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Uniaxial Strain Tuning of Upconversion
Photoluminescence in Monolayer WSe,

Shrawan Roy, Xiaodong Yang, and Jie Gao*

Strain engineering is one of the leading mechanical ways to tune the optical
properties of monolayer transition metal dichalcogenides among different
techniques. Here, uniaxial strain is applied on exfoliated 1L-WSe, flakes
transferred on flexible polycarbonate substrates to study the strain tuning of
upconversion photoluminescence. It is demonstrated that the peak position of
upconversion photoluminescence is redshifted by around 20 nm as the applied
uniaxial strain increases from 0% to 1.17%, while the intensity of upconversion
photoluminescence increases exponentially for the upconversion energy
difference ranging from —155 to —32 meV. The linear and sublinear power
dependence of upconversion photoluminescence is observed for different
excitation wavelengths with and without uniaxial strain, suggesting the
multiphonon-assisted mechanism in one-photon regime for the upconversion
process. These results offer the potential to advance 2D material-based optical
upconversion applications in night vision, strain-tunable infrared detection, and

flexible optoelectronics.

1. Introduction

Due to the formation of excitons and different excitonic
complexes in monolayer transition metal dichalcogenides
(1L-TMDs) even at room temperature, there have been highly
perused atomically layered semiconductors in the field of opto-
electronics since a decade.' Generally, photoluminescence
(PL) has been observed in 1L-TMDs from the formed excitons
along with complexes when they are excited by the photons with
energy higher than the bandgap. On the other hand, upconver-
sion photoluminescence (UPL) has also been observed in
1L-TMDs when excited by the photons with energy lower than
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the bandgap at both low temperature and
room temperature.*® UPL is an
anti-Stokes process in which the emitted
photons have higher energy than the
absorbed photons, and it has been demon-
strated in different materials like quantum
dots”  quantum  wells,*”  organic
dyes,™1? rare-earth-doped materials,™’!
as well as 1L-TMDs.[*®' This phenome-
non plays an important role for broad appli-
cations in the fields of displays,**! lasers,[®!
bioimaging,*’*® photovoltaic energy con-
version,™”! and optical refrigeration.’?”
The optical properties of 1L-TMDs can
be tuned by different approaches such
as chemical treatment,*>?*~* heterostruc-

ture forming, #2261 electrostatic
doping,”7?% and strain engineering,**
Strain engineering is one effective

technique that changes crystal lattice and

electronic band structure of TMDs with dif-
ferent thicknesses and thus modulates their optical responses
like PL, Raman scattering, reflection, and absorption.**
Specially, strain can be applied to TMDs by transferring
TMDs on patterned substrates,*>*® producing ripples and
wrinkles in TMDs,***”) and bending TMDs on flexible
substrates.”**® Strain-modulated UPL emission in TMDs is
desired for promising applications in tunable photon
upconversion devices and flexible optoelectronics. However,
the study of strain tuning of UPL emission in TMDs has not been
explored yet.

In this work, uniaxial strain-dependent UPL emission from
mechanically exfoliated 1L-WSe, at room temperature is demon-
strated. Uniaxial tensile strain up to 1.17% is applied on 1L-WSe,
transferred on flexible polycarbonate (PC) substrate using a
three-point bending strain apparatus. As the applied uniaxial
strain on 1L-WSe, increases from 0% to 1.17%, the UPL peak
position is redshifted by around 20 nm and the UPL intensity
grows exponentially at the excitation wavelengths of 784, 800,
and 820 nm. Strain tuning of UPL emission is demonstrated
across broad range of the upconversion energy difference from
—155 to —32meV, together with two orders of magnitude
enhancement of the integrated UPL emission intensity.
Furthermore, the measured linear power dependence of UPL
emission with and without uniaxial strain indicates that UPL
in 1L-WSe, under uniaxial strain follows the multiphonon-
assisted upconversion process in one-photon regime. Our results
will advance many photon upconversion applications based on
TMDs such as night vision, strain-tunable infrared detection,
and flexible optoelectronics.

© 2023 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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2. Results and Discussion

Figure 1a illustrates the optical reflection microscope image of
the exfoliated WSe, flakes transferred on PC substrate, where
the 1L-WSe, area is highlighted with the dotted lines. The
schematic diagram of the three-point bending strain apparatus
for applying the uniaxial tensile strain on 1L-WSe, on PC
substrate is displayed in Figure 1b. The applied uniaxial tensile
strain € on 1L-WSe, due to the deflection of PC substrate is
estimated as &= 6dt/I>, where [ is the distance between the
two pivotal points (I =25.4 mm), tis the thickness of the PC sub-
strate (t =0.25 mm), and d is the displacement of the two pivotal
points.?*! Room-temperature PL spectra of 1L-WSe, excited at
633 nm at different uniaxial tensile strain levels are presented
in Figure 1c. When there is no strain (0%), the peak position
of PL spectrum is observed at 744 nm, which is consistent with
the typical PL spectra of 1L-WSe,.>**” The PL peak position
exhibits a wavelength redshift as the applied strain increases
gradually from 0% to 1.17%. Figure 1e plots the PL peak position
as a function of the applied strain, showing a linear redshift of
25.6 nm/% strain (55 meV/% strain), which is similar to the pre-
vious work.*! Similarly, the strain-dependent Raman character-
ization of 1L-WSe, is presented in Figure 1d,f. The Raman
spectrum of 1L-WSe, at 0% strain shows the peak position at
~250cm " for the degenerated in-plane E',, phonon mode
and out-of-plane A;; phonon mode, which is consistent with
the typical Raman spectra of 1L-WSe,.>** The peak position
of Raman spectra continuously redshifts with the increased

www.adpr-journal.com

strain and a 2.2cm ™' shift is observed under 1.02% applied

strain compared to the case without strain, resulting from the
strain-induced crystal symmetry breaking and vibration soften-
ing.?**?! The linear dependence of the Raman peak position
on the applied strain is shown in Figure 1f, giving a redshift
of 2.16 cm™"/% strain. It is noted that the slightly blueshifted
Raman peak position at 1.17% strain compared to 1.02% strain
may be due to the reduction in attachment of the 1L-WSe, on PC
substrate after applying multiple cycles of strain.

The strain-dependent UPL spectra of 1L-WSe;, excited at 784,
800, and 820 nm are shown in Figure 2a—c respectively. When
there is no strain applied, the UPL spectra of 1L-WSe, show
the peak position at ~744 nm under all excitation wavelengths,
which match the measured PL peak position of 1L-WSe, in
Figure 1c. As the strain level is increased from 0% to 1.17%,
UPL peak position is redshifted caused by the reduced bandgap
under strain. Meanwhile, UPL emission intensity is significantly
enhanced by 5, 6, and 4 folds under the excitation wavelength of
784, 800, and 820 nm, respectively, due to the continuously
reduced energy difference between excitation and emission. It
is noted that the full range of UPL spectra is not provided at
the excitation of 784 and 800 nm due to the use of a 775 nm
shortpass filter. Figure 3a presents the UPL peak position as a
function of the applied strain under different excitation wave-
lengths, which shows the linear dependence of the redshifted
peak position on the increased strain. It is found that the redshift
of 24,18, and 17 nm is observed under 1.17% applied strain com-
pared to the case without strain at the excitation wavelength of

@ © 2.4x10* A ©)
- = 775
- 20x10A__0'06% Ay = 633 Nm
£ £ 7701
o 1.6x10% E’ 765 4
S $
2 1.2x10°] 2 7601
5 £ 755
£ 8.0x10°1 ]
7 o 7501
4.0x10°%1
745
0.0 - . . —— A
700 720 740 760 780 800 00 02 04 06 08 10 12
(b) Without Strain (d) Wavelength (nm) 0 Strain (%)
i 75001 |
(i) \ ’ / N - 0% /J 251.0
= — 0.06%
PC S o000 0.12%J 208
Rods £ 1—o18% € o]
& 2500
> 40001 0.27% s
3 0.42%/ € L4051
(i) td £ 30004—0.57% @
£ —0_72%/// § 24901
E .
\/ . é 1500 +— 0_87%/_/\4\_‘\’\’« 8
A s — 1.02%/ 248.51
04— 1.17%
: . . 2804+ 4——7F—F——
| 200 225 250 275 00 02 04 06 08 10 12
With Strain Raman shift (cm') Strain (%)

Figure 1. a) Optical reflection microscope image of the exfoliated WSe, flakes transferred on PC substrate. 1L-WSe; area is highlighted with the dotted
lines. Scale bar is 5 ym. b) Schematic diagram of the three-point bending strain apparatus. Strain-dependent c) PL and d) Raman spectra of 1L-WSe,
excited at 633 nm at different uniaxial tensile strain levels. Peak positions of €) PL and f) Raman spectra as a function of the applied strain. Gray lines show
the linear fittings.
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Figure 2. Strain-dependent UPL spectra of 1L-WSe, at the excitation wavelength of a) 784 nm, b) 800 nm, and c) 820 nm, respectively.
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Figure 3. a) UPL peak position verses the applied strain at the excitation wavelength of 784, 800, and 820 nm. b) Strain-tunable energy difference AE at

three excitation wavelengths. c) Integrated UPL intensity as a function of

784, 800, and 820 nm, respectively, giving the average redshift of
around 20 nm. The average strain tuning gauge factor of the UPL
peak position under all excitation wavelengths is around
17 nm/% strain (37 meV/%), while the slight difference of the
linear slopes is due to the variation of the attachment condition
between the 1L-WSe, and the PC substrate during multiple
strain loading cycles. Figure 3b illustrates the energy difference
between the excitation photon energy and the UPL emission
energy AE = hwe — howypy as a function of the applied strain
on 1L-WSe, for all three excitation wavelengths at room temper-
ature. It shows that strain-tunable AE for the upconversion
process is achieved from —86 to —32meV at the excitation of
784 nm, —115 to —75 meV at 800 nm, and —155 to —117 meV
at 820 nm, respectively. Overall, a broad upconversion energy dif-
ference AE ranging from —155 to —32 meV is realized. As AE is
continuously tuned, the integrated UPL intensity grows exponen-
tially with two orders of magnitude enhancement, as shown in
Figure 3c. The integrated UPL intensity follows the Boltzmann
function Iyp; « exp(—|AE|/kgT) where |AE| is the upconver-
sion energy gain, kg is the Boltzmann constant, and room
temperature T =298 K. It is worth mentioning that the observed
UPL emission with below-bandgap excitation is mediated by the
absorption of multiple phonons then followed by the carrier
relaxation to the band edge and the exciton recombination.
The origin of initial states could be from the trion tail with sig-
nificantly broadened absorption features at room temperature.®
For the multiphonon-assisted UPL emission in 1L-WSe,, the
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AE. Solid line shows the Boltzmann function fitting at room temperature.

involved effective phonon number in the upconversion process
is approximately estimated from 5 to 1 as AE varies from —155 to
—32meV, according to the optical phonon energy of 31 meV
for 1L-WSe,.

The power-dependent UPL spectra excited at 820 nm with 0%
strain and 0.8% strain are shown in Figure 4a,c, where the UPL
intensity increases gradually with the excitation power while the
UPL spectral shape is maintained. Figure 4b,d shows the inte-
grated intensities of PL and UPL emission from 1L-WSe, excited
at 633, 784, 800, and 820 nm in a log-log scale. The measured
power-dependent emission intensities are fit with the power law
I=aPP, where P is the excitation power, a is the fitting parame-
ter, and f is the exponent of the power law. When there is no
strain applied, it can be seen from Figure 4b that the fit g values
for UPL emission are very close to one for all excitation wave-
lengths, while PL emission exhibits a sublinear power depen-
dence due to the saturated absorption. When there is 0.8%
strain applied as shown in Figure 4d, a sublinear power depen-
dence is observed at the excitation wavelengths of 784 and
800 nm, while an almost linear power dependence is exhibited
at 820 nm. The f value decreases as the excitation wavelength
gets shorter and closer to the UPL emission wavelength. The sub-
linear power dependence and f value changes observed for UPL
emission may be related to the change of densities of phonons
and exciton complexes.®! The observed sublinear and linear
dependence of UPL emission on the excitation power for
1L-WSe, with and without strain suggests that the UPL follows

© 2023 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 4. Power-dependent UPL spectra excited at 820 nm with a) 0% strain and c) 0.8% strain. Integrated intensities of PL and UPL emission in 1L-WSe,
excited at 633, 784, 800, and 820 nm in a log-log scale with b) 0% strain and d) 0.8% strain.

a one-photon involved multiphonon-assisted upconversion
process, ruling out the possibility of nonlinear optical effects like
two-photon absorption or Auger recombination.

3. Conclusion

We have demonstrated uniaxial strain-dependent UPL emission
in exfoliated 1L-WSe, on flexible substrate using a three-point
bending strain apparatus at room temperature. Under different
excitation wavelengths of 784, 800, and 820 nm, the peak position
of UPL emission is redshifted by around 20nm under the
applied uniaxial strain up to 1.17%, while the UPL intensity
grows exponentially as the strain increases. It is shown that
two orders of magnitude increase of UPL intensity is achieved
with strain-tuned upconversion energy difference from —155
to —32meV. The observed linear and sublinear power depen-
dence of UPL emission in 1L-WSe, with and without uniaxial
strain indicates the UPL emission is a multiphonon-assisted
upconversion process in one-photon regime. It is noteworthy
that our study employs externally applied mechanical strain in
TMDs on flexible substrate for the strain engineering of UPL
enhancement. Strain engineering can also be adopted for
photon upconversion in other material systems such as
lanthanide-doped ferroelectric thin films grown on different
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lattice-mismatched substrates.[**) In addition, interlayer rotation
angle in TMD twisted bilayers can also be utilized as a tuning
knob for modulating the UPL emission.**! We envision that
our results will open new opportunities in the development of
tunable photon upconversion devices based on TMDs for future
applications in night vision, infrared sensing, photodetection,
and flexible optoelectronics.

4. Experimental Section

1L-WSe, flakes were mechanically exfoliated from a bulk WSe; crystal
(2D Semiconductors) using scotch tape. For the typical process of sample
preparation, bulk WSe; layers were directly deposited on scotch tape and
exfoliated multiple times to get thinner layers, which were then gently
placed on a piece of polydimethylsiloxane (PDMS) film on a glass slide
for 45 min. Afterward, the tape was gently removed to get multilayer
and monolayer WSe, flakes on PDMS, and 1L-WSe, flakes were confirmed
by the microscopic image, PL, and Raman measurements. Then the exfo-
liated 1L-WSe, flakes on PDMS were transferred to the center of the rect-
angular PC substrate with the size of 15 mm by 65 mm and the thickness
of 0.25 mm, where a dry transfer method based on an optical microscope
facilitated with a micromanipulator was used.*?! Uniaxial tensile strain was
applied to the 1L-WSe, on flexible PC substrate by three-point bending
strain apparatus using three metallic rods as the pivotal points to control
the deflection of PC substrate.l"® PL and Raman spectra of 1L-WSe, flakes
on PC substrate were measured with a 633 nm He—Ne excitation laser by
collecting the back-reflected signal through a 50x objective lens

© 2023 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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(NA=0.42) coupled into a spectrometer (Horiba, iHR 550). Similarly,
UPL spectra were measured using the same experimental setup with
continuous-wave excitation lasers at the wavelengths of 784, 800, and
820 nm and shortpass filters.
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