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Abstract

excitation photon energy, can effectively achieve energy renormalization and conversion, with great application prospects

Upconversion photoluminescence, an anti-Stokes process in which the emitted photon energy exceeds the

in fields such as biological imaging, solar cells, photocatalysis, and optical refrigeration. As a strategically important new
material in the post-Moore era, two-dimensional materials are crucial in realizing efficient room-temperature excitonic
upconversion because of their large dipole moments, narrow linewidths, low disorder, and high exciton binding energies,
which have recently attracted extensive research interest. This study first introduces the luminescence mechanisms used to
achieve photon upconversion, including phonon-assisted upconversion, two-photon absorption, and Auger recombination.
Then, research on upconversion based on two-dimensional material systems, such as hexagonal boron nitride, monolayer
transition metal dichalcogenides, and two-dimensional perovskites, is summarized. Modulation and enhancement
approaches for upconversion in two-dimensional materials that target low upconversion efficiency are also discussed.
Finally, application prospects of excitonic upconversion effects in two-dimensional material systems are envisioned.
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Fig. 1 Mechanisms, materials systems, enhancement approaches, and applications of excitonic upconversion photoluminescence in

two-dimensional materials
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Fig. 2 Phonon-assisted upconversion photoluminescence. (a) Schematic illustration of the phonon-assisted upconversion
photoluminescence mechanism"”; (b) temperature dependence of the phonon-assisted upconversion photoluminescence, where
the green and red dashed lines represent the fitting for the three-phonon and five-phonon processes, respectively™ ; (c) pump
power dependence of the phonon-assisted upconversion photoluminescence, with the dashed line showing a linear fit""; (d)
experimental observation of phonon-assisted upconversion photoluminescence from carbon nanotube solutions, with the inset
showing a photo of the carbon nanotube solution without incident light””; (e) diagram of the experimental setup for phonon-

assisted upconversion excited by an LED lamp™"”
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Fig. 3 Two-photon upconversion photoluminescence. (a) Schematic illustration of the two-photon upconversion photoluminescence

mechanism™; (b) multi-photon absorption upconversion photoluminescence phenomenon™”; (¢) pump power dependence of the

two-photon upconversion photoluminescence, with the red line showing a quadratic fit and the green line showing a linear fit"*";

(d) schematic illustration of the two-step absorption upconversion photoluminescence mechanism"”
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Fig. 4 Auger recombination assisted upconversion photoluminescence. (a) Schematic illustration of the Auger recombination assisted

upconversion photoluminescence mechanism™”; (b) schematic diagram of the exciton-induced Auger recombination assisted

upconversion™; (c) triplet-triplet annihilation upconversion photoluminescence in organic materials””’, with the excitation light

being the green component of sunlight and the organic material being a mixture of metalloporphyrin (MOEP) and pentaphenyl;

(d) schematic illustration of the triplet-triplet annihilation upconversion photoluminescence mechanism in interface between two-

dimensional materials and organic materials“”, where the free electrons and holes excited by the incident light in the two-

dimensional perovskites transfer to the rubrene and undergo triplet-triplet annihilation upconversion
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Single-photon upconversion photoluminescence in single-layer TMDCs. (a) Schematic diagram of the atomic structure of
TMDCs"™; (b) comparison between upconversion photoluminescence (pink) and normal photoluminescence (green) spectra of a
monolayer WS, the excitation laser wavelengths for upconversion photoluminescence and normal photoluminescence are 658 nm
and 532 nm, respectively; (c) image of sulfur vacancy states in monolayer WS, material™; (d) photoluminescence spectrum of
single-layer WS,, where T, is the spin-triplet charged exciton state, T is the spin-triplet neutral exciton state, and X is the
neutral exciton state *’; (e) upconverted photoluminescence spectra of single-layer WS, under excitation at different frequencies
as labeled by corresponding colors in Fig. (d) ™ (f) photoluminescence spectrum (black) and upconverted photoluminescence
spectrum (red) of single-layer WSe,, the inset shows a schematic of the phonon-assisted upconversion process “*; (g) evolution
of the upconversion emission spectra as a function of the laser excitation photon energy in monolayer WS,, recorded at 295 K"
(h) dependence of the upconversion integrated intensity on the energy difference of the neutral exciton and the excitation photon
energy “7; (i) left panel is contour plot of the upconversion photoluminescence spectra in WSe, with the incident light resonant

with the A : 1s state, and right panel is full width at half maximum of the resonance is 4 meV"”
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Upconversion photoluminescence in single-layer TMDCs. (a) Schematic of the valley polarization in two-photon upconversion,
showing opposite spins in K and K’ valleys "; (b) time trace of the two-photon upconversion photoluminescence (red curve)
excited by a linearly polarized 1.13 eV pulse laser”” [compared with the instrument response function (blue curve), the
upconversion time trace exhibits observable rising and decaying features. Based on the convolution fitting using a three-level
rate equation model, the interexciton relaxation time z,, ,, = (600 £ 150) fs and the recombination time z,, = (5.0 £ 0.2)
psl; (c) time traces of the two-photon upconversion photoluminescence excited by 1.13 eV o+ polarized light™ [due to the
selection rules and intervalley scattering, the ¢+ emission (red curve) displays higher intensity and faster decay compared to the
o— emission (black curve). The blue and green dashed lines are exponential fits. The inset shows the convolution fit (purple)
for the time-resolved valley exciton population (6+ — 6—, black dots). The intervalley scattering times during relaxation,
Tierzp1e, and recombination, 7., are estimated to be (3 £ 1) ps and (8.3 £ 0.5) ps, respectively. The error ranges were
obtained from fitting to the results of multiple repeated measurements]; (d) polarization-resolved two-photon upconversion
photoluminescence measurements for ¢+ (red curve) and ¢ — (black curve) polarization under o+ light excitation”” [circular
polarization of P = 29.6% = 0.5% was observed based on multiple repeated measurements at an excitation energy of 1. 13 eV.
The inset plots the upconversion photoluminescence helicity versus the excitation energy for a scan of the same range under o+
polarized excitation]; (e) schematic of the photonic structure with embedded single-layer MoSe,”; (f) microscope image of the
investigated MoSe, monolayer transferred onto the bottom DBR structure™; (g) refractive index profile (blue) and electric field
intensity distribution (red) in the Tamm microcavity structure”; (h) dispersion relation of charged exciton-polaritons in the photonic
structure, dots indicate the position of excitation and emission light in the dispersion, the shaded area shows the detection limit
imposed by edge filtering and numerical aperlure ', (i) power dependence of the upconverted photoluminescence from monolayer

MoSe, on the Tamm microcavity structure”; (j) emitted 6+ (red) and c— (blue) intensities under 6— polarized excitation™
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Fig. 7 Upconversion photoluminescence in two-dimensional perovskites. (a) Atomic structure of two-dimensional perovskites, with
blue spheres representing B , yellow spheres representing X , and black chain representing A ”; (b) optical image of the two-
dimensional perovskite material™, with the inset showing the height profile from atomic force microscopy scans, demonstrating

the monolayer structure of the studied material; (c) temperature dependence of the photoluminescence spectra™’, with the inset
showing the extracted center frequency and full width at half maximum as a function of temperature; (d) absorption curve (black)

and photoluminescence spectrum (red) of the two-dimensional perovskite material™, with the green shaded region indicating the
potential region for optical cooling; (e) phonon-assisted upconversion photoluminescence in the two-dimensional perovskite
material™, with an energy gain of 386 meV [inset shows the power dependence of the emitted light, and the linear dependence
demonstrates the phonon-assisted upconversion]; (f) pump-probe optical thermometry curves when turning the excitation on and

off, with the red-and blue-shifts indicating heating and cooling, respectively™; (g) extracted peak wavelength (black) and full

width at half maximum (red) from Fig. (/"”; (h) two-photon absorption upconversion photoluminescence in the two-dimensional
perovskite material™; (i) relationship between the two-photon upconversion coefficient and the number of layers in two-

dimensional perovskites "
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Fig. 8 Upconversion photoluminescence in 2D-hBN. (a). Schematic diagram of the atomic structure of 2D-hBN ™, (b) optical

microscope image of 2D-hBN on a SiO, substrate”’; (c)phonon-assisted upconversion photoluminescence in 2D-hBN"";
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(d) photoluminescence spectrum (blue) and photoluminescence excitation spectra for downconversion (green) and upconversion
(pink)™ (shaded area indicates the wavelength range for detecting emitted light when measuring the excitation spectrum; the
inset shows the enlarged upconversion excitation spectrum); (e) scanning transmission electron microscope image of 2D-hBN
with B vacancies marked by green circles”” (inset shows the Fourier transform of the image); (f) enlarged microscope image of a
single B vacancy""; (g) photoluminescence spectrum of 2D-hBN"", where the arrow indicates the excitation wavelength for the
upconversion effect and the shaded area indicates the wavelength window for measuring the upconversion; (h) time series of the
photoluminescence spectra™; (i) time series of the upconverted emission spectra™’; (j) schematic of the wavelength-selected
excitation setup”™” (532 nm or 637 nm source is switched by a flip mirror for selective excitation of photoluminescence and
upconversion, the lower part shows time sequences of the 532 nm and 637 nm sources); (k) time series of the emitted light

spectra™; (1) time series of the zero-phonon line wavelength™”
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Table 1 Bandgap energy and energy gain of PL. upconversion in 2D materials

Types of 2D material Bandgap energy /eV

Energy gain of phonon-

assisted upconversion /meV

Energy gain of two-photon ~ Energy gain of Auger type

PL upconversion /eV PL upconversion /meV

TMDCs 1-2 219
2D-perovskites 2 141.4
2D-hBN 6 100. 0

1.1 ~200
1.2 ~420
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Fig. 9 Manipulation of upconversion photoluminescence based on heterojunctions. (a) Schematic illustration of the upconversion
1951,

photoluminescence mechanism in MoSe,/WS,/MoS, heterojunctions (b) optical microscope images of the trilayer

heterostructure and monolayer WS, structure””; (c) power dependence of the upconverted photoluminescence on the excitation
power™; (d) upconverted photoluminescence from the heterostructure excited by 670 nm (black), 785 nm (red) alone, both

I: (e) upconverted emission spectra as a function of 670 nm
1951,

wavelengths simultaneously (blue), and from monolayer WS,

excitation power™”; (f) upconverted emission spectra as a function of 785 nm excitation power™”; (g) photoluminescence spectra

of WS, (black), MoS, (gray), WS,/MoS, heterostructure (orange), compared to the upconverted emission from the trilayer

[961, [Jbl

heterostructure (blue)™; (h) optical microscope image of the heterostructure™”; (i) schematic diagram of the heterostructure

(j) schematic of the upconversion photoluminescence mechanism in few-layer graphene/h-BN/WS, heterostructure'”;

(k) photolumme%cence spectrum (red), upconverted emission below threshold gate voltage (blue), and above threshold gate

[96

voltage (green)””; (1) power dependence of the upconverted emission intensity””; (m) power dependence of the photocurrent

mter151ty
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Fig. 10 Control of upconversion photoluminescence by number of layers. (a) Schematic of upconversion photoluminescence at the
interface between monolayer TMDCs and rubrene ™ (b) optical microscope image of monolayer MoSe,/rubrene
heterostructure™; (c) upconversion spectrum (orange) from MoSe,/rubrene heterostructure and photoluminescence spectrum

(gray) from monolayer MoSe, “”; (d) optical image of upconversion photoluminescence from MoSe,/rubrene heterostructure’”;

(e) upconversion intensity versus number of layers””; (f) upconversion spectra versus twist angle""; (g)schematic of twisted

U9 (h) photoluminescence image of twisted bilayer structure™”; (i) upconversion

bilayer two-dimensional material structure
photoluminescence image of twisted bilayer structure™”; (j) excitation power dependence of upconversion for different twist
angles compared to monolayer "”; (k) photoluminescence relaxation times at different twist angles measured by pump-probe

experiments""”; (1) Raman spectral shifts at different twist angles™"”!
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Fig. 11 Enhancement of upconversion photoluminescence by microcavity. (a) Schematic of dark excitons in two-dimensional

materials""; (b) schematic of gold nanoparticles™"

, with the right image showing the electric field distribution around the
nanoparticles from simulations; (c) upconversion spectra resonant with dark excitons””!, with the inset showing a schematic of
the phonon-assisted upconversion process; (d) relationship between upconversion enhancement factor and dark exciton
excitation””, with the gray shaded area indicating low dark exciton excitation and the orange shaded area indicating high dark
exciton excitation; (e) comparison of enhancement effects between cubic and nanosphere microcavities™™; (f) schematic of the

cubic microcavity structure’";

(g) schematic of the gold nanorod microcavity structure™’; (h) schematic of the dual-resonant
microcavity enhancement principle™; (i) schematic of the dual-resonant microcavity structure ™; (j) power dependence of the
upconverted emission spectra, with the inset showing the spatial distribution of the enhanced upconversion in the
microcavity™; (k) power dependence of the upconversion enhancement factor (top) and comparison between enhanced and

unenhanced upconversion (bottom) "
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Fig. 12 Applications of upconversion photoluminescence. (a) Photoluminescence spectrum (black curve) and absorption spectrum (blue
curve) of upconversion photoluminescence, with the red curve showing the absorption spectrum in semi-log coordinates, and

the red shaded region indicates the spectral range where optical cooling can be achieved™; (b) wavelength dependence of the
temperature change, with the red shaded region indicating the spectral range for optical cooling'; (¢) schematic of the optical
refrigeration setup™; (d) relationship between temperature change and time under different wavelengths™’; (e) relationships

between external quantum efficiency, upconverted photon energy gain, and optical cooling efficiency, the region to the right of
the red line can achieve cooling™; (f) schematic of the experimental setup for probing dark exciton states via two-photon

[112]

upconverted electroluminescence''”; (g) probing dark exciton states by two-photon upconversion photoluminescence, with the

blue curve showing the upconversion spectrum and the green line showing the reflectivity change caused by linear
absorption™”; (h) excitonic energy levels from GW-BSE calculations (left) and from a hydrogenic model (right)""”; (i) A (black)

and B (red) exciton absorption spectra from GW-BSE calculations™; (j) schematic diagram of the structure of the

2],

electroluminescence device based on a two-dimensional material heterojunction”; (k) schematic diagram of the Auger

recombination luminescence in the WSe,/MoS, heterojunction"”; (1) electroluminescence spectrum of WSe,/MoS, heterojunction”"”
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