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Abstract: Upconversion photoluminescence (UPL) is a phenomenon describing an anti-Stokes
process where the emitted photons have higher energy than the absorbed incident photons.
Transition metal dichalcogenides (TMDCs) with strong photon-exciton interactions represent a
fascinating platform for studying the anti-Stokes UPL process down to the monolayer thickness
limit. Herein, we demonstrate room-temperature UPL emission in monolayer WSe2 with
broadband near-infrared excitation. The measured excitation power dependence of UPL intensity
at various upconversion energy gains unveils two distinguished upconversion mechanisms,
including the one-photon involved multiphonon-assisted UPL process and the two-photon
absorption (TPA) induced UPL process. In the phonon-assisted UPL regime, the observed
exponential decay of UPL intensity with the increased energy gain is attributed to the decreased
phonon population. Furthermore, valley polarization properties of UPL emission with circular
polarization excitation is investigated. The demonstrated results will advance future photon
upconversion applications based on monolayer TMDCs such as night vision, semiconductor laser
cooling, and bioimaging.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Photoluminescence (PL) is a light-matter interaction process in which low energy photons are
emitted after the absorption of high energy photons, which normally obeys Stokes’ law of
luminescence [1]. Contrary to PL, upconversion photoluminescence (UPL) is an anti-Stokes
process where the emitted photons have higher energy than the absorbed incident photons, due
to additional energy gain triggered by series of other events like phonon participation [2] or
multiphoton absorption [3,4]. During the UPL process, excitation photon (ℏωpump) couples to
a real or virtual intermediate state and eventually results in photon emission at higher energy
(ℏωemission) after gaining additional energy ∆E with energy conservation [5,6]. In solid-state
systems, phonon-participated UPL process is a one-photon involved linear process, which is
distinguished from other nonlinear optical processes such as two-photon absorption (TPA)
induced PL and second-harmonic generation (SHG) emission [7]. UPL phenomena have been
reported to occur efficiently in certain materials like organic dyes [4,6], rare-earth-doped materials
[3], quantum wells [8] and quantum dots [9]. In recent years, UPL has attracted research interests
due to its potential usefulness in varieties of applications such as photoluminescence bioimaging
[10,11], photovoltaic energy conversion [12], lasers [13], displays [14] and optical refrigeration
of solids [15].

Study of nanomaterials in the field of material science particularly two-dimensional (2D)
materials has blossomed over the past years. Successful exfoliation of graphene with exceptional
electrical [16], optical [17], thermal [18] and mechanical properties [19] flickered a trend on
the exploration of 2D materials. 2D transition metal dichalcogenides (TMDCs) with chemical
formula MX2 (M=Mo, W, Re and X=S, Se, Te), where transition metal M is sandwiched
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between two chalcogen X atoms, have emerged as vital materials for varied potential applications
in electronics, optics and optoelectronics. Compared to substantially studied semiconductor
materials, monolayer TMDCs have direct bandgaps with visible and near-infrared PL and
much higher quantum efficiency [20–22]. In these confined low-dimensional systems, optical
properties are dominated by excitons due to strong Coulomb binding effect. Benefiting from
strong photon-exciton [23–25] and phonon-exciton [26,27] interactions, TMDCs at monolayer
limit can be regarded as a promising platform beyond graphene for exploring UPL [28,29]. In
monolayer TMDCs, TPA induced UPL in WSe2 and multiphonon assisted UPL in WS2 have been
reported [30,31]. In addition, UPL is also reported in MoS2 nanoflakes [32,33] and perovskites
[34–36]. The detailed studies of the upconversion process in monolayer TMDCs operating at
room temperature with broad bandwidth, as well as the upconversion mechanisms transitioning
from one-photon to two-photon process, have not been explored extensively.

In this work, room-temperature UPL emission in chemical vapor deposition (CVD) grown
WSe2 monolayers with broadband near-infrared excitation wavelengths ranging from 785 to
950 nm is demonstrated. The excitation wavelength and power dependence of UPL spectra are
measured and analyzed to unveil two distinguished mechanisms governing the upconversion
processes, including the one-photon involved phonon-assisted UPL process and the TPA induced
nonlinear UPL process. In the phonon-assisted regime, UPL with energy gain of up to 110 meV at
room temperature has been obtained. The exponential decay of UPL intensity with the increased
upconversion energy gain is observed due to the reduced phonon population. Furthermore, valley
depolarization during UPL process is investigated with circular polarization excitation.

2. Characterization of UPL emission in monolayer WSe2

Figure 1(a) depicts an optical reflection microscope image of the CVD grown WSe2 monolayer
triangles on sapphire substrate (2D Semiconductors). The PL and Raman spectra from monolayer
WSe2 shown in Fig. 1(b) and (c) are measured with a 632.8 nm He-Ne excitation laser by
collecting the back reflected signal through a 40× objective lens (NA= 0.65) and an edge filter
(Semrock, LP02-633RE-25) and coupling into a spectrometer (Horiba, iHR 550). Figure 1(b)
indicates that the PL emission of monolayer WSe2 is centered around 760 nm at room temperature.
Figure 1(c) infers that two main Raman peaks are obtained in the 100-300 cm−1 frequency range
for monolayer WSe2. The Raman peak at 125 cm−1 corresponds to the longitudinal acoustic (LA)
phonon mode, while the peak at 246 cm−1 represents both the in-plane E1

2g and out-of-plane A1g
phonon modes appearing around 250 cm−1 (with phonon energy of 31 meV), which is consistent
with the previously reported values [37].

Fig. 1. (a) Optical reflection microscope image of the CVD grown WSe2 monolayer
triangles. (b), (c) Measured PL and Raman spectra of monolayer WSe2.

Next, in order to study the excitation photon energy dependence of the upconversion emission at
room temperature, the UPL spectra from monolayer WSe2 are measured with tunable near-infrared
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excitation wavelength from 785 to 950 nm using a Ti:Sapphire laser (Coherent Chameleon) and
a set of short-pass filters. As displayed in Fig. 2, the collected UPL spectra are always peaked
at the excitonic transition of monolayer WSe2 around 760 nm (1.63 eV) for all the excitation
wavelengths, which is consistent with the measured down-conversion PL peak energy. It is noted
that only half UPL spectra are presented for excitation wavelengths shorter than 815 nm with a
775 nm short-pass filter, while full UPL spectra are exhibited for longer excitation wavelengths.

Fig. 2. Measured UPL spectra from monolayer WSe2 as a function of the excitation
wavelength from 785 to 950 nm.

In order to unveil the underlying mechanism of the UPL process, the excitation power
dependence of the upconversion emission at each excitation wavelength is investigated. Figure 3(a)
and (b) plot the measured UPL spectra at the excitation wavelengths of 785 and 815 nm under
different excitation powers. It shows that the UPL intensity increases with the variation of
excitation power, while the UPL spectra almost maintain the same shape. Figure 3(c) summaries
the detailed power dependence of the UPL intensity in a log-log scale for all the excitation
wavelengths. The UPL intensity is fitted to the power law I = αPβ , where P is the excitation
power, α is a fitting parameter, and β is the exponent of the power law which represents the
slope of the curve. It is observed that the slope becomes steeper with increasing excitation
wavelength. At a certain level of UPL intensity, a higher excitation power is required at the
longer excitation wavelength. The extracted value of β as a function of the corresponding
excitation wavelength is further plotted in Fig. 3(d). It is inferred that β value is close to 1.0
when the excitation wavelength is below 800 nm, indicating the linear power dependence of
the one-photon involved phonon-assisted UPL process. As the excitation wavelength keeps
increasing till 815 nm, the β value increases to around 1.3, showing the UPL process enters into
a transition region to the two-photon process. Afterwards, as the excitation wavelength goes up
to 950 nm, the β value increases from 1.5 to 2.3, manifesting the nonlinear power dependence
of the multiphoton absorption induced UPL process. The behavior of β value indicates two
distinguished mechanisms governing the UPL process at room temperature. In the one-photon
regime with β ∼ 1, UPL is dominated by one photon excitation followed by absorbing additional
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phonon energy. On the other hand, in the two-photon regime with β ∼ 2, UPL is governed by the
superlinear TPA induced emission process.

Fig. 3. (a), (b) Recorded excitation power-dependent UPL spectra at the excitation
wavelengths of 785 and 815 nm, respectively. (c) Power dependence of the UPL intensity at
different excitation wavelengths. The measured data are presented by the solid dots, while
the colored solid lines show the fittings to the power law. (d) Extracted value of β as a
function of the excitation wavelength, depicting one-photon and two-photon regimes.

The schematic representation of the above-mentioned two underlying mechanisms for the UPL
processes is shown in Fig. 4. For the general PL process, the above-bandgap excitation will
result in the generation of excitons which subsequently relax to the band edge followed by the
excitonic photon emission with the radiative recombination, with the energy centered at 760 nm
(1.63 eV). However, for the observed UPL phenomena, the excitonic emission also occurs when
the excitation energy is tuned below the bandgap. Figure 4(a) depicts the one-photon involved
phonon-assisted UPL process, where it is speculated that the excitonic emission is mediated by
phonons coupled to an intermediate state followed by the relaxation to the band edge, taking into
account both momentum and energy conversation during the UPL process [29,38,39]. In contrast,
Fig. 4(b) explains the TPA induced UPL process via a virtual state as a nonlinear optical process.

To further understand the multiphonon-assisted UPL process in monolayer WSe2, the excitation
photon energy dependence of the upconversion emission is studied. Figure 5(a) and (b) display
the measured UPL spectra under two excitation powers of 1.6 and 2.4 mW at different excitation
wavelengths from 785 to 815 nm, corresponding to the upconversion energy gain ∆E of 50 to
110 meV. It can be seen that the UPL intensity drops dramatically with increasing excitation
wavelength. As the excitation wavelength varies, the spectral shape and peak position remain
intact, which rules out the possibility of UPL from anti-Stokes Raman scattering. Furthermore,
the integrated UPL intensity as a function of the energy gain is plotted in Fig. 5(c) and (d), where a
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Fig. 4. Schematic representation of two underlying mechanisms responsible for the UPL
processes.

clear exponential decay of the UPL intensity is observed due to the decreased phonon population.
For both excitation powers, the experimental data are well fitted by the Boltzmann distribution
function I = I0 exp(−∆E/kBT) [40], where I is the UPL intensity, kB is the Boltzmann constant,
T is the room temperature, and ∆E = ℏωemission − ℏωpump is the upconversion energy gain. It is
found that the involved phonon number n = ∆E/ℏωphonon ranges from 2 to 4 in the measured
multiphonon-assisted UPL process, by comparing the observed energy gain with the phonon
energy ℏωphonon of 31 meV for the out-of-plane A1g phonon modes in monolayer WSe2.

Moreover, the circular polarization dependence of the multiphonon-assisted UPL emission
as a function of the upconversion energy gain is investigated to show the influence of the
off-resonance excitation on the valley properties in monolayer WSe2. Figures 6(a)-(d) plot the
left-handed and right-handed circular polarization (LCP, σ+ and RCP, σ–) components of the
UPL spectra under RCP excitation at different wavelengths from 785 to 800 nm, corresponding
to the upconversion energy gain of 50 to 80 meV. The valley polarization of excitons during
the upconversion can be indicated by the degree of polarization (DOP), which is defined by
DOP = (Iσ−

− Iσ+)/(Iσ−
+ Iσ+) [41], with Iσ+ and Iσ−

as the LCP and RCP components of
the UPL intensity. Figure 6(e) presents the DOP evaluated at the UPL emission peak at each
excitation wavelength. It shows that the DOP value reduces quickly as the energy gain is
increased, following a linear function with a slope of −0.00416 meV−1. It is inferred that the
valley depolarization process of excitons gets stronger as the excitation energy is away from the
excitonic resonance.
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Fig. 5. (a), (b) Measured UPL spectra at different excitation wavelengths from 785 to
815 nm under two excitation powers of 1.6 and 2.4 mW, respectively. (c), (d) Integrated
UPL intensity as a function of the energy gain under the corresponding excitation power.
The measured data are shown by the solid squares, while the solid curves represent the
exponential fittings.
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Fig. 6. (a)-(d) Measured circular polarization-resolved UPL spectra at different excitation
wavelengths. (e) DOP value as a function of the energy gain.
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3. Conclusion

In conclusion, we have demonstrated room-temperature UPL emission in monolayer WSe2
at broadband near-infrared excitation wavelengths with the upconversion energy gain of up
to 326 meV. By analyzing the excitation wavelength and power dependent UPL spectra, two
distinguished mechanisms governing the upconversion processes are unveiled as the one-photon
involved multiphonon-assisted UPL process and the TPA induced nonlinear UPL process. The
energy gain of up to 110 meV has been achieved for the multiphonon-assisted UPL emission
at room temperature. The observed exponential decay of UPL intensity with increasing energy
gain originates from the reduced phonon population. In addition, valley depolarization during
UPL process has also been revealed by the circular polarization-resolved measurements. The
phonon-assisted upconversion process involves the photon absorption of intermediate states and
the interaction with optical phonons, therefore the increase in the intermediate state density and
the phonon population density will improve the upconversion efficiency. We envision that the
demonstrated UPL processes in 2D materials will open new vista for the advancement of future
photon upconversion technologies in photovoltaics, night vision, laser cooling, and bioimaging.
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