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Abstract: Upconversion photoluminescence (UPL) lies at the heart of optical refrigeration and
energy harvesting. Monolayer transition metal dichalcogenides (TMDCs) have been identified as
an excellent platform with robust phonon-exciton coupling for studying the phonon-assisted UPL
process. Herein, we investigate the multiphonon-assisted UPL emission in monolayer MoS, at
elevated temperatures and the temperature-dependent phonon contributions in the UPL process.
When temperature goes up from 295 K to 460 K, the enhancement of the integrated UPL intensity
is demonstrated due to the increased phonon population and the reduced phonon numbers involved
in the UPL process. Our findings reveal the underlying mechanism of phonon-assisted UPL
at high temperatures, and pave the way for the applications of photon upconversion in display,
nanoscale thermometry, anti-Stokes energy harvesting, and optical refrigeration.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In contrast to conventional downconversion photoluminescence (PL), upconversion photolumi-
nescence (UPL) is an anti-Stokes process which emits a higher energy photon than that of the
absorbed photon by gaining additional energy from the upconversion mechanism ranging from
phonon absorption [1], multiphoton absorption [2] to Auger recombination [3]. Among all these
mechanisms, phonon-assisted UPL is particularly attractive because it involves an efficient one-
photon excitation process in the linear region, which can be achieved with continuous-wave (CW)
laser excitation. The phenomena of phonon-assisted UPL have been extensively demonstrated in a
variety of material systems, including quantum dots [4], nanoribbons [5], perovskite nanocrystals
[6,7], color center in diamond [8], 2D materials and heterostructures [9,10]. Upconversion
photon emission has been applied into a plenty of fields including optical tweezers [11], display
[12], bioimaging [13], photothermal therapy [14], nanoscale thermometry [8], photodetectors
[15], solar cells [16,17], photon avalanche [18], laser cooling [19,20], optical refrigeration [21],
and energy harvesting [4]. 2D materials have attracted tremendous scientific interest in recent
years since the discovery and development of mechanically exfoliated graphene [22-24]. In
contrast to the zero-bandgap graphene, the emerging monolayer TMDCs of MoS,, MoSe;, WS,
and WSe, possess direct bandgaps in visible and near-infrared (NIR) regions as well as strong
binding energy of excitons, which have been extensively utilized in the integrated devices of
photonics [25], nanoelectronics [26], and optoelectronics [27,28]. Monolayer TMDCs with
strong photon-exciton and phonon-exciton interactions provide an intriguing platform for studying
the phonon-assisted UPL process. Recently, considerable attention has been focused on the UPL
processes in WSe, and WS, monolayers at low temperature and room temperature [1,29-31].
However, phonon-assisted UPL processes in TMDC monolayers above room temperature are
not well explored yet. Additionally, monolayer MoS, with visible exciton emission offers the
possibility of realizing NIR-to-visible photon upconversion.
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Here, phonon-assisted photon upconversion from NIR to visible spectral range in monolayer
MoS; at elevated temperatures is demonstrated. The linear power dependence of UPL intensity
at both room temperature and high temperature is observed, which represents the one-photon
anti-Stokes upconversion mediated by multiphonon absorption. UPL emission around 670 nm in
the visible region with upconversion energy gain up to 221 meV is obtained at room temperature
when monolayer MoS; is excited by a NIR 761 nm CW laser. As temperature goes up from 295 K
to 460 K, a 62-fold enhancement of the integrated UPL intensity and a 27 nm redshift of the
emission peak wavelength are achieved. The analysis of temperature-dependent UPL emission
further explains the contributions of the increased phonon population and the reduced phonon
number involved with UPL process at elevated temperatures. The monotonically increasing
behavior of UPL emission intensity as a function of temperature is observed, which is distinct from
the PL emission intensity exhibiting a combination of negative thermal quenching and normal
thermal quenching processes. The demonstrated results of high-temperature phonon-assisted UPL
process in monolayer MoS; have promising implications for applications in photon upconversion
in display, nanoscale thermometry, anti-Stokes energy harvesting, and optical refrigeration.

2. Measurement and analysis of UPL process in monolayer MoS,

Figure 1(a) shows the optical microscopic image of monolayer MoS, with the triangular size
around 15 um grown on sapphire substrate by chemical vapor deposition. The Raman spectrum
measured by a 532nm laser exhibits two strong Raman peaks at 388 cm™! and 408 cm™',
which indicates the in-plane vibrational phonon mode Eég and out-of-plane phonon mode A,

respectively. The peak separation of approximately 20 cm™! between two Raman modes confirms
the monolayer MoS, synthesis [32]. Figure 1(b) plots the PL spectrum of monolayer MoS,
excited at 633 nm (black) and the UPL spectra excited at 725 nm (green) and 761 nm (red),
respectively. It is shown that the peak wavelengths of UPL spectra are consistent with that
of the PL emission, which are around 670 nm. Compared to the PL emission intensity, the
UPL peak intensity excited at 725 nm and 761 nm is three and four orders of magnitude weaker,
respectively. It is observed that the UPL peak intensity excited at 725 nm is about 15.8 times
stronger than that excited at 761 nm. The weaker UPL emission intensity at 761 nm is attributed
to the larger upconversion energy gain defined as AE = hwypp — Iwexe, Where hwypy is the
UPL photon energy and hw,y. is the excitation photon energy. Upconversion energy gain is
140 meV under 725 nm excitation and reaches up to 221 meV with 761 nm excitation at room
temperature. The upconversion energy gain is compensated by the multiphonon absorption
process with AE = nhwry,, where n is the number of phonons and fiwy, is the transverse optical
(TO) phonon energy of Ajg mode (50 meV) in monolayer MoS;. The achieved upconversion
energy gain corresponds to 3-5 phonons involved in the phonon-assisted UPL process at room
temperature.

The dependence of PL and UPL emission on the excitation power is characterized at both room
temperature and elevated temperatures. Figure 2(a) and (b) depict the power-dependent PL spectra
excited at 633 nm and UPL spectra excited at 761 nm of monolayer MoS, at room temperature,
respectively. It shows that both Stokes and anti-Stokes emission spectra grow steadily with
the increased excitation power. Figure 2(c) further plots the integrated emission intensity as a
function of excitation power in a log-log scale at different excitation wavelengths. The solid
lines show the data fitting with a power law I = a PP, where « is the fitting parameter, P is the
excitation power and g is the exponent. The fitted exponent 3 is about 0.82, 0.92 and 0.97 for PL
excited at 633 nm, UPL excited at 725 nm and 761 nm, respectively. All 8 values are close to 1,
which infers that both the observed PL emission and UPL emission are attributed to one-photon
linear processes. Furthermore, the measurement of UPL emission from monolayer MoS; as a
function of excitation power is performed at elevated temperatures. As shown in Fig. 2(d) and
(e), the UPL spectra under 761 nm excitation at 330K and 380 K gradually increase with the
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Fig. 1. (a) Raman spectrum of monolayer MoS; on sapphire showing the Eég and Ay,
phonon modes. The inset shows an optical microscopic image of the sample. (b) UPL and
PL spectra from monolayer MoS, excited by 761 nm laser at 6.11 mW (red), 725 nm laser at
4.46 mW (green) and 633 nm laser at 5 uW (black).

excitation power. In Fig. 2(f), the power-dependent integrated UPL emission intensity is plotted
at three elevated temperatures of 330 K, 380 K, and 430 K, exhibiting a linear power law behavior
with fitted 8 values of 0.89, 0.95, and 1.15, respectively. This behavior is similar to the linear
power dependence observed for UPL emission at room temperature. The power-dependent UPL
characterizations indicate that the UPL emission in monolayer MoS; at both room temperature
and elevated temperatures is a one-photon involved phonon-assisted process in the linear regime,
ruling out the possibility of nonlinear optical process such as two-photon absorption [33] or auger

recombination [34].
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Fig. 2. Power dependence of (a) PL spectra excited at 633 nm and (b) UPL spectra excited at
761 nm of monolayer MoS, at room temperature. (c) Integrated PL intensity (black square)
and UPL intensity excited at 725 nm (green dot) and 761 nm (red triangle) with respect to
the excitation power. (d-e) Power-dependent UPL spectra measured at 330 K and 380 K. (f)
Power dependence of integrated UPL intensity at 330 K (red dot), 380 K (blue up-pointing
triangle) and 430 K (green down-pointing triangle), respectively.
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In order to unveil the role of phonons in UPL process at elevated temperatures, temperature-
dependent PL. and UPL spectra of monolayer MoS; are measured as temperature increases from
295K to 460 K. As illustrated in Fig. 3(a), the PL emission excited at 633 nm first gradually
increases with the temperature until 320 K, and then continuously decreases with the temperature.
The PL emission peak intensity at 460 K is reduced by 4.4 times than that at 320 K, dominated by
thermal quenching effect. On the other hand, the UPL spectra excited at 761 nm in Fig. 3(b) display
a monotonic growth as a function of temperature. The dashed lines show the Gaussian-Lorentzian
convolution (Voigt) fitting of the UPL spectra. For instance, the UPL emission peak intensity
at 460K is 21 times stronger than that at 320 K. Moreover, both PL and UPL emission peak
wavelengths exhibit a continuous redshift with the increased temperature.
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Fig. 3. Temperature-dependent (a) PL spectra excited at 633 nm and (b) UPL spectra excited
at 761 nm as temperature increases from 295 K to 460 K.

To further quantitatively analyze the evolution of PL and UPL emission with temperature,
the emission peak wavelength and the integrated emission intensity are extracted and plotted in
Fig. 4(a) and (b). As presented in Fig. 4(a), both PL and UPL emission peak wavelengths show
redshifts as a function of temperature due to the temperature-dependent bandgap variation, which

can be described by the modified Varshni equation E,(T) = E,(0)—S (hwac) [coth ( <2Z;A7€ >) - 1] .

E,(0) is the excitonic transition energy when temperature equals to zero, S is a dimensionless
constant representing the electron-phonon coupling strength, (fwac) is the average acoustic
phonon energy, kg is the Boltzmann constant [35,36]. For monolayer MoS,, (fiwac) is 22.5
meV, and S value obtained from the fitting is 2.5 for the PL emission, and 2.7 for the UPL
emission. As temperature goes up from 295 K to 460 K, a 27 nm redshift of the emission peak
wavelength is obtained for both PL and UPL emission, corresponding to a peak energy shift of
71 meV. As illustrated in Fig. 4(b), the integrated UPL emission intensity grows rapidly with
the increasing temperature, and it is enhanced by 62 times at 460 K compared to the intensity at
room temperature. The significant enhancement of UPL intensity at elevated temperatures can
be understood with the increased phonon population and the reduced phonon numbers involved
in the UPL process. The temperature-dependent population of TO phonons can be described
by Bose-Einstein statistics N(T) = [exp(hwro/ksT) — 1]7!. The integrated UPL intensity is
expressed as Iypr (T) o« N*(T), where n = AE/hwr, is the number of phonons participating in the
multiphonon absorption process, which is determined by the temperature-dependent upconversion
energy gain AE(T). At elevated temperatures, the phonon population N(7) in monolayer MoS;
increases, leading to stronger phonon-exciton interactions. Meanwhile, the number of phonons
n involved in the UPL process is reduced from approximately 4 to 1 at elevated temperatures.
The phonon population analysis agrees well with the measured UPL emission intensity data in
Fig. 4(b), which demonstrates the use of temperature control to enhance the phonon-assisted
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UPL emission. In contrast to the UPL emission, Fig. 4(d) also displays the measured integrated
PL intensity which increases before 330 K due to trion dissociation and transition to exciton,
and then decreases afterwards because of exciton dissociation. The process can be described

E, Eq
by [37] Ipi(T) = Ip |1+ Be &7 /(1 +Ae szT) where I is the PL intensity at T = 0K, kg

the Boltzmann constant, A and B are weight factors. E, is the thermal activation energy that
dissociates the free excitons, which is related to the normal thermal quenching process. Ej
represents the thermal activation energy for excitons that bound to the defects to be activated or
for the trions to self-dissociate and transit to the neutral exciton, which is related to the negative
thermal quenching process. The data fitting shows E, =390 meV and Ej; =35 meV for the PL
process of monolayer MoS,. The observed temperature-dependent PL. emission corresponds to
the competition between negative thermal quenching and normal thermal quenching.
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Fig. 4. Evolution of PL and UPL (a) emission peak wavelengths and (b) integrated emission
intensity with varying temperature from 295 K to 460 K. Measured PL and UPL data are
shown as black squares and red triangles, respectively, while the theoretical fittings are
represented by solid lines.

3. Conclusion

In summary, multiphonon-assisted UPL process in monolayer MoS, at elevated temperatures has
been demonstrated. The observed linear power dependence of UPL intensity indicates the one-
photon involved upconversion process at high temperature. At room temperature, upconversion
energy gain up to 221 meV is obtained excited by a 761 nm CW laser. As temperature goes up
from 295 K to 460 K, the integrated UPL intensity is enhanced by 62 times while the emission
peak wavelength is redshifted by 27 nm. Temperature-controlled UPL emission enhancement is
analyzed to unveil the contributions of the increased phonon population and the reduced phonon
number involved with UPL process at elevated temperatures. The results of high-temperature
multiphonon-assisted photon upconversion in atomically thin 2D materials pave the way for many
integrated photonics applications such as infrared detection and imaging, nanoscale thermometry,
upconversion energy harvesting, and laser cooling.
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