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ABSTRACT: van der Waals heterostructures composed of
two different monolayer crystals have recently attracted
attention as a powerful and versatile platform for studying
fundamental physics, as well as having great potential in future
functional devices because of the diversity in the band
alignments and the unique interlayer coupling that occurs at
the heterojunction interface. However, despite these attractive
features, a fundamental understanding of the underlying
physics accounting for the effect of interlayer coupling on
the interactions between electrons, photons, and phonons in
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the stacked heterobilayer is still lacking. Here, we demonstrate a detailed analysis of the strain-dependent excitonic behavior of an
epitaxially grown MoS,/WS, vertical heterostructure under uniaxial tensile and compressive strain that enables the interlayer
interactions to be modulated along with the electronic band structure. We find that the strain-modulated interlayer coupling
directly affects the characteristic combined vibrational and excitonic properties of each monolayer in the heterobilayer. It is
further revealed that the relative photoluminescence intensity ratio of WS, to MoS, in our heterobilayer increases monotonically
with tensile strain and decreases with compressive strain. We attribute the strain-dependent emission behavior of the
heterobilayer to the modulation of the band structure for each monolayer, which is dictated by the alterations in the band gap
transitions. These findings present an important pathway toward designing heterostructures and flexible devices.

KEYWORDS: van der Waals heterostructures, MoS,/WS,, strain engineering, interlayer interactions, band gap transition

emiconductor heterostructures with different electronic

band gap energies and electron affinities have long been of
considerable interest for both fundamental condensed matter
physics and potential applications in modern electronics and
optoelectronics as well as energy conversion systems.' >
Recently, notable progress in the field of heterostructures has
been made resulting in the development of high performance,
high speed, and high power devices through improvements in
the experimental technique and the theoretical understand-
ing.*~® Moreover, to open up new avenues beyond the limit of
conventional bulk semiconductor structures, many efforts have
been focused on developing new semiconducting nanomaterials
as well as understanding the various underlying physical
phenomena that occur at the heterojunction interface. These
in turn allow for the creation of new device and structure
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concepts with unique functionality, which is particularly
relevant to the development of next-generation flexible and
wearable device applications.””~"*

In this regard, two dlmensmnal (2D) atomic monolayers
including graphene, ! hexagonal boron nitride (h-BN),"*™'¢
and transition metal dichalcogenides (TMDCs)'”'® have
attracted notable attention as they can be assembled vertically
so that distinct 2D monolayers can be integrated into van der
Waals heterostructures with structurally abrupt and chemically
clean interfaces.'” To date, these monolayers have been stacked
in such a way so as to form variety of 2D heterostructures with
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Figure 1. Synthesis and characterization of a MoS,/WS, heterobilayer. (a) A schematic representation of a CVD grown MoS,/WS, heterobilayer
with WS, grown on top of MoS,. (b) An optical image of the CVD grown heterobilayer on a 300 nm SiO, substrate. Note that WS, is grown on top
of MoS,, which can be distinguished from the distinct optical contrast in the colors for the different layers. Scale bar: 10 gm. (c) An AFM topography
image of the CVD grown heterobilayer. The thickness of monolayer WS, and MoS, is extracted to be 0.8 and 0.7 nm, respectively, from the height
profile (inset) at the vertical step edge of a MoS,/WS, heterobilayer and MoS,/SiO,, which confirms the formation of the MoS,/WS, heterobilayer.
Scale bar: 3 ym. (d) Raman spectra of the heterobilayer (red curve) and individual monolayers of MoS, and WS,. For a MoS,/WS, heterobilayer,
the Raman characteristic peaks of each monolayer appear to coexist. (e) PL spectra taken from the heterobilayer (red curve). The PL intensity of the
heterobilayer is noticeably decreased compared to that recorded for individual monolayers of MoS, and WS,.

unique heterojunction configurations such as MoS,/WS,,**~**
MoS,/WSe,,>~** MoSe,/WSe,,” "' WS,/WSe,,*” and gra-
phene/MoS,.* In each case, the design is driven by considering
the alignments of the energy bands and the charge transport
model so that it is suitable for a range of optoelectronic device
applications. In particular, it has been demonstrated that
heterobilayers of different 2D materials can preserve the
fundamental properties of each individual monolayer; this
means that excitionic behavior and electronic band structure of
each monolayer can coexist in the stacked heterobilayer system,
leading to unique and distinct physics and device performance
compared to 2D homobilayers.”>****

It is well established from both theoretica and
experimental®® ™" studies that strain can be utilized as an
effective strategy for engineering the electronic band structure
and modulating the excitonic behavior in 2D semiconducting
materials; this is because the transition metal 4d sulfur 3p
orbital interactions and hybridizations are easily affected by any
strain that is imparted on the material****™* 1t is thus
expected that strain engineering provides a means for
addressing the scientific challenges associated with designing
and tailoring the unique and attractive features of van der Waals
coupled heterostructures, enabling the realization of novel
electronic and optoelectronic devices. However, despite the
high importance of understanding the strain-induced modu-
lation of 2D heterobilayers for future flexible heterostructure
devices, most studies on strain effects have focused only on
TMDCs monolayers (e.g., MoS,,*”* WS,,* MoSe,** and
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WSe,"). Further, there are no detailed accounts describing the
strain-dependent evolution of the excitonic behavior in a
heterobilayer system and the relationship between the strain-
induced electronic band structure transitions for two different
monolayers where each individual monolayer can be differently
affected by strain.

Herein, we investigate the uniaxial strain-mediated evolution
of the phonon energy and exciton emission in a high quality
MoS,/WS, heterostructure with an epitaxial interface using
Raman and photoluminescence (PL) spectroscopy. For this, we
employ a one-step epitaxial growth method to obtain a clean,
structurally abrupt junction so as to eliminate any unwanted
effects®® such as contamination, defects, and rotational
misalignments, which are unavoidably introduced into the
interface in heterostructure samples that have been fabricated
using a transfer process. We demonstrate a clear relationship
between interlayer interactions and excitonic behavior, which is
closely related to the transition of the energy band structure of
the MoS,/WS, heterobilayer, and that show opposing behavior
under uniaxial tensile and compressive strain. Moreover, we
observe directly that the combined vibrational and emissive
properties of two different monolayers in the heterostructure
are modulated separately by the strain while retaining the
characteristics of each monolayer.

A vertical MoS,/WS, heterobilayer was grown directly on a
300 nm SiO,/Si substrate via the epitaxial growth of WS, on
top of the MoS, monolayer using our unique one-step CVD
growth method (see Supporting Information). Figure lab
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Figure 2. Characteristic phonon vibrational modes of the MoS,/WS, heterobilayer under tensile and compressive strain. (a) A schematic of our
bending system used to strain the heterobilayer and measure the vibrational phonon modes. (b) Evolution of the Raman spectra as the heterobilayer
is strained from 0% to +0.70% (toward red, tensile) and —0.70% (toward blue, compressive). The change in the Raman in-plane Elzg phonon modes
of WS, (c) and MoS, (d) in the heterobilayer under uniaxial tensile (red) and compressive (blue) strain.

shows a schematic and an optical image of the as-grown
triangular MoS,/WS, heterostructure, respectively, which is
formed vertically.”” The heterobilayer feature consisting of
morphologically distinct monolayers was clearly identified by
comparing the optical color contrast (Figure 1b) and AFM
image (Figure 1c), showing that WS, was grown on top of the
MoS, monolayer with AA-stacking (3R phase) as also was
confirmed in Figure S1. It is worth mentioning that the directly
grown MoS,/WS, heterostructures with the epitaxial interface
can result in strong coupling between the monolayers.”> This
highlights the merit of our heterostructure samples over the
mechanically transferred samples, which enables a detailed
understanding of the interlayer coupling in the van der Waals
heterobilayer by ruling out any contamination effects and/or
rotational misalignment effects.

Raman and PL spectroscopy were performed to investigate
the structural and optical characteristics of the as-grown
heterostructure. For a comparison, Raman spectra of individual
monolayers and heterobilayer samples were obtained together
using a 532 nm laser with a spot size of ~1 um as shown in
Figure 1d. As expected, for the monolayer MoS,, two typical
characteristic peaks were observed at 382.8 and 402.7 cm™!, in
accordance with the in-plane vibrational mode (ElZg mode) and
the out-of-plane vibrational mode (Alg mode), respectively,
while for the monolayer WS,, two Raman peaks located at 349
and 417 cm™ were observed, which can be assigned to the
overlapping 2LA (longitudinal acoustic mode at the M point)
and El2g modes and the A;; mode, respectively. Unlike MoS,,
Lorentzian fitting to the peaks of the Raman spectra for
monolayer WS, reveals that there are many second-order peaks
such as the 2LA mode around 350 cm™" that are much stronger
than the first-order peak®” (Figure S2). The appearance of the
peaks might be associated with the 532 nm laser wavelength
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employed in our work because such an excitation laser source is
in resonance with the B exciton peak of the WS,.*’~*

The Raman spectra of the heterobilayer were found to
comprise all the characteristic peaks of both the individual
MoS, and WS, monolayer, implying the formation of the
MoS,/WS, heterobilayer. Interestingly, it can be seen that the
intensity of the WS, A, peak in the heterostructure is largely
enhanced. It is reported that the A;, peak intensity of WS,
increases with an increase in the numbers of layers because the
intensity of the WS, A;, mode is very sensitive to the layer
thickness.*” Thus, we suggest that this enhancement of the WS,
Ay, peak intensity indicates the formation of the heterobilayer,
which is consistent with AFM results shown in Figure 1c. The
Raman intensity mapping images of the MoS, A;; mode peak
and the WS, A, mode peak further demonstrate that the
vertically stacked heterostructure consists of monolayer MoS,
and WS, as shown in Figure S3. Similar to the Raman results
presented in Figure 1d, the PL spectra (Figure le) obtained
from the MoS, and WS, monolayers show strong emission
peaks at their characteristic direct excitonic energies of 1.824 eV
(4 =680 nm) and 1.968 eV (A = 630 nm), respectively. Also, it
is observed that the heterobilayer exhibits two emission peaks
due to the coupling between the individual monolayers in the
heterostructure. In contrast to the monolayers, however, there
is a significant reduction in the PL intensity. The reduced PL
intensity can be attributed to the interlayer exciton dissociation
(the separation of excited electron and hole pairs) associated
with the type II heterojunction.”*’

To gain fundamental insight into the nature of the interlayer
coupling in vertically stacked TMDC van der Waals
heterostructures, we have investigated the strain-dependent
evolution of the Raman spectra of the MoS,/WS, heterobilayer
under both uniaxial tensile and compressive strain as shown in
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Figure 2a. For this, the CVD-grown heterobilayer sample was
first transferred onto the flexible PET substrate so that the
strain-induced interlayer interaction effects, which can alter the
vibrations of the phonon modes in the heterostructure, could
be observed by applying a uniaxial strain using our bespoke
bending experimental apparatus. Figure 2b shows the strain
dependence of the Raman spectra obtained from the CVD-
grown heterobilayer sample transferred onto the PET substrate
(Figure S4) under tensile (toward red color) and compressive
(toward blue color) strain. The applied strain was calculated
using € = 7/R, where 27 is the thickness of the PET substrate
(125 pm) and R is the radius of curvature. Interestingly, we
found that the in-plane Elzg modes of the heterobilayer show
strong strain-dependent phonon shifts, while the out-of-plane
Aj; modes of the heterobilayer show negligible shifts under
applied uniaxial strain.

To further elucidate the strain-induced modulation of the
phonon vibrational mode, the change in the peak positions of
the Elzg modes were plotted as a function of strain (Figure
2¢,d). It can be seen that for an applied strain in the range of
0—0.7%, the Elzg peak in the heterobilayer was found to shift
linearly with strain and from this the linear shift rates were
determined to be —4.13 and 2.63 cm™' for tensile and
compressive strain, respectively in MoS, and —5.04 and 3.71
cm™" for tensile and compressive strain in WS,, respectively. It
was also observed that the frequency of the Elzg modes was
more strongly affected under tensile strain than compressive
strain. It is expected that the bond length of Mo(W)-S increases
while interlayer S—S distance decreases under tensile strain, and
the opposite trend is expected under compressive strain, which
could explain a phonon frequency softening (stiffening) in the
heterobilayer as a result of an increase (decrease) in the lattice
constant under tensile (compressive) strain.’”** In other
words, the decrease in the interlayer distance under tensile
strain induces a stronger interlayer interaction between the
layers compared to that observed for compressive strain, thus
resulting in a significantly enhanced interlayer coupling
between the MoS, and WS, layers. This enhanced coupling
induces more strong dependence of the Elzg modes on tensile
strain. Also, we note that the Raman intensity of phonon modes
in WS, was found to be affected by applied strain. It was
previously reported that the Raman intensity of 2D TMDC:s is
modulated when excitation laser energy is in resonance with
excited states of TMDC materials.*”*">* Thus, we suggest that
our observation of intensity changes in the Alg and 2LA
phonon modes might be related to the interaction between the
excitation laser energy and B exciton energy of monolayer WS,,
which is affected by strain.

To understand in detail how the strain-modulated interlayer
interaction affects the excitonic behavior in the heterobilayered
structure and how each monolayer plays a role in determining
the resultant optical properties, we have characterized the
evolution of the electronic band structure of the heterobilayer
using in situ strain PL measurements. Figure 3a shows the
emergence of the strain-dependent coupled PL spectra
recorded as a function of both tensile and compressive strain
applied to the MoS,/WS, heterobilayer. It can be seen that
both the coupled PL peaks corresponding to each monolayer
are modulated separately by the strain while retaining the
characteristic coupled emission feature. Moreover, we have
observed linear red shifts (63.4 meV/% for MoS, and 68.4
meV/% for WS,) and linear blue shifts (36.3 meV/% for MoS,
and 23.9 meV/% for WS,) of the PL peaks with increasing

5637

a bso4
Under Tensile
A 2,024 e . 4
g Y -9, WS2 ]
T 108] 68.4meV/% 0""0«. ]
H X
H ©
e
N, A5 188 e ]
; & 186l 0 T o MoS: ]
H 1.841 63.4meV/% T'@-.q, ]
-~ H ) )
5 i 1.82+— , . .
S " H 0.0 0.2 04 0.6 0.8
% \wd“‘ Applied Tensile Strain (%)
S 10.00% : N c
Q H
= J\/ 2.054 Under Compressive{
\-,....«M‘ 2044 ws: e ]
i ——— E 2031 P ¥ 23.9mevie
: ~ 2.024 1
i W 3
; & 1.91] ]
X 2 1.90] oS 9.9 ]
v ¥ y 1.89 e :
1.884 g 36.3meV/%
-0.70% Compressive 1871 . ' . 1
17 18 19 20 21 22 0.0 0.2 0.4 0.6 0.8

Energy (eV) Applied Compressive Strain (%)
Figure 3. Strain-dependent emission properties of the MoS,/WS,
heterobilayer. (a) Evolution of the PL spectra as the heterobilayer is
strained from 0% (black) to +0.7% (toward red, tensile) and —0.7%
(toward blue, compressive). Strain-dependent PL peak position of
coupled MoS, and WS, in the heterobilayer under uniaxial (b) tensile
and (c) compressive strain.

tensile and compressive strain, respectively, (Figures 3b,c). In
principle, the PL shift can be considered to be an indicator of
how the electronic band structure is altered by the application
of strain. The trends observed for the shifts in the PL peak and
the sensitivity of the spectra to the strain applied to our
heterobilayer sample are consistent with previous theoretical
calculations®*” and experiments®”*® based on strained
monolayer TMDCs, which have observed a reduction or
increase in the electronic band gap. We therefore believe that
the overall optical characteristics of the MoS,/WS, hetero-
bilayer are strongly dependent on the evolution of the
electronic band structure in each monolayer.

In order to further understand the relationship between the
strain-induced electronic band structure modulation and the
corresponding exciton transition behavior in the heterobilayer,
we have also analyzed and compared the change in the PL
spectra of individual MoS, and WS, monolayers with those of a
heterobilayer induced by strain (Figures S5—7 and Figure 3).
We note that although the differences in the magnitude of the
shift rates between the monolayer and the heterobilayer were
not significantly noticeable under uniaxial compressive strain,
the tensile strain was found to noticeably affect the emission
peaks in the heterobilayer compared to that of the monolayers
of MoS, and WS, (the shift rates for the heterobilayer were
found to increase by more than 20% under tensile strain
compared to that under compressive strain as shown in Figure
S6). This indicates that the interlayer interaction between the
monolayers in the heterobilayer has a stronger impact on the
electronic band structure under applied tensile strain, showing
similar behavior with the in-plane E',, peak in the Raman
spectra.

Further, to clearly elucidate the mechanism underpinning the
exciton transitions that are associated with the strain modulated
heteroband structure, we have studied the PL intensity as a
function of strain, which has been extracted from Figure 3a.
Interestingly, the relative intensity ratio of WS, to MoS, in the
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Figure 4. Variation in the PL intensity in the heterobilayer and a schematic representation of the band structure under strain. The dependence of the
WS, to MoS, PL intensity ratio in the heterobilayer under (a) tensile and (b) compressive strains. The intensity ratio is monotonically increased and
decreased under tensile and compressive strain, respectively. A schematic representation showing the contrasting trends of the evolution of electronic
band structure in monolayers of MoS, and WS, under (c) tensile (red) and (d) compressive (blue) strain. “direct” and “indirect” represent the direct
semiconducting characteristic and direct to indirect transition, respectively.

heterobilayer was found to monotonically increase (up to 20%)
under tensile strain, while under compressive strain the relative
intensity was found to decrease (down to 7%) as shown in
Figures 4a,b. Here, we note that the monolayer of MoS,
(Figure S7a) and that of WS, (Figure S7b) show a contrasting
trend in the change in PL intensity under tensile and
compressive strains, which is consistent with previously
reported theoretical calculations and experimental demonstra-
tions of the strain-dependent band structure evolution of
monolayer MoS, and WS,. When a tensile strain is applied, the
PL intensity is decreased for MoS, and increased for WS,. In
contrast, the PL intensity is increased for MoS, and decreased
for WS, when a compressive strain is applied. Such behavior
originates from the transition between a direct and indirect
band gap (and vice versa), which is different in strained
monolayers of MoS, and WS, and is discussed in more detail in
the next section. Thus, even though the origin of the changes in
the PL intensity in the heterobilayer is still unclear, we attribute
the strain-dependent emission properties to a combined
modulation of the band structures for each monolayer within
the heterobilayer.

It should be noted that for single monolayer crystals, MoS,
undergoes a direct-to-indirect transition while for WS, the
direct semiconducting characteristic is reinforced under tensile
strain, and vice versa under compressive strain,36’37'39’40
revealing the contrasting evolution of the band structure as
depicted in Figure 4c,d. That is, as confirmed by theoretical and
experimental studies,*”* for a monolayer of MoS, (Figure 4
panel c left and panel d left), the transition in the band gap is
predominantly governed by a change in the energy of the local
valence band (VB) maxima where the indirect VB maxima at
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the ['-point shifts up (down) with tensile (compressive) strain
more rapidly than the direct VB maxima at the K-point. On the
contrary, for a monolayer of WS,, however, it is predicted
theoretically’” that under tensile strain the direct semi-
conducting characteristics are reinforced (Figure 4c right)
and that it undergoes a direct-to-indirect transition under
compressive strain (Figure 4d right). This is because the
evolution of the band gap is driven by the conduction band
(CB) minima of WS,, which is changed as result of opposite
shifts in the energy at the K and K-I" points. The interpretation
of these trends is consistent with our experimental and
simulation results (Figures S7 and 8), showing the different
dependence of the PL intensities of monolayers of MoS, and
WS, on the applied strain.

In this regard, it is anticipated that the heterobilayer retains
the direct optical band gap characteristic regardless of any strain
environment by complementing the PL properties of
monolayers of MoS, and WS,, which exhibit markedly
opposing strain dependencies. In other words, the enhance-
ment of the PL intensity for WS, is dominant through the
reinforcement of its direct band gap characteristic with tensile
strain, whereas under compressive strain the direct semi-
conducting nature of MoS, is also strengthened relatively,
leading to an enhancement in the PL intensity of MoS, in the
heterobilayer. As a result, it is believed that the relative increase
(decrease) in the PL intensity ratio of WS, to MoS, in the
heterostructure is attributed to an enhancement (weakening) in
the PL intensity of WS, along with a weakening (enhancement)
of the PL intensity of MoS, under tensile (compressive) strain.
These findings indicate that the emission properties of the
heterobilayer are different from those of the homobilayer and
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complement one another through the crossovers between a
direct and indirect band gap in monolayers of MoS, and WS,.

In conclusion, we have investigated the strain-dependent
phonon modulation, emission properties, and the comple-
mentary changes in the PL intensity of an epitaxial-grown
MoS,/WS, heterobilayer when subjected to tensile and
compressive strains. Interlayer interactions are shown to
strongly affect the band structure of the heterobilayer, which
is confirmed by the enhanced shift rates of the in-plane
vibrational phonon modes and the PL emission peaks under
tensile strain. By carefully examining the strain-dependent
changes in the WS, to MoS, PL intensity ratio of the
heterobilayer, we observe that the excitonic behavior is
governed by the combined evolution of the band structure of
the individual monolayers of MoS, and WS,, which exhibit
different dependencies on the strain. These observations
strongly support that strain engineering is a versatile tool
with which to explore the various fundamental material
properties of MoS,/WS, heterostructures as well as in many
other combinations of 2D van der Waals materials. We believe
that our findings contribute to the understanding of electron,
photon, and phonon dynamics in the heterostructures, which is
of importance for the development of flexible and transparent
(opto)electronics technologies.
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