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A B S T R A C T

The optical responses of monolayer transition metal dichalcogenides (1L-TMDs) can be tuned effectively by using 
mechanical strain. In this work, the tuning of upconversion photoluminescence (UPL) emission in 1L-WSSe alloy 
by applying uniaxial tensile strain is investigated. When the uniaxial tensile strain is changed from 0 % to 1.02 %, 
the peak position of UPL emission has a redshift of around 25.6 nm, and the UPL intensity goes up with an 
exponential function of the applied strain as the upconversion energy difference is varied from − 197 meV to 
− 131 meV. The sublinear power dependence for UPL emission in 1L-WSSe alloy indicates the multiphonon- 
mediated upconversion emission process involved with one photon. The demonstrated strain-tunable UPL 
emission in 1L-TMD alloys will advance potential applications in upconversion photonic devices and flexible 
optoelectronics.

1. Introduction

Monolayer transition metal dichalcogenides (1L-TMDs) including 
WS2, WSe2, MoS2, and MoSe2 are sub-nanometer thick direct-bandgap 
2D semiconductor materials with intriguing optical and optoelectronic 
properties [1–4]. These properties can be further tailored with 1L-TMD 
alloys which are synthesized by mixing the different concentrations of 
either the transition metal atoms (Mo(1-y)WySe2 and Mo(1-y)WyS2) [5–7] 
or the chalcogen atoms (MoS2(1-x)Se2x and WS2(1-x)Se2x) [8–10]. In 
particular, 1L-WS2(1-x)Se2x is a unique alloy possessing continuously 
tunable bandgap in a broad frequency range from 1.65 eV of 1L-WSe2 to 
2.0 eV of 1L-WS2 at room temperature by varying the alloy chemical 
compositions. Upconversion photoluminescence (UPL) is an optical 
phenomenon with photon emission at a higher energy compared with 
the photon absorbed in the material. UPL emission processes have been 
extensively explored in various material systems including 
quantum-well heterostructures [11], colloidal quantum dots [12], 
rare-earth doped solids [13], dye molecules [14,15], lanthanide-doped 
upconversion nanoparticles [16], along with 1L-TMD flakes [17–25], 
providing many practical applications in different areas like displays 
[26], photovoltaics [27], bioimaging [28,29], lasing [30], as well as 
optical refrigeration [31]. The optical responses of TMDs including 

photoluminescence (PL), UPL, Raman scattering, optical reflection, and 
optical absorption can be dynamically tuned by strain engineering, 
which is a useful technique for varying the crystal lattice structure and 
the bandgap of TMDs [17–21,32–41]. Mechanical strain can be applied 
to TMDs by different approaches such as forming wrinkles [38,41], 
transferring to patterned substrates [39,40], and bending flexible sub
strates like polycarbonate (PC) [17–19,36,37]. Although the strain 
tuned optical responses of 1L-TMDs have been reported in several 
studies, the strain tuning of optical responses especially the UPL emis
sion in 1L-TMD alloys remains unexplored. The strain tuning of UPL 
emission in 1L-TMDs and their alloys plays an important role in the 
development of future UPL-based flexible optoelectronic devices with 
promising functionalities such as dynamically tunable emission wave
length, enhanced intensity, and precise mechanical strain detection, 
which will enable many applications in bioimaging, energy harvesting, 
strain sensing, and quantum light emission. Distinguished from binary 
1L-TMDs with the fixed optical bandgaps, the optical bandgaps of 
ternary 1L-TMD alloys can be continuously tuned in a broad frequency 
range depending upon the chalcogen concentration, which enables the 
tunable UPL emission properties in 1L-TMD alloys by varying the con
stituent element concentration. Furthermore, unlike binary 1L-TMDs, 
1L-TMD alloys support multiple optical phonon modes due to 
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chalcogen disorder and lattice distortion, leading to multiple pathways 
for phonon-assisted upconversion processes. The strain tuning in 
1L-TMD alloys will further vary the optical bandgaps and UPL emission 
characteristics and affect the phonon-assisted upconversion channels, 
which will provide the opportunities for studying the unique UPL 
emission processes in the complex and tunable TMD alloy platforms that 
are different from binary TMDs.

Here, the UPL emission in 1L-WSSe alloy prepared from mechanical 
exfoliation under uniaxial tensile strain is demonstrated, as well as the 
strain tuned PL emission. A three-point bending apparatus is utilized for 
exerting uniaxial tensile strain on 1L-WSSe alloy which is transferred 
onto a flexible PC substrate. When the uniaxial tensile strain exerted on 
1L-WSSe alloy varies from 0 % to 1.02 %, the peak position of UPL 
emission has a redshift of around 25.6 nm which corresponds to a gauge 
factor in strain tuning with a value of 65.1 meV/% strain, and the UPL 
intensity increases as an exponential function of the applied strain by 4.9 
times under the excitation at 761 nm as the upconversion energy dif
ference varies from − 197 meV to − 131 meV. The sublinear power 
dependence for UPL emission in 1L-WSSe alloy shows the multiphonon- 
mediated upconversion emission process involved with one photon. 
These results will provide new scopes for building future strain tunable 
and switchable upconversion photonic devices and flexible optoelec
tronics based on TMD alloys.

2. XPS analysis and 1L-WSSe alloy transferred on PC substrate

The X-ray photoelectron spectroscopy (XPS) measurements are per
formed on a mechanically exfoliated WSSe alloy flake from a bulk WSSe 
crystal (x ≈ 0.5) grown by flux zone method (2D Semiconductors) to 
determine the chemical composition. Fig. 1(a)–(c) display the recorded 
high-resolution XPS spectra around the binding energy regions of W 4f, S 
2p, Se 3p, and Se 3d with the corresponding fitted peaks. As depicted in 
Fig. 1(a), the feature peaks of W 4f7/2, W 4f5/2, and W 5p3/2 are obtained 
at the binding energies of 32.1, 34.3, and 37.6 eV, respectively. Fig. 1(b) 
presents both the S 2p doublet and the Se 3p doublet with the S 2p3/2, S 

2p1/2 peaks at 161.9 and 163.1 eV and the Se 3p3/2, Se 3p1/2 peaks at 
160.6 and 166.3 eV. The peaks corresponding to Se 3d5/2 and Se 3d3/2 
are observed at 54.3 and 55.1 eV in Fig. 1(c). The binding energies of the 
elements are consistent with the W4+, S2− and Se2− states, indicating the 
formation of WS2(1-x)Se2x alloy. According to the compositional stoi
chiometry analysis from the XPS spectra, the quantitative composition 
ratio of Se/(S + Se) in WS2(1-x)Se2x alloy is determined as x = 0.48, 
which is very close to the value of 0.5.

1L-WSSe alloy flakes are prepared through mechanical exfoliation 
from the bulk crystal using scotch tape. Multiple exfoliation steps are 
used to separate thin layers of WSSe with 1L samples from the bulk WSSe 
crystal. The tape containing multiple WSSe thin flakes is subsequently 
placed gently on the polydimethylsiloxane (PDMS) film atop a glass 
slide. After 1 h, the tape placed on the PDMS film is gently removed, 
leaving multilayer and monolayer WSSe alloy flakes on the PDMS sur
face. The 1L-WSSe alloy flakes left on the PDMS surface are identified by 
the contrast of microscopic image and the characteristic Raman spectra 
and PL spectra. The rectangular flexible substrate (15 mm by 65 mm) is 
prepared from a PC board with the thickness of 0.25 mm. The identified 
1L-WSSe alloy flakes attached on the PDMS surface are then transferred 
at the central area of the rectangular PC substrate through the dry 
transfer technique [17,36,37,42], by utilizing a microscope system in
tegrated with a micromanipulator to accurately align the monolayers 
with the substrate center. The reflection microscopic image of a 
1L-WSSe alloy flake transferred on the PC substrate is presented in Fig. 2
(a), as indicated by the white arrow. Fig. 2(b) represents the schematic 
illustration of three-point bending apparatus to apply uniaxial strain 
onto 1L-WSSe alloy, where three rigid rods are used as the pivotal points 
in manipulating the deflection of the PC substrate so that the uniaxial 
tensile strain is exerted at the central region of the PC substrate. The 
uniaxial strain level exerted on the 1L-WSSe alloy flake at the substrate 
center can be calculated by ε = 6Dt/L2, in which L represents the dis
tance in two opposing rods (25.4 mm), t represents the thickness of 
rectangular PC substrate (0.25 mm), while D represents the vertical 
displacement for the central rod [17,36].

Fig. 1. High-resolution XPS spectra of (a) W 4f, (b) S 2p and Se 3p, (c) Se 3d for WSSe alloy.

Fig. 2. (a) Reflection microscopic image of a 1L-WSSe alloy flake transferred on rectangular PC substrate, with 1L-WSSe region indicated by the white arrow. (b) 
Schematic illustration of three-point bending apparatus for exerting uniaxial strain onto 1L-WSSe alloy.
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3. UPL emission in 1L-WSSe alloy under uniaxial strain

The Raman spectrum of 1L-WSSe alloy flake on rectangular PC 
substrate is acquired using a continuous-wave 532 nm laser by collecting 
the signal reflected from the 1L-WSSe alloy flake via one 50X long 

working distance objective lens with NA = 0.42 coupled to an optical 
spectrometer (Horiba, iHR 550) with one 532 nm longpass edge filter. 
Fig. 3 plots the measured Raman spectrum of 1L-WSSe alloy flake, which 
contains all six distinct characteristic phonon vibrational modes of 1L- 
WSSe alloy at room temperature. The Raman spectrum shows four op
tical phonon modes with the Raman shifts at 258 cm− 1 (A1g (Se–W)), 
360 cm− 1 (E1

2g (S–W)), 384 cm− 1 (A1g (S–W–Se)), and 404 cm− 1 (A1g 
(S–W)), together with two additional peaks assigned to the longitudinal 
acoustic (LA) phonon mode with the Raman shift at 150 cm− 1 and its 
second-order replica (2LA) at 298 cm− 1. These featured Raman modes of 
1L-WSSe alloy flake match with the previous Raman measurements for 
1L-WS2(1-x)Se2x alloys [9,10].

Fig. 4(a) and (b) show the measured uniaxial strain dependent PL 
spectra under the excitation at 532 nm and UPL spectra under the 
excitation at 761 nm with continuous-wave lasers at room temperature 
from 1L-WSSe alloy flake on flexible rectangular PC substrate. The same 
optical setup as the Raman measurement is used to characterize the PL 
and UPL spectra from 1L-WSSe alloy flake with the corresponding 532 
nm longpass filter and two 750 nm shortpass filters, respectively. As 
shown in the black curve in Fig. 4(a), the PL spectrum at 0 % strain 
presents the PL peak position of 682 nm (1.82 eV) for the 1L-WSSe alloy 
flake, which is in agreement with the previous PL measurements of 1L- 
WSSe flakes [9,10]. It is known that the optical bandgap of ternary 
1L-WS2(1-x)Se2x alloy follows a linear relationship with the chalcogen 
concentration as Eg(WS2(1-x)Se2x) = (1− x)Eg(WS2) + xEg(WSe2), where x 
is the Se/(S + Se) ratio. By considering the optical bandgap values of 2.0 
eV for 1L-WS2 and 1.65 eV for 1L-WSe2, the estimated Se concentration 

Fig. 3. Raman spectrum of 1L-WSSe alloy flake on rectangular PC substrate 
acquired using a 532 nm laser.

Fig. 4. (a) Strain dependent PL spectra from 1L-WSSe alloy excited at 532 nm with the exerted uniaxial tensile strain from 0 % to 1.02 %. (b) Strain dependent UPL 
spectra under the excitation at 761 nm. (c) PL and UPL peak positions depending on the applied uniaxial tensile strain. The black line and red line represent the linear 
fitting corresponding to each excitation wavelength. (d) Integrated UPL intensity depending on the uniaxial strain. The black curve represents the exponential fitting. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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x is around 0.5 for the measured 1L-WSSe alloy flake. The peak position 
of PL emission in 1L-WSSe alloy is redshifted continuously when the 
uniaxial tensile strain changes gradually from 0 % to 1.02 %, and there is 
noticeable increase in the PL intensity. As plotted in Fig. 4(b), the UPL 
spectra acquired from the same 1L-WSSe flake under uniaxial strain up 
to 1.02 % shows the redshifted peak position of UPL emission and the 
greatly enhanced UPL intensity as the strain increases. Fig. 4(c) sum
marizes the linear relationship between the peak position and the 
applied uniaxial strain for the PL and UPL spectra shown in Fig. 4(a) and 
(b). It is observed that the peak position of PL emission is redshifted 
about 23.8 nm at 1.02 % uniaxial strain compared to 0 % strain, giving 
the linear slope of around 23.3 nm/% strain due to the reduced bandgap 
of 1L-WSSe alloy under strain. The UPL peak position is also redshifted 
about 25.6 nm as the strain goes up to 1.02 % compared to the peak 

position of 678.8 nm at 0 % strain, and the linear slope is around 25.1 
nm/% strain which corresponds to a gauge factor in UPL strain tuning 
with a value of 65.1 meV/% strain. As the uniaxial tensile strain exerted 
on 1L-WSSe alloy increases from 0 % to 1.02 %, the upconversion energy 
difference calculated from the photon energy of excitation and the 
photon energy of UPL emission with ΔE = ℏωex.- ℏωUPL varies from − 197 
meV to − 131 meV under the excitation at 761 nm. Fig. 4(d) further plots 
the integrated UPL intensity depending on the applied uniaxial tensile 
strain, showing an exponential increase of the UPL intensity by 4.9 times 
when the strain is tuned. The integrated UPL intensity depends on the 
upconversion energy difference ΔE, which follows the Boltzmann func
tion of IUPL∝exp(ΔE/kBT) with the Boltzmann constant kB and the room 
temperature T of 298 K. The UPL process in 1L-TMDs is mediated by the 
multiphonon absorption of the out-of-plane A1g transverse optical 

Fig. 5. Power dependence of PL and UPL spectra from 1L-WSSe alloy under 532 nm and 761 nm excitations with the applied uniaxial strains of (a),(c) 0 % and (b),(d) 
1.02 %. (e),(f) Integrated PL intensity and UPL intensity depending on the laser excitation power at the uniaxial strains of 0 % and 1.02 %. The black line and red line 
represent the power law fitting corresponding to each excitation wavelength. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.)
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phonons, rather than the in-plane E1
2g longitudinal optical phonons, 

which is indicated by the preservation of valley polarization in consis
tence with the polarization properties of the A1g phonon, along with the 
symmetry of the electronic states within the K valleys [22,24]. Since the 
1L-WSSe alloy supports three A1g transverse optical phonon modes with 
the Raman shifts at 258 cm− 1 (A1g (Se–W)), 384 cm− 1 (A1g (S–W–Se)), 
and 404 cm− 1 (A1g (S–W)) that correspond to the phonon energy of 
approximately 32 meV, 48 meV, and 50 meV, respectively, the average 
number of phonons involved in the multiphonon-mediated upconver
sion process in 1L-WSSe alloy is approximately estimated as 6 to 4, 4 to 
2, and 4 to 2 for each A1g transverse optical phonon as the uniaxial 
tensile strain is applied, according to the ratio between |ΔE| and the 
phonon energy. It is noted that the average number of phonons is used 
here to characterize the statistical distribution of multiphonon in
teractions involved in the UPL process, which bridges the upconversion 
energy difference ΔE between the excitation photon energy and the 
emission photon energy. It is expected that the coupling strengths be
tween phonons and excitons will vary for each phonon mode with 
different phonon energy and vibrational properties. As the exerted 
uniaxial tensile strain increases, the average number of phonons asso
ciated with the UPL emission process in 1L-WSSe alloy is reduced. The 
UPL emission energy ℏωUPL decreases almost linearly with the exerted 
uniaxial tensile strain ε, with ℏωUPL(ε) ≈ ℏωUPL(0 %) – gε where g is the 
gauge factor in UPL strain tuning, so that the UPL intensity in 1L-WSSe 
alloy as a function of the applied uniaxial tensile strain can be expressed 
as IUPL∝exp(gε/kBT). As shown in Fig. 4(d), the measured integrated UPL 
intensity in 1L-WSSe alloy is well fitted by this exponential expression.

Fig. 5(a)–(d) present the power dependence plots of PL and UPL 
spectra under 532 nm and 761 nm excitations with the applied uniaxial 
strains of 0 % and 1.02 % on 1L-WSSe alloy. It shows that the spectral 
shapes and peak positions of PL and UPL spectra are well maintained for 
all the excitation powers, while the PL intensity and UPL intensity rise 
gradually as the laser excitation power is increased. Fig. 5(e) and (f) 
display the power dependent integrated PL and UPL intensities under 
the excitation at 532 nm and 761 nm in log-log scale at the applied 
uniaxial strains of 0 % and 1.02 %. The power law I = αPβ between the 
emission intensity I and the excitation power P is utilized to fit the 
measured integrated PL intensity and UPL intensity, with the fitting 
parameter α and the exponent β. The fitted β values for the PL emission 
under both uniaxial tensile strains of 0 % and 1.02 % indicate the sub
linear power dependence of PL emission, which is caused by the strong 
PL response of 1L-WSSe alloy and the saturated absorption at low 
excitation power in μW level. At the same time, the fitted β values for the 
UPL emission under both uniaxial strains also suggest a sublinear power 
dependence, which can be associated with the variation of densities of 
phonons and exciton complexes [24]. The obtained sublinear power 
dependence for UPL emission in 1L-WSSe alloy under uniaxial tensile 
strain shows the multiphonon-mediated upconversion emission process 
involved with one photon, which is different from optical nonlinear 
processes including two-photon absorption process and Auger recom
bination process.

4. Conclusion

The UPL emission in 1L-WSSe alloy flakes on flexible substrate under 
uniaxial tensile strain at room temperature has been demonstrated. 
When the uniaxial tensile strain exerted on 1L-WSSe alloy changes from 
0 % to 1.02 %, the peak position of UPL emission excited at the wave
length of 761 nm is redshifted by around 25.6 nm which corresponds to 
a gauge factor in UPL strain tuning with a value of 65.1 meV/% strain. 
The UPL intensity in 1L-WSSe alloy increases exponentially depending 
on the applied uniaxial tensile strain with the enhancement of 4.9 times 
as the upconversion energy difference varies from − 197 meV to − 131 
meV. The sublinear power dependence for UPL emission in 1L-WSSe 
alloy with uniaxial strain shows the clear evidence of the 
multiphonon-mediated upconversion emission process involved with 

one photon. The demonstrated strain-tunable UPL emission in 1L-TMD 
alloy platforms with both compositional tunability and mechanically 
tuned emission properties will hold promises for integrating 
upconversion-based functionalities into future strain-programmable 
flexible or wearable photonic and optoelectronic devices such as strain 
sensors, tunable quantum light sources, and bioimaging platforms that 
operate under low-energy excitation conditions.
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