KEYWORDS: Heterobilayer, Strain Engineering, Diamond Anvil Cell, Density Functional Theory, Charge Transfer, Energy Transfer

■ INTRODUCTION
The ability to couple and control exciton emission is a
keystone challenge for realizing excitonic solid state devices,
where the computational and transmittance efficiencies are
anticipated to be greatly enhanced.1,2 In light of the exciton
control, two-dimensional (2D) materials are attracting
significant interest as an optimal material system, owing to
their strong light−matter interaction and large excitonic
binding energies.3,4 Combined with the ability to selectively
stack a wide variety of atomic layers, 2D heterostructures
possess great potential to be employed in excitonic device
applications.5−8 For example, electrical transport control of the
interlayer excitons, where bound electrons and holes reside in
the opposite layers, has been achieved in type-II transition
metal dichalcogenide (TMDC) heterostructures.6,7 The
successful control of the interlayer excitons further implies
the possibility of controlling the excitonic behavior by
modulating interlayer charge transfer (CT) and excitonic
energy transfer (ET). In this study, we present modulation of
the interlayer CT and ET by applying compressive strain to
tune the van der Waals (vdW) interaction between WS2 and
MoS2 monolayers under hydrostatic pressures. Our combined
experimental and theoretical results show that the interlayer
interaction is enhanced as the normal compressive strain is
applied, leading to an effective modulation of the CT and ET.
As a result, the photoluminescence (PL) enhancement factor
was tuned by more than an order of magnitude.

Charge transfers in 2D heterobilayers, where electrons
(holes) in one of the monolayers with a higher conduction
band minima CBM (lower valence band maxima VBM) are
transferred to the other monolayer, occur on the time scale of
subpicoseconds, regardless of the momentum mismatch
between the layers.9,10 Energy transfers in 2D heterobilayers,
on the other hand, occur without net charge transfer between
the layers, either by transfer of a set of electrons and holes
(Dexter-type) or by a dipole coupling (Förster-type).11,12 The
dominant ET mechanism in a 2D heterobilayer may depend
on the type of band alignment and is a subject of ongoing
research: In type-I heterostructures, photoexcited free
electrons and holes reportedly transfer from the high-band
gap to low-band gap layer, i.e., Dexter-type being dominant
mechanism.13 In type-II heterostructures where CBM and
VBM lie on the opposite layer, Förster-type energy transfer is
suggested to be dominant, but thermally assisted charge
transfer can still contribute depending on the band align-
ments.11,14
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Regardless of the dominant mechanism, CT and ET
between two 2D materials are strongly governed by the
interaction at the vdW interface. Various approaches have been
taken to engineer the vdW interaction in the 2D materials
system, such as thermal annealing,15 surface termination,16

intercalations,17 interlayer spacing,11,12 and electrical gat-
ing.18,19 Intriguingly, mechanical strain provides an effective
and chemically inert modulation of the interlayer interac-
tion.20,21 For instance, Pak et al. (2017) reported, by
comparing the strain-dependence of Raman shift and optical
band gap energies, that the interlayer coupling in an epitaxially
grown MoS2/WS2 sample enhances under uniaxial tensile
strain due to the reduced interlayer S−S bond lengths.22

Another clear indication of the interaction modulation can be
found in the reports for the band gap evolution of
semiconducting TMDCs under hydrostatic pressure: Multi-
layer semiconductor TMDCs turn metallic as applied pressure
enhances the interlayer electronic interactions between sulfur
and molybdenum atoms,23 whereas the band gaps in
monolayers open up with increasing pressure before it starts
to close down at much higher pressures.24,25 Hydrostatic
pressure gives access to directly modulating the interlayer van
der Waals bond length, which is more compressible than the
intralayer covalent bonds and therefore can be more effective
in modulating 2D materials’ electronic,26−28 thermal,29,30 and
topological31,32 properties. Enhancement of the interlayer CTs
has also been demonstrated in 2D heterostructure systems,
clearly demonstrating the effect of the mechanical strain on the
interlayer interaction.33−35

Here, we report an effective tuning of the CT and excitonic
ET in a MoS2/WS2 TMDC heterostructure under hydrostatic
pressure. Vibrational properties, band gaps, and interlayer
charge/energy transfers in the 1L-MoS2/1L-WS2 heterostruc-
ture were characterized by Raman and photoluminescence
(PL) spectroscopy, combined with diamond anvil cell (DAC)
apparatus. At pressures below 4 GPa, the PL intensity of WS2
in the heterobilayer is strongly quenched compared to that of
the stand-alone 1L-WS2, suggesting the dominant ET in the
heterointerface. Interestingly, at pressures above 4 GPa, the
heterostructure-to-monolayer PL intensity ratio of WS2
increases by more than an order of magnitude, whereas the
ratio of MoS2 continues to decrease. Density functional theory
(DFT) calculations reveal an enhanced vdW interaction that
hybridizes the heterobilayer’s energy bands resulting in charge
density evolution in the band extrema. The pressure effects are

decomposed computationally to distinguish the effective strain
component in the heterobilayer. The presented engineering of
the vdW interaction and charge/energy transfers suggests a
novel mechanism to potentially engineer mechanically
controlled optoelectronic devices.36,37

■ RESULTS
Sample Preparation and Initial Characterization.

High-quality single-crystal MoS2 and WS2 monolayers with
lateral dimensions of approximately 100−400 μm were
mechanically exfoliated using gold-assisted methods (Figure
1a,b).38 The MoS2 and WS2 monolayers were stacked into a
heterostructure (HS) on a Si/Al2O3 substrate via the dry-
transfer method.39 The HS on the substrate has long edges of
the monolayers aligned to form a twist angle ≈3−5° with an
overlapping area of ≈50 μm × 70 μm (Figure 1c). The large
lateral dimensions of the heterostructure assured optical
observations to be free of effects from possible edge states,
grain boundaries, exciton diffusion, and flake-to-flake varia-
tions.40,41 High-purity Ne inert gas was used as the pressure
transmitting medium (PTM) in order to exert quasi-hydro-
static pressure,42 and to ensure chemical purity in the sample
chamber without potential chemical reaction with or
contamination of the sample. Note that Si43 and Al2O3

44 do
not undergo first-order phase transitions in the pressure range
of the present study, leaving indirect bandgap45 and large
bandgap, respectively. The potential heat from the incident
laser will effectively dissipate through the bottom diamond
anvil or Ne pressure medium, indicating that there is negligible
temperature effect on the designed experiment. It is also worth
emphasizing that, even though high-vacuum annealing could
not be done after the DAC/substrate/sample assembly, the
sample’s vdW bond lengths are expected to reach reasonably
close to the ideal values after initial ∼0.1 GPa compression.
This is based on the facts that (i) the monolayers were
annealed at high vacuum and high temperature prior to the
transfer and therefore were free of residue; (ii) the sequential
transfer (details in the Methods section) did not involve any
liquid-phase species that may have contaminated the
interfaces; and (iii) the pressure employed in our study
exceeds by 1−2 orders of magnitude the reported pressure to
reduce interlayer spacing to near-ideal values.20 Consequently,
changes in dielectric screening resulting from the 2D-substrate
distance change is expected to have limited effect.

Figure 1. Preparation and ambient-pressure characterization of the MoS2/WS2 heterostructure sample. Monolayer (a) WS2, (b) MoS2, and (c)
their heterostructure (HS) transferred onto an alumina-coated silicon chip placed on a diamond culet. Red and blue dashed lines outline the MoS2
and WS2 monolayer, respectively, while their overlapping area represents the heterostructure. The red, blue, and green dots indicate the spots where
Raman and PL spectra were taken for MoS2-only, WS2-only, and HS regions, respectively, throughout the entirety of the experiments. (d) Raman
spectra of the monolayers and the HS, showing characteristic in-plane E′, out-of-plane A′, and second-order longitudinal acoustic LA(M) peaks. (e)
photoluminescence (PL) spectra of the monolayers and HS.
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Optical characterizations confirmed the uniform monolayer
thickness and high quality of the exfoliated flakes in
atmospheric pressure, as shown in the sharp Raman spectra
(Figure 1d) and uniform Raman intensity maps of A′ peak in
1L-MoS2 and 1L-WS2 (Figure S1). The Raman spectra of the
heterostructure were a superimposition of individual MoS2 and
WS2 spectra, with A′, E′, and 2LA(M) peaks present.
Monolayer MoS2 and WS2 exhibit strong PL signals at the A
exciton energies of 1.85 and 2.02 eV, respectively, in highly
symmetric Gaussian lineshapes, confirming the high quality
nature of the monolayers (Figure 1e). Note that the Au-
exfoliated monolayers reportedly have optical quality com-
parable to the traditional tape-exfoliated counterparts.46−48

The PL spectrum of the heterostructure shows superimposed
spectral signatures of both MoS2 and WS2. We note that
conclusive signs of interlayer exciton above the noise floor
were not observed in our experiments. The absence may be
attributed to the combination of the monolayers’ off-parallel
stacking angle that reportedly reduce the intensity,49 and ≈2.4-
mm-thick diamond anvil elevating the fluorescence noise floor.
In addition, interlayer exciton reportedly vanishes at a much
lower pressure than intralayer excitons, where the exact reason
requires further investigation.35

Strain-Modulation of Phonon Dynamics and Band
Structures. With hydrostatic pressure applied to the sample
using a DAC (Figure 2a), the in-plane E′ and out-of-plane A′
Raman mode (Figure 2b,c) frequencies of the 1L-MoS2, 1L-
WS2, and their HS blueshift, indicate the compression-induced
bond length shortening (symbols in Figure 2d,e and Figure
S2). The A′ peaks display significantly higher pressure

dependence (≈3.3 cm−1 GPa−1) than the E′ peaks (≈2.3
cm−1 GPa−1), showing that the hydrostatic pressure is effective
in shortening the intralayer S−S distance and modulating the
out-of-plane modes. The effective compression of intralayer S−
S distance also indicates even higher compression of weaker
interlayer vdW force. It is worth noting that the Raman peak
shifts under hydrostatic pressure cannot be directly compared
to those under in-plane strain. The pressure-dependent strain
in the in-plane (a-axis) and out-of-plane (c-axis) directions
may be estimated based on the equation of states of bulk
crystals.23,26 The E′ peaks in the HS show insignificant
deviation from those in the monolayers, confirming minimal
slippage at the heterointerface. On the other hand, the A′
peaks in the heterostructures are consistently lower than those
in the monolayers (inset of Figure 2e), which is an indication
of the enhanced interlayer interaction.23,33 The weaker
blueshifts for both MoS2 and WS2 A′ modes in the HS
contradict with Fu et al.’s report on MoSe2/WSe2 hetero-
structure,35 where the WSe2 A′ mode in HS further stiffens
with pressure. The different behavior may arise from the
difference in the A′ mode frequencies of the investigated
materials, as Fu et al. argues that the coherent vibration in the
bilayer renormalizes and induces the divergence of the A′
modes in HS. In our MoS2/WS2 case, the two A′ mode
frequencies are apart by a larger frequency (≈15 cm−1) and are
less likely to cause coherence. It is also possible that the
contradicting pressure-dependencies may arise from differ-
ences in experimental setup. For instance, the 2D material’s in-
plane (a-axis) incompressibility matches much better with that
of the silicon substrate compared to that of diamond

Figure 2. Raman measurements of the 1L-MoS2/1L-WS2 heterostructure under hydrostatic pressure. (a) Schematic side view of the sample
chamber in a diamond anvil cell (top) and the HS sample on Al2O3/Si substrate (bottom). (b) In-plane E′ and (c) out-of-plane A′ Raman modes
with dashed lines illustrating the interlayer interaction. (d) In-plane E′ and (e) out-of-plane A′ Raman peak positions from MoS2 and WS2,
experimentally measured (symbols) and theoretically calculated (lines). Inset of (e) shows the peak position difference of the A′ Raman mode (ωHS
− ω1L). The error bars are standard errors from Lorentzian fits.
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substrate,26,43,50 and therefore the 2D materials are expected to
experience much less shear strain. In addition, Ne pressure
medium exhibits lower nonhydrostaticity than Ar,42 which may
have resulted in less inhomogeneity or shear strain.

To computationally model the effect of hydrostatic pressure
on the vibrational mode evolution, Raman modes were
calculated for the monolayers and the HS (Figure S3), under
in-plane strain, out-of-plane strain (lines in Figure 2d,e), and
hydrostatic pressure conditions (Figures S5−6 and Table S1).
All Raman active modes of monolayers show significant
blueshifts with increasing pressure, in good agreement with the
experimental observation. For decomposed strain components,
it is found that in-plane (dashed lines) and out-of-plane (solid
lines) strain components have a similar contribution to the
blueshift of the E′ modes, whereas the out-of-plane strain
component contributes the most in the A′ mode blueshift.
These experimental and computational findings highlight the
role of hydrostatic pressure in reducing the interlayer distance
and enhancing the out-of-plane interlayer interactions (Figure
S7). Details on the computation of active Raman modes and
strain components (Note S1, Figure S4) could be found in the
Supporting Information.

The optical band gaps of the monolayers and HS are
extracted from the Gaussian fitting of the PL spectra at high
pressures (Figures S8−9). The band gaps of the MoS2 in both
monolayer and heterostructure increase with increasing
pressure with a nearly linear pressure dependence of ≈25.3
meV GPa−1, in good agreement with previous reports (Figure
3a).24,25 On the other hand, the band gaps of the WS2 increase
until reaching an extremum at ≈4 GPa and then start to
moderately decrease with further increase in pressure. The
non-monotonic pressure response of the WS2 band gap can be

attributed to the transition from the K−K direct bandgap to
the Λ−K indirect bandgap.51

Our theoretical calculations also confirm the decomposition
of the strain-induced band gap modulation. The evolution of
the excitonic energy levels with different strain components
shows that the in-plane strain component is most effective in
increasing the band gaps (dashed lines in Figure 3c,d, Figures
S11), whereas the out-of-plane strain component (dotted
lines) suppresses the band gaps. As a result of these competing
effects, the hydrostatic pressure increases the band gap, which
is in good agreement with our experimental results and
previous reports.24 The band gap decrease from the out-of-
plane strain component is more prominent in the HS than in
the monolayers, further supporting the notion that the
interlayer interaction plays an important role in the band gap
closing (Table S2). The strong band gap opening effect implies
that in-plane strain dominates the band structure modulation
and is responsible for the indirect band gap transition at higher
pressures. The non-monotonic band gap variation also is
captured by our theoretical calculation of conduction and
valence band edge as functions of pressure (Figure S12) as well
as hybridized band structure of the MoS2/WS2 heterostructure
(Figure S13).
Strain-Modulation of Charge and Energy Transfers.

In order to decipher the pressure-evolution of the interlayer
interaction in the heterostructure, the experimentally measured
PL intensity ratios between the HS and the monolayers (IHS/
I1L; η), were extracted for MoS2 and WS2, respectively, as a
function of pressure (Figure 3b). At pressures below ≈4 GPa,
the η value of the MoS2 remains close to unity with a marginal
decrease. On the other hand, ηWS2 is significantly lower than
unity at ≈0.7 GPa and drastically decreases with pressure. The

Figure 3. Pressure-dependent evolution of optical band gaps and PL intensity ratio. (a) Optical band gaps of the monolayers and heterostructure
measured from the PL spectral peaks as a function of hydrostatic pressure. (b) PL enhancement factor η (IHS/I1L) as a function of pressure. (c,d)
Calculated evolution of the A exciton states of (c) individual monolayers and (d) as the heterostructure as a function of pressure (solid lines), and
equivalent in-plane (dashed lines) and out-of-plane strains (dotted lines). The error bars in panels a and b are standard errors from Lorentzian fits.
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asymmetric PL quenching of the higher-bandgap layer (i.e.,
ηWS2 < 1, whereas ηMoS2 ≈ 1) indicates that the ET is the
dominating charge dynamics across the vdW interface.52 In a
type-II vdW heterobilayer such as MoS2/WS2, PL intensity
quenching in the heterobilayer compared to that in each
monolayer is indicative of separation of photoexcited carriers,
i.e., CT.14,53,54 On the other hand, an asymmetrically
predominant PL quenching in a larger-band gap layer suggests
ET, where both photoexcited electrons and holes transfer.
Here, the ET is suggested to be the charge transfer dominant
(Dexter) type other than the resonance dominant (Förster)
type, as (i) the monolayers and excitation are not in resonance,
and (ii) the heterobilayer’s band extrema hybridize with
increased pressure, as will be discussed in the later section.
Other effects can be ruled out from potential mechanisms for
the PL intensity ratio: (i) no charge or energy transfer occurs
from/to the Si/Al2O3 substrate or Ne PTM, and therefore, the
PL intensity change due to free carrier concentration change
(i.e., doping) is limited;4,55 (ii) large, homogeneous single-
crystal monolayers guarantee little in-flake and flake-to-flake
variability; (iii) identical excitation power for all measurements
rule out any power-dependence; and (iv) pressure-induced
band gap change of ≈20 meV will have only limited influence
on the resonance-driven PL enhancement.11 With other factors
ruled out, the difference between the heterostructure and
monolayers can be interpreted as the effect of interlayer
interactions. Surprisingly, above 4 GPa, the PL emission
landscape of WS2 changes while the ηMoS2 ratio continues to
decrease: the ηWS2 begins to increase, exceeds that of lower-
pressure values, and eventually reaches unity at 7.7 GPa,

suggesting that the interlayer ET has now subsided (Note S2
and Figure S14). The non-monotonic pressure-dependent
evolution of the PL ratio η implies strong modulation of
interlayer interactions under pressure, which lead to the
modulation of the charge and energy transfers occurring at the
heterostructure interface.

In order to investigate the origin of the non-monotonic
modulation of ET, DFT band structure of the hybridized
MoS2/WS2 heterostructure was calculated, and the orbital
contributions in the CBM and VBM are analyzed (Figure
S13). The intralayer A excitons (AMoS2 and AWS2) of the
monolayers are localized at the K-point in the momentum
space of the heterostructure, as CBM (CB1) and the second
valence band (VB2) come from MoS2, and VBM (VB1) and
the second conduction band (CB2) come from WS2. The
evolution of charge densities of the conduction and valence
band valleys with the in-plane strain component is shown in
Figure 4a and b, respectively. From ambient pressure to P1, the
contribution of WS2 electronic states in the CB2 and VB1
valley is less than that of the MoS2 electronic states in the CB1
and VB2 valley, suggesting that both electron and hole
densities are lower in WS2. The asymmetric charge density
shows an energy transfer from WS2 to MoS2, supporting our
experimental findings (schematic view shown in Figure 4c).
On further increasing the strain up to P2, the electron density
of the CB2 valley (WS2) decreases rapidly, implying an even
larger energy transfer from WS2 to MoS2, which further
explains the dramatic decrease of the WS2 enhancement factor
in experimental results.

Figure 4. Pressure-dependent charge and energy transfers of the MoS2/WS2 heterobilayer. (a,b) Charge density at (a) conduction band and (b)
valence band as a function of pressure along the in-plane direction. (c) Schematics demonstrating the charge density and charge transfers with
increasing pressure. Straight and wavy arrows indicate the charge transfer and radiative decay, respectively. (d) Band-decomposed charge densities
of the MoS2/WS2 heterostructure, superimposed with the side view of MoS2 (bottom)/WS2 (top) heterostructure. P1, P2, and P3 are
representative pressure points where significant changes occur in the charge or orbital contribution to the conduction band, which correspond to
≈13 GPa, ≈22 GPa, and ≈30 GPa, respectively.
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The charge contributions in CB1 and CB2 valleys of the
heterostructure band are further analyzed in terms of the
charge redistribution, as shown in Figure 4d. In the unstrained
case, the CB1 (lower panel) and CB2 (upper panel) originate
from the major contribution of dz2 orbitals of Mo (blue) and W
(yellow) atoms, respectively, showing strong localization of the
band extrema contributions. With increasing pressure along the
x−y plane, the W−W and Mo−Mo atoms and their dz2 orbitals
come closer to each other (Figure S15) until the dz2 orbitals
overlap and hybridize at the P1 point for CB2 and the P2 point
for CB1, respectively. The higher onset pressure for the charge
transfer in the CB1 (MoS2) valley is attributed to the less
diffusive nature of Mo dz2 orbitals. The charge transfer rate is
also lower for CB1 compared to the CB2 valley, which is also
experimentally reflected in the smaller change in the PL
enhancement factor. After increasing the pressure from P2 up
to P3, the rest of the charges in the CB2 valley transfer from
WS2 to the MoS2 monolayer, which is responsible for the
further decrease in the AWS2 and AMoS2 peak intensity in the
heterostructure. However, above the P3 pressure, the ηWS2
starts to increase again due to the increase in the population of
WS2 states at CB2 valley. On the other hand, the ηMoS2
continues to decrease due to decreased MoS2 states in CB1
valley.

The abrupt changes in the charge densities are investigated
from the molecular orbital (MO) diagram at the K point for
different strains, as shown in Note S3 and Figure S16.56 At
≈22 GPa pressure (above P1), the orbital crossing happens in
the vdW heterostructure between the CB2 and CB3 valleys, as
shown in Figure 4d. Similarly, by applying ≈30 GPa pressure
(above P2), the orbital switching occurs between CB1/CB2,
CB3/CB4, and VB3/VB4 valleys. At ≈39 GPa pressure (above
P3), CB2/CB3 orbital crossing takes place. These orbital
switchings in individual layers are responsible for the drastic
turnovers in the energy transfer and charge transfer in the
MoS2/WS2 heterostructure. Most importantly, the out-of-plane
strain is responsible for enhancing the interlayer orbital
coupling, thereby greatly accelerating the strain-dependent
changes in the orbital contributions and charge density.23 We
note that the pressures observed in the theoretical calculation
are consistently higher than those in the experimental results.
The discrepancy is due to the lack of pressure effect
“acceleration” from the out-of-plane strain, since the
calculations were carried out with the out-of-plane strain
value fixed to zero for accessible computational loads.

■ CONCLUSION
In summary, compressive strain under hydrostatic pressure has
been applied to the MoS2/WS2 heterobilayer to modulate their
interlayer interactions and to control the interlayer charge and
energy transfers. Enhanced interlayer interaction due to out-of-
plane compressive strain was observed in blueshifts in Raman
spectroscopy and photoluminescence spectroscopy, and
Density Functional Theory was carried out to investigate the
strain components’ contributions. The out-of-plane strain
component effectively blueshifts A′ Raman modes and
decreases the optical band gap, indicative of the strong
interlayer interaction. The PL enhancement factor for WS2
decreases by the factor of 5 up to 4 GPa, but substantially
increases by an order of magnitude up to 7.7 GPa. DFT
calculations reveal that the non-monotonic evolution of the
enhancement factor is a result of the orbital and switching and
charge density change in the heterostructure’s band extrema.

Our findings highlight an effective way of controlling the
interlayer energy and charge transfer in the 2D heterobilayer
by compressive strain, thereby opening opportunities to
mechanically modulate excitonic device functionalities.

■ METHODS
Preparation of the Heterobilayer Sample. Bulk MoS2 and

WS2 crystals (2D Semiconductors) were mechanically exfoliated onto
Si/SiO2 substrates, and then evaporated with 50-nm-thick gold at a
rate of 1 Å s−1 using an e-beam evaporator. A thermal release tape was
then attached and peeled to isolate the topmost monolayers and the
Au film.38 The monolayer-Au films were then thermally released on
desired target substrates (SiO2/Si), where chemically etching the gold
film using a potassium iodide/iodine (KI/I2) solution resulted in
single-crystal monolayers with 100−400 μm lateral size. Finally, the
monolayers were rinsed with acetone and isopropyl alcohol (IPA) to
remove any remaining residues, and thermally annealed at high
vacuum. For stacking and transferring the heterobilayer, a PDMS
stamp with a PPC adhesion layer was used to first pick up the WS2
monolayer from the silicon substrate. The WS2 monolayer was aligned
and contacted with the MoS2 monolayer and subsequently used to
pick up the MoS2 monolayer with a precision alignment. The picked-
up heterobilayer was dropped onto the target substrate (Al2O3/Si
placed on a diamond culet) by thermally melting the PPC. The PPC
was eventually dissolved using acetone/isopropanol mixture.
Sample Preparation for Diamond Anvil Cell Experiments. A

pair of 400 μm culet diamond anvils with ultralow fluorescence
background were used in a symmetric DAC for the experiments. A Re
gasket was preindented to ≈45 μm thickness, and subsequently a
≈230-μm-diameter hole was drilled at the very center of the
indentation to form a sample chamber. A 10-μm-thick polished
single-crystal Si chip (University Wafers) was deposited with 25-nm-
thick Al2O3 using atomic layer deposition (ALD), cleaved into a
desirable size, and placed onto one of the culets. After transferring the
heterobilayer sample on the Si/Al2O3 substrate, ultrahigh-purity Ne
pressure medium (99.999%, Airgas) was loaded into the sample
chamber using a home-built gas loading system in the Mineral Physics
Laboratory at The University of Texas at Austin. The pressure before
and after each spectroscopic measurement was monitored by
measuring the R1 fluorescence line of the ruby sphere placed near
the sample.57 The pressure uncertainty is expected to be below 1%
throughout the pressure range.57,58

Optical Characterization. Raman and PL spectroscopic meas-
urements were carried out using the Renishaw inVia micro-Raman
system at the Mineral Physical Laboratory at the University of Texas
at Austin. A focused laser beam with a wavelength of 532 nm, spot
size of ≈1 μm and incident power <5 mW at the sample position was
used for the measurements. The spectral resolution in Raman
measurements is ≈1.3 cm−1. Lorentzian and Gaussian fittings were
carried out to extract peak parameters from Raman and PL spectra,
respectively.
Theoretical Calculations. Theoretical calculations of the

monolayers and heterostructure of TMDCs were performed using
first-principle density functional theory (DFT) as implemented in the
Vienna Ab Initio Simulation Package (VASP).59,60 All-electron
projector augmented wave (PAW) potentials61,62 were used to
describe electron−ion interactions. The electronic exchange and
correlation potential terms were represented by the Perdew−Burke−
Ernzerhof (PBE)63 generalized gradient approximation (GGA). The
Kohn−Sham orbitals were expanded in the plane wave basis sets with
an energy cutoff of 500 eV. All monolayers and heterostructure were
relaxed using the conjugate-gradient method until the Hellmann−
Feynman forces on every atom were less than 0.005 eV Å−1. A well
converged Monkhorst−Pack (MP)64 k-grid of 12 × 12 × 1 was used
to sample the Brillouin zone (BZ). To avoid spurious interactions
between the periodically repeated images, a vacuum of 20 Å was used
along the z-axis. The weak van der Waal (vdW) interaction between
the layers was incorporated by the Grimme’s PBE-D2 exchange
functional.65 The Raman modes of monolayers and heterostructure of
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TMDCs were calculated by using the density functional perturbation
theory (DFPT).66 To obtain accurate quasiparticle band structure and
the correct description of the optical properties of the monolayers and
heterostructure of TMDCs, many-body interactions should be taken
into account in the calculations. The single shot GW (i.e., G0W0)
calculation,67 based on the many-body perturbation theory, was
performed to get the quasiparticle information. Finally, we carried out
the Bethe−Salpeter equation (BSE) calculations on top of G0W0 in
order to get the information on excitonic effects in the optical
absorption using the Tamm-Dancoff approximation.68

The frequency dependent macroscopic dielectric function by BSE
is given by the equation69

[ ] = | | | |A u EIm ( )
16 e

0 . ( )BSE

2

2
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S 2
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(1)

where φcv
S and ES are the excitonic wave function and energy,

respectively for the excitonic state S. A is the polarization vector and
u
1

is the velocity operator between conduction and valence energy
state. The BSE only give the information on direct transition.

For GW calculations, a k-mesh of 12 × 12 × 1 within the MP
scheme was used for monolayers and the heterostructure system. The
energy cutoff for the wave functions and response functions were set
to be 500 and 200 eV, respectively, in BSE calculations. A well
converged 432 empty bands and 50 frequency grid points were taken
in the calculations. The 9 highest occupied valence bands and 18
lowest unoccupied conduction bands were included for excitonic
states.
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