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Tungsten-based transition metal dichalcogenides exhibit dark excitons as the energetically lowest states. These
are crucial for exciton thermalization and propagation and they dominate low-temperature photoluminescence
via the emergence of pronounced phonon sidebands. After a resonant excitation, highly mobile hot dark excitons
are formed, which quickly thermalize into an equilibrium distribution. The application of strain modifies the
exciton energy landscape and, in particular, the relative energy separation between bright and dark exciton states.
The impact of strain on the transient photoluminescence and diffusion of nonequilibrium excitons has remained
largely unexplored so far. In this work, we investigate the spatiotemporal exciton dynamics in strained WSe,
monolayers under encapsulation in hexagonal boron nitride at cryogenic temperatures. We demonstrate that
tensile strain abruptly increases the excess energy of hot excitons, thereby accelerating their transient diffusion.
We trace this back to suppressed phonon-mediated scattering from bright to dark excitons. Furthermore, we
predict a periodic modulation of the transient exciton diffusion in the presence of a compressive strain resulting
from strain-driven emission of M phonons. The gained microscopic insights illustrate how strain can be used
to engineer transient photoluminescence and exciton diffusion in technologically promising two-dimensional

semiconductors.

DOI: 10.1103/rvb3-tnl5

I. INTRODUCTION

Two-dimensional semiconductors, such as transition metal
dichalcogenides (TMD), are characterized by tightly bound
excitons. The charge neutrality of these Coulomb-bound
electron-hole pairs inhibits their control by external electric
fields [1]. Only in vertical [2—4] or lateral heterostructures
[5-9], the appearance of spatially separated dipolar excitons
allows electrical control. The application of external mechan-
ical strain presents a strategy to overcome this limitation and
obtain directional control of exciton propagation even in TMD
monolayers. Strain modifies the exciton energy landscape in
a valley-dependent way [10-20]. In particular, the energy of
bright excitons shifts to the red with tensile strain, allow-
ing funneling of excitons toward spatial, high-strain regions
[21-26], where intense photoluminescence (PL) is observed
[27-29]. Recently, it was demonstrated that, interestingly,
strain can even result in exciton anti-funneling toward spa-
tial, low-strain regions in tungsten-based TMDs [30]. This is
driven by dark KA excitons, which shift blue with strain—
opposite to bright KK excitons. Similarly, strain has been
shown to accelerate exciton diffusion at equilibrium [31,32]
as well as to enhance PL intensity [33] and polarization [34]
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or to modify exciton g factors [35] by bringing dark and bright
excitons in resonance.

Dark excitons also have a crucial impact on the tran-
sient spatiotemporal exciton dynamics through the formation
of nonequilibrium dark excitons [36-38]. In tungsten-based
TMD monolayers the optically excited bright KK excitons
scatter into the energetically lower dark states by emitting
intervalley phonons [see Figs. 1(a) and 1(b)]. Due to the
spectral mismatch between the bright-dark exciton separa-
tion and intervalley phonon energies [39], hot dark excitons
are formed with a finite excess energy. Subsequently, they
gradually lose their energy by scattering with quasielastic
intravalley phonons, whose efficiency decreases linearly with
decreasing temperature. As a result, the thermalization time of
hot dark excitons increases from tens of femtoseconds to tens
of picoseconds when moving toward cryogenic temperatures
[36]. In WSe, under hexagonal boron nitride (hBN) encap-
sulation, this gradual thermalization has been directly tracked
via time-resolved PL [38]. Since hot excitons have a higher
group velocity, their formation leads to a transient diffusion
which is orders of magnitude faster than the equilibrium dif-
fusion [30]—similar to the behavior demonstrated in two- and
three-dimensional perovskites [40-42].

Strain can be used to tailor the dark-bright exciton en-
ergy landscape and to control the excess energy of hot dark
excitons and thereby the transient exciton PL and exciton
diffusion in TMDs. This strain engineering of the ultrafast
spatiotemporal exciton dynamics at cryogenic temperatures
has remained largely unexplored so far. In this work, we
bridge this knowledge gap by performing a material-specific
and predictive theoretical study on the impact of tensile and
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FIG. 1. Strain engineering of the exciton landscape in WSe,
monolayers. (a), (b) Tensile strain leads to a speedup of exciton
transport due to a spectral reordering of KK, KA, and KK’ excitons.
Strain particularly modifies possible scattering channels and exciton
thermalization. Strain larger than the critical value sy &~ 0.3% deacti-
vates the phonon-mediated KK-to-K A scattering resulting in a direct
formation of hot dark KK’ states with a large excess energy. (c) The
state reordering is a result of opposite strain gauge factors for KK
(KK") and KA excitons.

compressive strain on the transient PL as well as on the
temporal exciton thermalization and the spatial exciton prop-
agation in the exemplary case of strained, hBN-encapsulated
WSe, monolayers. We show how tensile strain leads to an
abrupt increase in the excess energy of hot dark KK’ ex-
citons resulting in a speedup of exciton diffusion for strain
values larger than the critical strain sy & 0.3%. This can be
traced back to the deactivation of phonon-mediated scattering
channels into KA excitons. While intervalley scattering with
optical phonons is already closed in only weakly strained
TMDs due to their large energies in the range of 27-33 meV
[39], intervalley scattering with acoustic phonons with en-
ergies of about 12—-14 meV is energetically not allowed for
strain values with Exk s — hwa < Ekas, Where E, 5 is the
minimum energy of excitons in valley v at strain s and
hwp = ha)TA A s the energy of the intervalley TA acous-
tic A phonons. As shown in Fig. 1(c), this takes place at
so &~ 0.3% for hBN-encapsulated WSe, monolayers, while
larger so values are expected for lower dielectric screen-
ing due to a generally increased energy separation between
KK and KA excitons [24,33]. Furthermore, we predict a
qualitatively different behavior in the presence of compres-
sive strain that is characterized by a strain-induced periodic
modulation of exciton diffusion due to the activation of

M-phonon emission. Overall, our microscopic study sheds
light on the impact of tensile and compressive strain on
exciton thermalization and transient exciton diffusion in TMD
monolayers.

II. THEORETICAL APPROACH

First, we evaluate the strain-dependent exciton energy
landscape. Starting from the unstrained single-particle disper-
sion relation [43] and strain-induced variations of effective
masses and band extrema [15], we apply a continuum ap-
proach to solve the Wannier equation [44-47] with a nonlocal
Coulomb screening [48]. In this way, we obtain a set of ex-
citonic states [Q, vis) = X Q ,10) with the strain-dependent

energy Eg  =E,;+ i?1QJ2 /(2M, ), where Q denotes the
center-of-mass momentum and M, ; the total exciton mass
in valley v at strain s. Here, we have introduced X TQS as
the exciton creation operator. Due to a considerable energetic
separation to higher excitonic states and the limited range of
considered strain values, we restrict our investigations to the
lowest 1s state of the bright KK as well as of momentum-dark
KK’ and KA excitons [49]. Note that other valleys, such as
'K and T'K’, become only relevant at larger strain values
s 2 1% [31].

Now, we introduce the excitonic intravalley Wigner func-
tion N§ (., 1) = Y o (X o100 125 %0.0-Q /2,50’ YT with 1 in-
dicating the center-of-mass position while (X,i Q,sXv,Q’,s>t is
the time-dependent single-exciton density matrix after tracing
out the other degrees of freedom [50]. We then numerically
determine the evolution of N&S(r, t) within the continuum
approach. Exploiting the Heisenberg equation, in the low-
excitation [51,52] and undoped regime [53-56] the associated
spatiotemporal exciton dynamics reads [36,57]

N (x. 1) = (— "Q

v,§
+ Lol pos@, OF + N§ (6, Dle. (1)

The first term indicates the free spatial evolution of excitons,
while the second term takes into account the losses due to
the radiative recombination of bright excitons |KK, 0;s)
within the lightcone via a strain-independent rate y; X y
corresponding to a radiative linewidth of /iy = 2.5 meV [15].
The second line of Eq. (1) provides the effects induced by
exciton-phonon scattering. The first contribution describes
the formation of incoherent excitons due to phonon-driven
transfer from excitonic polarization |pQao,s(T, 1)]? (referred
to in literature as coherent excitons [46]). This polarization
follows the spatiotemporal laser profile, for which we take
a Gaussian with a full width at half maximum of 0.2 ps
in time and 850 nm in space, as realized in a previous
experiment [38]. The last term in Eq. (1) provides the
scattering-induced dynamics, which we describe with
the conventional Markov approach as a local Boltzmann
collision rate N§ (¢, 1)l = [y, (r, 1) — FO‘“’VN” J(r, 1)
in the Boltzmann transport equation with F”‘V(r 1) =

Y v.o TNy () aswellas TN = 3, o, Tdey - Both
terms depend on the excnon scattering coefficients FQ%)’ =

2 2
i |G o Pty 8(Ey —E§  + ha

-V - V(SQ,OSU,KK)N(&S(I‘V 1)

LQ,s)’ which
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describe the scattering from exciton |v, Q;s) to |v/, Q';s)
via interaction with phonon modes « with the energy
ha)z,_Q (neglecting the weak variation of phonon energy

with strain [15,58]). Here, ng,s are the coefficients of the
exciton-phonon Hamiltonian, derived from the analogous
electron-phonon coefficients [39] through the excitonic form
factors [47], while an = (% + % + ngg) are the factors for
the emission (4) and absorption (—) of phonons with the
Bose-Einstein occupation nqg. Exciton-phonon scattering
crucially depends on strain, mostly via the modification
of energies of the involved initial and final exciton states
[14,15,58,59]. In particular, strain-induced energy shifts can
open or close specific intervalley scattering channels, which
strongly affects the formation of hot excitons and their excess
energy [see Figs. 1(a) and 1(b)].

The resulting spatiotemporal dynamics can be experi-
mentally accessed via space-, time-, and energy-resolved
photoluminescence I (E,r,t). Extending the generalized
Elliott formula introduced in Ref. [60] and adapted for time-
resolved PL in Ref. [37], this can be described as

2IM *[Ig5(r, 1) + Lna.s(E, ¥, t)]
(EKK,s - E)Z =+ hz (y + ngF,KK)Z

L(E,r,t)= 2)

including the direct Iy (r, ) = yN§ X (r,7) and the phonon-
assisted indirect contribution to the emission g s(E, ¥, 1) =
arguy

ZQ,v,a,i |GZ;]§2],(S|2’7¢::::,QN6’S(I" [)m The
coefficient |M|? is the squared modulus of the exciton-photon
matrix element in the lightcone [60] and it directly relates
to the radiative rate y [41]. The spatiotemporal dynamics
of Eq. (1) allows us to track excitonic diffusion, which
induces a spatial broadening of the squared width of the PL
profile  o2(t) = [[r’I(E,x,t)drdE /2 [[ I(E, r,t)drdE.
At equilibrium, this evolves linearly in time, while in the
transient nonequilibrium regime, the effective diffusion
coefficient is given by Dy(t) = %3,03(0 [see Sec. 1 in
the Supplemental Material (SM) [61] for more details].
While Eq. (2) describes the local photoluminescence as a
well-established technique for measuring spatiotemporal
exciton dynamics [22,30,51,62,63], the more general Eq. (1)
can be adapted to other experimental approaches, such
as local pump-probe [24,64,65], raster scanning [66—68],
transient gratings [69,70], and space- and time-resolved
angle-resolved photoemission spectroscopy [71-78].

III. RESULTS

A. Strain engineering of transient exciton optics

The direct radiative recombination of bright excitons gives
rise to a peak in the PL spectrum at the energy Exg ;. The
phonon-assisted recombination of dark excitons dominates
the PL at low temperatures, although the efficiency of this
process is orders of magnitude smaller. This is compensated
for by the much higher occupation of the energetically lowest
dark states at cryogenic temperatures. The resulting phonon
sidebands appear energetically below Egk , and allow to
track dark excitons. In unstrained hBN-encapsulated WSe;
monolayers, phonon sidebands have been demonstrated to
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FIG. 2. Strain tuning of exciton thermalization. Time- and
energy-resolved photoluminescence of hBN-encapsulated WSe,
at 7 =20K under an external uniaxial tensile strain of
(@) s =0.15% < s¢ and (b) s = 0.5% > s, with sy ~ 0.3% being
the critical strain value [see Fig. 1(c)]. An initial high-energy sig-
nal redshifts toward the equilibrium emission within a few tens of
picoseconds. This is a hallmark of the thermalization of hot dark ex-
citons [Figs. 1(a) and 1(b)]. The energy separation between the initial
and the equilibrium resonance increases abruptly from 15 to almost
30 meV at the critical strain value of s, reflecting the suppression of
the scattering channel from KK to KA excitons [Fig. 1(b)].

provide direct optical access to the thermalization of nonequi-
librium hot dark excitons [38]. In a recent study, it was shown
that strain can be used to fingerprint the dark exciton land-
scape via the emergence of their phonon sidebands [33,34,79].
However, the interplay of strain and nonequilibrium exciton
dynamics has remained unexplored so far.

In Fig. 2, we show the energy- and time-resolved emis-
sion of a hBN-encapsulated WSe, monolayer at 7 = 20 K
under an external uniaxial tensile strain of s = 0.15 and 0.5 %,
respectively. In both cases, an initially higher emission en-
ergy gradually redshifts on a timescale of a few tens of
picoseconds. The final equilibrium resonance lies approxi-
mately 60 meV below Exx ; [37,60]. Similarly to the case
of unstrained WSe, [37], such a redshift indicates the initial
formation of hot dark excitons and their subsequent thermal-
ization to their equilibrium distribution. Following an optical
excitation of bright excitons, hot dark excitons in the KK’ val-
ley are generated on a subpicosecond timescale via emission
of intervalley phonons [see Figs. 1(a) and 1(b)]. The energy
separation between bright and dark excitons does not match
the energy of the involved phonons resulting in the formation
of hot dark excitons with an excess energy with respect to
band minimum at Exg’ ;. The excess energy is smaller than
the energy of intravalley optical phonons, whose emission is
hence energetically forbidden. As a consequence, hot dark
excitons lose their energy by scattering with intravalley acous-
tic phonons. Since the latter carry only a small amount of
energy, this relaxation requires multiple scattering events re-
sulting in a gradual loss of excess energy within a few tens
of picoseconds. This is directly visible in the calculated time-
resolved PL spectra via a temporal redshift of the excitonic
resonance (see Fig. 2), in agreement with a recent joint theory-
experiment study on unstrained WSe, monolayers [37].
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FIG. 3. Strain engineering of exciton propagation. (a) Time-
resolved transient exciton diffusion coefficient of hBN-encapsulated
WSe, as a function of tensile strain at 20 K. We find an abrupt
enhancement above the critical strain value of sy ~ 0.3%. (b), (c)
Cuts at two specific strain values below and above s, at 20 and 50
K, respectively. Interestingly, at the larger temperature, the duration
of the enhanced transient diffusion is considerably shortened to only
a few picoseconds for strain values smaller than sy. This is due to
the thermal activation of phonon absorption inducing the KK'-to-KA
backscattering.

In unstrained TMDs and for strain values up to so =~ 0.3%,
the optically excited bright excitons first form hot KA ex-
citons before they scatter into the energetically lowest KK’
states [see Fig. 1(a)]. Above the critical strain value sg, the
relative separation between bright and dark excitons changes
such that the KK-to-KA scattering channel is turned off [see
Fig. 1(b)]. A direct consequence is that optically excited KK
excitons can only scatter directly into KK’ excitons forming
hot dark excitons with a much larger excess energy. Therefore,
we find an abrupt increase in the energy of the initial PL
signature in Fig. 2(b). In Fig. S1 of the SM [61], we show
more strain values in the range below and above sy. When
energetically allowed, the scattering process from KK into
KK’ through KA is faster than the direct scattering from KK
to KK'. This occurs mostly due to the threefold degeneracy of
KA states together with the very efficient scattering between
KA and KK’ excitons via M phonons [31,39]. However, strain
closes this fast channel by inducing a blueshift of KA excitons

[Fig. 1(c)].

B. Strain engineering of ultrafast exciton diffusion

Since hot excitons exhibit larger group velocities, they
typically give rise to a faster transient diffusion than at equi-
librium [38,41,42]. As strain can be used to control the excess
energy of excitons (Fig. 2), strain engineering of exciton dif-
fusion is possible. Figure 3 shows the time-resolved effective
exciton diffusion coefficient Dy(¢) at T = 20 K for different

values of strain. We find that the maximum effective diffu-
sion coefficient abruptly increases from approximately 35 to
about 45 cm? /s above the critical strain value sy & 0.3%. This
maximum diffusion appears shortly after the optical excita-
tion, before gradually decreasing as excitons thermalize via
quasielastic scattering with acoustic phonons. The diffusion
coefficient decreases on a timescale of a few tens of picosec-
onds [Fig. 3(b)], reflecting the gradual reduction of the excess
energy shown in Fig. 2.

The connection between the transient diffusion and the
exciton excess energy can be understood from a gener-
alized Fick’s law [41], which neglecting the occupation

of the high-energy valleys results in Dy(t) ~ 7 (E); with

the scattering time 7, =1/ FS“: KK’ exciton mass M =

My 5, and the averaged exciton energy (E;);. This relation
follows under the assumption of a weak spatial inhomo-
geneity of NKK (r,t). This implies timescales larger than
7, where ﬁrst scattering even takes place and random-
izes the momentum distribution [80,81]. Furthermore, in
the simplified equation we neglect effects stemming from
an intervalley bottleneck or backscattering [80] and assume
a negligible momentum dependence of the scattering rate
I“"“‘ KK ~ I KK’ [41]. The averaged exciton energy de-
pends on the spanotemporal exciton occupatlon via (Es), =
[dr ZQEKKNKK (r,t)/ [dr ZQNKK (r,t1). For times t
larger than the thermalization time #y,, excitons equilibrate in a
local Boltzmann distribution with (Ey),, = kT , leading to the
well-known conventional diffusion coefficient Dy = t,kgT /M
[41]. In contrast, before thermalization, the averaged energy
(Es); is determined by the excitonic excess energy. This is
approximately one order of magnitude larger than the thermal
energy at 20 K, leading to considerably faster transient ex-
citon diffusion. The abrupt increase of the excess energy for
tensile strain values above sg (Fig. 2) is reflected by an abrupt
enhancement of the maximum diffusion above this critical
strain value [see Fig. 3(a)]. Interestingly, the opposite trend is
found during the first 2-3 ps, when diffusion becomes slower
at larger strain values [see Fig. 3(b)]. This can be traced back
to the suppressed scattering into KA excitons, thereby slowing
down the formation of KK’ excitons, i.e. the direct KK-to-KK’
scattering process is slightly slower, hence requiring more
time until highly mobile hot KK’ excitons become crucial.
Note that there is also an enhancement in diffusion for strain
values above s & 0.05% due to the suppression of a phonon
bottleneck between KK’ and KA excitons [37] (see Fig. S1 in
the SM [61] for more details).

Higher temperatures slow down the transient exciton dif-
fusion due to the increased efficiency of exciton-phonon
scattering. Surprisingly, we find that this occurs in a highly
asymmetric way for strain values larger and smaller than
so. For s = 0.5% > s, the evolution of Dy(t) is qualitatively
similar at 20 and 50 K [see the red lines in Figs. 3(b) and
3(c)]. The two results differ only by the expected quantitative
reduction of the maximum diffusion by a factor of approx-
imately 2.5. This originates from the linear increase of the
exciton-phonon scattering rates with temperature, which at
large strain are dominated by the interaction with acoustic
I' phonons. For the smaller strain s = 0.15% < s9, at 50 K
the transient diffusion is strongly suppressed already after
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5 ps—contrary to the case at 20 K [see the gray lines in
Figs. 3(b) and 3(c) as well as the surface plot in Fig. S2
of the SM [61]]. This results from the thermal activation of
the intervalley scattering from hot KK’ into KA states via
absorption of acoustic M phonons. These modes have low
energies (15-16 meV [39]) and strongly couple the KK’ and
KA excitons. Their thermal activation, already significant at
50 K, rapidly transfers hot KK’ excitons back to the KA states,
suppressing the transient diffusion. Note that the same mech-
anism also governs the strain dependence of the equilibrium
diffusion at room temperature [31]. For larger strain values
with s > 0.4-0.5%, no thermal activation of M phonons is
possible and the enhanced transient diffusion is preserved for
a longer time, since here KA excitons are shifted too far away
from KK’ states [Fig. 1(c)]. In the intermediate range of strain
values 5o < s < 0.4-0.5%, the scattering from KK to KA
is energetically suppressed, while hot KK’ excitons can still
scatter into KA states. Together with the larger thermal broad-
ening of transient distributions, this leads to a variation of the
transient diffusion with strain that is less abrupt at T = 50 K
than at 20 K. In particular, the maximum diffusion smoothly
increases from 10 to 20 cm? /s for strain values going from s
to 0.4-0.5 % (see Sec. 1 of the SM [61] for more details).

C. Periodic strain modulation of exciton diffusion

In conventional semiconductors, the excess energy of
photoexcited electrons can be tuned simply by changing
the excitation energy. When the excess energy exceeds the
optical-phonon energy fiw,p, successive phonon-induced scat-
tering reduces the energy by multiples of fiw,, [82,83]. In
contrast, in TMD monolayers the exciton oscillator strength
is strongly centered at the bright-exciton energy, which cannot
be tuned by laser energy. As a result, exciton excess energy is
largely insensitive to excitation energies close to resonance.
Here, we show how compressive strain allows a continuous
tuning of exciton excess energy—in analogy to the effect of
laser excitation energy on electrons.

Recently, compressive strain has been experimentally real-
ized using piezoelectric support [84,85] or thermal expansion
of the substrate [86,87]. The key qualitative difference be-
tween tensile and compressive strain is that the lowest state
changes from KK’ to KA for uniaxial strain smaller than s, ~
—0.1%. This change has two important consequences: First,
KA excitons are threefold degenerate, contrary to KK’ states.
This opens up new scattering channels for hot excitons. While
hot KK’ excitons can only interact with intravalley I" phonons,
hot KA excitons can also interact with M phonons and scat-
ter between degenerate KA valleys [see Fig. 4(a)]. Second,
in contrast to only a small change in the energy separation
between bright KK and dark KK’ excitons with tensile strain
[88] [see quasiparallel strain-dependent lines for KK and KK’
excitons in Fig. 1(c)], compressive strain induces a large vari-
ation of bright-dark energy separation. This is comparable to
the variation of the energy separation Ex, ¢ — Exk’ ; between
the two energetically lowest valleys, which decreases with
compressing strain with a gauge factor d,_gx ~ 80 meV/%
[see Fig. 4(b)]. This is due to the opposite strain-induced
energy shift of KK and KA excitons [see Fig. 1(c)]. These
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FIG. 4. Strain-induced periodic modulation of exciton diffusion.
(a) Activation of KA excitons in the presence of compressive strain.
Here, hot dark excitons scatter between the three degenerate KA
valleys by emitting acoustic M phonons with the energy /iwy. (b) For
strain values smaller than s, ~ —0.1%, KA excitons become en-
ergetically lower than KK’ excitons. The large strain gauge factor
of Exas — Exxs allows emission of acoustic M phonons with a
multiple of Ziwy (horizontal lines), which corresponds to a strain pe-
riodicity of sy & 0.2 %. (c) The resulting periodic strain modulation
of the transient exciton diffusion.

two qualitative changes lead to drastically different transient
exciton diffusion with compressive and tensile strain.

At the critical strain value s ~ —0.1%, KA and KK’
excitons are quasidegenerate [Fig. 4(b)], leading to a small
transient diffusion due to the enhanced intervalley scattering,
similar to the case of equilibrium diffusion at high tempera-
tures [31]. Here, hot KK’ excitons are formed with an excess
energy of approximately 15 meV [Fig. 2(a)], which is in
the range of the energy of M acoustic phonons [39], and
hence hot KK’ excitons can relax into KA states by emit-
ting an M phonon. This leads to a suppressed diffusion for
§ & §5¢r. A tuning of compressive strain beyond this critical
value induces a periodic change of fast and slow exciton
diffusion [see Fig. 4(c)]. This indicates a cyclic variation of
exciton excess energy. The initial excess energy corresponds
to the energy separation between the two lowest dark excitons,
hence it increases with compressive strain with the gauge
factor d,_y. Once a certain excess energy is reached, emis-
sion of intervalley M phonons drives the system back to the
initial excess energy. At first approximation, this process is
quantized in multiples of the average acoustic phonon energy
oy = 0.5k(w)"™ + o) = 15.8 meV, because exciton
scattering scales with one over the phonon energy and acous-
tic M phonons possess the smallest energy. The horizontal
lines in Fig. 4(b) indicate when the energy separation between
the two dark valleys is large enough to activate the emission
of M phonons. This takes place with a strain periodicity
sm = hwm/dp_x = 0.2 %. Interestingly, the same periodicity
appears in the strain- and time-dependent exciton diffusion
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in Fig. 4(c). First, increased compressive strain induces a
higher excess energy of hot dark excitons resulting in a larger
exciton diffusion. Whenever the condition is reached for the
emission of M phonons inducing scattering between the three
KA valleys, the diffusion is significantly reduced. This results
in a phonon-induced periodic modulation of exciton diffusion.
Note that there is a deviation from this expected periodicity at
higher compressive strain values, which can be ascribed to the
small contribution of other phonon modes and exciton valleys,
in particular other M phonons and KK’ excitons. For large
compressive strain s < 5., — 25y there is even a competition
between two- and one-phonon processes.

IV. CONCLUSIONS

Based on a microscopic, material-specific and predictive
approach, we study the possibility of strain engineering of
exciton emission and diffusion in hBN-encapsulated WSe,
monolayers at cryogenic temperatures. We predict an abrupt
increase of the excess energy of hot dark KK’ excitons
above the critical strain of sy =~ 0.3%. This is explained by
the deactivation of the phonon-mediated scattering to KA
excitons, which considerably slows down exciton thermaliza-
tion and increases the energy of transient phonon sidebands
that can be monitored in time-resolved photoluminescence
spectra. Furthermore, we show that the maximum exciton

diffusion coefficient increases abruptly from about 35 to about
45 cm?/s above the critical strain sq, which is one order of
magnitude faster than equilibrium diffusion. The enhanced
transient diffusion reflects the suppressed phonon-mediated
scattering from bright to dark KA excitons. Finally, we predict
a qualitatively different diffusion behavior in the presence of
compressive strain that is characterized by a periodic strain
modulation. This can be traced back to an interplay of a strain-
induced increase in the excess energy of hot dark excitons and
its abrupt release via emission of M phonons. Overall, our
work provides microscopic insights into strain engineering of
exciton emission and propagation in strained two-dimensional
semiconductors.
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