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The recent emergence of atomically thin two-dimensional (2D) materials has opened up possibilities for the
design of ultrathin and flexible nanoelectronic devices. As truly 2D materials, they exhibit an optimal surface-
to-volume ratio, which results in an extremely high sensitivity to external changes which can not be achieved
by conventional semiconductors. This makes these materials optimal candidates for sensing applications. Here,
we propose a dark exciton based concept for ultrasensitive strain sensors. By investigating both dark and bright
excitons in tungsten-based monolayer transition metal dichalcogenides, we demonstrate that the dark-bright-
exciton separation can be controlled by strain, which has a crucial impact on the activation of dark excitonic
states. The predicted opposite strain-induced shifts for dark and bright excitons result in a pronounced change
in photoluminescence stemming from dark excitons even at very small strain values. The predicted high optical
gauge factors of up to 8000 are promising for the design of optical strain sensors.

DOI: 10.1103/PhysRevB.99.195454

I. INTRODUCTION

Currently, the most common type of strain sensors con-
sists of a metallic foil pattern, which becomes deformed in
presence of strain resulting in a change of the electrical resis-
tance [1-3]. In the case of small strain values, piezoresistors
are more appropriate [4-6] since they have a larger gauge
factor that is typically in the range of 10-20. The latter is
defined as the ratio between the relative change in the elec-
trical resistance and the applied mechanical strain. However,
they are also more sensitive to temperature changes and are
more fragile than foil-based sensors. The recently discovered
class of atomically thin nanomaterials including graphene
and monolayer transition metal dichalcogenides (TMDs) have
the potential for the design of novel strain sensing devices
[7,8]. Consisting of a single layer of atoms, they have an
optimal surface-to-volume ratio resulting in an extremely high
sensitivity to external stimuli. First, graphene-based strain
sensors show large gauge factors in the range of 35-500
[9-11]. Values reported so far for MoS, are in the range
40-140 [8,12], while the recently studied PtSe, monolayers
reveal a gauge factor of 85 [13]. However, the mentioned
sensors are all based on a change in resistance due to strain,
which makes them also sensitive to change in temperature or
humidity.

In this work, we investigate another possible mecha-
nism for sensing of strain based on dark excitons in two-
dimensional (2D) materials. TMD monolayers exhibit a re-
markably rich exciton physics due to the strong Coulomb
interaction leading to binding energies in the range of a few
hundreds of meV. Aside from bright excitons, where both
electron and hole are located in the K valley with the same
spin, the unique band structure of TMDs gives rise to the for-
mation of dark excitons. Note that we focus here on tungsten-
based TMDs since dark excitons can lie energetically below
the bright excitons in these materials. We distinguish between
spin-forbidden dark excitons consisting of electrons and holes
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with opposite spin and momentum-forbidden states with the
Coulomb-bound electron and holes located in different valleys
[14-21]. The latter cannot be directly accessed by light due to
the required spin flip or large momentum transfer. In previ-
ous studies, it was shown that that the spin-forbidden states
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FIG. 1. Impact of strain on exciton dispersion and PL. (a) Tensile
and (b) compressive strain shifts bright and momentum-forbidden
dark exciton states in opposite direction. As a result, the spectral
dark-bright separation E® is strongly sensitive to strain. (c) Photo-
luminescence (PL) spectra for monolayer WS, including the bright
resonance at 2.0 eV and the phonon-, disorder-, or molecule-activated
dark resonance at 1.95 eV in the unstrained case (gray line). Apply-
ing 0.05% tensile (compressive) strain leads to a blue-shift (red-shift)
and a strong decrease (increase) in PL intensity of the dark exciton
peak. This results in an optical gauge factor of 800 for the tensile and
8000 for the compressive strain. Note that the position of the bright
exciton has been kept constant to focus on relative changes.
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consisting of Coulomb-bound electrons and holes with oppo-
site spin can be brightened up either by applying strong in-
plane magnetic fields [22,23] or via coupling to surface plas-
mons [24]. Momentum-forbidden states, where the Coulomb-
bound electrons and holes are located in different valleys (K,
A) in the momentum space, can be activated through inter-
action with phonons [25] or high-dipole molecules [26,27]
providing the required momentum to reach these states. Here,
we focus on momentum dark excitons, where the Coulomb-
bound electron and hole are located in different valleys. The
state is denoted as dark exciton from now on. We show that the
spectral separation of bright and momentum-forbidden dark
excitonic states can be sensitively controlled by application
of strain [Figs. 1(a) and 1(b)]. While tensile strain leads to
a downshift (upshift) of the bright (dark) excitons in energy,
compressive strain gives rise to an opposite behavior. Hence,
strain can be used as an externally accessible tool to control
the separation between dark and bright states in TMDs This
has a huge impact on the photoluminescence (PL) intensity of
activated dark states. A tensile strain of only 0.05% reduces
the PL of the dark state by one order of magnitude [Fig. 1(c)].
This extremely high sensitivity (optical gauge factor of 800 for
the tensile and 8000 for the compressive strain) suggests the
possibility to design novel atomically thin dark exciton based
strain sensors.

II. THEORETICAL APPROACH

To investigate strain-induced changes in the optical re-
sponse of monolayer TMDs, we combine density functional
theory (DFT) calculations providing access to the electronic
band structure with density matrix formalism allowing us to
calculate the excitonic binding energies and the excitonic pho-
toluminescence. As a first step, we obtain the electronic struc-
ture of the unstrained monolayer tungsten disulfide (WS,) that
we investigate throughout the work as an exemplary TMD
material. To this end, we relax the lattice structure using ultra-
soft pseudopotential with local density approximation (LDA)
exchange-correlation functionals alongside the plane waves
implemented in the QUANTUM ESPRESSO package [28]. The
momentum space is sampled with 18 x 18 x 1 Monkhorst-
Pack mesh and the kinetic energy cutoff is set to 60 Ry.
The total forces on each atom after relaxation is less than
0.001 f—j To avoid the possible interaction of adjacent layers,

we use a vacuum space of approximately 20 A perpendicular
to the WS, layer. The calculations include spin-orbit coupling
but the changes due to strain are significantly small. Hence,
we will focus on the spin-up configuration from now on.
For the unstrained case, we obtain a lattice constant of ay =
0.315 nm, which is in good agreement with experimental
values and previous DFT calculations [29]. In the next step,
we model the strained WS, monolayer via the change of the
lattice constant relative to the strain with aj = ao(1 + &).
Here, &, is the applied strain, while g and a¢ denote the
strained and unstrained lattice constant, respectively. Then,
we relax the new lattice, while keeping the lattice vectors
fixed at their strained value. Therefore, only atomic positions
can relax with regard to the strained vectors. Note that we
use the same energy mesh cutoff and k grid for the strained
WS,. Finally, we utilize non-self-consistent field calculation

TABLE 1. Electronic and excitonic quantities under strain.
Strain-induced changes in the electronic dispersion around the high-
symmetry K and A points including the effective mass of the
conduction band m, (my), the direct electronic gap EXX (eV), and the
energetic difference between direct and the indirect electronic band
gap AEXA (eV). Interestingly, the direct and the indirect gaps shift
in opposite direction under strain. The spectral position of the bright
exciton EXX (eV) and the corresponding dark-bright splitting E® =

exc

EXA — EXK (V) are obtained by evaluating the Wannier equation.

exc exc

Strain mk mb EXX AEXA EXX E®
0 0.26 0.5 24 0.050 2.0 0.050
+1% +0013 +£00 =F0.14 =+£019 F0.12 =£0.19

to obtain the electronic dispersion for both relaxed unstrained
and strained WS, monolayers.

To investigate strain-induced changes in the optical re-
sponse of monolayer TMDs, we use the density matrix
formalism providing access to excitonic binding energies,
wave functions, and photoluminescence [31,32]. We extract
material-specific values as DFT input parameters for the so-
lution of the Wannier equation (cf. Table I). This includes the
curvature mf(/cl)\ of the valence (v) and the conduction (¢) band
at the high-symmetry K and A points as well as the direct
electronic gap EXX between the conduction and the valence
band with same spin at the K point. The indirect electronic gap
EXA can be expressed as EXA = EXK 1 AEXA with AEg,
as the energy difference from the conduction band minimum
at the K and the A points. In agreement with previous work
[33,34] we find that strain has a qualitatively different impact
on the K and the A valleys : the conduction band minimum at
the K point shifts down (up) for tensile (compressive) strain
compared to the fixed valence band maximum, whereas the
conduction band minimum at the A point shows the opposite
behavior [cf. Fig. 2(a)]. Note that actually all band extrema
show a downshift (upshift) for tensile (compressive) strain,
however, the conduction band at the K valley shifts stronger
than that at the A valley resulting in an opposite shift relative
to the valence band. This can be understood as a consequence
of the different orbital composition of the conduction band:
while at the K point it consists mainly of d. orbitals of
the tungsten atoms and p. + p, orbitals of the sulfur atoms,
at the A valley d,y, dy>1,2, and d orbitals of the tungsten
atoms play the major role [35,36]. When applying strain to the
system, the distance between the atoms is changed and hence
the overlap of the corresponding orbitals, leading to different
strain rates in the shifts.

Note that the absolute position of dark and bright exciton
states in the unstrained is still under debate. However, the
reported relative changes due to strain are stable and agree
to a large extent in different DFT studies [35,37,38]. The
strain-induced changes in the electronic dispersion at high-
symmetry points are also shown in Table I. For £1% tensile
(compressive) strain, the WS, monolayer is stretched (com-
pressed) and the lattice constant is changed to @y = 0.318 nm
(ap = 0.312 nm). For the unstrained case (gray line in Fig. 2),
we find the direct band gap at the K point. However, the min-
imum in the conduction band at the A point is close in energy
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FIG. 2. Impact of strain on the electronic band structure. (a) DFT
calculations of the electronic dispersion of the WS, monolayer along
the high-symmetry points in presence of tensile (+1%) and compres-
sive (—1%) biaxial strain. To focus on relative changes, we use the
valence band maximum at the K point as the reference. We find that
the conduction band at the K point shifts down (up) by 150 meV
at £1% of tensile (compressive) strain. In contrast, the A point
shows the qualitatively opposite behavior resulting in an upshifts
(downshifts) by 40 meV for tensile (compressive) strain. Note that
the absolute value of the band gap was adjusted to experimentally
observed values [30]. (b) Strain-induced change of the energy of the
bright KK and the dark K A excitons. While the first shows a decrease
with strain (orange), the latter exhibits a positive slope resulting in a
crossover at a certain strain value. The behavior can be mostly traced
back to the strain dependence of the electronic K and A valleys.
The dashed lines show the direct and indirect electronic gaps EXX
and EX*.

with AEXA = 50 meV. This distance is crucially affected by
strain. When applying 1% tensile strain (yellow curve), the
conduction band minimum at the K point shifts down in
energy by —140 meV, while the conduction band minimum
at the A point shows an opposite behavior and shifts up by
50 meV relative to the position of the valence band maximum
at the K point. For compressive strain (red curve), we observe
the opposite behavior. As a result, we find a change of the
dark-bright separation by EXA by 4190 meV /%, where +
corresponds to the tensile and — to the compressive strain.

Regarding the curvature of the bands and hence the effec-
tive masses, we find only a relatively small change due to
strain with mX®) being modified by 2%. The obtained values
are in good agreement with previous DFT studies [36,38].
Note that we focus in this work on biaxial strain, which means
that the lattice is deformed uniformly in all directions and
thus strain can be modeled by changing the lattice constant.
For uniaxial strain, our DFT calculation reveals a similar
behavior regarding changes in energy shifts and effective
masses. However, it is worth noting that in case of the uniaxial
strain, the broken lattice symmetry is transferred to the orbital
shape which can lead to a softening of valley-dependent
optical selection rules. However, this effect is rather small
[39] and thus 1% biaxial strain roughly corresponds to 2%
uniaxial strain for the investigated range of relatively small
strain values.

So far, we have discussed the impact of strain on the elec-
tronic properties of an exemplary TMD material. However, it
is crucial to study the change of excitonic properties, which
determine the optical response of these materials. In order to

calculate optical spectra of TMDs including excitonic effects
on a microscopic level, we solve the semiconductor Bloch
equations, a coupled set of differential equations describ-
ing time- and momentum-resolved microscopic polarization,
exciton occupation, as well as photon number [17,40—42].
To derive these equations of motion, we need to calculate
the excitonic band structure as well as exciton-phonon and
exciton-photon matrix elements. Thus, we solve the Wannier
equation

h2q2

o = 2 Ve K)oy = ey (M
k
This is an eigenvalue equation for excitons with the exci-
tonic eigenfunctions ¢4 and the excitonic binding energies
e, where u is the exciton index including in particular the
KK and the KA excitons. Furthermore, V.. describes the
Coulomb-induced formation of excitons within the Keldysh
potential [31,43]. Here, we include the substrate via its di-
electric screening constant and the screening length enter-
ing the Keldysh potential [44]. The exciton binding energy

. K on
depends on the reduced exciton mass m* = "< where

mK+ml >
the conduction and valence band masses enter from our
DFT calculations. For WS, on SiO, substrate, we obtain a
binding energy of ¢¥X = 400 meV for the bright KK exciton
and £X* = 500meV for the dark KA exciton. The latter is
larger due to the heavier mass of the A valley. Note that
the spectral distance between dark and bright excitons can
be tuned by dielectric screening [26]. Since strain has only a
minor influence on the effective masses (Table I), the excitonic
binding energy is only slightly affected by strain [39].

Our approach is consistent with previous experimental
studies, which revealed strongly bound excitons with binding
energies in the range of few hundreds of meV [45,46]. Fur-
thermore, the calculated excitonic linewidths in the range of
tens of meV are in good agreement with recent experimental
findings [47,48] as well as the behavior of the linewidths
under uniaxial strain [30]. Finally, the dynamics of excitons
[17,40,49] and the resulting temperature dependence of the
photoluminescence yield as well as the dynamics of the
intraexcitonic 1s-2p transition show an excellent agreement
with experimental observations [50,51] .

The spectral position of the exciton can be expressed as
EXK = EXK — KK and EXD = EX® — ¢f2. Note that the
larger exciton binding energy of the KA state exceeds the
spectral differences in the electronic band structure between
the K and the A valleys. As a result, the dark KA exciton
becomes lower in energy than the bright KK state in tungsten-
based TMDs [16,17]. We can write EXA = EXK — Fd where
E® corresponds to the spectral dark-bright-exciton separation
[cf. Fig. 1(a)]. For the unstrained case, E%® = 50 meV in the
WS, monolayer, suggesting that this material is an indirect-
gap semiconductor in the excitonic picture.

To calculate the optical response of the system, we use
the framework of the density matrix formalism in second
quantization. The key quantity here is the photon number
ng = (c;cq) with photon creation/annihilation operators c];.
The steady-state photoluminescence PL(w,) is given by the
rate of emitted photons PL(w,) wq%(czlcq), where w, is
the photon frequency. Exploiting the Heisenberg equation of
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motion, we obtain for the dynamics of the photon num-
ber 7, = [ny, H]. The many-particle Hamilton operator H
includes the light-matter interaction describing the optical
excitation of the system and the Coulomb interaction giving
rise to the formation of strongly bound excitons. Furthermore,
we include a mechanism for the activation of the momentum-
forbidden K A excitons. This can be driven either by phonons,
molecules, or actual disorder/impurity sites in the TMD
lattice. In a recent PL study, indications for phonon-assisted
radiative recombination pathways to momentum-forbidden
excitons have been observed [52,53]. In previous theoretical
work [26,27], we have discussed in detail the interaction of
excitons with high-dipole molecules providing the required
momentum to reach the dark K A excitons.

The dynamics of the photon number n, is driven by photon-
assisted polarization [54] S, = (céai’l’aﬁg) with electron
annihilation (creation) ¢ and photon annihilation (creation)
¢ operators. Solving the corresponding set of equations, we
determine the steady-state photoluminescence on microscopic
footing:

|MZK|2 KK KA
I(w) ocIm | — —=— o [Ng5 (1 = T) + TN ] | ()
AESK — Rer

In the pristine case (i.e., GXA = 0), this leads to the well-
known Elliott formula in the incoherent limit. If GK* #0,1e.,
in the case of a coupling to molecules, phonons, or disorder,
we expect new dark excitons peaks to appear in the PL,
whenever AEX® = 0 Here, M2X is the optical matrix element
describing the optical excitation of the K valley with the
circularly polarized light o . It determines the optical oscillator
strength of excitonic resonances. The position of the latter
in the PL spectrum is given by AE! = El. — hw — iy* in
the denominator. Finally, we have introduced an abbrevia-

2
‘GKAI"

tion I' = 7xy» Where the matrix element GKA s

(AES)E®—iyFh)

given by the overlap of the excitonic wave functions Gg‘l; =
2494 84, 0 kParpk — P4 Say-kqs¥a-ak) With Qo =4 —
aQ and qg = q + BQ. The exact form of the coupling ele-
ment g depends on the actual interaction that is necessary to
activate the momentum-forbidden dark KA excitonic state.
This can i.e. driven by disorder, phonons, molecules, or
any other momentum-generating mechanism. The particular
mechanism is not important for this study.

We find that the PL is strongly influenced by exciton
occupations Ny, NN with a vanishing center-of-mass mo-
mentum Q = 0. Only these states are located in the light cone
and can emit light through radiative recombination. After the
process of phonon-induced exciton thermalization occurring
on a timescale of 1 ps [17], the exciton occupations can
be described by a Bose distribution. Figure 1(c) shows the
calculated PL spectrum for unstrained WS, monolayer at the
exemplary temperature of 77 K (gray line). The peak at 2.0 eV
corresponds to the bright KK exciton, while the energetically
lower peak at 1.95 eV stems from the dark KA exciton. In the
following section, we discuss in detail how these excitonic
signatures in the PL spectrum change in presence of tensile
and compressive strain.

005 7%
. & 3
=} —
L S =
= £ !
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FIG. 3. Impact of strain on dark-bright-exciton separation and
PL intensity. Spectrally resolved PL of the WS, monolayer as a func-
tion of the dark-bright-exciton separation E®°, which can be directly
translated to a certain strain value. According to our calculations,
the unstrained WS, exhibits a dark-bright separation of 50 meV.
Applying compressive strain (negative strain values), the energetic
separation becomes larger, while for tensile strain (positive value)
strain, it becomes smaller. We observe a pronounced change in the
PL intensity of the dark K A, as it comes closer to the bright state.

III. RESULTS

Combining the DFT input for the strain-induced change
of the electronic dispersion and the solution of the Wannier
equation providing access to the excitonic binding energies,
we calculate the exact spectral position of dark and bright
excitonic states [cf. Fig. 2(b)]. While the energy of the bright
KK exciton decreases with tensile strain, the momentum-
forbidden dark KA exciton shifts to higher energies. The
strain-induced change can be fitted by a linear function with
the slope — 145 meV /% for the bright and + 45 meV /% for
the dark state. As a result, the spectral dark-bright separation
E® changes sign at 0.3% of tensile strain. This strongly
influences the efficiency of the activation of dark KA ex-
citonic state and has a direct impact on its position and
intensity in the PL spectrum. For comparison, the dashed
lines in Fig. 2(b) visualize the direct and indirect electronic
gaps EXK and EX* (without taking into account excitonic
effects). We observe that the indirect gap lies energetically
above the direct gap in the unstrained case. However, the strain
behavior is qualitatively the same, reflecting the fact that the
exciton binding energy is not very sensitive to strain [39].
As a result, it is the opposite strain dependence of the direct
and indirect electronic gaps that determines the dark-bright-
exciton separation and thus also the spectral features and their
strain sensitivity. Note that we do not include spin-forbidden
dark states in our calculations since we find that the spin-orbit
coupling is not significantly affected by strain, in agreement
with previous studies [55]. Hence, this class of dark excitonic
states shows the same strain behavior as bright excitons. Note
that we have not investigated the possibility of strain-induced
mixing of states with opposite spin, which could result in
brightening of spin-forbidden dark excitonic states.

Figure 3 reveals the PL intensity of the WS, monolayer
as a function of energy and the dark-bright splitting (and
strain) at the exemplary temperature of 77 K. The broad
peak at the higher-energy side stems from the bright exciton,
shifting with a rate of 140 meV/% strain while the peak at
the lower energy is ascribed to the dark KA exciton that has
been activated either via phonons, disorder, or molecules. The
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theoretical approach used in this paper has already shown very
good agreement with experiment regarding both excitonic
resonances and their linewidths [25,31,41,47,56]. The un-
strained case corresponds to an energetic difference E% ~
50meV corresponding to the PL in Fig. 1(c). Interestingly,
the smallest amounts of strain lead to pronounced changes in
the optical response. This is due to the high sensitivity of the
position and intensity of the dark exciton resonance to E®
that itself is highly sensitive to the applied strain. We predict a
strain-induced change rate of £190 meV /% for E®° (Table I).

The strong change in the PL intensity of the dark exciton
as the tensile strain increases and E%® decreases can be traced
back to the change in the exciton population of the involved
KK and K A excitons. The changes in the exciton occupation
are directly reflected in the optical oscillator strength of the
corresponding state. After the system is thermalized, the
exciton population is given by the Bose distribution, where
the energetic position of each excitonic state explicitly enters.
If the material is tensile strained, the K A exciton shifts up in
energy, while the KK exciton shifts down [Fig. 1(a)] resulting
in a reduced dark-bright separation (Fig. 2). As a result, it
becomes unfavorable for excitons to occupy the dark state.
As a direct consequence, the intensity of the dark exciton is
considerably reduced and the dark exciton can even be fully
deactivated under certain strain values.

On the other hand, applying compressive strain shifts the
dark exciton even lower in energy, resulting in a larger dark-
bright-exciton separation E%° and a higher occupation of the
dark exciton state after thermalization. Hence, we predict
the intensity of the dark exciton to significantly increase for
compressive strain. Our calculations show that considerable
changes in the optical response appear, when applying only
0.05% of strain (cf. Fig. 3). This suggests that smallest
amounts of strain could be detected by measuring a simple PL
spectrum. Note that as the TMD material is usually placed on
a substrate, the strain is actually transferred from the substrate
to the TMD layer. Depending on the transfer rate and the
Poisson ratio of the substrate, the actual transferred strain
to the TMD monolayer can be externally controlled. As a
result, the extremely sensitive strain range depending on the
TMD material and the used substrate can be shifted to the
technologically desired values.

An important quantity for strain sensors is the gauge factor
corresponding to the ratio between the relative strain-induced
change in a certain property of the material and the actually
applied mechanical strain. For our work, the optical gauge
factor, defined as the ratio of the relative change in PL
intensity and the strain, is a measure for the sensitivity of the
dark exciton based strain sensor

_ AL[%]

&= 3

with the applied strain (%] and the intensity ratio Al, =

L1

=, where x describes the bright KK or the dark KA
exciton. Figure 4 shows the PL spectrum for unstrained and
strained WS, as well as strain-dependent intensity ratios and
optical gauge factors. In addition to the bright (dark) gauge
factor g, (g4) that are determined by the strain-induced in-
tensity changes of the bright (dark) KK (KA) exciton, we
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FIG. 4. Optical gauge factors. (a) PL spectrum of WS, for the
unstrained and the unstrained (—0.05%) cases at 77 K. Note that here
the strain-induced shift and intensity change of the bright exciton is
also shown. The extracted (b) intensity changes and (c) optical gauge
factors g,, where x = b, d denote the bright KK and the dark KA
exciton, respectively. The gauge factors are based on the intensity
ratio between the unstrained (If) and the strained (I{") cases for
the dark exciton g, (purple) and the bright exciton g, (yellow) [cf.
Eq. (3)]. We also show the corresponding gauge factor based on the
change of the dark-bright-exciton ratio in presence of strain (blue).
Dashed lines show the behavior at room temperature.

also consider the dark-bright gauge factor gq, that is based
on the change of the intensity ratio between the dark and the

bright excitons, i.e., ggp = 3:? /,f;r — 1. Figures 4(b) and 4(c)
show the corresponding changes in the relative intensity ratio
Al and the gauge factors g, as a function of strain at 77 K
(solid lines) and 300 K (dashed lines). In the case of a linear
strain dependence, the gauge factors simply correspond to the
slope of the corresponding lines. However, since the intensity
changes are clearly nonlinear, the gauge factors vary with
strain and can be understood as the derivative of the relative
intensity ratio.

Our calculations reveal that one can obtain remarkably
high gauge factors for the compressive strain at 77 K. The
dark-bright gauge factor gg, can reach values of up to 8000
for 0.05% of compressive strain (blue line). The dark gauge
factor g; (purple line) goes up to 4000, while the bright
gauge factor g, (yellow curve) is in the range of 500. These
values exceed reported values for 2D materials by an order
of magnitude (35-500 for graphene [9-11], 40-140 for MoS,
[8,12], 85 for PtSe2 [13]). At room temperature (dashed lines),
the gauge factors become lower in general, however, they
are still high for g, and g4, reaching values up to 1500,
whereas g, considerably decreases to roughly 10. As a result,
at room temperature the dark gauge factors are two orders
of magnitude higher than the bright gauge factor, opening up
possible applications for ultrasensitive sensing of strain.

195454-5



MAIJA FEIERABEND et al.

PHYSICAL REVIEW B 99, 195454 (2019)

To understand the high sensitivity of the dark exciton
toward strain, we recapture its photoluminescence properties
[cf. Eq. (2)]. The PL intensity is determined by exciton
occupations N* that are given by the Bose distribution in equi-
librium, where in particular N¥4 oc N exp[—E® (k,T)™!]
with the spectral bright-dark separation E®°. As a result, we
find for the strained intensity I*" o< exp[—ESL(k,T)7!], i.e.,
there is an exponential decrease of the PL intensity with
strain, as observed in Fig. 4(b). For compressive (tensile)
strain, E% increases (decreases) and hence the dark state
is stronger (weaker) occupied, resulting in an enhanced (re-
duced) PL intensity. At the same time, the bright exciton
shows the opposite behavior since its occupation increases
or decreases depending on the relative position of the dark
state [cf. Figs. 4(b) and 4(c)]. As a result, we find remarkably
high dark-bright gauge factor gg, in presence of compressive
strain, where the strain-induced changes of the dark and the
bright excitons add up, i.e., the PL intensity of the dark exciton
increases and at the same time the intensity of the bright peak
decreases. For tensile strain, the behavior is opposite since
the dark peak becomes smaller, while the bright is enhanced
resulting in gq, < g4 [cf. purple and blue lines in Fig. 4(c)].

For tensile strain values larger than 0.1%, we find that
all gauge factors go asymptotically toward zero at 77 K.
In presence of tensile strain, dark and bright excitons come
closer together (Fig. 3) and the corresponding peaks start to
spectrally overlap in the PL spectrum. Moreover, the dark
exciton becomes less occupied, as it is higher in energy and
hence disappears at some point. Note that for compressive
strain, a saturation is also reached at higher strain values,
reflecting the saturation of the dark exciton state. At room
temperature [dashed lines in Figs. 4(b) and 4(c)] the behavior
is different due to the much larger phonon-induced broadening
of excitonic resonances. Here, the spectral overlap of the dark
and the bright peaks becomes more important than the exciton
occupation. The closer the states become, the higher is the
PL intensity of the dark peak. As a result, in presence of
tensile strain, larger dark and dark-bright gauge factors are
predicted.

Our work presents an initial step toward the realization
of strain sensors based on TMD materials. Using a micro-
scopic approach, we demonstrate a proof of principle for
strain sensors based on the optical response of dark excitonic
states in these materials. Future studies are needed to reach
a better visibility of dark excitons even at room temperature.
Although the optical spectra in TMDs are characterized by
clearly pronounced excitonic transitions, homogeneous and
inhomogeneous broadening of these resonances (in particu-
lar at room temperature) as well as the spectral overlap of
momentum-forbidden dark excitonic states with trions and/or

defect excitons makes it challenging to trace back the features
of single resonances. Note that we focus on the steady-state
photoluminescence, where the assumption of a thermalized
Bose distribution for excitons is justified. At the initial times
of the exciton dynamics, high effective exciton temperatures
will have an important impact on the quantitative value of the
calculated gauge factors and need further investigation.

So far, we have studied and discussed the strain depen-
dence in a WS, monolayer as an exemplary TMD material.
We expect a comparable behavior for WSe,, as it shows
a similar electronic and excitonic dispersion, in particular
with respect to the relative position of the dark KA exciton
[16]. Aside from the tungsten-based TMDs with the dark K A
excitons, also the molybdenum-based TMDs can show dark
excitons. However, the case of MoS, is a bit more compli-
cated since here the energetically lowest 'K exciton needs
to be taken into account. Since this exciton requires a rather
large momentum transfer to be activated, we expect MoS;
to be less appropriate for strain sensing. Finally, MoSe is the
only direct-gap semiconductor in the excitonic picture [16],
where all indirect excitons lie above the bright state. It still
could be used for strain sensing, as strain can move dark and
bright states closer to each other and enable the activation of
dark excitons in PL spectra. A summary of strain-dependent
excitonic energies of KK, KA, and 'K excitons in all four
TMDs can be found in our previous work [57].

IV. CONCLUSION

In conclusion, we have presented a microscopic study
revealing the proof of principle for strain sensors based on
dark excitons in atomically thin 2D materials. In particular,
we have investigated the strain-induced control of the opti-
cal response in a WS, monolayer as an exemplary material
for transition metal dichalcogenides. We have focused on
the change of the photoluminescence intensity of bright and
activated dark excitonic states. We find that the changes in
the electronic band structure play the crucial role since they
determine the spectral separation of dark and bright excitonic
states. We predict a remarkable sensitivity to strain resulting in
optical gauge factors in the range of up to 8000. The obtained
insights are the first step toward ultrasensitive strain sensing
based on dark excitons in atomically thin materials.
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