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A B S T R A C T   

In this study, we investigated the effect of periodic uniaxial strains on electron and phonon transports of poly-
crystalline and single-crystal molybdenum disulphide (MoS2) monolayers on a periodically corrugated sapphire 
surface. Analysis of micro-Raman, polarized photoluminescence and second harmonic generation results shows 
the anisotropy of the corrugation-induced strain in both single- and polycrystalline MoS2 monolayers. AFM 
topography measurements show periodically-rippled surfaces of the MoS2 in the nanometre scale. Our results 
show that the application of the periodic strain produces two major effects on the band structure of MoS2 
monolayers: modulations on the band gap anisotropy and reduction of out-of-plane spin-relaxation time due to 
substrate-induced bending of MoS2. Spin memory loss, in other words, shortening the spin relaxation time, 
enables an electron spin-flip scattering process that can convert a formerly bright exciton to a dark exciton. Such 
conversion is reflected in decreasing intensity of photoluminescence and in the light intensity collected by 
scanning near-field microscope. Our results demonstrate the ability to control both the bandgap and exciton 
character in monolayer MoS2 via periodic strains imposed by corrugated sapphire substrates. This approach 
offers an effective means in designing novel electronic devices for photovoltaic applications. The bright-to-dark 
excitons conversion in photovoltaic devices can boast longer lifetimes than their bright exciton counterparts so 
they can be more efficiently collected by external electrodes. The strain-induced conversion of the bright-to-dark 
excitons makes the hybrid MoS2/corrugated sapphire structure an interesting platform for future photovoltaic 
applications.   

1. Introduction 

The vastly increasing rate of global energy consumption is a driver 
for the fabrication of renewable energy sources, and immense efforts 
have been devoted to reducing our dependency on fossil fuels. Recently, 
considerable progress has been made in the fabrication of flexible 
nanoelectronic devices for energy harvesting and medical applications 
[1,2]. Photovoltaic devices are one of the most promising energy con-
verters, and material selection for such devices requires careful match-
ing of bandgap energy, excited carrier (exciton) lifetimes, and 

wavelengths of absorbed light. 
Contemporary materials used for fabrication of photovoltaic devices 

have well-defined bandgaps and typically convert only a narrow range 
of wavelengths into a current. Crucially, a large mismatch between the 
incident photon energy and the width of the bandgap results in energy 
loss in form of heat. Another difficulty to overcome in photovoltaic 
devices is the short lifetime of excitons, as high collection efficiency of 
the photo-generated electron-hole pairs (excitons) requires long life-
times and high mobility of the charge carriers in the material. Two 
factors have been considered to extend an exciton’s life time: short 
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localization length [3], for example due to a strain application [4] and 
thermal stabilisation at higher temperatures [5]. The above mentioned 
processes refer mostly to bright excitons (their recombination is 
accompanied by light emission). However, there is another type of 
quasiparticles – dark excitons [6] with much longer lifetime. Conversion 
from bright to dark excitons may thus offer another solution for 
increasing the efficiency of photovoltaic devices. 

The monolayer transition metal dichalcogenide (TMD) MoS2 is 
characterised by electron mobilities reaching 217 cm2V− 1s− 1, a satis-
factory Young modulus of 0.33 TPa [7,8] and power conversion effi-
ciency of about 5% in photovoltaic applications [9]. It possesses an 
(optical) bandgap of 1.86 eV. The direct band gap is located at the edges 
of hexagonal Brillouin zone, at the non-equivalent valleys K ±. Due to 
the spin–orbit (SO) interactions, each valley is spin-split, what results in 
two distinct exciton resonances. First can be excited by light and is 
composed of an electron from one of the two conduction bands (split by 
the SO interaction) and a hole from the upper valence band. Because 
these electrons and holes have parallel spin orientations, they are opti-
cally active and are called bright excitons (radiative recombination). 
Their lifetimes, typically about 10-1ps, can be extended due to the ex-
citons’ strong localisation. Localization increases with increasing tem-
perature, and can also be spatially controlled by strain introduced via 
nanostructures on which the monolayer is transferred. The spatial 
localization is described by the localization length Lc. For MoS2 at a 
given temperature and Lc < 100 nm, exciton lifetimes can be increased 
by four orders of magnitude compared with those for Lc > 100 nm [3]. 

Second type of excitons consist of electrons and holes of antiparallel 
spin orientation which form so called spin-forbidden dark states (non- 
radiative recombination) [10,11,12,13,14,15]. Due to momentum con-
servation, they cannot be excited by light. However, they can be 
generated by the scattering of bright excitons into lower energy states, 
which are 14 meV below bright once [16]. 

Previous studies on MoS2 have shown that tensile (compressive) 
strain reduces (increases) the bandgap energy [17,18]. The bandgap 
modification is linear with decreasing strain for small tensile strains 
(≪1%), non-linear for larger strains [19], and shows both a 
direct–to–indirect bandgap transition and semiconductor–to–metal 
transition for tensile strain ≫1% [10]. Valence and conduction band 
splitting [13] and enhanced exciton-phonon coupling (leading to 
intervalley scattering of charge carriers) [20] have also been observed 
with increasing tensile strain. In device applications, bilayer MoS2 field- 
effect transistors (FET) show significant improvement in charge mobility 
and on-current density in a strain-gated geometry [21,22,23]. Recent 
investigations of electronic properties of MoS2 coupled with a 
strain–inducing periodic nanostructure have revealed doping and Fermi 
level modulations with respect to the peaks and troughs of a corrugated 
nanostructure [24]. 

Herein, we discuss another effect of strain on excitons’ behaviour, 
which may lead to the conversion of bright to dark excitons and as a 
result extending exciton’s lifetime. The conversion at room temperature 
was reported in ref. 20 as a result of scattered of bright excitons by 
phonons from the KK state to dark excitons at the KΓ state (K-point for an 
electron and Γ-point for a hole), because the KΓ state lies energetically 
below the KK exciton state. Such a process is manifested in photo-
luminescence (PL) measurements as a change of PL intensity. Zhu et. al. 
observed this phenomenon and attributed it to intervalley scattering 
from the K-point to the spin–degenerate Γ-point [25]. Previously the 
photoluminescence change was attributed to the indirect bandgap, 
which emergence has been reported for strains>1% [10,26]. 

Importantly, a recent theoretical work [27] reported that the appli-
cation of strain can lead to the reduction of electrons’ spin memory, the 
reduction of spin-relaxation time of electrons as a result of spin–lattice 
coupling. According to the paper, the coupling parameter depends on 
spin-phonon interaction and local curvature tensor. The parameter has 
two components: one along the z-direction and another (inhomoge-
neous) in the xy plane. The second component depends on the local 

curvature tensor of the bended MoS2 and is responsible for the 
spin–lattice relaxation phenomenon. 

Motivated by the theoretical work, we designed experiments to use a 
periodically corrugated sapphire surface as a substrate with local cur-
vature to enhance the spin–lattice coupling of MoS2 monolayer and as a 
result, reduce its spin relaxation time. This periodic strain on the 
corrugated substrate induces bending of MoS2. Electrons moving across 
such bended surface loses their spin memory (the spin relaxation phe-
nomenon) which could enable an electron spin-flip scattering process. 

Energy change of the electron related with the spin-flip requires band 
degeneracy. The degeneracy can be lifted by a strong spin–orbit inter-
action or by application of uniaxial strain. Specifically, the spin–orbit 
coupling is responsible for the degeneracy of spin states in the valence 
band, giving rise to well separated A and B excitonic transitions where 
the energy difference between A and B excitons is a measure of the 
valence band splitting. Such mechanism involving the spin-relaxation 
and band degeneracy phenomena can lead to bright to dark excitons 
conversion. 

The nano–corrugated substrate is used to introduce strain on MoS2 to 
modify its band gap [10,11,12,26,28,29]. We should also mention that 
applied strain leads to spatial localization of excitons (the funnel effect 
[11,30,31,32]). To date, however, there is little experimental data 
reporting the degeneracy of the band structure at K and K’ points of the 
Brillouin zone and its effect on excitons dynamics. 

In this work we have investigated the effect of strain and spin–lattice 
coupling on excitons dynamics to verify the phenomenon about spin-flip 
of electrons or holes. The possibility of generating nanostructure- 
induced conversion of excitons opens the door for a variety of applica-
tions in atomically thin materials including photovoltaics, quantum 
optics, and two-dimensional optoelectronic and nanoelectronic devices. 

2. Methods 

2.1. Sample preparation 

Polycrystalline and single-crystal MoS2 monolayers were used as the 
starting samples for the experiments. Both samples were transferred 
onto corrugated as well as flat sapphire substrates in order to evaluate 
how the periodic strain affects the samples’ transport properties. M- 
plane [1010] cut sapphire single crystals (α-Al2O3) were commercially 
purchased from CrysTec GmBH. The corrugated sapphire surface 
(Figure S1) was fabricated via reconstruction of the crystallographic 
planes of the substrate when subjected to a special heat–treatment 
procedure [33,34,35]. The M-plane sapphire surface became unstable 
when annealed at high temperatures (T > 1400 ◦C) and underwent 
spontaneous faceting leading to V-shaped nanogrooves formation with 
corrugated surfaces that are desirable for the experiments. In order to 
reconstruct the sapphire surface, an HTF Carbolite high–temperature 
chamber furnace was utilized to treat the substrate at maximum oper-
ating temperatures up to 1700 ◦C. Depending on annealing time (be-
tween 12 h and 22 h) and temperature (1450 0C and 1550 0C), the 
corrugation period and height of the sapphire substrates varied from 
180 nm to 250 nm and from 10 nm to 20 nm, respectively. The poly-
crystalline and single-crystal MoS2 monolayers were then transferred 
onto the corrugated and flat sapphire substrates using the PDMS and 
wet-transfer techniques, respectively. 

3. Experiment 

Raman and PL experiments were conducted using a commercial 
Renishaw inVia micro-Raman system equipped with a 473-nm wave-
length laser and a CCD in Mineral Physics Laboratory of the University of 
Texas at Austin. All Raman spectra were measured using a 50 × objec-
tive resulting in a focused beam spot  ~1 um in diameter and  ~3 mW of 
the laser power at the sample surface. The Raman spectral resolution of 
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~1 cm− 1 was achieved using a 2400 l/mm grating and a Renishaw 1′′

CCD array with 1024 × 256 pixels. For polarized PL measurements, the 
incident laser had an established polarization angle with respect to the 
samples and only PL signals with polarizations parallel to the incident 
beam polarization were collected (Fig. 1a). The samples were rotated 
with respect to the incident polarization via a motorized rotation stage 
and a DC servo motor controller purchased from ThorLabs. Initial PL 
mapping was used to select an area of the largest PL intensity and then 
PL and micro-Raman anisotropy response was measured as a function of 
the angle between the incident polarization direction and the corruga-
tion orientation (Fig. 1a). 

The scanning near-field optical microscopy (SNOM) measurements 
were further conducted on the samples to relate the highest intensity of 
emitted light by recombining excitons with the MoS2 topography. A 
commercial NT-MDT system in the reflection mode is combined with the 
SNOM and shear force microscopy (SFM) techniques at the Nano-
BioMedical Centre in Poznan, Poland for the experiments. SFM was used 
to bring an optical fibre to the proximity of the sample in order to scan its 
surface. To excite excitons in MoS2 monolayers, a laser with wavelength 
λ = 488 nm was delivered by an optical fibre with metallic end diameter 
d≪λ. Emitted light was collected by far-field optics and delivered to a 
photomultiplier for the spectrum collection and analysis. 

4. Results 

Bulk MoS2 consists of periodically stacked S–Mo–S layers bonded 
together by van der Waals forces. Each MoS2 monolayer in single–crystal 
and polycrystalline forms displays two characteristic Raman vibrations – 

the E1
2g mode at 385.6 cm− 1 and A1g mode at 404.9 cm− 1 – and one PL 

peak at 1.86 eV corresponding to its optical bandgap [36]. The double- 
degenerate E1

2g mode is attributed to the in-plane relative motion be-
tween the two adjacent S atoms and the Mo atom, whereas the A1g mode 
is attributed to the out-of-plane vibration of the two S atoms in opposite 
directions [37]. 

Raman and PL spectra of the single– and polycrystalline MoS2 
monolayers on flat sapphire substrates with periods of 180 nm and 250 
nm were used as nominally zero-strain references, and are presented in 
Figure S2. Analysis of their Raman peak positions presented in Table S1 
and Table S2 confirms that strain in the reference samples was indeed 
negligible. The frequency difference between the E1

2g and A1g modes is <
19 cm− 1 which confirms the monolayer thickness of the MoS2 samples 
[29,38,39]. On the other hand, the absence of the E2g mode splitting as 
well as the lack of an anomaly in the dependence of the micro-Raman 
shift of the E2g and A1g vibrational modes vs. the angle α between po-
larization of the incident laser beam and corrugation direction also 
suggested a small amount of strain in the MoS2 monolayer system. 

Results of the PL measurements, which are more sensitive to strain 
due to the funnel effect, revealed noticeable changes of the optical 
bandgap as a function of α (Fig. 1b). Strain due to the periodic substrate 
was determined using a reference value of 42 meV per 1% strain for the 
optical bandgap shift [29]. As shown in Fig. 1b, the difference between 
the PL peak at α = 0◦ and at α = 90◦ corresponds to a strain variation of 
0% in MoS2 on the flat sapphire substrate and 0.16% and 0.21% for 
corrugated substrates with periods of 180 nm and 250 nm, respectively. 
For samples on the two corrugated substrates, the angle dependence of 

Fig. 1. Raman and PL experiments on a corrugated MoS2 monolayer on Al2O3 substrate. (a) Schematic presentation of the laser and sample geometries. (b) Angle 
dependence of the relative optical bandgap energy of polycrystalline monolayer MoS2 on corrugated (with 180-nm and 250-nm period) and flat substrates. (c) Angle 
dependence of the absolute value of Raman shifts of the E2g and A1g modes. (d) Relative optical bandgap energy (Erelative) for the single crystalline MoS2 monolayer 
onto a corrugated sapphire with 250-nm periodicity. 
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the optical bandgap was clearly visible [11,29,30]. Considering that PL 
measurements provide information about the minimum value of the 
bandgap (which corresponds to maximum strain) and that regions of 
maximum local strain correspond to the regions of maximum topo-
graphic curvature [40,41,42] we assumed that the largest value of strain 
in the corrugated samples was directionally perpendicular to the 
corrugation direction. 

Contrary to the polycrystalline MoS2 monolayer results, the single- 
crystal MoS2 monolayer on a corrugated sapphire substrate showed 
anomalies in the angle dependence of the A1g and E2g Raman modes 
(Fig. 1c). The difference between Raman shifts at α = 0◦ and α = 90◦ of 
the E2g mode was 1.1 cm− 1, which corresponds to  ~0.25% strain 
(Fig. 1b). The A1g peak also exhibits a small Raman shift with variations 
of the α value (Fig. 1d). Using the optical bandgap shift at the same 
angles, strain on the single-crystal MoS2 monolayer was determined to 
be  ~0.22% (Fig. 1d) [10]. 

The polarization–resolved second harmonic generation (SHG) mea-
surements allowed us to test the assumption for the strain on the sample 
by imaging the two-dimensional strain field in MoS2 [43]. Polarization- 
resolved SHG data collected from the single-crystal MoS2 monolayers on 
corrugated sapphire substrates (250–nm period) confirmed the strain 
orientation in the samples, with a maximum largest value at α = 900 

with respect to the corrugation direction (Fig. 2). Strain values derived 
from SHG measurements agree remarkably well with those from micro- 
Raman and PL measurements (Table S3). 

Our aforementioned results reveal that periodic nanostructures 
imposed by the corrugated substrates introduce nanometre-scaled, 
orientational strain on the polycrystaline and single-crystal MoS2 
monolayers. The micro-Raman results of the corrugated MoS2 mono-
layer allowed us to determine its maximal strain values ranging between 
0.16% and 0.25%, depending on the corrugation period. Furthermore, 
comparisons between results from various sample preparations show 
that the transfer techniques used in our experiments did not introduce 

significant strain in the MoS2 monolayers (Table S3). Absence of the E2g 
mode splitting confirmed that the applied strain was small so the strain 
modification of the bandgap is linear (Figure S3). 

Results of the SHG experiments (Fig. 2) illustrate that strain variation 
in the MoS2 monolayers on corrugated sapphire is non-uniform, with the 
largest % strain near α = 90◦ with respect to the corrugation direction. 
Considering the funnel effect and consequent radiative recombination of 
bright excitons, one could expect large values of the PL intensities on the 
peaks of the corrugation. However, we observed a reduction of the PL 
intensities at an angle of 90◦ compared to those at 0◦ (Fig. 3a). Sup-
plementary AFM and SNOM measurements of polycrystalline MoS2 
monolayer show that the largest intensity of emitted light was observed 
in troughs of the corrugation, instead of the peaks (Fig. 3b and c, 
respectively). We should emphasize that SNOM experiments work below 
the diffraction limit so an increase in the collected light emissions comes 
from excitons’ recombination and would not be interfered by light 
constructive interference effect. 

To explain the phenomenon observed in SHG and SNOM experi-
ments, we consider two possible effects of strain on the band structure of 
the MoS2 monolayer: modulation of the bandgap width (the funnel ef-
fect) and splitting of the conduction and/or valence bands [15]. The 
implication of the first effect is a tuneability of the optical bandgap as 
presented in Fig. 1a-b. The largest change of the bandgap observed was 
0.4% at α = 90owith respect to the corrugation direction for both 
polycrystalline and single-crystal MoS2 monolayers. The second effect is 
more complex. In monolayer TMDs, the conduction band minima and 
valence band maxima are located at the degenerate +K and − K points at 
the corners of the hexagonal Brillouin zone. The +K and − K valleys are 
time reversals of one another. The conduction band is comprised mainly 
of dz-orbitals whereas the valence band is comprised of dx2 − y2 ± idxy 
orbitals. As a result, strong spin–orbit coupling (SOC) from the dominant 
metal dz –orbitals leads to a large spin splitting in the valence band (up 
to 150 meV) in the z-direction. In other words, the SOC lifts the spin 

Fig. 2. (a) An optical image of a single-crystal MoS2 monolayer transferred onto a corrugated sapphire substrate (250-nm period). (b) Map of uniaxial strain values in 
% strain of the sample. (c) Polarization-resolved SHG intensity (symbols: measurement data; line: fit). The SHG intensity pattern corresponds to a strain magnitude of 
0.22% in 91.8◦ direction. The red arrow indicates the fitted uniaxial strain direction. (d) Map of uniaxial strain direction α in the MoS2 with respect to the 
corrugation direction. 
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degeneracy of the energy bands due to breaking of the inversion sym-
metry. For the conduction band, the metal dz-orbitals do not contribute 
to the SOC, so that the band splitting is much smaller (-3 meV) [15]. 

Recent investigation revealed that the dark excitons appear at 14 
meV below the bright ones [16]. Symmetry breaking by strain appli-
cation can remove the degeneracy at ±K and enable scattering from 
bright to dark excitons when combined with the spin relaxation phe-
nomenon. Moreover, application of tensile strain on the monolayer re-
duces the separation energy between bright and dark excitons [4]. Such 
process is related with the spin-flip of an electron or a hole of an exciton. 

Based on a previous theoretical study [27], the coupling between the 
spin and local angular momentum includes interaction of electrons with 
both the static surface wrinkles and phonons. Spin-flip mechanisms in a 
variety of processes are often attributed to the electron phonon scat-
tering mechanism. However, the full width at half maximum (FWHM) of 
optical bandgaps of polycrystalline MoS2 samples showed minimum 
values near α = 90◦ (Fig. 3c), which suggests that the electron–phonon 
scattering process does not drive the spin-flip mechanism in this system. 
Therefore, we conclude that the spin-relaxation mechanism is related 
with the spin coupling with local curvature, which can be associated 
with the corrugated sapphire substrate. Considering the lateral sizes of 
corrugated sapphire substrates of q-1 and a mean-free path of electrons l, 
one can estimate the contribution of ballistic or inelastic processes to the 
relaxation time. Following the model introduced in [27] that shows the 
diffusive and ballistic components of an electron’s relaxation time for q- 

1 = 250 nm and l = 3 nm [44], we get ql≪1, what indicates a suppression 
of ballistic component of the total relaxation time. 

Our interpretation of the results presented in Fig. 3 – which illus-
trates the lower PL and SNOM intensities at the peaks of the 

nanostructure – is based on a bright to dark exciton conversion process. 
Due to the funnel effect, bright excitons excited by laser light migrate to 
regions with a maximum strain before recombination, but this strain 
also splits the conduction band [4]. Deformation of the MoS2 monolayer 
surface by the corrugated substrate modulates the atomic positions, thus 
changing the atomic interactions and orbital hybridizations, which ul-
timately lead to an electron or hole spin-flip [45], as illustrated in Fig. 4. 
Therefore, we hypothesize that the spin-flip mechanism is responsible 
for the conversion from bright to dark excitons, rather than the electron 
phonon scattering mechanism. According to [45], out-of-plane de-
formations, such as the corrugation in the MoS2 system, generate 
additional Rashba–like contributions to the SOC of the MoS2 and 
enhance the spin-flip scattering process. The spin-flip process is more 
probable in the conduction band due to the much smaller values of the 
band splitting. 

The exciton conversion hypothesis can also be supported by results of 
SNOM experiments. As mentioned in the introductory section, a bright 
exciton (the electron and the hole have parallel spins) can recombine 
easily through the emission of a photon but a dark exciton (the spins are 
antiparallel) cannot recombine via direct emission of a photon as this 
would not allow for the spin momentum conservation. The largest in-
tensity of light measured by SNOM was recorded in direction parallel to 
the corrugation direction, i.e. in direction in which the spin-flip doesn’t 
occur. These also help explain the bright-to-dark exciton conversion 
hypothesis. 

5. Conclusions 

Our results demonstrate that application of periodic uniaxial strains 

Fig. 3. Angle dependence of PL intensity (a) and FWHM (b) of the optical bandgap of a single-crystal MoS2 monolayer on a corrugated surface. AFM topography (c) 
and SNOM (d) results collected from a polycrystalline MoS2 monolayer. Both single-crystal and polycrystalline MoS2 were transferred onto a corrugated sapphire 
substrate with a periodicity of 250 nm. The vertical violet lines show the distance shift between topography and SNOM pictures. 
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on two-dimensional materials such as MoS2 monolayer can be an 
effective means to modify their electronic and optical properties in 
submicron scales. The application of the periodic strain on both poly-
crystalline and single-crystal MoS2 monolayers results in significant 
bandgap modifications – a property advantageous in photovoltaic ap-
plications, as it enables conversion of a wider range of wavelengths into 
electric currents. Since excitons must be collected before recombination 
to facilitate energy harvesting, another important requirement for 
photovoltaic applications is long exciton lifetimes. Bright exciton life-
times are shorter than their dark exciton counterparts, so conversion 
from bright to dark excitons is highly desirable in the photovoltaic ap-
plications. Our results reveal that the strain from the corrugated sap-
phire substrate has two effects on the charge transport of the MoS2 
monolayer: lifting band degeneracy at K points of the Brillouin zone and 
reduction of the spin-relaxation time due to the spin–lattice coupling. 
We also have shown that the spin–lattice coupling is mainly due to the 
spin coupling with the corrugated surface, but the spin coupling with 
phonons is negligible. These two effects can promote the light to dark 
exciton conversion. 

The conversion efficiency can be further enhanced by a reduction in 
the separation energy between light and dark excitons due to tensile 
strain. Based on our angle-dependent PL and SNOM intensities of the 
MoS2 monolayers, we conclude that the spin-flip scattering process is 
more probable in the conduction band due to much smaller values of the 
band splitting. Future studies using our approach on other TMDs and 
heterostructural monolayers can further shed light on the effects of pe-
riodic uniaxial strains on their transport properties and bandgaps as well 
as potential photovoltaic applications. 
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