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Strain is one of the effective ways to modulate the band structure of monolayer transition metal dichalco-
genides (TMDCs), which has been reported in theoretical and steady-state spectroscopic studies.
However, the strain effects on the charge transfer processes in TMDC heterostructures have not been
experimentally addressed thus far. Here, we systematically investigate the strain-mediated transient spec-
tral evolutions corresponding to excitons at band-edge and higher energy states for monolayer MoS, and
monolayer WSe,. It is demonstrated that I" and K valleys in monolayer WSe, and monolayer MoS, present
different strain responses, according to the broadband femtosecond pump-probe experimental results. It
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is further observed that the resulting band offset changes tuned by applied tensile strains in MoS,-WSe,
heterostructures would not affect the band-edge electron transfer profiles, where only monolayer WSe,
is excited. From a flexible optoelectronic applications perspective, the robust charge transfer under strain
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Introduction

As an emerging class of two-dimensional (2D) semiconductors,
monolayer transition metal dichalcogenides (TMDCs) with
broken inversion symmetry have a series of fascinating features,
for example, exhibiting direct bandgaps, unlike the few-layer
indirect-bandgaps and bulk counterparts, and are further
affected by the quantum confinement effect, valley selection
optical effects, and many-body effects.'™ Therefore, TMDCs are
not only used in basic studies on condensed matter physics but
also applied in the preparation of electronic and optoelectronic
devices.®'® The unique symmetry and tunable bandgap of
monolayer TMDCs also make their optical and electronic pro-
perties change greatly when lower strains are applied, compared
with that of graphene.""'? It is reported that the zero bandgap
of graphenes could open up at a shear strain of ~16%, and
reach a maximum value of 0.72 eV at a shear strain of 20%."?
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engineering in TMDC heterostructures is very advantageous.

The typical size of bandgap change of TMDCs in response to
strains is also at tens meV% strain.'? As a result, it could realize
more functionality in TMDC-based flexible devices."”>

So far, massive efforts have been spent on the strain engin-
eering of monolayer TMDCs.'*">* Bolotin et al. have employed
Raman and photoluminescence (PL) spectroscopy techniques
to estimate the strain-induced band structure changes of the
monolayer and bilayer MoS,."* Desai et al. have demonstrated
a drastically increased PL intensity in strained few-layer WSe,,
which could be attributed to the transition from indirect
bandgap to direct bandgap.>® In addition to steady-state
experiments, there are also theoretical simulations about the
strain effects on monolayer TMDCs. According to the ab initio
simulation, Priya Johari et al. have shown that the bandgaps of
TMDCs could be tuned by applying strains, which are more
sensitive to tensile and shear strain than that for graphene.**
Ashok Kumar et al. have calculated the influence of uniaxial
and biaxial strains on electronic and dielectric properties of
MoX, (X = S, Se, Te) by the first principle calculations.*® Yang
et al. have simulated the strain effects on the charge carrier
lifetimes in monolayer WSe, by ab initio time-domain ana-
lysis.>® Due to the lattice mismatch and the interlayer inter-
action, it is expected that 2D heterostructures also could be
strongly affected by strain. Pak et al have investigated the
strain-dependent phonon energy and exciton emission in
MoS,-WS, heterostructures by Raman and PL spectroscopy
techniques, too.”” However, strain effects on the interfacial
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charge transfer processes in TMDC heterostructures have not
been experimentally addressed yet.

Here, we have applied a series of (0.4%, 0.8%, 1.2%) strains to
monolayer MoS, (WSe,) and MoS,-WSe, heterostructures on poly-
ethylene terephthalate (PET) flexible substrates (1 cm x 1 cm),
and investigated their steady-state optical properties and time-
resolved excited-state processes. When the mechanical tensile
strain applied to the monolayer MoS, and WSe, increases from
0% to 1.2%, the bandgap at K point shrinks 41 meV and 16 meV
for monolayers of MoS, and WSe,, respectively, according to the
redshift of A-exciton bleaching peak measured by broadband
transient absorption (TA) spectroscopy. It was further found that
the band offset changes for MoS,-WSe, heterostructure under
those tensile strains would not affect the band-edge electron
transfer profiles in the case that only monolayer WSe, is excited.
Our investigation suggests that TMDC heterostructures could be
promising candidates for flexible applications.

Experimental
Sample preparation

MoS, and WSe, monolayer continuous films were purchased
from 6 Carbon Technology, Shenzhen. The MoS, (WSe,) film
made by chemical vapor deposition (CVD) was first coated
with a layer of polymethyl methacrylate (PMMA). Then, the
PMMA-support MoS, (WSe,) film was transferred to the WSe,
(MoS,) film on the PET flexible substrate in order to apply a
uniaxial strain. The prepared heterostructures were immersed
in acetone to remove PMMA, and vacuum annealing at 100 °C
for 6 hours to eliminate residual polymer.>*

Steady-state characterizations

Steady-state absorption and PL spectra were characterized with
Shimadzu UV-2550 and FL-4600, spectrophotometers, respect-
ively. Raman spectra were measured by Alpha 300R, where the
excitation wavelength of the laser was 532 nm and the spot
size was approximately 0.5 mm for Raman measurements.

Femtosecond broadband TA system

We used a mode-locked Ti: sapphire amplifier to generate an
800 nm (repetition rate: 500 Hz) laser pulse with 35 fs pulse
width (Solstice, Spectra-Physics). The system split the beam
through an 80% (reflection)/20% (transmittance) mirror: one
stronger beam of light passed through the TOPAS system to
produce 750 nm excitation light; the other was through a
2 mm water, producing a broad-band probe light
(400-800 nm). The signals of TA were gathered in a fiber-
coupled spectrometer. The dispersion correction of TA data
was performed by a chirp program.

Results and discussion

The two-point bending method shown in Fig. 1a imposes a
uniaxial tensile strain on the samples.
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The sample is clamped between two pairs of screw posts
(SP). Thus, the tensile strain applied on samples is controlled
by changing the distance (d) between two transition stages (TS).
For example, when the d is reduced, the substrate is a bender,
leading to a stronger uniaxial tensile strain applied on the sub-
strate surface. Thus, this surface tension on the substrate will
be transferred to the tightly attached samples on the surface of
the substrate. The applied strain (&) could be calculated with the
formula: € = I/R, where [ is the half-thickness of the substrate, R
is the bending radius.'” In this work, we have applied 0%-1.2%
uniaxial strains on the monolayer and heterostructure samples.

First, we measured Raman spectra of monolayer MoS, and
WSe, under different strained conditions as shown in Fig. 1b
and c, respectively. For the unstrained monolayer MoS,, two
characteristic peaks are E,,' at 384 cm™' and A,y at 403 cm ™,
corresponding to the in-plane vibration and out-of-plane
vibrational modes, respectively.® As the applied strain increases,
E2g1 and A,, characteristic peaks of MoS, are red-shifted. This
could be attributed to the phonon frequency softening induced
by larger lattice constants.”® The E,,' peak of the CVD-grown
monolayer TMDCs does not split like the mechanical exfoliated
ones."**” To further illustrate the influence of tensile strain on
phonon vibrational modes, we plot the Raman peak shifts as a
function of strain changes, which present a linear relationship
as reported previously (Fig. 1d).>” The shifts of Raman peaks
indicate that the strain indeed has been applied on TMDCs. It
was estimated that, for MoS,, redshifts were by a slope of —6.22
+0.62 cm™" per % strain and —4.75 + 0.66 cm™" per % strain for
E,,' peak and A, peak, respectively. The monolayer WSe, has a
similar phenomenon for Raman peak shifts under applied
strains, where, its E,,' peak is shifted by a slope of —3.75 +
0.21 cm™' per % strain. The Raman spectra of MoS,-WSe,
heterostructure under applied strains are shown in Fig. S1,}
where the E,,' peak of WSe,, E,' and A, peaks of MoS, red-
shifted by a slope of —0.45 + 0.1 ecm™" per % strain, —3.63 +
0.65 cm ™" per % strain, —1.50 + 0.53 cm™" per % strain, respect-
ively. The different shifts of Raman peaks between monolayer
and heterostructure could be attributed to the strain-modulated
interlayer interaction of the heterostructure.”

Then, to directly investigate the strain effects on band struc-
ture evolution and exciton relaxation, we performed TA experi-
ments on monolayer MoS, and WSe, materials under various
tensile strains. The samples were excited by 400 nm pump
pulses with a fluence of 6.5 pJ cm™>. As the CVD-grown mono-
layer is a multicrystal material, the probing signals (within the
detection spot with a diameter of ~0.3 mm) are average values
for monolayer TMDCs with different crystal orientations and
the resulting bilayer heterostructures with different twisting
angles between the top and bottom layers. The negative
signals around three excitonic absorption peaks in the TA
spectra of MoS, (WSe,) are known as the ground state bleach-
ing (GSB) of each exciton state, which is due to state filling.
The three initial GSB peaks probed at 0.3 ps for unstrained
monolayer MoS, in Fig. 2a are located at 427 nm (2.904 eV),
603 nm (2.056 eV), and 649 nm (1.911 eV), corresponding to
the C-exciton peak, B-exciton peak, and A-exciton peak,
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Fig. 1 (a) Schematic of the two-point bending apparatus and calculation principle to the applied strain. R, bending radius; [, half-thickness of the
substrate; SP, screw posts; TS, transition stages; d, the distance between the two TSs. (b) Raman spectra of monolayer MoS; as the strain increases
from 0% to 1.2%. (c) Raman spectra of monolayer WSe; as the strain increases from 0% to 1.2%. (d) Evolution of the Ezgl and Ay peaks of monolayer
MoS, and Ezg1 peaks of monolayer WSe; as a function of applied tensile strains.
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Fig. 2

respectively. The band-edge A- and B-excitons originate from
the spin-orbit splitting at the bottom of the conduction band
and at the top of the valence band for TMDCs, which are near
the K valley; while the C exciton is a weak bound exciton,
which is ascribed to inter-band transitions in the band-nesting
zone between I' and Q valleys in band structures.*® The exciton
dynamics of monolayer MoS, are shown in Fig. S2,1 where the
exciton relaxation process of C-excitons is significantly slower
than A- and B-excitons.>® The A-exciton peak of monolayer
MoS, gradually redshifts as the applied strain increases
(Fig. 2a). Under 1.2% uniaxial tensile strain, the A-exciton peak
of MoS, redshifts from 649 nm (1.911 eV, unstrained case) to

This journal is © The Royal Society of Chemistry 2021
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Initial TA spectra for (a) monolayer MoS; and (b) WSe, probed at 0.3 ps under 0%-1.2% tensile strain (the pump wavelength is 400 nm).

663 nm (1.870 eV), indicating that the energy bandgap at K
point shrinks about 41 meV. The B-exciton peak has a similar
changing trend to that of A-exciton. However, the C-exciton
peak does not shift obviously. The kinetics of B- and C-exciton
remain unchanged under 0%-1.2% tensile strain, but it
becomes faster with the increase of the strain for A-exciton
(Fig. S27). It should be pointed out that the TA signal of
A-exciton is partially overlapping with that of the A-trion, so
the kinetics change of A-exciton may be due to the different
yield (or formation rate) of A-trions under the applied
strains.®’ For the unstrained monolayer WSe,, its four initial
GSB peaks are located at 420 nm (2.952 eV), 500 nm (2.480 eV),
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590 nm (2.102 eV), 734 nm (1.689 eV), corresponding to C-, A,
B- and A-exciton peak, respectively.”> When the mechanical
tensile strain is applied to monolayer WSe,, the GSB peak of
A-exciton of WSe, is red-shifted from 734 nm (1.689 eV,
unstrained case) to 741 nm (1.673 eV) under 1.2% tensile
strain, which means that the energy bandgap at K point
shrinks by about 16 meV. Similar to the case of monolayer
MoS,, the exciton kinetics of monolayer WSe, also barely
change under strains (Fig. S31). In addition to the bandgap
change, the evolution of the energy band can be further under-
stood by comparing the ratio of the initial filling population of
C-exciton (representing the I' valley) to the sum of A-excitons
and B-excitons (representing the K valley) for monolayer
TMDCs.*"*? Under 1.2% tensile strain, the value of the ratio in
monolayer MoS, (or WSe,) increases from 0.62 (or 0.20) to 0.79
(or 1.07), which indicates a strain-induced band structure
renormalization for monolayer TMDCs. All the values of the
relative carrier population ratio under applied strains for
monolayer MoS, and monolayer WSe, are summarized in
Table S2, which clearly indicate the effect of strain on the
band structures of TMDCs. According to theoretical calcu-
lations, monolayer MoS, is a direct bandgap semiconductor,
most of the photocarriers are distributed at the K valley."* So,
its band structure renormalization under applied strains is
mainly determined by the location of the valence band
maximum (VBM) at both the I" and K valleys. That is, the local
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VBM at I valley rises faster than that at K valley as the strain
increases, which eventually makes the local VBM at I" valley
higher than that at K valley."* As a result, monolayer MoS,
becomes an indirect band semiconductor under applied
strains, and the photo-generated carriers (it is mainly holes)
will tend to relax into the I' valley rather than staying at
K-valley. This explains that the relative carrier population ratio
of C/(A + B) increases with the larger strain, which means that
there is a higher initial carrier population at the I valley, too.
For monolayer WSe,, since the local position of VBM at I'
valley increases faster than that at K valley, it even could
accommodate more carriers than the case in monolayer
MoS,.>*** Those observations in our TA experiments for
monolayer MoS, and WSe, suggest that when the tensile
strains are applied, the T" valley of monolayer WSe, is more
sensitive to that of monolayer MoS,, while the K valley of
monolayer MoS, is more sensitive to that of monolayer WSe,.
At last, TA experiments for type-Il MoS,-WSe, hetero-
structures under various tensile strains are also carried out.
Fig. S5t is the typical optical microscopic image for MoS,-
WSe, heterostructures where it clearly shows the superposition
regions (triangular monolayer MoS, crystals are stacked on the
quasi-continuous monolayer WSe, film). The steady-state
absorption spectra for unstrained monolayer MoS,, monolayer
WSe,, and MoS,-WSe, heterostructures are presented in
Fig. 3a. It shows a slight blue shift for both the A-exciton
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Fig. 3 (a) Steady-state absorption spectra for monolayer MoS,, monolayer WSe, and MoS,-WSe, heterostructures. (b) Steady-state PL spectra for
MoS,-WSe; heterostructures. Schematics of band alignment for MoS,-WSe, heterostructures (c) without and (d) with tensile strains.
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peaks of MoS, and WSe, in MoS,-WSe, heterostructures, com-
pared with the monolayer cases, implying an interlayer coup-
ling of MoS,-WSe, heterostructure. The fluorescence intensity
of MoS,-WSe, heterostructures is strongly quenched, too, com-
pared with monolayer MoS, and WSe, (Fig. 3b), due to the
charge transfer occurring at the interface.*

The charge transfer rate of the donor and acceptor is
closely related to the free energy AG in weak-coupling cases,
according to the classical Marcus charge transfer theory,
which could be regarded as the band offset between hetero-
structure to a certain degree.***” In our following case, we only
considered the transfer of electrons from WSe, to MoS,, when
only WSe, is excited under 750 nm excitation. Since the rela-
tive position of the conduction band minimum (CBM) of WSe,
is 0.76 eV higher than that of MoS,,*® and the conduction
band of MoS, is almost unchanged under applied strains,"*
while the conduction band of WSe, shifts down with strain
increasing,”®?* resulting in a decreased AG for the band-edge
charge transfer (Fig. 3c and d).

In order to directly observe the charge transfer process in
MoS,-WSe, heterostructures at room temperature, we tune the
wavelength of excitation light to the band edge of WSe,
(750 nm) with a pump fluence around 1.5 pJ ecm ™ and choose
the probe window near its band-edge region of monolayer
MoS, and WSe,, which avoids directly exciting MoS, because
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the pump energy is far below the absorption energy threshold
of MoS,. As shown in Fig. 4a, there are three GSB peaks for the
initial TA spectra of unstrained MoS,-WSe, heterostructures
located at 606 nm (2.046 eV), 654 nm (1.896 eV) and 742 nm
(1.671 eV). There are only tiny differences from the peak posi-
tions of monolayers, which are caused by the interlayer coup-
ling in MoS,-WSe, heterostructures. When 1.2% tensile strain
is applied to MoS,-WSe, heterostructures, GSB peaks for
A-exciton of MoS, and A-exciton of WSe, redshift to 663 nm
(1.870 eV) and 753 nm (1.647 eV), respectively. Accordingly, the
energy band at K point for MoS, layer and WSe, layer shrink
about 26 meV and 24 meV, respectively, in MoS,-WSe, hetero-
structure. All the estimated band shrinkage values at the K
point under applied strains according to the red-shift of
A-exciton peak for monolayer MoS,, monolayer WSe, and
MoS,-WSe, heterostructure are summarized in Table S3.7
Interestingly, the A-exciton signal of MoS, occurs initially,
indicating an effective charge transfer in MoS,-WSe, hetero-
structures. Noting that the whole band structure of MoS,-WSe,
heterostructures generally changes under applied strains
(especially, monolayer MoS, and WSe, have already changed
from direct bandgap to indirect bandgap in those cases), the
band-edge charge transfer in MoS,-WSe, heterostructures is
still available. One of the reasonable explanations could be
that the rate of charge transfer is faster than momentum-mis-

( )1.0
=]
S 0.8}
06}
E a
204- I'CT=60fS o 0.4%
a i s 0.8%
o 0.2 . v 1.2%
< 0.0 4" probed at 660 nm Fit

00 03 06 00 12 15
Delay Time (ps)

A

a
o
@

o

i ‘.":':'%l~->-"-\

k.4l>.;l‘\'|

-A0.D. raizea(@-U-
o o o
o s o

o
=)

0 300 600 900 1200
Delay Time (ps)

—#— A-exciton of MoS, )
| —e—A-exciton of WSe,

0 300 600 900 1200
Delay Time (ps)

Fig. 4 (a) Initial TA spectra for 0%—1.2% strained MoS,-WSe, heterostructures probed at 1 ps (the pump wavelength is 750 nm). (b) Charge transfer
process of MoS,-WSe, heterostructure excited by the 750 nm pulses under 0%—1.2% strain probed at 660 nm. (c) Charge recombination processes
represented by the A-exciton dynamics of MoS, in MoS,-WSe, heterostructures excited by the 750 nm pulses under 0%—1.2% strain probed at
660 nm. (d) Renormalized charge recombination dynamics of MoS,-WSe, without strain probed at 660 nm (pink solid square) and 740 nm (blue
solid circle). The inset shows the renormalized charge recombination dynamics of MoS,-WSe, under a 1.2% strain. The dashed line in (b) is the instru-

ment response function (IRF).
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matched intervalley scattering. So that, charge transfer is
almost unaffected under strain. The quantum coherence and
donor-acceptor delocalization also may be contributing to this
interfacial charge transfer in van der Waals junctions.*
Fig. 4b shows the charge transfer processes of MoS,-WSe,
heterostructures under different tensile strains, which are sur-
prisingly the same as those in the unstrained cases. In other
words, the rate of charge transfer is robust under applied
tensile strains in our experimental range. After the deconvolu-
tion treatment, we obtained the robust charge transfer time in
MoS,-WSe, heterostructures is around 60 + 4 fs. In addition,
the driving force change for MoS,-WSe, heterostructures is on
the order of a few tens of meV here, comparable to the kT
energy. It implies that the changing trend of the charge trans-
fer rate as a function of the driving force could be relatively flat
in such a small variation range, which could be one of the
reasons for the observed robust interfacial charge transfer in
MoS,-WSe, heterostructures.

Those experimental results demonstrate that, unlike classi-
cal charge transfer systems, even band structure (driving force)
tuning by applied strains has little impact on the band-edge
charge transfer rate of TMDC heterostructures. It has been tes-
tified that the robust band-edge charge transfer rate in TMDC
heterostructures could be independent of dielectric environ-
ment, temperature, and twist angle.*™*> Recently, it has been
further reported that the band-edge charge transfer in TMDC
heterostructures could be manipulated by the thickness of
each component,”®** which are explained by the dielectric
environment changing induced modification for the effective
interaction distance in TMDC heterostructures. Besides, the
band-edge charge transfer rate could be tuned by interlayer
coupling, which is successfully depicted by the quantum tun-
neling model.*” Nowadays, the charge transfer mechanism in
TMDC heterostructures is still controversial and requires
further theoretical calculations to be fully understood.

For the charge recombination processes, the GSB recovering
of A-excitons of MoS, (probe at 660 nm) and WSe, (probe at
740 nm) reflect the decay of electrons and holes, respectively.
As one can see in Fig. 4c, the dynamics of the electrons are
also robust under 0%-1.2% tensile strains. Furthermore, at
longer probe times (230 ps), the decay of holes follows the
same kinetics as that of the electrons, in both unstrained and
applied strain (such as 1.2% strain) cases (Fig. 4d). This simul-
taneous decay of the electrons in the MoS,-layer and holes in
the WSe,-layer clearly indicates the formation of tightly bound
interlayer excitons, which is responsible for the following
recombination of separated charges in MoS,-WSe, hetero-
structures, when only monolayer WSe, is excited.*® Their kine-
tics could be well fitted by a biexponential decay, which gives
the interlayer electron-hole recombination time constants as
90 + 8 ps (63%) and 968 + 190 ps (37%). The biexponential
decay processes could be due to the defect-assistant
recombination.””*® The above experimental results imply that
when uniaxial tensile strains are applied to MoS,-WSe, hetero-
structures, the band structure has little impact on the inter-
layer exciton recombination.>®
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Conclusions

We systemically investigated the strain-mediated band struc-
ture evolution for monolayer MoS, and monolayer WSe, and
found robust band-edge charge transfer in MoS,-WSe, hetero-
structures by Raman spectroscopy and femtosecond transient
absorption spectroscopy. The shifts of the Raman peak and
the changes of relative carrier population ratio in I' and K
valleys from TA results for the above monolayer TMDCs clearly
indicate that the strains have been applied, and the strain
effects change the relative positions of valleys in band struc-
tures, respectively. When the mechanical tensile strain applied
to monolayer MoS, (WSe,) increases from 0% to 1.2%, the
bandgap at the K point shrinks 41 meV and 16 meV for tensile
strained monolayer MoS, and WSe,, respectively, according to
the redshift of A-exciton bleaching peak in TA experiments.
Those results demonstrate that I" and K valleys in monolayer
WSe, and monolayer MoS, have different strain responses.
Furthermore, due to the mismatched strain response for the
excitons in monolayer MoS, and WSe,, the bandgaps at K
point for MoS, and WSe, in the MoS,-WSe, heterostructure
shrink about 26 meV and 24 meV, respectively. It is found that
the resulting band offset change for MoS,-WSe, hetero-
structures under a tensile strain would not affect the band-
edge electron transfer processes, where only monolayer WSe,
is excited. From an optoelectronic applications perspective,
robust charge transfer under strain engineering in TMDC
heterostructures is very advantageous to maintain the perform-
ance of flexible devices based on monolayer TMDCs and their
composites in winding circumstances.
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