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We investigate excitonic absorption and emission in monolayer (1L) WSe2 under tensile strain.
We observe a redshift of 100 meV in the A exciton energy and a decrease of 25 meV in its estimated
binding energy under 2.1% strain. Surprisingly, the linewidth of the A exciton decreases by almost
a factor of two under strain, from 42 to 24 meV at room temperature. We explain this effect as
the result of suppression of phonon-mediated exciton scattering channels. We show that such a
suppression results from the relative shift under strain of a secondary valley in the conduction band
that is nearly degenerate with the K valley where the A exciton is formed.

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

I. INTRODUCTION

Excitons dominate the optical spectra of atomically
thin semiconducting transition metal dichalcogenides
(TMDCs) due to their high binding energy and oscil-
lator strength1,2. It is, thus, invaluable to understand
them for many-body physics and fundamental studies on
TMDCs. The ability to tune them is, moreover, very
valuable for optoelectronic applications. Recent stud-
ies have demonstrated the tunability of the optical gaps
and excitonic binding energies by 10s of meV via exter-
nal control such as electrical gating, magnetic fields, and
dielectric screening3–7. Strain tuning, another external
control, has been repeatedly employed to engineer the op-
tical spectra of monolayer (1L) TMDCs8–15. Redshifts of
more than 400 meV in the optical gap8, indirect to direct
gap transitions10, and changes in the spectral linewidths
via strain have been reported in TMDCs11,12,15–17. In
contrast, the influence of strain tuning of their electrical
(quasiparticle) band gaps or of excitonic binding ener-
gies has not yet been investigated. Moreover, the effect
of strain on other optical fingerprints such as linewidth
has not yet been modeled or fully understood.

II. STRAIN AS A PROBE

Strain can provide a means of probing the band struc-
ture of monolayers and the relative disposition of differ-
ent minima in the conduction band (CB). 1L TMDCs
are expected to possess direct gaps, but with indirect
gaps only a few 10s to 100s of meV higher in energy18–20.
Therefore, the optical and electrical properties of 1Ls
may be strongly influenced by the exciton- and carrier-
phonon scattering between valleys at room and elevated
temperatures19,21–23. It has been proposed that tensile
strain can alter the energy separation between those two
states associated with the direct and indirect gaps, af-
fecting the scattering rates24–27. Consequently, we ex-
pect that the altered energy separation under strain may
lead to observable fingerprints in the optical spectra of
the material. In this manner, strain can provide a means

of optically probing the indirect gap, which is difficult
to probe by optical spectroscopy when its energy is very
close to that of the direct gap.

III. METHODS

In this study, we apply uniaxial tensile strain to 1L
WSe2 and perform in-situ optical absorption and pho-
toluminescence (PL) spectroscopy (see the Supplemen-
tal Material (SM) sections S1 and S228). We extract
the peak positions of the excitonic states and infer
the changes in the excitonic binding energy induced by
strain. We note a significant decrease in the spectral
linewidths of the excitons. Despite the similar depen-
dence of the material properties on strain, we observe
quantitatively different line narrowing in 1L WS2. We
consider the strain dependence of the linewidth of the
lowest lying exciton (KK or A exciton) and show that the
different narrowing can be explained by reduced phonon-
mediated intervalley scattering rate from the direct to the
lowest lying indirect (KQ (also known as KΛ)) excitonic
state. By making use of the strain dependence of the ex-
citonic gaps and binding energies observed, we calculate
the strain-dependent intervalley scattering rate within
the deformation potential approximation. We then give
an estimate for the separation between the KK and KQ
excitons, which has been examined in recent studies29–31.
It is important to note that we refer to the spin-allowed
states with respect to the top of the K point in valence
band (VB) for the A exciton in this Article, which are
higher and lower energy spin-states of the K and Q val-
leys in CB, respectively18.

IV. CHOICE OF MATERIALS

We focus our attention on WSe2 and WS2 due to their
large VB spin-orbit coupling. This enables the ready ob-
servation of the ground state and the excited states of
the A exciton without the complication of the presence
of the relatively broad B exciton in the critical spec-
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FIG. 1. (a) Absorption spectra of 2.1% strained and unstrained 1L WSe2. (b) Strain-dependent PL spectra of 1L WSe2 (offset).
Strain dependence of the strength of (c) absorption and (d) PL due to the A1s exciton; (e) E2s−1s, and A exciton binding
energy; (f) EB−A. Hollow circles are data points and solid lines are corresponding linear fits in (c)-(f).

tral range. Moreover, the relatively small separation be-
tween the KK and KQ states makes the optical spectra
of the excitons more sensitive to strain than systems such
as MoS2 and MoSe2 which have been widely studied in
strain-optics experiments8,9,12–14,18.

V. STRAIN-TUNED ABSORPTION AND PL
SPECTRA

We plot the effect of strain on the absorption and PL
of 1L WSe2 in Fig. 1. The absorption spectra show that
the A exciton redshifts from 1.67 eV to 1.57 eV and B
exciton redshifts from 2.08 eV to 2.00 eV as the strain in-
creases from 0.0% to 2.1%. The strain-induced redshifts
are far greater than the exciton linewidths, allowing the
ready identification of the influence of strain. Strain-
dependent PL spectra confirm the redshift of the A exci-
ton, verifying that the emission and absorption originate
from the same physical transition. The amplitudes of
the absorption and PL peaks of the A exciton increase
by about 75%. Surprisingly, all the features observed
become narrower. Specifically, the linewidths of the A
exciton absorption and emission peaks decrease from 42
to 24 meV for 2.1% strain. In addition to the strong 1s
state of the exciton (A1s), we are also able to observe the
2s (A2s) and 3s (A3s) excited states, which become more
pronounced under strain. Despite the spectral narrow-
ing, oscillator strengths of the A exciton absorption and
PL peaks (integrated areas under the peaks) are found

to be nearly insensitive to strain as shown in Fig. 1c and
Fig. 1d, respectively. (see SM section S3 for more ab-
sorption spectra28)

VI. ANALYSIS

We analyze the strain-dependent absorption spectra
and extract the peak positions of the excitons by fitting to
Lorentzian lineshapes1. We plot the energy separations
between the A2s and A1s (E2s−1s), and B and A excitons
(EB−A) and their linear fits in Fig. 1(e) and Fig. 1(f), re-
spectively. We obtain from the fit that E2s−1s decreases
from 157(±1) meV by 6(±1) meV/% strain. We esti-
mate the change in the exciton binding energy as twice
E2s−1s and find that it decreases from 315(±2) meV by
12(±2) meV/% strain1,4. This corresponds to a decrease
of 3.8(±0.6)% per % strain. This is in good agreement
with the calculations of the strain dependence of the ex-
citon binding energy as arising from a decrease in the
exciton reduced mass32,33. We note that these analyses
assume that the binding energy scales linearly with the
reduced mass. However, for a binding energy scaling as
the reduced mass, for instance, to the power 0.334, the
experimental data would imply a rate of decrease of the
reduced mass with strain (>10% per % strain) exceeding
the predicted rate. A and B excitons redshift at differ-
ent rates so that EB−A increases from 409 meV by 10
meV/% strain mainly due to the increase in the splitting
of the top of VB at the K point35,36, (see SM section
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S728).
We next consider the strain-dependent linewidths of

the A and B excitons. In Fig. 2a, we plot the linewidths
for the absorption features in WSe2 as well as WS2. The
linewidth of the A (B) exciton of WSe2 decreases from
42 (170) meV at 0.0% strain to 24 (146) meV at 2.1%
strain. We observe a quantitatively different narrowing
for WS2: The linewidth of its A (B) exciton decreases
from 30 (127) meV at 0.0% strain to 24 (119) meV at
1.5% strain and remains nearly invariant around 24-25
meV up to 2.3% strain.

VII. DISCUSSION

A. Effect of Strain on Linewidths

Here, to discuss the surprising strain-driven decrease
in the A exciton linewidth, we note that it is deter-
mined principally by three processes22: Radiative de-
cay (γrad), intravalley scattering (KK to KK exciton-
phonon scattering; γKK−KK) and intervalley scattering
(KK to KQ exciton-phonon scattering; γKK−KQ) rates.
We may disregard the KK to KK ′ and KK to ΓK in-
tervalley scattering processes, since their rates are under-
stood to be relatively low, mainly due to the relatively
small deformation potentials of the associated scatter-
ing mechanisms19,22. Let us now consider the effect of
strain on these contributions. First, γrad of 1L WSe2
and MoS2 has been calculated to increase by about 10%
per % strain32. We assume the same trend for WSe2.
The effect of strain on γrad is plotted as the yellow area
in Fig. 2(b) and Fig. 2(c). The predicted change in
linewidth from γrad is slight and opposite to the over-
all trend22,32,37. Secondly, to analyze γKK−KK , we em-
ploy the recently reported effective deformation potential
model of 1L TMDCs19. We consider the strain-induced
change in the KK exciton reduced mass, mass density
of the material, sound velocity and the related phonon
frequencies20,32,38. We find that γKK−KK decreases by
about 2 (2)% per % strain for WSe2 (WS2), correspond-
ing to a decrease of less than 1 meV at the highest
strain achieved, plotted as the orange area in Fig. 2(b)
(Fig. 2(c))22. The effect of strain on γKK−KK , as well as
on γrad, is clearly not sufficient to account for the signif-
icant reduction observed in the linewidths (orange lines
in Fig. 2(b) and Fig. 2(c)).

We thus infer that influence of strain on γKK−KQ must
account for the majority of the decrease in linewidth in
both WSe2 and WS2. We propose that origin of the
strong strain dependence of γKK−KQ arises from the near
degeneracy of the KK and KQ excitons, so that slight
shifts in the relative positions of the valleys can have a
dramatic impact on scattering rates. In fact, the energy
separation between the KQ and KK states, EKQ−KK ,
is expected to increase due to weaker (stronger) coupling
between the orbitals contributing to the K (Q) point
of CB under tensile strain24–27,39. Such a shift in the

relative energies of the states can lead to a rapid decrease
in the scattering rate due to a reduction in the density of
available final states in the scattering process24. We show
this effect schematically in Fig. 2(d). Here we develop
a model to analyze the strain dependence of γKK−KQ.
We must first consider the strain-dependent EKQ−KK .
Writing the contributions to the exciton energy in terms
of shifts of the band separation and shifts of the exciton
binding energy, under strain ε

EKQ−KK(ε) = EKQ(ε) − EKK(ε) = EKQ−KK(0)

+∆Equasiparticle
KQ (ε) − ∆Ebinding

KQ (ε) − ∆EKK(ε) (1)

Here EKQ(ε) and EKK(ε) are the strain-dependent
energies of the KQ and KK excitons, respectively.

∆Equasiparticle
KQ (ε), ∆Ebinding

KQ (ε), and ∆EKK(ε) are the
changes induced by strain in the KQ quasiparticle gap,
KQ exciton binding energy, and the KK exciton energy,
respectively. We evaluate these quantities for WSe2 in
the following manner. ∆EKK(ε) = -47 meV/% strain is
obtained directly from the experimental absorption spec-

tra presented above. ∆Ebinding
KQ (ε) can be estimated from

the change of the KQ exciton reduced mass with strain

(see SM section S728); we find ∆Ebinding
KQ (ε) = -6 meV/%

strain20,32,36. We extract ∆Equasiparticle
KQ (ε) = 15 meV/%

strain from density functional theory (DFT) calculations
in the literature10. Combining these results, we obtain
for the strain dependence of the relative energies of indi-
rect and direct excitons

EKQ−KK(ε) = EKQ−KK(0) + 68 meV
ε

%
(2)

The lack of significant enhancement of the PL with
strain (Fig. 1(d)) indicates that EKQ−KK & kBT , where
kB and T are Boltzmann constant and room temper-
ature, respectively. If this were not the case, an in-
creased EKQ−KK at higher strain would result in sig-
nificantly more KK excitons in thermal equilibrium and
thus stronger PL. This view is compatible with nearly
direct-gap optical excitations in 1L WSe2 and WS2 at
room temperature that become more direct under ten-
sile strain (see SM section S128 for a discussion of the PL
intensity under strain). We note that at higher strain,
γKK−KQ is expected to diminish and thus the total
linewidth will be dominated by γKK−KK and γrad. Thus,
we infer that they contribute in total about 20 meV to
the linewidth40 which we account for to deduce γKK−KQ.
We estimate EKQ−KK(0)= 40 (100) meV and, our model
fits the strain dependent linewidth reasonably well with
γKK−KQ decreasing from 21 (9) meV to 5 (4) meV for
WSe2 (WS2), shown as the turquoise area in Fig. 2b (c).
A higher value for EKQ−KK for WSe2 than WS2 is con-
sistent with the DFT calculations, since the two materials
have comparable exciton binding energies18. Therefore,
we estimate the lowest lying indirect gaps, EKQ, of un-
strained 1L WSe2 and WS2 to be 1.71 eV and 2.10 eV,
respectively (see SM section S528).
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FIG. 2. (a) Experimentally measured strain dependence of the total linewidths of the A and B excitons in 1L WSe2 and WS2.
Strain dependence of the extracted homogeneous linewidths and calculated contributions to the A exciton linewidth in 1L (b)
WSe2 and (c) WS2 (see SM section S828). The height of the colored areas between the solid lines represents the contributions
from the radiative decay γrad (yellow), intravalley exciton-phonon scattering γKK−KK (orange), intervalley exciton-phonon
scattering γKK−KQ (turquoise). (d) Schematic representation of the line broadening mechanisms and the strain dependence of
the relative energy levels of KQ and KK states.

B. WSe2 vs WS2

The material properties of WSe2 and WS2 show gen-
erally similar trends with strain. However, we have ob-
served that the linewidth narrowing observed is signifi-
cantly larger in WSe2 (18 meV, 40% of the unstrained
linewidth) than in WS2 (6 meV, 20% of the unstrained
linewidth), both of which are much larger than the mag-
nitude of the applied strain. This observation further
supports the essence of our model that a different value
of EKQ−KK(0) (40 meV vs 100 meV) and an increase
in EKQ−KK can result in decreases of γKK−KQ that are
relatively much greater than strain and are significantly
different for WSe2 and WS2. Similar effects were re-
ported in conventional semiconductors, such as Ge and
GaAs, when excitonic binding energies and intervalley
scattering were manipulated by external pressure41,42.

C. Linewidths of Other Excitons

The linewidth of the B exciton, as well as of the ex-
cited states of the A exciton, are larger than the A1s exci-
ton linewidth. These states lie higher in energy enabling
relaxation channels beyond those presented above. Nev-
ertheless, we expect that the intervalley scattering rate
γKK−KQ of the aforementioned excitons should also de-

crease with strain due to the relative shifts of the higher
lying KK and KQ states. Experimentally, we do in-
deed observe a decrease of 24 (8) meV in the B exciton
linewidth of WSe2 (WS2) at high strain. However, a de-
tailed and quantitative model to explain the linewidth
narrowing observed for those excitons with strain is be-
yond the scope of this Article43.

VIII. STRAINED VS UNSTRAINED WSe2

The overall effect of strain on 1L WSe2 is presented in
Fig. 3a, in which the absorption spectra of the strained
and unstrained 1L are illustrated schematically. Un-
strained 1L WSe2 at room temperature has a ground
state A exciton at 1.67 eV with a binding energy of 315
meV and a linewidth of 42 meV and a quasiparticle gap
of 1.98 eV (blue curve in Fig. 3(a)). 2.1% strained 1L
WSe2 possesses a ground state A exciton at 1.57 eV with
a linewidth of 24 meV and a quasiparticle gap of 1.86
eV (red curve in Fig. 3). We note that the linewidth of
the strained WSe2, 24 meV, is significantly smaller than
that of the recently reported hBN encapsulated samples,
32 to 34 meV44. The energy separation between the low-
est energy direct and indirect gap states is about 145
meV larger than the unstrained case. As a result, the
ground and excited states of the A exciton are narrower
and more noticeable due to weaker exciton-phonon cou-
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FIG. 3. (a) Schematic illustration of the absorption spectra
of strained (top, offset, in blue) and unstrained (bottom, in
red) 1L WSe2 due to the A exciton. Vertical dashed lines de-
note the position of the 1s state (left) and quasiparticle band
gap (right). For clarity, only the 2s state among the excited
excitonic states is shown. (b) Calculated strain-dependent
positions of the A exciton 1s, 2s states, quasiparticle band
gap and KQ state.

pling. The strain dependence of the peak positions of the
A exciton 1s, 2s, quasiparticle band gap and KQ exciton
are shown in Fig. 3b.

IX. IMPLICATIONS

Spin and valley lifetime of excitons and electrons are
expected to be longer in strained 1L WSe2 and WS2 since
intervalley scattering is strongly suppressed. Due to the
increased coherence lifetime of excitons and other tunable
characteristics, strained 1Ls yield heterostructures with
superior optoelectronic properties45–49. Moreover, higher

mobility is expected from the devices made from strained
1L TMDCs due to decreased carrier-phonon intervalley
scattering20,24, as in the case of strained silicon50.

X. SUMMARY

In summary, we have manipulated the optical signa-
tures of the excitons of 1L WSe2 and WS2 via mechanical
strain. We have lowered the optical band gap of 1L WSe2
by 100 meV, resulting in an absorption spectrum distinct
from the unstrained 1L. We have deduced that the ex-
citon binding energy decreases by 25 meV as a result
of lower exciton reduced masses, implying a decrease of
125 meV in its quasiparticle band gap. We have demon-
strated that the pronounced observed narrowing in the
exciton linewidth can be explained on the basis of an in-
creased energy separation between the indirect (KQ) and
direct (KK) gaps, suppressing the phonon-induced inter-
valley scattering. Our results suggest that, compared to
WS2, WSe2 has a smaller indirect-direct gap separation.
As a result, a larger portion of the excitonic linewidth
in 1L WSe2 is due to intervalley scattering as a result
and the A exciton linewidths reach the same value of
24 meV at high strain. Further studies in a regime of
still higher mechanical strain40,51, should not only yield
stronger tuning of energies, but also lead to further in-
sight into the scattering and many-body physics of 2D
excitons.
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