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We investigate excitonic absorption and emission in bilayer WSes under tensile strain. We observe
a redshift of 110 meV in the energy of the A exciton absorption peak (at the direct gap at the K
point in the Brillouin zone) under 2.1% uniaxial tensile strain. In addition, under the same strain,
the spectral linewidth of the A exciton at room temperature decreases by a factor of two, from
70 to 36 meV. We show that this decrease is a result of suppression of phonon-mediated exciton
scattering channels. This suppression is associated with the relative upshift under strain of the Q
valley in the conduction band (involved in the indirect exciton emission), which is nearly degenerate
with the K valley (involved in the A exciton). We analyze the strain-dependent absorption and
photoluminescence spectra to determine the relative positions of these valleys and to infer intervalley
scattering rates. Our model describes well the decrease and the distinct trends in the A exciton
linewidth of monolayer and bilayer WSez under strain. The results show that strain can be used to
tune, as well as to probe, the relative energies of band extrema and exciton scattering channels in

2D semiconductors.

PACS numbers: 63.20.-¢, 71.35.-y, 73.22.-f, 78.67.-n

I. INTRODUCTION

Optical spectra of atomically thin semiconducting
transition metal dichalcogenides (TMDCs) demonstrate
dominant excitonic features due to their large excitonic
binding energies and oscillator strengths [1-3]. It is thus
crucial to understand the nature of excitons for fun-
damental studies on TMDCs and desirable to find ap-
proaches to tune them on demand for optoelectronic ap-
plications. In this respect, many recent studies have ex-
ploited strain to engineer the optical spectra of ultrathin
TMDCs [4-12], exploiting these materials unusually high
in-plane mechanical strengths [13]. Significant changes
to the optical absorption [12], redshifts exceeding 25%
of the optical gap [4], indirect to direct gap transitions
[6], and changes in the excitonic linewidths via strain
have been reported in TMDCs [7, 8, 11, 12, 14, 15]. In
addition to the attractiveness of strain for altering the
optoelectronic properties of these materials, the exami-
nation of such changes to the optical signatures provides
insight into the many-body physics of excitons, the elec-
tronic band structure, and exciton-phonon scattering in
TMDCs [12, 14-17].

In this paper, we present investigations of the excitonic
properties of bilayer (2L) TMDCs under strain, extend-
ing earlier studies for monolayer (1L) crystals [12, 14, 15].
The 2Ls present an interesting counterpart to the 1L
materials. As is well known, the 2Ls possess indirect
gaps, while the 1L materials generally have direct gaps.
In both cases, however, the direct and indirect gaps lie
only a few 10s to 100s of meV apart in energy [18-22].
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Therefore, the exciton- and carrier-phonon scattering be-
tween the states associated with the direct and indirect
gaps are expected to influence the optical and electri-
cal properties of both 1Ls and 2Ls [21, 23-25]. In fact,
for the 1Ls, the consequences of using tensile strain in
tuning the energy separation between states in different
parts of the Brillouin zone and in significantly altering
scattering rates have been established [26-29]. Here we
study whether and how related processes occur in the
case of the indirect-gap 2L systems subjected to tensile
strain, which has not yet been studied in the literature.
In particular, we examine the strain dependence of the
linewidth of the lowest-lying direct exciton (KK or A
exciton) in 2L WSey and compare it to the previously
reported behavior in 1L WSey [12]. We observe a sub-
stantially different line narrowing in 2L WSey from that
seen in 1L, WSe,, despite the similar dependence of the
material properties on strain. In 1L, the linewidth is
most sensitive at small strain and decreases from 42 to
24 meV at 2.1% strain. However, in 2L the linewidth is
nearly constant until a strain of 0.7% is reached, and the
linewidth decreases more rapidly at larger strains in 2L
than in 1L, decreasing from 70 to 36 meV. By making
use of the experimentally determined strain dependence
of the direct and indirect exciton energies, we calculate
the strain-dependent intervalley scattering rate within
the deformation potential approximation. We show that
the decrease in the linewidth for 2L can be explained by
a reduction of the phonon-mediated intervalley scatter-
ing rate from the direct to the lowest-lying indirect K@
(also known as KA) excitonic state as for the 1L. We
then note that the different narrowing can be explained
by the indirect nature of the gap in the unstrained 2L.
Thus, we show that the model used on 1L WSe, and 1L
WS;, is applicable to 2L WSey as well [12].
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FIG. 1. (a) Reflectance contrast spectra of 2.1% strained and unstrained 2L WSez. (b) Strain-dependent PL spectra of 2L
WSes. (c) Strain dependence of the peak energy positions of PL and absorption near the band edge of 2L WSes.

II. EXPERIMENTAL METHODS

We mechanically exfoliate 2L WSes from bulk crys-
tals onto polydimethylsiloxane (PDMS) substrates [30].
After characterization of the samples by performing re-
flectance contrast and photoluminescence (PL) measure-
ments, we transfer the 2L onto a 1.0 mm thick flexi-
ble polymer, polyethylene terephthalate glycol-modified
(PETG). By bending the PETG substrate with a micro-
manipulator, we can incrementally apply uniaxial strain
in a configuration compatible with reflectance contrast
and PL studies. We exercise care to measure the re-
flectance and PL on the same sample location (within
the spot size of the light beam) for a given strain level
(see the Supplemental Material (SM) section S1 [31] for
the related calculations of the strain).

We obtain reflectance contrast spectra as AR/R =
(Ror+pETG -RPETG )/RPETG , Where Ry ppra and
Rppera are the reflectance of the 2L on the PETG sub-
strate and of the bare PETG substrate [30]. These
reflectance contrast spectra are approximately propor-
tional to the absorption spectrum of the semiconductor
layer [32]. For the reflectance measurements, a tungsten-
halogen lamp at a temperature of about 3400 K was fo-
cused down to a spot size of about 0.8 m on the sample.
For PL measurements, the 2Ls are excited with a 532-nm
(2.33 €V) solid-state laser. A 40 objective with a numer-
ical aperture (NA) of 0.6 was used for all measurements.
The collected light was analyzed in a 300 mm focal length
spectrometer equipped with a grating of 150 lines/mm.
We obtained a spectral resolution of 0.8 meV around the
peak energy of the A exciton.

We perform all sample fabrication and optical mea-
surements at room temperature and without any other
processing.  This approach minimizes uncontrollable

strain due to temperature changes. We note that the
alignment of the crystallographic axes of the samples
with respect to the direction of stain in our experiments
is arbitrary. Within the regime of the strain we have
examined in this study, we do not expect a significant
dependence of the material properties on the direction of
the axis of the strain relative to the crystallographic axes
of the sample [33-35].

III. RESULTS

A. Strain Dependence of the Optical Reflectance
and Photoluminescence

We display the effect of strain on the reflectance con-
trast and PL of 2. WSe, in Fig. 1. We analyze the
strain-dependent reflectance spectra and extract the peak
positions and the spectral linewidths of the excitons by
fitting in a standard transfer matrix formalism [1, 36].
As can be seen from the figure, the reflectance spectrum
is dominated by the excitonic absorption peaks [3, 32].
The peak amplitudes of the A and B exciton absorption
features are observed to increase, while the correspond-
ing linewidths can be seen to decrease under increasing
strain. In particular, the linewidth 4 €¢ion of the A
exciton absorption peak decreases from 70 to 36 meV
for 2.1% strain. The oscillator strength of the A exciton
absorption peak (proportional to the integrated area un-
der the peak) is found to be nearly independent of strain
(see SM section S2 for more reflectance spectra [31]). We
note that the PL spectrum for the unstrained sample ex-
hibits multiple peaks near the band edge, corresponding
to the indirect and direct gaps. More strikingly, under
2.1% strain the linewidth of the PL feature decreases



from about 142 meV for the unstrained sample to 36
meV, with the latter width matching that of the absorp-
tion feature under strain. This behavior is understood in
terms of a strain-induced transition from an indirect to
a direct gap material, as reported earlier by Desai et al.

[6].

B. Energies of excitonic transitions under strain

We further analyze the spectra in Fig. 1(a) and
Fig. 1(b) to gain more insight into the optical proper-
ties of 2L WSes. The optical reflectance spectra will
only show signatures of the direct transitions; the PL
spectra can also reveal indirect transitions lying at lower
energies than the direct transitions and, hence favored
by high populations of thermally relaxed excitons. Fig-
ure 1(c) shows the strain-dependent energy of the A ex-
citon extracted from the reflectance spectra, as well as
the energy of the observed maximum of the feature in
the PL spectra. The reflectance spectra show that the A
exciton shifts from 1.65 eV to 1.54 eV and the B exci-
ton shifts from 2.09 eV to 1.99 eV as the strain increases
from 0.0% to 2.1%. We fit the PL spectrum under 0.0%
strain to two Lorentzian line shapes and find that it ex-
hibits multiple peaks around 1.55 eV and 1.64 eV. We
see that the A exciton energy is 1.65 eV, while the PL
spectrum exhibits a peak at 1.55 eV at 0.0% strain. We
take the lower (higher) energy feature in the PL to reflect
the energy of excitons for the indirect (direct) transition.
As Fig. 1(c) indicates, the energy of the maximum emis-
sion in the PL spectrum blueshifts until 0.7% strain is
reached. However, the feature at the higher energy side,
PL from the direct gap (K K), redshifts to 1.53 eV and
dominates the PL spectrum at larger strain.

C. Linewidths of excitonic transitions under strain

After having a better understanding of the strain-
dependent exciton states of 2L, and 1L WSes, we con-
sider the influence of strain on the A exciton linewidth
A exciton  Rigyre 2(a) presents the results for 2L, as well
as for 1L, WSey [12]. We see that 44 ¢=¢iton of 21, WSe,
is about 70 meV at 0.0% strain and remains nearly un-
changed for strains less than 0.7%. However, for larger
strains, the linewidth decreases rapidly, at a rate >20
meV /% strain, reaching 36 meV at 2.1% strain. The
trend suggests that the linewidth is likely to decrease
still further at higher strains, which we did not examine
experimentally. Despite the common overall trend of line
narrowing under strain observed for 11, WSe,, its behav-
ior is quite different from that seen for the 2L samples:
For the monolayer, y4 ¢#¢t°" already decreases at small
strain and approaches a nearly constant asymptotic be-
havior at large strain [37]. Another observation is that
although the unstrained 1L has a significantly smaller
linewidth than the 2L, at 2.1% strain, linewidth (36 meV)
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FIG. 2. (a) Strain dependence of the linewidths of the A ex-
citon in 1L and 2L WSez (b) Schematic illustration of the
valence and conduction bands of 1L and 2L WSe» (ignoring
spin-orbit coupling) adapted from Ref. 38. The solid red ar-
row indicates the direct gap transition (K K) of both 1L and
2L, whereas the dashed red arrow indicates the indirect gap
transition (K@) of 2L. Blue arrows indicate the direction and
(qualitatively) the rate of the shift under strain of the selected
extrema with respect to the K point maximum of the valence
band [29, 34].

of the 2L WSey drops below that of the unstrained 1L
WSes (42 meV) [12].

IV. DISCUSSION
A. Indirect Gap of 2L: KQ or I'K?

After confirming the indirect gap nature of the 2L, an
important question to answer is whether the PL observed
from the indirect gap (feature at 1.55eV at 0% strain in
Fig. 1(b)) is mediated via the KQ or 'K transition [18].
To address this point, we inspect the valleys in the Bril-
louin zone of 2L WSes and their behavior under strain.
Let us note that we refer to the spin-allowed states with
respect to the top of the K point in the valence band
for the A exciton in this study, which are the higher and
lower energy spin-states of the K and () valleys in the
conduction band, respectively [20]. Figure 2(b) depicts
schematically the valence and conduction bands of 1L
and 2L WSe,. Blue arrows indicate the direction of the
shift of the selected valley extrema with respect to the K
point of the valence band under tensile strain. We first
note that the K@ is the smallest indirect gap calculated
for 2L WSes [38]. Moreover, we see in Fig. 1(b) that the
feature of interest (at 1.55 €V at 0% strain) blueshifts
with increasing strain, as opposed to the higher energy
feature (at 1.65 eV at 0% strain). However, the T'K tran-
sition is calculated to redshift under strain. Thus, we
confirm that the lower energy feature in the PL we ob-
serve at 0.0%, corresponding to the indirect gap of 2L
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FIG. 3. (a) Experimentally measured strain dependence of the linewidths of the A exciton in 1L and 2L WSe;, and calculated
contributions to the linewidth in 2. WSes. The heights of the colored areas between the solid lines represent, respectively, the
contributions from the radiative decay 7,qq (yellow), intravalley exciton-phonon scattering vk k — k¥ (orange), and intervalley
exciton-phonon scattering yx x — k¢ (turquoise). (b) Schematic representation of the line broadening mechanisms and the strain
dependence of the relative energy levels of K@ and K K states. (¢) Linewidths of the A exciton in 1L and 2L WSe; as a function

of calculated Exq—kx under strain.

WSe,, is a K@ transition. This conclusion is compat-
ible with electronic structure calculations [6, 38, 39] as
well as with micro-ARPES [40, 41] and optical measure-
ments under pressure and strain [6, 42]. (We note that a
differing conclusion was reached in [19].)

B. Effect of Strain on Line Broadening Mechanisms

Here we wish to discuss the noticeably different ex-
citon linewidth 4 ¢*¢#°n and its strain dependence for
2L and 1. WSey. As has been established in previous
investigations [12, 14-17], the room-temperature exciton
linewidth is strongly affected by exciton-phonon scatter-
ing. We expect that the change in this scattering rate
with strain will be the dominant contribution to the ob-
served strain dependence of the linewidth. To examine
the influence of exciton-phonon scattering more quanti-
tatively, we implement the deformation potential model
recently applied to the 1Ls of WSe; and WSy [12]. We
assume that the carrier-phonon coupling matrix elements
are the same for 2L and 1L WSe,, as in the case of
WS, investigated by Raja et al. [43]. We consider the
three processes that primarily determine 4 ¢*¢on tq
be: Radiative decay (Vrqd), intravalley scattering (KK
to KK exciton-phonon scattering; vk x k) and inter-
valley scattering (KK to K@ and KK to 'K exciton-
phonon scattering; vk x—x¢g and vk x—rk, respectively)
[24]. Despite the fact that the calculated T'K state en-

ergy is closer to the KK state energy in the 2L than in
the 1L [38], Yk k —rk is governed by a small deformation
potential and we ignore this term [21]. KK to K K’ inter-
valley scattering rate is negligible for 2L (akin to 1L) due
to the relatively small deformation potentials of the asso-
ciated scattering mechanisms [21, 24] , as they require a
spin-flip that is much slower than the other mechanisms
considered [44]. We now consider these contributions for
2L and the effect of strain on them.

First, for the case of the radiative broadening ~,,q of
the 2L, similar values have been measured for 1L and
2L WSesq [45, 46], as expected from the nearly invariant
oscillator strengths over layer thicknesses [3]. 7qq is only
a few meV [47-50], which is calculated to increase by
about 10% per % strain for 1Ls [17]. We assume the
same trend for 2. WSes. The effect of strain on ;.44 is
plotted as the yellow area in Fig. 3(a). Evidently, v,q4
is calculated to slightly increase, opposite to the overall
trend [17, 24, 50].

Second, to analyze yx i x K, we compare the proper-
ties of 2L to 1L and to apply the model for intravalley
scattering [21]. We consider the strain-induced change
in the KK exciton reduced mass (mgg), mass density
of the material, sound velocity and the related phonon
frequencies [17, 22, 35]. Reports have shown that the ef-
fective hole masses at the K point in the valence band
are essentially the same for 1L and 2L [41, 51]. Calcu-
lations have yielded that the effective electron masses at
the K point in the conduction band of the 2L are only



negligibly greater than that of the 1L. Since the relevant
phonon frequencies and the mass densities are essentially
the same for 1L and 2L, we expect the same speed of
sound as well [52]. Therefore, for simplicity, we assume
that 1L and 2L WSe; have the same trend for Yxx kK
under strain. Thus, we find that vk gk decreases by
about 2% per % strain for 2. WSes corresponding to a
decrease of less than 1 meV at the largest strain achieved,
plotted as the orange area in Fig. 3(a) [16, 24].

It is evident that the sum of ik — ik k and 7,44 (Orange
line in Fig. 3(a)) is nearly constant under strain and they
do not explain the significant reduction in the 4 ¢zciton
of the 2L observed under increasing strain. Further,
unstrained 1L and 2L, WSey have appreciably different
linewidths of 42 and 70 meV, respectively, which must
also be accounted for.

We now turn to inspecting vk x—k¢@, and its strain
dependence. As is the case with vxx_kx and ~,qq, 1L
and 2L have virtually the same material properties that
influence vx x—Kk¢g, with one important exception: The
energy difference of the excitons, Exg_k k. Figure 3(b)
schematically represents the line broadening mechanisms
and the strain dependence of the relative energy levels
of KQ and KK states for 1L and 2L WSey;. We note
that the 2L is an indirect gap material with a negative
EKQ—KK~ To quantify EKQ—KK7 we turn to the PL
spectra of the 2L in Fig. 1(b) and note that Fxg_xx= -
100 meV from Fig. 1(c). As the PL from the K@ state of
1L is not readily determinable from experiment, we use
our recent estimate of Exg_xx = 40 meV [12] which
is consistent with ARPES measurements [41]. Thus, we
expect a difference of 140 meV between the two materials
for Exg_kk (¢ = 0) . We note that the phonon ener-
gies of 1L and 2L WSes are in the range of about 10 to
30 meV [21]. Thus, yxkx—k¢ in 2L is expected to have
contributions from efficient scattering via phonon emis-
sion as well as phonon absorption. However, yx x— k¢ in
1L is mediated via phonon absorption only. Therefore,
we infer that the significant linewidth difference of un-
strained 1L and 2L WSes stems primarily from having
different values of Exg_k k. To interpret the behavior
under strain, we realize that Exg_xk increases mainly
due to weaker coupling between the orbitals contribut-
ing to the K point of the conduction band and stronger
coupling between the orbitals contributing to the Q state
of the conduction band under tensile strain [26-29, 34].
As the Exg-kK increases, the density of available fi-
nal states in the scattering process will decrease. Thus,
vk K-k Will decrease under tensile strain [21, 26]. The
schematic in Fig. 3(b) exhibits this effect.

C. Effect of Strain on Frg-kxk

To analyze the experimentally determined variation in
A exciton linewidth with strain, we must first consider
the strain dependence of Fxg_kk, which, as we have
just argued, will strongly influence the strain dependence

of ykx—K¢g. Writing the contributions to the exciton
energy in terms of shifts of the band separation and shifts
of the exciton binding energies under strain €, we have

Exq-rk(€) = Exqle) — Exk(€) = Exq-kk(0)
+AE}]{ugsiparticle(6) o AE%gdzng(E) o AEKK(G) (1)

Here Exq(e) and Exgi(€) are the strain-dependent
energies of the K@ and KK excitons, respectively.
AE%‘SS”?”“CZE(G), AE%.gdlflg(e), and AEK'K(G)' are the
changes induced by strain in the K@ quasiparticle gap,
K@ exciton binding energy, and the K K exciton energy,
respectively. We evaluate these quantities for 2L, WSe, in
the following manner: AFEkg(€) = -52 meV /% strain is
obtained directly from the experimental reflectance spec-
tra presented above. AE%gdmg (€) can be estimated from
the change of the K@ exciton reduced mass with strain;
we find AE%gdmg (6) = -4 meV/% strain (see SM sec-

tion S4 [31]). We extract AE}I(“Q“ZPM“CZS(E) =18 meV/%
strain from density functional theory (DFT) calculations
in the literature [6]. Combining these results, we obtain
for the strain dependence of the relative energies of indi-
rect and direct excitons

Exo-ki(€) = —100 meV + 74 meV% 2)
(0]

The enhancement of the PL with strain seen in
Fig. 1(b) is consistent with Equation (2): Increased
Ergo-rk at higher strain results in significantly more
KK excitons in thermal equilibrium at room tempera-
ture, leading to stronger PL through the direct-gap emis-
sion channel. Equation (2) predicts an indirect to direct
gap transition at ¢ = 1.4% when Exg_kk(€) = 0 meV.
In fact, Fig. 1(c) shows that the peak positions in the
band-edge absorption and emission spectra are close to
one another for 1.4% strain, confirming this prediction.
This value differs from the DFT calculations mainly due
to a smaller calculated value for Exg_xx(0) [6].

We infer that vxx_xx and 7.qq of the 2L contribute
in total about 20 meV to the linewidth as in the 1L [12].
We account for them to deduce yxx_r¢g. Our model
fits the strain-dependent linewidth reasonably well, with
Yk k—Kk@ decreasing from 55 (21) meV to 17 (5) meV for
2L (1L) WSez, shown as the turquoise area in Fig. 3(a).
The trend of the 2L linewidth suggests a further decrease
at larger strain due to suppression in the yx g kg with
larger Fxg— kK. Nevertheless, at such strain values, the
band structure will be significantly affected and other
scattering rates such as vxx_rx may not be negligible
anymore.

D. 1L vs 2L WSe»

We have so far suggested that the distinct behavior
under strain of 4 €*¢ion of the 2L and 1L arises from
their different K@Q and KK gap separation under 0%



strain, Fxg_ki (¢ =0) . It is therefore useful to com-
pare the dependence of linewidths on Fxg_xx under
strain. We plot the calculated and experimentally ob-
tained 44 ¢*¢on values as a function of Fro-kKk in
Fig. 3(c). We recall that the other material properties
that affect the linewidth are expected to change only
weakly under strain. As a result, the calculated values
for the two thicknesses match well in the range where
the Fxg_rk values overlap. The experimental values
of the 2L on the side of large strain also match well the
values of the 1L on the small strain side where the val-
ues of Exg_kK are comparable. This further verifies
the essence of our conclusion that the dominant intrinsic
material property giving rise to distinct 44 €*¢o" for 1L
and 2L WSe; is Fxg_xx. This conclusion extends to
the case of 1L WSs [12].

Here we elaborate on the distinct trends of 44 e¥¢iton of
1L and 2L WSey under strain. 44 ¢*¢#on of 21, is nearly
unchanged for strains < 0.7%. This behavior reflects the
fact that the contribution to vk kK ¢g via phonon emis-
sion is not significantly affected until Fx¢g—xx becomes
comparable to the phonon energies, 10 to 30 meV [21].
Beyond that level of strain, y# €*¢®°" starts decreasing
rapidly, at a rate exceeding 20 meV /% strain, falling to
36 meV at 2.1% strain. The linewidth keeps decreasing
with increasing strain until Fxg_xk becomes positive
and slightly larger than the phonon energies, at which
point this scattering channel becomes and remains weak.

Fig. 3(c) presents a picture that simultaneously ex-
plains the behavior of the 1L and 2L and the distinc-
tion between them. The larger measured reduction in
linewidth in 2L WSes (34 meV, 50% of the unstrained
linewidth) than in 1L WSes (18 meV, 40% of the un-
strained linewidth) under the same strain applied re-
flects the different value of the exciton energies of the un-
strained materials, Exg—kx (0) (-100 meV vs 40 meV).
Note that the change in Fxg_xx with strain results
in decreases of vyxx_K¢ that are proportionally much
greater than the strain and are significantly different for
2L and 1L WSe,.

E. Linewidth of the B Exciton

Fig. 1(a) clearly shows that the linewidth of the B ex-
citon is larger than that of the A exciton without strain.
The state associated with the B exciton lies higher in
energy, enabling relaxation channels beyond those pre-
sented above. One such relaxation channel is v 1K,
which is not negligible for the B exciton as the energy
difference between the same-spin K K and 'K states is
relatively small [38]. Nevertheless, we expect that the in-
tervalley scattering rate yx x— k¢ of the B exciton should
also decrease with strain due to the relative shifts of the
higher lying KK and K@ states. Experimentally, we
do indeed observe a decrease in the B exciton linewidth
of 2L WSey (WS2) at high strain as seen in Fig. 1(a).
However, a detailed and quantitative model to explain

the linewidth narrowing observed the for B exciton with
strain is more complicated and beyond the scope of this
paper [53].

F. Influence of strain on other TMDC bilayers

In this study, we have focused our attention on 2L
WSe; due to the small energy separation between the in-
direct (KQ) and direct (KK) gaps, Exq—rxr [18, 19].
Furthermore, as 2L is nearly indirect, PL from both gaps
has been readily observed [6, 54]. This enables directly
determining Fxg_kx of 2L WSey. Moreover, the small
Erg-rk makes the optical spectra of the excitons sen-
sitive to strain, yielding observable signatures. For in-
stance, an indirect-to-direct gap transition has been ob-
served in 2L, WSey [6]. However, in the case of the 2L
MoSs, MoSes, and WSs, other scattering channels for the
K K state are available due to the relatively higher-lying
Ivalley in the conduction band (such as the T'K state
forming an indirect gap) [55, 56]. Those additional scat-
tering channels make the effect of strain on the optical
spectra more complicated [43] and may quench the PL
from the K@ state, impeding the direct determination
of Exg-kk [19]. Therefore, we present for complete-
ness spectra from some of other 2L TMDCs (Fig. 4), but
have not attempted a quantitate analysis of the strain-
dependent exciton energies of linewidths.

Fig. 4 depicts the reflectance contrast spectra of 1L
WSs, 2L WS,, 2L MoSe, and 2L MoTey with and with-
out tensile strain. [12] There are clear decreases in the
linewidths of the peaks in these materials under strain.
A exciton of 9T, WS, decreases from 69 meV (better than
typical [43]) to 41 meV; 44 €2¢iton of 21, MoSe, decreases
from 64 meV to 39 meV; y4 ¢=¢ton of 21, MoTe, decreases
from 79 meV to 57 meV at around 2.1% strain. We ana-
lyzed 44 €rciton of 11, WS, in greater detail in our earlier
study [12]. Our results suggest that such changes are
strongly correlated to the influence of strain on the band
structure and, thus exciton-phonon scattering.

G. Does hBN Encapsulation Affect the Intrinsic
Linewidth of 1L WSe,?

Recent studies have reported the pronounced effect
of hBN encapsulation on the exciton linewidths of 1L
TMDCs [47, 57]. There is clear evidence that hBN en-
capsulation provides a homogeneous dielectric environ-
ment for the excitons, resulting in significant reductions
in their total linewidth [58], particularly at low tempera-
tures. However, the different quantitative reductions on
the linewidths of, for example, MoSy and WSs indicates
that additional mechanisms may be playing a role [47].
Therefore, hBN encapsulation may be affecting the in-
trinsic linewidth of the excitons in ways that are different
for different TMDCs. Interestingly, it is easy to observe a
quantitative correlation between the effect of strain and
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FIG. 4. (a) Reflectance contrast spectrum of strained and

unstrained (a) 1L WSg, (b) 2L WSz, (¢) 2L MoSes, (d) 2L
MoTes.

hBN encapsulation on the exciton linewidths in TMDCs.
For instance, the WSey linewidth is most sensitive to
strain and hBN encapsulation. To elaborate, given that
the impact of strain on v ¢*¢°" is mainly a result of the
band structure changes, it is important to understand
the effect of hBN on the band structure and other prop-
erties affecting the exciton-phonon scattering in TMDCs
[14, 47, 59-61]. As our study showed, vy €¥¢iton ig less
sensitive to the small changes to the band structure in
the 2L than in 1L. This suggests that examining hBN
encapsulated 1L and 2L. WSes samples may give a win-
dow into the importance of this effect. Furthermore, the
same method will be helpful to study the effect of other
atomically thin materials on one another. For instance,
the effect of graphene on the band structures and the ex-
citon linewidths of TMDCs can be investigated by com-
paring neighboring 1L and 2L WSes; samples under the
dielectric influence of the same graphene sample [62, 63].

V. OUTLOOK

Our results suggest that compressive strain (excluding
other factors such as wrinkle formation due to strain)
may result in line broadening and PL quenching in
2D materials. Strain-dependent PL enhancement and

linewidth can be employed as a measure for strain imag-
ing which will be useful for large scale growth of 2D ma-
terials [11]. Wafer-scale growth paves the way to flexible
optoelectronics and our results will be beneficial to that
field [64]. Strain-tuned interaction between the emis-
sion of 2D materials and the surrounding environment
or other low dimensional materials can be studied. Het-
erostructures of strained 1Ls and other atomically thin
materials will be useful for specific studies such as those
in which the K@ state is desired to be far above the K K
state. Thus, our study shows that strain engineering en-
ables various studies and expands the limits of the 2D
materials field.

VI. CONCLUSION

In conclusion, we have performed optical spectroscopy
on 2L WSes under mechanical strain. Uniaxial tensile
strain of 2.1% reduces its optical band gap by 110 meV
to 1.54 eV. The energy of the maximum emission in the
PL spectrum blueshifts for strains below 0.7% strain, but
red shifts under higher strains. This non-monotonic be-
havior arises from the interplay of the indirect and direct
gaps. We have shown that the indirect PL is a K@ transi-
tion in the Brillouin zone. Our calculations suggest that
the WSey bilayer changes from an optically indirect to
a direct gap material at 1.4% strain. We have demon-
strated that the exciton linewidths of 2L and 1L WSes,
while both decreasing under increasing strain, show quite
different behaviors. The difference stems from the indi-
rect gap nature of the unstrained 2L. The line narrowing
in the 2L is also a result of the increased energy sep-
aration between the lowest energy indirect and direct
states, suppressing the phonon-induced intervalley scat-
tering. ~4 €*¢*°n hecomes as small as 36 meV at 2.1%
strain. Strained 2L WSes is thus a material with an
optical direct gap and reduced exciton-phonon coupling
which can be viewed as an alternative to unstrained 1L
WSe, for studies and applications that require a direct
band gap material.
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