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ABSTRACT: The van der Waals (vdW) heterostructures have rich 2.00 —x
functions and intriguing physical properties, which has attracted wide Lws, '_.*"*‘
attention. Effective control of excitons in vdW heterostructures is still urgent 195 -

for fundamental research and realistic applications. Here, we successfully s bR
achieved quantitative tuning of the intralayer exciton of monolayers and o Y \Q;‘:‘S R
observed the transition from intralayer excitons to interlayer excitons in WS,/ g A1 e
MoSe, heterostructures, via hydrostatic pressure. The energy of interlayer “ 160 ,“;L.MoSeo
excitons is in a “locked” or “superstable” state, which is not sensitive to //" us
pressure. The first-principles calculation reveals the stronger interlayer N I S °-2--0
interaction which leads to enhanced interlayer exciton behavior in WS,/ Tl e

e R R R S

MoSe, heterostructures under external pressure and reveals the robust peak
Pressure (GPa)

of interlayer excitons. This work provides an effective strategy to study the
interlayer interaction in vdW heterostructures and reveals the enhanced
interlayer excitons in WS,/MoSe,, which could be of great importance for the material and device design in various similar quantum
systems.
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B INTRODUCTION

With the emergence of two-dimensional materials, monolayer
transition metal dichalcogenides (TMDs) have attracted a wide
range of scientific and engineering interest due to their unique
electronic structure.' > Recently, they have become an ideal
platform to explore fundamental scientific problems in two-
dimensional systems, as well as potential applications in
optoelectronics because of the strong light—matter interac-
tions.”” In particular, two-dimensional (2D) TMDs with exotic
properties such as an indirect-to-direct band gap transition in
monolayers,'°™"? valley-selective optical coupling,"”~"> and
large binding energies of excitons'®~'® have paved the way for
studying the basic optical properties of the materials. Besides,

studies of WS,/MoSe, heterostructures showed that the nearly
degenerate conduction-band edges with band offset calculated
to be as small as 20 or 60 meV>*"” can promote the formation of
hybridized Moiré excitons due to the resonant enhancement of
the hybridization strength and Moiré superlattice effects.”’ An
intriguing problem is how to effectively tune the electronic
structure and interlayer coupling or excitons of vdW
heterostructures, which will lead to the observation of new
exciton behavior. As reported previously, the coupling of the
heterointerface can be tuned slightly by annealing in a high
vacuum,’ by inserting hexagonal BN dielectric layers into the
vdW gap,” or by twisting the angle in 2D transition metal
dichalcogenide semiconductors.®® On the other hand, high
pressure has been proven to be a powerful tool to change the

with the development of the diverse transfer method, vdW
heterostructures composed of different materials can be
randomly stacked and attached together by vdW interac-
tion,'”~** which greatly broadened the exploration of exciton
physics and thus provided more opportunities for future
optoelectronic applications. Many fascinating physical phenom-
ena have been reported in various vdW heterostructures, as
exemplified by transport measurements revealing Hofstadter
butterfly states, fractional Chern insulators, gate-tunable Mott
insulators, and unconventional superconductivity, among other
effects.””™* In addition, the existence of stable interlayer
excitons and Moiré excitons has been reported in TMD
heterostructures via tuning stacking angles.w’31 Recently,
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electronic structure and even promote phase transition of
materials in the past few years.’””® Intriguing physical
phenomena such as pressure-induced direct—indirect band
gap transition,”® isostructural phase transition (2H, to 2H,) R
and semiconductor-to-metal transition*”*' have been success-
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Figure 1. Construction and optical characterization of a ML-WS,/ML-MoSe, heterostructure. (A) Schematic diagram of a vertical WS,/MoSe, vdW
heterostructure (HS). (B) Optical micrograph of the WS,/MoSe, heterostructure, fabricated by the dry transfer method. ML-MoSe,, ML-WS,, and
heterostructure regions are marked by pink, green, and blue dashed lines, respectively. (C) Raman spectra of ML-MoSe,, ML-WS,, and WS,/MoSe,
heterostructures, respectively. (D) Schematic illustration of the type-II band alignment of the WS,/MoSe, heterostructure and the formation of
interlayer excitons. (E) PL spectra of an individual monolayer and the heterostructure. The new PL peak at 1.548 eV indicates the formation of
interlayer excitons (IX). (F) Time-resolved PL decay curves for ML-MoSe,, ML-WS,, and WS,/MoSe, heterostructure.

fully observed in TMD systems. Since the optical property of
TMD heterostructures is directly correlated with their electronic
structures, this permits us to tune interlayer coupling and
excitons in vdW heterostructures via external pressure. High-
pressure tuning on the interlayer excitons of vdW hetero-
structures has rarely been reported, which may be due to the
difficulty of fabricating high-quality samples inside the high-
pressure chamber. However, it is essential to investigate the
efficient tuning of the optical and optoelectronic properties of
vdW heterostructures by high pressure in a quantitative way.
Here, we chose to study the WS,/MoSe, heterostructure as an
example by applying hydrostatic pressure via a diamond anvil
cell (DAC) and observed the enhanced exciton behavior.

B RESULTS AND DISCUSSION

A high-quality WS,/MoSe, heterostructure has been con-
structed on the culet of diamond by the dry transfer method. A
schematic illustration of the stacking process is shown in Figure
1A. Monolayer WS, (ML-WS,) is transferred onto monolayer
MoSe, (ML-MoSe,) through the layer-by-layer dry transfer
technique, as detailed in the Methods section (Figure S1). Since
a high-quality interface is essential for charge transfer between
two individual monolayer materials, the samples were annealed
at 120 °C for 2 h under a vacuum. The interface between WS,
and MoSe, is linked by weak vdW forces. Figure 1B presents the
corresponding optical image of a WS,/MoSe, heterostructure
on a diamond substrate. The layer number of the MoSe, and
WS, region of interest has been identified by the contrast of the
optical image, Raman spectrum, and PL spectrum. Figure 1C
shows the Raman characteristic peaks of the out-of-plane A,
mode for ML-MoSe, (at 240 cm™') and the out-of-plane A,
mode and in-plane E,; mode for ML-WS, (at 417 and 353
cm™'), and the heterostructure region clearly shows these three
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distinguishable modes. The quality of the heterostructure is
further examined by the Raman spectra. The A;; mode of WS,
that is sensitive to layer thickness is greatly enhanced, which
indicates the successful formation of the heterobilayer.**

To investigate the interlayer electronic coupling and
interlayer excitons in our heterostructure, we performed
micro-PL measurements of ML-MoSe,, ML-WS,, and the
WS,/MoSe, heterostructure (Figure 1E). The monolayer
samples showed emission peaks at ~1.577 and ~1.955 eV,
which corresponds to the direct interband K—K transition of the
A excitons of ML-MoSe, (AMOSeZ) and ML-WS, (AWSZ),

respectively. For the heterostructure region, an additional
emission peak at ~1.548 eV that has lower energy than the A
exciton of MoSe, is observed, beyond the emission peak of the A
exciton of WS, (Xyys, ). According to recent reports,”** this

new peak can be assigned to the interlayer exciton (IX) of the
WS,/MoSe, heterostructure, which is formed by the recombi-
nation of electrons and holes from different layers. At the same
time, the PL intensity of WS, has been quenched about 7 times,
indicating that masses of the holes generated in WS, were
transferred to MoSe, before radiative recombination. To
facilitate the comparison of the emission peak energy, we
multiplied the PL intensity of ML-WS, (AWSZ) and ML-MoSe,

(Apose,) by coefficients of 0.0S and 0.6, respectively. The

original figure was shown in Figure S2. It is easy to understand
this phenomenon because the type-II band alignment ™" of the
WS,/MoSe, heterostructure, depicted in Figure 1D, will
facilitate the occurrence of charge transfer between the two
layers. This type-II band alignment not only provides a direct
channel for the interlayer coupling but also confirms the
interlayer nature of the observed peak at ~1.548 eV. The
absence of the A exciton peak of MoSe, from the overall PL
spectrum is consistent with the previous reports,31’43 suggesting
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Figure 2. PL spectrum of ML-MoSe,, WS,/MoSe, heterostructure, and ML-WS, and normalized intensity of interlayer exciton peaks under different
pressures. (A—C) PL spectrum of ML-MoSe,, WS,/MoSe, heterostructure, and ML-WS, under different pressures from 0 to 8.9 GPa, respectively. (D,
E) Normalized intensity of interlayer exciton peaks under different pressures. As the pressure increases, the A exciton of WS,, which is the prominent
emission at a pressure of nearly zero, is suppressed compared to the interlayer exciton (IX) emission in the heterostructure region.
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Figure 3. Pressure engineering of electronic structure and interlayer coupling in WS,/MoSe, heterostructure. (A) Schematic illustration of the
transformation of interlayer and intralayer excitons in a vertical WS,/MoSe, vdW heterostructure, where hydrostatic pressure is applied through a
DAC device. (B—D) Pressure-dependent PL spectra of ML-MoSe,, WS,/MoSe, heterostructure, and ML-WS,, respectively. PL spectra of monolayer
regions are individually normalized to the peak of maximum intensity. In the heterostructure region, the intensity of interlayer exciton peaks is
normalized to compare the coupling strength at varying pressures. (E) Photon energies of the PL peak Aose, Aws, and IX as a function of pressure.

effective interlayer charge transfer across this heterostructure
region.

In order to further confirm the formation of interlayer
excitons, we performed time-resolved photoluminescence
(TRPL) measurements at isolated WS,, MoSe,, and WS,/
MoSe, heterostructure regions, respectively. For all areas, the PL
decays are fit by a two-component exponential decay, namely, a
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fast decay 7, and a slow decay 7,. From the data shown in Figure
1F, we obtain a fast decay lifetime of 32 and 44 ps for WS, and
MoSe,, respectively, which is similar to the transient absorption
measurements of other monolayer TMD materials.* The fast
decay component is attributed to exciton recombination, which
takes up a percentage of higher than 98% (Table S1), indicating
that the radiative recombination channel of the A exciton is
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Figure 4. Calculated band structure and differential charge density of the WS,/MoSe, heterobilayer under external pressure. (A) Calculated band
structure of the WS,/MoSe, heterobilayer. The relative contribution from each layer (MoSe, and WS,, denoted by the blue and red dot, respectively)
is represented by the size of the symbols. (B—D) Differential charge density of the WS,/MoSe, heterobilayer when the external pressure is 0.7, 2.0, and
4.0 GPa, respectively (red = positive, green = negative, isosurface level = 0.005). (E, F) Calculated band structure of ML-MoSe, and ML-WS, under
external pressure, respectively. (G) Electronic band structures of WS,/MoSe, heterobilayers as a function of external pressure in the range 0—4.0 GPa.
(H-K) Calculated band gap of typical electronic band transitions in the momentum space (marked in parts E—G, respectively) as a function of

external pressure.

dominant. Furthermore, the fast decay lifetime of 93 ps for the
WS,/MoSe, heterostructure, obtained using a 750 nm long-pass
filter, is significantly longer than the decay of individual WS, and
MoSe,, which is attributed to the lifetime of interlayer exciton
and is comparable with previously reported values.” The slow
decay component has a lifetime of ~418, 604, and 774 ps for
WS,, MoSe,, and the WS,/MoSe, heterostructure, respectively,
which could be attributed to either different localization of the
charge carriers* or cooling off the lattice.*’

Subsequently, we investigated the pressure effect on both the
intralayer and interlayer excitonic states at monolayer and
heterostructure regions, respectively (Figures 2 and 3). The
experiment setup is shown in Figure 3A, which combined a
micro-PL system with a DAC device that is capable of
implementing high pressure on the sample transferred on
diamond. By adjusting the DAC device manually and using the
PL peak position of a ruby as a calibration of pressure, various
pressures can be effectively applied on the sample. The
arrangement on the right side of Figure 3A accords with the
most stable stack structure in theoretical calculations (2H
stacking) (Figure S3 and Table S2).

Parts A—C of Figure 2 show the typical PL spectra of ML-
MoSe,, the WS,/MoSe, heterostructure, and ML-WS, under
various pressures. When hydrostatic pressure was applied to
ML-MoSe,, ML-WS,, and the WS,/MoSe, heterostructure,
respectively, the emission intensities of their PL peaks all
decreased. Inspired by the previous reports in MoS,
systems,”>***’ the PL results for ML-WS, and ML-MoSe,
here may be correlated with the pressure-induced direct-to-
indirect band transition, which would decrease the PL quantum
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yield and thus lower the emission intensities dramatically. The
intensity of the IX peak nearly vanishes under 8.9 GPa, which
can be explained by pressure-induced direct-to-indirect
transition and the reduced excitonic absorption (Figure S4).
In contrast to monolayer TMDs, the IX peak of the WS,/
MoSe, heterostructure exhibited relatively more sophisticated
evolution with pressure, because it not only corresponds to the
electronic structure of both components but also depends on the
interlayer coupling.’’ Therefore, we systematically investigated
the PL spectra of the WS,/MoSe, heterostructure with pressure
ranging from 0 to 8.9 GPa. As seen in Figure 2D,E, the intensity
of IX and Xy, (normalized by IX intensity) in heterostructure

exhibits strong pressure dependence. First, we observed gradual
suppression of the Xy peak in the PL spectrum of the

heterostructure compared with IX with increasing pressure.
Interestingly, this Xy peak totally disappeared and only the IX

peak remained in the PL spectrum of the heterostructure as the
pressure increased to 8.9 GPa. This illustrates the trans-
formation of the major PL emission from intralayer exciton to
interlayer exciton in this heterostructure system. That is, the
interlayer coupling of vdW heterostructure can be effectively
enhanced by applying external pressure.

We further define R as the intensity ratio of the IX peak and
the Xyys, exciton peak (Prx/Py__ ) to trace the trend of PL peaks
with increasing pressure (Table S3). Here, for the initial pressure
at nearly zero, we note that Pstz (exciton emission intensity) is

typically 2—3 times stronger than P (interlayer exciton
emission intensity), possibly due to the relatively weak interlayer
coupling and indirect nature of interlayer excitons. Through

https://doi.org/10.1021/acs.nanolett.1c02281
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statistical analysis, the ratio R is from 1:2.6 at 0 GPa to 1:0.3 at
3.8 GPa. It is notable that at 8.9 GPa only the emission of
interlayer excitons was detectable in the PL spectrum, indicating
that interlayer exciton emission is more robust under higher
pressure. Therefore, the trend of the ratio R can directly reflect
the tuning of interlayer electronic coupling strength under
various pressures: the higher the ratio, the stronger the coupling
strength. As shown on the right side of Figure 3A, the proportion
of interlayer excitons is gradually enhanced with increasing
pressure and finally totally governs the emission of hetero-
structure.

Besides, the peak width of interlayer excitons also shows a
significant increase once pressure is applied (Figure 2D). We
consider two possible mechanisms: (1) As seen from the
pressure-dependent absorption spectra (Figure S4), the
excitonic absorption decreased and gradually evolved toward
band edge absorption with increasing pressure, which will lead
to a broadened PL spectra. (2) The enhanced photon-mediated
intervalley scattering rate,”" due to direct-to-indirect transition
(Figure 4G), will contribute to the spectral broadening.
Nevertheless, specific identification of different components of
the interlayer exciton peak needs further experiments at lower
temperature. Above all, using PL as a probe, we have achieved
strong tuning of interlayer electronic coupling strength via
external pressure.

Not only the electronic coupling strength but also the
electronic structure can be tuned by pressure, which provides us
a good opportunity to study the nature of the interlayer exciton
of the WS,/MoSe, heterostructure. We have concluded that the
electronic coupling strength was largely enhanced under high
pressure. To better understand the effects of high pressure on
the electronic structure, we carefully analyzed the corresponding
emission peak energy of ML-MoSe,, ML-WS,, and the WS,/
MoSe, heterostructure under pressure. As shown in Figure
3B,D, it is clear that the blue-shifts of the PL peaks of both ML-
MoSe, and ML-WS, were observed as the pressure was
increasing. This energy shift may be related to bandgap tuning
by pressure.”® The peak energy evolution of Apfose, and Ayyg as

a function of pressure is performed in Figure 3E and shows a
linear increase at a rate of 19.8 and 9.3 meV/GPa, respectively.
This behavior is consistent with previous work on ML-
MoS,,**** which had shown that the PL peak exhibited a
blue-shift with pressure. Moreover, previous theoretical
calculation indicates that the K valley of the conduction band
will shift upward under a compressive strain in agreement with
our calculations.””™>* Interestingly, by comparing the pressure
effect on the A exciton energies of the ML-MoSe, and ML-WS,,
the interlayer exciton energy only shows weak pressure
dependence, which was significantly different from the high-
pressure response of other bilayer TMD samples. For example,
the indirect interband transition of bilayer MoS, exhibits
complex evolution.”® Multiple measurements were performed
to verify the repeatability of the results, and the results of one of
the repeated measurements are shown in Figure S5. The
nonsensitive behavior of the interlayer exciton energy could be
due to the following two factors: (1) the conduction band edge
of WS, and valence band edge of MoSe, shift to the same
direction with comparative rate, and the energy of the interlayer
exciton transition corresponding to them could keep almost the
same value or only display weak dependence; (2) it is possible
that hybridization bands”' exist near the band edge of both
components and they are not sensitive to pressure.
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We have also performed the reflectance contrast and Raman
measurements of the WS,/MoSe, heterostructure under high
pressure (Figures S4 and S6). Three peaks, i.e., IX, Byqs.,, and

Ayys, were clearly observed in the reflectance contrast spectrum.
From Figure S4, we can see that the energies of the peaks Bys.,
(B exciton of ML-MoSe,) and Ay, all show a blue-shift with

pressure, whereas the peak IX only shows a weak pressure
dependence, which is consistent with our PL result. Besides, it is
obvious that the excitonic absorption gradually decreased and
broadened with pressure, which leads to the observed spectrally
broadened PL measurements. In addition, it can be seen from
the Raman measurement (Figure S6) that both the out-of-plane
vibration mode A, and the in-plane vibration mode E',, show a
weak blue-shift phenomenon with pressure, which indicates that
the pressure has a certain effect on the interlayer coupling and in-
plane lattice change.

To better understand the effects of high pressure on the
electronic coupling and electronic structure, we conducted
density functional theory (DFT) calculations. The calculated
band structure and partial charge density (Figures 4A and S7)
show that the valence band maximum (VBM) and conduction
band minimum (CBM) of the WS,/MoSe, heterostructure
originate from the MoSe, and WS, layers, respectively. From the
differential charge density in Figure 4B—D, it can be seen that, as
the pressure gradually increases, the coupling strength gradually
increases, which is in good agreement with our experimental
results: at 0 GPa, when the coupling strength is relatively weak,
the emission of heterostructure is dominated by ML-WS,, while,
with increasing coupling strength under higher pressure, the
emission of interlayer excitons becomes gradually dominant; at
8.9 GPa, the emission of WS, is totally suppressed and the
emission of IX totally governs the heterostructure PL spectrum.
In addition, we have confirmed through DFT calculations that
the band gaps of ML-MoSe, (Figure 4E,H), ML-WS, (Figure
4F, 1), and the WS,/MoSe, heterostructure all change from
direct band gaps to indirect band gaps with the increase of
pressure. The WS,/MoSe, heterobilayer is known to exhibit a
type-11 band alignment with the CBM (VBM) located at the K
(K) point. In a heterobilayer with relative weak interlayer
interaction, both intralayer and interlayer exciton emissions
from individual layers can be observed, which is different from
the WSe,—MoSe, heterobilayer.”” With increasing interlayer
interaction strength, the efficient charge separation process can
lead to exclusive emissions from interlayer excitons formed by
electrons and holes from different layers.”® Specifically, in free
heterobilayer WS,/MoSe, (Figure 4G), the VBM is at the K
point. The band gap of heterobilayer WS,/MoSe, is very
sensitive to pressure, and very small pressure can make it from
direct to indirect band gap. As pressure increases, a band
changeover occurs and the VBM changes from K to I" (Figure
S8).

In addition, previous calculations show that the hybridized
d,_, and d,, orbitals dominate the VBM of monolayer

transition metal dichalcogenides, while the d 2 orbitals dominate
the CBM. The similar orbital contribution from metal atoms
dominates the heterostructure WS,/MoSe, as well (Figure S7).
The orbital overlapping of the sulfur and selenium atoms is
strongly dependent on the interlayer distance. When the
external pressure increases, the enhanced interlayer coupling
leads to strong interaction of chalcogenide atoms while leaving a
negligible interaction between metal atoms. Thus, the direct

https://doi.org/10.1021/acs.nanolett.1c02281
Nano Lett. 2021, 21, 8035—-8042


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02281/suppl_file/nl1c02281_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02281/suppl_file/nl1c02281_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02281/suppl_file/nl1c02281_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02281/suppl_file/nl1c02281_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02281/suppl_file/nl1c02281_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02281/suppl_file/nl1c02281_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02281/suppl_file/nl1c02281_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02281/suppl_file/nl1c02281_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c02281/suppl_file/nl1c02281_si_001.pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c02281?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

interlayer hopping remains almost intact but the indirect
interlayer hopping dominates, leading to the changeover
between direct band gap and indirect band gap. Intriguingly,
the applied pressure for the band changeover of the WS,/MoSe,
heterostructure is much smaller than that for individual
monolayer material.

B CONCLUSION

In summary, we have effectively tuned the electronic structure
and interlayer coupling in the high-quality WS,/MoSe,
heterostructure in a quantitative way, by applying hydrostatic
pressure via diamond anvil cell. First, we obtained a high-quality
WS,/MoSe, heterostructure on diamond by dry transfer and
annealing under a vacuum. The intralayer exciton energy of both
ML-MoSe, and ML-WS, shows a clear blue-shift, while the
interlayer exciton energy only shows weak pressure dependence,
significantly different from the high pressure response of other
bilayer TMD samples. For this phenomenon, we propose two
possible explanations: First, the conduction band edge of WS,
and the valence band edge of MoSe, shifts to the same direction
with comparable rate; second, it is possible that hybridization
bands exist near the band edge of both components and they are
not sensitive to pressure. Theoretical calculation reveals the
enhanced interlayer interaction via the chalcogenide atoms,
which is consistent with the observed enhanced ratio of IX/X s,

PL intensity at the heterostructure region (corresponded to
enhanced interlayer excitons). Meanwhile, theoretical calcu-
lation also provides the signature of pressure-induced direct—
indirect band gap transition in ML-MoSe,, ML-WS,, and the
WS,/MoSe, heterostructure, which could affect the PL intensity
of individual monolayers and heterostructures as well. Our work
has provided a good way to understand the correlation between
interlayer interaction and electronic/optical properties in
atomic-level vdW heterostructures, which is beneficial for
electronic device design from the large quantum material family
and their potential applications.
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