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Abstract: Phonon-assisted upconverted emission lies at the heart of energy harvesting, bioimaging,
optical cryptography and optical refrigeration. It has been demonstrated that the emerging two-
dimensional (2D) semiconductors can provide a great platform for efficient phonon-assisted
upconversion due to the enhanced optical transition strength and phonon-exciton interaction of 2D
excitons. However, the research on the further enhancement of excitonic upconverted emission in 2D
semiconductors is almost blank. Here we report the enhanced multiphoton upconverted emission of
2D excitons in doubly resonant plasmonic nanocavity. Owing to the enhanced light collection,
enhanced excitation rate and quantum efficiency enhancement arising from Purcell effect, the
upconverted emission amplification of >1000 folds and the decrease of 2 ~ 3 orders of magnitude for
saturated excitation energy density are achieved. These findings pave the way to the development of
excitonic upconversion lasing, nanoscopic thermometry and sensing, and open up the possibility of
optical refrigeration in future 2D electronic or excitonic devices.

Key Words: Two-dimensional semiconductor, Upconverted emission, Plasmonic nanocavity

Photon upconversion is an anti-Stokes process to emit a photon at energy higher than excitation photon
energy through a variety of mechanisms, ranging from high harmonic generation, multiphoton
absorption, Auger recombination to phonon scattering.!” The latter relevant to this work, phonon-
assisted anti-Stokes emission has been demonstrated as an appealing possibility for fundamental
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studies and applications, including bioimaging and phototherapy, volumetric displays,'¢
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1719 optical writing,?® optical tweezers,?! optical cryocooling,>* nanoscale

upconversion lasers,
thermometry and sensing.® Accordingly, the efficient upconversion photoemission has been
extensively investigated in various luminescent systems such as organic dyes, quantum dots, nanobelts,
carbon nanotubes and especially lanthanide-doped upconversion nanoparticles.?*2°

The efficiency of phonon-assisted upconversion can be enhanced by a large optical transition
strength of emitters, or by realizing resonant conditions, that is, incident or/and emitted photon energy
matches the resonance level of material system. Owing to the reduced dielectric screening and
enhanced Coulomb attraction, the electron-hole pairs formed in monolayer semiconductors have a
Bohr radius of ~1 nm and a binding energy of 500 meV (over an order of magnitude larger than
conventional semiconductors), thus the fundamental optoelectronic properties are determined by
excitonic effects at both cryogenic and room temperatures. 2** The optical transition strength and
phonon-exciton interaction effects are strongly enhanced in comparison to traditional 3D and quasi-
2D semiconductors.>** Hence the monolayer semiconductors can provide a great platform for the

3536 guch as excitonic

fundamental studies and applications of efficient phonon-assisted upconversion,
upconversion lasing, optical refrigeration of excitonic devices. However, the research on the further
enhancement of upconverted emission at low-threshold excitation intensity for 2D excitons is still in
an early stage.

Coupling the quantum emitters to an optical cavity can significantly change the interaction between
the emitter and its local optical environment.’’® Moreover, the resonance frequencies of localized
surface plasmons (LSPs) can be conveniently tailored by changing the size, shape, and interparticle
separation. Here, we report the observation of the enhanced upconverted emission of two-dimensional
excitons in doubly resonant plasmonic nanocavities. By integrating monolayer WSe: into designed
plasmonic nanocavities that doubly resonated with the incident or/and emitted photons, the deep
subwavelength mode volume of cavity resonances can provide locally enhanced electromagnetic (EM)
fields, and thereby enhance the phonon mediated optical absorption. Additionally, the spontaneous
emission rate of the emitter can be accelerated via Purcell factor in weak coupling regime, leading to
the plasmon-enhanced luminescence.’**? Eventually, the upconverted emission amplification
of >1000 folds and the decrease of 2 ~ 3 orders of magnitude for saturated excitation energy density

are achieved. Therefore, the plasmonic nanocavity is a promising method to realize the enhancement

of upconverted emission at low-threshold excitation intensity for 2D excitons.

Results and discussion
Design and characterization of plasmonic upconverter devices. To enhance excitonic unconverted

emission in doubly resonant plasmonic nanocavities, the nanoparticle-on-mirror geometry (NPoM,
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equivalent to gap-mode patch antennas) was adopted, placing mechanically exfoliated monolayer
WSe: in the gap between nanoparticles and a mirror underneath.*®*? Figure 1a illustrates the schematic
of the designed Au nanocube (AuNC)/WSez/substrate plasmonic upconverter devices, where the
substrate consists of a 5 nm Al2O3 spacer and a 50 nm Au layer evaporated on a Si/SiO2 wafer. The
desired band alignment diagram of monolayer WSe2 embedded in plasmonic nanocavities is depicted
in Figure 1b, where the photon upconversion process of 2D excitons is also sketched. In monolayer
WSez, the electrons at ground state are excited and relaxed as excitons by absorbing a photon and
phonons simultaneously (red arrow), where the photon energy w1 locates at the long-wavelength tail
of the absorption spectrum. Then the formed excitons can recombine via spontaneous emission of an
upconverted photon with energy w2 > w1 (yellow arrow). For the elaborate plasmonic nanocavities,
the two cavity modes doubly resonant with the incident and emitted photon energy to guarantee both

the excitation and emission processes are enhanced.
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Figure 1. Design and characterization of plasmonic upconverter devices. (a) Schematic of the designed Au
nanocube/WSey/substrate plasmonic upconverter devices. (b) Desired band alignment diagram of monolayer WSe,
in plasmonic nanocavities and the photon upconversion process of 2D excitons. (¢) Bright- and (d) dark-field
microscope optical images of a representative sample. (e) Scanning electron micrograph of 170 nm Au nanocube on
substrate, and the inset shows the zoom-in image from the top view. (f) Excitation laser and monolayer WSe, PL
spectra overlap with simulated scattering spectrum of a plasmonic nanocavity, which is consistent with experimental
results. The excitation laser and upconverted emission spectra doubly resonant with plasmonic cavity modes at
A=1.52 eV and 1.67 eV, respectively.

Figures 1c and 1d show bright- and dark-field optical micrograph of a representative sample,
respectively. The exfoliated monolayer WSe2 was transferred on the 5 nm Al203/50 nm Au/SiO2/Si

substrate fabricated by evaporation coating. Then AuNCs were sparsely deposited onto the monolayer
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WSe2 flake by drop casting. The separation between the AuNCs and monolayer WSe: is the organic
adhesive layer with a thickness of ~1 nm. AuNCs were synthesized using the seed mediated method,
and the averaging side length of ~170 nm can be obtained from the SEM image depicted in Figure le.
The spacer layers among Au film, WSe2, and AuNCs can prevent hot carriers that decay from LSPs or
surface plasmon polaritons (SPPs) injecting into the monolayer WSe:z (see supporting S1 for more
details).

Figure 1f presents the simulated and experimental scattering spectra to confirm the optimal matching
among excitation laser, upconversion photons and cavity modes. Noticeably, the simulated spectrum
is consistent with experimental results. The spectra of excitation laser and monolayer WSe:
photoluminescence (PL) overlap with simulated scattering spectrum of a plasmonic nanocavity. It
means that the excitation laser and upconverted emission spectra are doubly resonant with plasmonic
cavity modes at A =~ 1.52 eV and 1.67 eV, respectively. The prominent peak of upconverted emission
spectrum can be attributed to the neutral exciton (X) in monolayer WSez. Clearly, the emitted photon
energy is 150 meV higher than the incident photons, which is five times larger than the results in ref.
[34]. The photon energy difference AE is much larger than the intrinsic phonon energy of ~30 meV in
monolayer WSe: (see supporting S2 for more details), which implies that multiphonon are involved in
the excitonic upconverted emission.

Phonon-assisted excitonic upconverted emission of monolayer WSe,. As depicted in Figure 1b, the
excitonic unconverted emission is determined by incident photons and the phonons in monolayer W Sex.
Figure 2a shows the incident photon energy-dependent upconverted emission spectrum, where the
excitation photon energy ranging from 1.522 eV to 1.534 eV were precisely controlled by wavelength-
tunable femtosecond pulse oscillator. As the excitation photon energy gradually overlaps with the
exciton emission peak, the spectral shape and peak position of unconverted emission is permanent,
whereas the intensity increase evidently. To quantify the dependence of total unconverted emission
intensity on excitation photon energy, the integrated intensity of upconversion spectra (Figure 2a) as a
function of the energy difference AE between the excitonic emissions and the excitation photons is
presented in Figure 2b. The experimental results can be well fitted by the excitons obeyed classical

Boltzmann function.

As the quanta of the crystal vibrational field, phonon energy and density are determined by lattice
temperature. Additionally, the energy gap related excitonic emission peak of semiconductors also
depends on temperature, considering the temperature-dependent lattice dilatation and electron-lattice
interaction.** Therefore, we can expect that the temperature plays a critical role on the spectral shape,
intensity and peak position of excitonic upconverted emission. Figure 2¢ presents the temperature-

dependent excitonic upconverted emission spectra. It can be clearly observed the exciton peak
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broadening and red shift with rising temperature, which is consistent with the exciton PL spectra under
standard excitation. The broadening and red shift of spectra can be well explained by the well-known
Varshni equation and the interaction of excitons with the longitudinal-acoustical (LA) and
longitudinal-optical (LO) phonon modes of lattice (Figure S3). Figure 2d depicts the temperature-
dependent unconverted emission intensity. With the temperature reduces, the energy difference AE
between the excitonic emissions and the exciting photons increase gradually due to the blue shift of
exciton peak, and the phonons density decrease. Thus the total unconverted emission intensity drop
dramatically so that the detectable upconverted emission (above the noise floor) can’t be found for the
temperature lower than 250 K. Considering multiphonon are involved in the unconverted process, the
experimental results in Figure 2b are proportional to 7*, where 7 = 1/ [exp(ha)q kT )—1] is the
temperature-dependent average population of phonons gas in monolayer WSe;, and x is the involved
phonon number in single unconverted emission. The green and red dotted lines show the fitted results
for x=3 and 5, respectively. It illustrates that the higher temperature, the less phonons needed in single
unconverted emission, which is consistent with the reduced AE with rising temperature (Figure 2¢). In
conclusion, the excitation photon energy- and temperature-dependent measurements show behavior
consistent with the physical scenario depicted in Figure 1b, thereby provide an undoubted evidence

for phonon-assisted excitonic upconverted emission.

a
" ¢ 10g5llp)
x10 |
= i 4.0
o, 0 6.0 i
Z -
5 T 320
o X
w © 3.0
c © 40 5 2801
2 i3 ©
5 o
= “é.’_240-
S & 2004 20
& &
g 0] 160 l
w = L
| 12041~ . r 3'53”? 1.0
1.64 1.66 168 1.70 1.72 1.74 1.60 1.64 1.68 1.72
Photon Energy [eV] Photon Energy [eV]
b 6 d 6
60710 el —
) @ Meas. & @ Meas. i 9
veanens Fit S T x=3 ::
B ? F50] s oo
€ 5.01 . g
é 54.0-
= * 230/ 9
- 4.0 °. c 2.0 @
@ - s [ - "
B s — P
&9 ool eeeesze?
3.0 T T T T T T T v T T T
116 120 124 128 100 150 200 250 300 350 400
AE [meV] Temperature [K]

Figure 2. Phonon-assisted excitonic upconverted emission of monolayer WSe;. (a) Excitation photon energy-
dependent PL spectra. (b) Excitation photon energy-dependent integrated PL intensity calculated from (a). (c)
Temperature-dependent PL spectra for excitation photon energy at 1.52 eV. (d) Temperature-dependent integrated PL
intensity calculated from (c).
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Enhanced excitonic unconverted emission in plasmonic cavity. To explore the enhancement of
excitonic unconverted emission in plasmonic cavity, we performed excitation energy density-
dependent measurements with the excitation photon energy of 1.52 eV at room temperature and
ambient condition. Firstly, the experiments were carried out on the monolayer WSe: transferred on
Si02/Si. Figure 3a presents the excitation energy density-dependent unconverted emission map. As the
excitation energy density increases, the intensity increases evidently, whereas the spectral shape and
peak position of unconverted emission is permanent, illustrating that the thermal and renormalization
effects can be reasonably neglected at such excitation power level. Meanwhile, the dependence of total
unconverted emission intensity on excitation energy density is shown in Figure 3d, which behaves as

an obvious linear relation. The possibility of nonlinear optical generation of the observed PL

44,45 46,47

upconversion, such as two-photon excitation-induced emission*** and exciton Auger scattering

can be ruled out, that is, the phonon-assisted excitonic upconverted emission is further confirmed.
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Figure 3. Upconversion amplificated by plasmonic cavity. (a) Excitation energy density-dependent unconverted PL
spectra for monolayer WSe,> on SiO,/Si. (b) Excitation energy density-dependent unconverted PL spectra for
monolayer WSe; in designed plasmonic cavity. (¢) Enhanced unconverted PL spectra of monolayer WSe; in designed
plasmonic cavity at the excitation energy density of 0.16 mJ/cm?. Inset: PL maps of the plasmonic nanocavity effect
on exciton emission, where the nanocubes and the monolayer WSe» are marked by red solid line and white dashed
line. (d) Exitation energy density-dependent integrated unconverted PL intensity (top) and the enhancement (down)

for monolayer WSe; in designed plasmonic cavity.
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In well-designed plasmonic upconverter devices (Figures la and 1f), the excitation laser and
upconverted emission spectra are doubly resonant with plasmonic cavity modes. The enhanced
upconverted emission can be expected, comparing with monolayer WSe2 on Si02/Si under the same
conditions. Figure 3b shows the PL spectra of WSe2 on Si0O2/Si and plasmonic cavity at the excitation
energy density of 0.16 mJ/cm?, where a 13.5 folds enhancement is obtained. To explicitly reveal the
dependence of the enhancement on excitation energy density, the excitation energy density-dependent
unconverted emission map for the WSe:z in plasmonic cavity was measured and plotted in Figure 3c.
The spectral shape and peak position remain nearly unchanged, whereas the relationship between
upconversion intensity and excitation energy density varies significantly, that is, the upconverted
emission gradually increases to saturation and the enhancement accordingly reduces with the increase
of excitation energy density, as shown in Figure 3d. The saturation phenomenon in unconverted
process could be ascribed to the saturated absorption and the exciton radiative lifetime. Additionally,
the inset of Figure 3¢ shows PL maps of the plasmonic nanocavity effect on exciton emission excited
by the photon energy of 3.04 eV. The nanocubes and the monolayer WSe: are marked by red solid line
and white dashed line, respectively. Very noteworthy here is that the monolayer WSe2 in nanocavity
exhibits a bright luminescence while the weaker emission was found in the absence of nanocubes.

In light of the fact that only the region close to the nanocube rather than the total excitation region
is enhanced, the real upconversion enhancement in the plasmonic cavity should be much larger than
the value presented in Figure 3d. Commonly, to quantify the actual upconversion enhancement in the
plasmonic cavity, the PL enhancement factor can be defined as*
I PC 1 0 i

EF) =
< > Iy Spe

6]
where Ipc is the total upconversion intensity of the monolayer WSe2 in plasmonic cavity, /o is
upconversion intensity of the monolayer WSe:2, So defines the excitation area in our measurements
(1.84 um?), while Spc represents the hotspot area in plasmonic cavity that enhances the upconversion
of monolayer WSez. For brevity, we assume Spc to be the area that monolayer WSe: contacts with
plasmonic cavity (0.0289 pm?). The range of 400 ~ 1100 folds enhancement can be achieved
corresponding to Figure 3d.

In addition, the dependence of upconversion intensity on excitation energy density for plasmonic
upconverter devices in Figure 3d can be well fitted by

] = ]Sdl f

—_— 2
F+ 1 @

where / and L« are total upconverted emission intensity and the corresponding saturation value, f'and

fsar are the excitation energy density and the corresponding saturation value, respectively. The optimal
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fitting parameters of red dotted curve are I = 3.3 X 107 counts and fier = 2.56 mJ/cm?. For the
excitation energy density /<< fs, the equation (2) can be simplified as I = Laf/fsa. Based on the fitted
slope of the blue dotted line in Figure 3d, the saturated excitation energy density can be estimated as
14.41 mJ/cm?, assuming the fsa; = 1.4 X 107 counts for monolayer WSe: transferred on SiO2/Si (Figure
S4). Actually, the measured energy density-dependent emission intensity (red points) collected the
upconverted emission in both plasmonic cavity and neighbouring free space. The real saturated
excitation energy density in our designed doubly resonant plasmonic cavity can be estimated as 32.9
uJ/em? (see Supporting S5 for more details), which is reduced by 2 ~ 3 orders of magnitude compared
with free space.
Mechanism of enhanced excitonic unconverted emission in plasmonic cavity. In the doubly
resonant plasmonic cavity, the upconverted emission enhancement originates from three processes:
enhanced light collection, enhanced excitation rate and quantum efficiency enhancement arising from
Purcell effect, resulting in an average upconversion enhancement factor of 400 ~ 1100 folds. Firstly,
as a nanoscale patch antenna, the plasmonic cavity can improve the directionality of emission and
thereby enhance the light collection for an optical system with fixed numerical aperture (NA) (Figure
4a). The radiation pattern of the antenna can be simulated by 3D-FDTD simulations (See supporting
S6 and S7 for more details). As shown in Figure 4b, for the in-plane dipole source with center
wavelength of 750 nm and spectral width of 25 nm (similar with the PL Spectra of monolayer WSe2),
the far-field radiation pattern has a single lobe oriented in the surface-normal direction. The fraction
of emitted light collected by the objective lens NA = 0.5 adopted in our measurments can be calculated
to be 44.4%, which is ~1.7-folds higher than that of the monolayer WSe: transferred on Si/SiOx.
Besides, to clarify how plasmonic cavity observably molds light field and enhance upconverted
emission, the 3D-FDTD simulations were performed to simulate the charge and field distribution
around plasmonic cavity. Figures 4d and 4g show the charge distributions at the monolayer WSez,
corresponding to the resonant energy at 1.67 eV and 1.52 eV in far-field scattering spectrum (Figure
1f), respectively. The results reveal that the resonance at 1.67 eV can be ascribed to the mixed dipolar
modes, whereas the resonance at 1.52 eV is arising from the coupled quadripolar mode. Figures 4e and
4h show the field distribution at xz plane of two plasmonic cavity modes, as well as Figures 4f and 41
present the field distribution (|E/Eo|) at the monolayer WSe: (See Figures S8 and S9 for more details).
These filed distributions demonstrate that the plasmonic modes at 1.67 eV and 1.52 eV confine the
excitation light filed in the gap with a maximum field enhancement (|[E/Eo|) up to 40. The maximum
enhancement of light intensity (|E/Eo|*) of >1600-folds for the mode at excitation photon energy (1.52
eV) can provide a reasonable explanation for the 2~3 orders decrease of saturated excitation energy

density in the plasmonic cavity.



233

234
235
236
237
238

239
240
241
242
243
244

245

246

270

d e 40 f
1.67 eV !30

20 20
10 10
‘ 1.67 eV . 1.67 eV .
g h [
152 eV l . I Al
30 i 30
20 20
- 10 . 10
o — 1.52 eV ; 1.52 eV .

Figure 4. Mechanism of the enhanced upconversion of plasmonic cavity. (a) Schematic of the setup for collecting
upconverted emissions in our experiments. (b), (c) Far-field angular radiation patterns for monolayer WSe> in
plasmonic cavity (b) and free space(c). (d), (e), (f) Charge and field distribution (|E/Eo|) around plasmonic cavity for
the mode at emitted photon energy (1.67 eV). (g), (h), (i) Charge and field distribution (|E/E¢|) around plasmonic
cavity for the mode at excitation photon energy (1.52 eV).

Additionally, field enhancements up to 40 folds for the modes at the PL energy (1.52 eV) of A exciton
can yield an appreciable Purcell effect. The quantum efficiency from exciton to upconverted emission
can be enhanced by the Purcell effect, which can boost the rate of spontaneous emission by
manipulating the local density of optical states according to Fermi’s golden rule. In the resonant cavity,
the local density of states can be greatly increased, and the enhancement of spontaneous emission rate

can be expressed as Purcell factor*®

3
F — }/Cav — 3 Q (i) (3)
7o AV . \n

mode

where ycav and yo are the spontaneous emission rate of the emitter in cavity and free space, respectively,
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Q is the cavity quality factor, Vmode is the mode volume, £ is the resonant wavelength, » is the refractive
index of the medium. It illustrates that the plasmonic nanocavity can possesses a large Purcell factor
owing to the nanoscopic mode volume for a modest cavity quality factor. Thus the 2D excitons in the
elaborate plasmonic cavity can exhibit a giant enhancement of spontaneous emission rate and
luminescence.

Purcell effect modulated exciton relaxation in plasmonic cavity. To gain more insight into the
Purcell-enhanced upconverted emission, the exciton relaxation dynamics in the plasmonic cavity and
free space were measured by femtosecond pump-probe spectroscopy. In the measurements, to explore
the relaxation dynamics of the A excitons in monolayer WSez, the photon energy of pump and probe
pulses were chosen as 3.04 eV and 1.65 eV, and the pump and probe energy density were 12.9 pJ/cm?
and 1.2 pJ/cm?, respectively.
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Figure 5. Purcell effect modulated exciton relaxation in plasmonic cavity. (a) Normalized differential reflection signal
AR/R, for the monolayer WSe; in free space and plasmonic cavity. (b) Schematic diagram of purcell effect modulated
exciton relaxation in plasmonic cavity: 1. Nonresonant excitation, 2. Intraband relaxation of energetic carriers, 3-4.
Coupling between cavity and exciton emission. (c), (d) Fittings of the exciton relaxation in free space (c) and
plasmonic cavity (d), respectively.

Figure 5a shows the normalized differential reflection signal AR/Ro for the monolayer WSe2 on

Si02/Si (blue points) and the monolayer WSe: in plasmonic cavity (red points). Clearly, the exciton
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relaxation process in plasmonic cavity changes dramatically due to the Purcell effect arising from the
resonance between A exciton peak and cavity mode. The schematic diagram of Purcell effect
modulated exciton relaxation in plasmonic cavity is sketched in Figure 5b. The energetic electrons and
holes are excited by pump pulse (1) and then relax to excitons (2). These high density excitons either
recombine radiatively with the emission of photons (3) or dissipate non-radiatively through many-
body scatterings including multi-exciton annihilation and exciton-exciton annihilation. ***° In the
resonant plasmonic cavity, the coupling between cavity and exciton emission (3 and 4) can prominently
improve the spontaneous emission rate of exciton through Purcell effect, thereby reconstruct
competitive relationship between radiative recombination and nonradiative annihilation during the
relaxation of excitons.

Generally, considering multi-exciton annihilation (~N¥, x>2), exciton-exciton annihilation (~N?) and
exciton radiative recombination (~N), the rate equation that describes the exciton relaxation dynamics

can be written as following

‘2—7 =—aN*-BN*-yN 4)

where N is exciton density, a and £ are biexciton-biexciton annihilation rate and exciton-exciton
annihilation rate, and y is exciton decay rate of single exciton radiative recombination. Comparing with
radiative recombination, the many body scattering (~N*, x=2) is a much faster process. Therefore, to
quantify the time constants of fast nonradiative annihilation and slow radiative recombination, the
transient decay dynamics can be approximately fitted into two exponential decay components.
Figures 5c and 5d show the fitted exciton relaxation of the monolayer WSe: in free space and
plasmonic cavity. The monolayer WSe: in free space (Figure 5¢) undergoes the exciton relaxation with
a fast decay time constant of 0.86 ps and a slow decay time constant of 87.47 ps, while the fast and
slow decay time constants are 0.78 ps and 5.66 ps for the monolayer WSe: in plasmonic cavity (Figure
5d), respectively (see Figure S10 for the monolayer WSe2 on Au film). That indicates a 15-fold
radiative decay rate enhancement, the actual enhancement can be much greater considering the
collected signals are comprised of the excitons coupled to plasmonic cavity and neighbouring excitons
without coupling. Accordingly, the constituents of radiative recombination (filled with red color) and
nonradiative annihilation (filled with blue color) in exciton relaxation were significantly altered, that
is, the nonradiative annihilation is suppressed and the radiative recombination is greatly enhanced in

plasmonic cavity, which agrees with the enhancement of upconverted emission in Figure 3.

Conclusion
In summary, the multiphoton upconverted emission of 2D excitons can be greatly enhanced by the

elaborate doubly resonant plasmonic nanocavity. The upconverted emission amplification of >1000
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folds and the decrease of nearly three orders of magnitude for saturated excitation energy density has
been achieved. It can be attributed to the enhanced light collection, enhanced excitation rate and
quantum efficiency enhancement arising from Purcell effect. These findings pave the way to the
development of excitonic upconversion lasing, nanoscopic thermometry and sensing, and open up the

possibility of optical refrigeration in future 2D electronic or excitonic based devices.

Methods

Sample preparations. Firstly, a 50nm Au film and a 6nm Al20O3 isolation layer were deposited on the
surface of silicon wafers with 300nm SiO2 by electron beam evaporation, then an exfoliated WSe2
monolayer was transferred onto the substrate by polydimethylsiloxane (PDMS) assisted dry method.
In the following process, the Au nanocubes (AuNCs) with size of 170 nm were uniformly distributed
on the surface of the sample by chemical-assisted method. In a typical process, 58.6 mg NaCl and
212.3 mg poly(sodium-p-styrenesulfonate) (PSS) were dissolved in 1 ml deionized (DI) water to obtain
PSS solutions. The substrate containing the sample was then fully immersed in PSS solutions at room
temperature and held for 5 minutes, after which the substrate was carefully cleaned with DI water. The
purpose of this treatment is to prevent AuNCs from coalescing on the substrate surface during the
following process.’! A pipette gun is then used to drop 50 mg/l of AuNCs DI water solutions onto the
substrate in an amount of about 100 microlitres per square centimetre. Finally, the substrate is steamed
to dry the solvent on a hot plate at 90 °C in air.

Dark-field scattering Measurements. The dark-field scattering mapping and spectra were measured
with a commercial hyperspectral imaging system (Cytoviva, HISV3). The white light was focused by
a 100x objective with a high numerical aperture (Olympus, MPlanFLN, NA = 0.9). The mapping of
scattering signal was realized with a precisemotorized transla- tion stage, and spectral profiles of all
pixels could be obtained. Scattering signals were recorded by the spectrometer (Horiba, iHR550)
cooled to—60 °C. Scattering spectra of samples were corrected with the substrate, using the build-in
software (Cytoviva, ENVI 4.8).

Confocal PL maps measurements. PL. maps were performed by ISS Q2 confocal laser scanning
system coupled to a Nikon TE2000 microscope with the 60%/1.2 NA WI objective lens. The excitation
wavelength is 405 nm (5000 Hz repetition rate), PL emission signals were collected through a 480 nm
long-pass edge filter.

Mirco PL Spectra Measurements. The femtosecond pulses (817nm, 73fs, 80MHz) emitted from
mode-locked oscillator (Tsunami 3941C-25XP) were focused by an infinity-corrected long work
distance microobjective (Mitutoyo, 100x, NA = 0.5) to excite sample. The excitation sites was

confirmed by an EMCCD camera (Andor Ixon 888) with the micro objective and matched widefield
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tube lens (Thorlabs TTL200-A). For spectral measurements, the 800 nm short-pass edge filter
(Thorlabs FELH0650) was used to block excitation light. The filtered light was coupled to a
spectrometer (Acton SP2500) equipped with a liquid nitrogen cooled CCD.

Ultrafast measurements. Ultrafast pump probe measurements in reflection configuration were carried
out. The femtosecond pulses (817nm, 73fs, 80MHz) were split into two parts. One of them passed
through a BBO crystal to produce the 408 nm pump pulses, while the other one was focused into a
photonic crystal fiber (Newport SCG-800) to generate the super-continuum white light. The probe
pulses were then selected with a 750 = 10 nm (Thorlabs FB750-10) bandpass filters. The spot size of
the focused probe and pump laser was < 1 pum. The delay time between pump and probe pulses was
controlled by a steeper linear stage (Newport M-ILS150PP). To improve the signal-to-noise ratio, the
reflected probe pulses passed through a 650 nm longpass edge filter (Thorlabs FEL0650) and then
were detected by a high-sensitivity photomultiplier (Thorlabs PMMO02) connected with the phase lock-
in amplifier (Stanford SR830).

Finite-Difference Time-Domain (FDTD) Simulations. 3D FDTD simulations were was employed to
simulate electromagnetic field properties. In the simulation of scattering spectra, reflectance spectra,
charge and electromagnetic field distributions, the total-field scattered-field (TFSF) source with the
wavelength ranging from 500 to 900 nm was adopted. In addition, the in-plane dipole source arrays
with center wavelength of 750 nm and spectral width of 25 nm were used to simulate the far-field
angular radiation patterns. The perfectly matched layer (PML) was set as boundary conditions, and the
mesh size around plasmonic cavity was 1 nm. Relative permittivities of Si, SiO02, Al203, Au and WSe2

52-54

monolayer were taken from literatures, and the thickness of WSe: layer was set as 1 nm.

Data availability
The data that support the findings of this study are available from the corresponding author upon

request.
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S1. SEM images of Au nanocubes and plasmonic cavities

Figure S1. SEM images of Au nanocubes and plasmonic cavities. (a), (b) Top-view
SEM images of |the seed-mediated synthetic Au nanocubes. (c), (d) Cross-sectional
SEM view of a typical Au nanocube/Al203/Au film plasmonic cavities heterostructure,

imaged at a 2° tilted angle. The dark area corresponds to the substrate of Si/SiOx.



S2. Raman spectra of monolayer WSe; in free space and plasmonic cavity
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Figure S2. Raman spectra and corresponding Lorenz fitting of the monolayer WSe2 in
free space (a) and plasmonic cavity (b). The monolayer WSe: in free space has a typical
Raman spectrum with two dominant peaks at 248.19 cm™' (phonon energy of 30.78
meV) and 258.16 cm! (phonon energy of 32.01 meV) corresponding to atomic
displacements of the in-plane E;g and out-of-plane A modes (a), respectively. There
are slightly blueshifts of 1.71 cm™ and 0.82 cm™ for the monolayer WSe2 plasmonic
cavity (b). The peaks located at 303 cm™ and 309 cm™ in (b) can be attributed to the
poly(sodium-p-styrenesulfonate) (PSS).
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Temperature-dependent upconverted emission spectra
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Figure S3. Temperature-dependent upconverted emission spectra. (a) Temperature
dependent PL spectra for excitation photon energy at 1.52 eV. (b) Normalized PL
spectra of (a). (c), (d) Evolution of peak energy and spectral width with temperature.

The variation of exciton peak can be attributed to temperature-dependent lattice
dilatation and electron-phonon interaction. The exciton peak shift (Figure S3c) can be
well fitted by the well-known Varshni equation, E,(T)=E, (0)—aT : / (T + p), which
describes the temperature-dependence of energy gap for various semiconductors. ! The
global optimal parameters of fitting curves are Eg(0) = 1.712 eV, a=3.57 x 10 4 eV/K
and f = 249.3 K. The broadening excitons linewidth results from the interaction of
excitons with the longitudinal-acoustical (LA) and longitudinal-optical (LO) phonon
modes of lattice for semiconductor without considerable impurity doping and defects.

Accordingly, the temperature-dependent linewidth of excitons can be written as I'(7) =



Lo +yea T + yro Nio(T), 2 where the second term describes the contribution of the
interaction between excitons and LA phonons, the third term describes derive from the
interaction between excitons and LO phonons with N.o(7) represents the LO phonons
occupation with Bose-Einstein distribution, and the constant term arises from scattering
due to intrinsic imperfections. As depicted by the red dotted line in Figure S3d,
temperature-dependent linewidth can be strictly described by I'(7), where I'o= 41.92
meV, yra = 0.04 meV/K, and yL0=5.64 meV.

S4. Energy density-dependent PL spectra of monolayer WSe;
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Figure S4. Energy density-dependent PL spectra of monolayer WSe:2 for excitation
photon energy of 3.04 eV. (a) Excitation energy density-dependent unconverted PL
spectra for monolayer WSez. (b) Exitation energy density-dependent integrated
unconverted PL intensity for monolayer WSe2, which can be well fitted by equation
(S1). The saturated upconverted emission intensity Isar = 1.4x107 counts for monolayer

WSe:z can be obtained.



SS. Estimation of real saturated excitation energy density
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Figure S5. Estimation of real saturated excitation energy density. (a) Exitation energy
density-dependent integrated unconverted PL intensity for monolayer WSe: in free
space and plasmonic cavity. (b) Actual exitation energy density-dependent integrated
unconverted PL intensity for monolayer WSe2 in designed plasmonic cavity.

The dependence of upconversion intensity on excitation energy density for monolayer

WSe: in free space and plasmonic cavity in Figure S5a can be well fitted by

f

I = Isat s
S+ S

(S1)

where / and L« are total upconverted emission intensity and the corresponding
saturation value, f and f. are the excitation energy density and the corresponding
saturation value, respectively.

In light of the fact that the collected PL spectra in plasmonic cavity (Figure S5a) are
comprised of the excitons coupled to plasmonic cavity and neighbouring excitons
without coupling, the measured dependence of upconversion intensity on excitation

energy density for plasmonic upconverter devices can be revised as following

Imeas - Ic‘w + Ifree = Isatfcav L + Isat*f"Ee (1 _ p) f
pf‘*‘fsat—cav (l_p)f+fsaz—cav

(S2)


javascript:;

Where 1, and I, are the PL intensities of the excitons coupled to plasmonic
cavity and neighbouring excitons without coupling, [, ., and I, ;. are the
saturated PL intensities for plasmonic cavity and neighbouring excitons without
coupling, f.... and [, .. are the saturated excitation energy density for
plasmonic cavity and neighbouring excitons without coupling, 2 is the proportion of
the actual excitation photon energy used to excite the exciton in plasmonic cavity,
which can be approximate as S,./S, , S, defines the excitation area in our
measurements, while S, represents the hotspot area in plasmonic cavity.

Finally, the actual exitation energy density-dependent integrated unconverted PL
intensity for monolayer WSe: in plasmonic cavity can be calculated from Figure S5(a),
as shown in Figure S5(b). Accordingly, the real saturated excitation energy density in
our designed doubly resonant plasmonic cavity can be estimated as 32.9 pJ/cm?, which

is reduced by 2 ~ 3 orders of magnitude compared with free space.

S6. Schematics for simulating far-field radiation pattern
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Figure S6. Schematics for simulating far-field radiation pattern. The in-plane dipole
source arrays with center wavelength of 750 nm and spectral width of 25 nm were

adopted.



S7. Far-field radiation for monolayer WSe; in free space and plasmonic cavity
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Figure S7. Far-field radiation patterns (|[E/Eo|) for monolayer WSe: in free space and
plasmonic cavity. (a), (b) Far-field radiation patterns for a monitor placed on the top (a)
and bottom (b) of the monolayer WSez. (c), (d) Far-field radiation patterns for a monitor
placed on the top (c) and bottom (d) of the monolayer WSe:2 in plasmonic cavity. The
average intensity around the angle 6 can be calculated and plotted as the far-field

angular radiation patterns in Figures 4b and 4c.



S8. Charge and field distribution around plasmonic cavity at 1.98 eV
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Figure S8. (a) Reflectance spectra of plasmonic upconverter devices simulated by the
finite-difference time-domain (FDTD) method. (b), (c), (d) charge and field distribution
(|[E/Eo|) around plasmonic cavity for the mode at 1.98 eV.



S9. Magnetic field distributions around plasmonic cavity

a

Figure S9. Magnetic field distributions around plasmonic cavity. (a), (d) Magnetic field
distributions around plasmonic cavity at 1.52 eV. (b), (¢) Magnetic field distributions
around plasmonic cavity at 1.67 eV. (c), (f) Magnetic field distributions around
plasmonic cavity at 1.98 eV. (a), (b), (c) corresponds to the magnetic field distributions
at the monolayer WSe:2 plane, and (d), (e), (f) corresponds to the magnetic field

distributions at the xz plane
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S10. Exciton relaxation for the monolayer WSe; on Au film
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Figure S10. (a) Normalized differential reflection signal AR/Ro for the monolayer WSe:
on Au film (green points). (b) Fittings of the exciton relaxation for the monolayer WSe:
on Au film. The monolayer WSe2 on Au film undergoes the exciton relaxation with a

fast decay time constant of 0.76 ps and a slow decay time constant of 62 ps.
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Figure 1

Design and characterization of plasmonic upconverter devices. (a) Schematic of the designed Au
nanocube/WSe2/substrate plasmonic upconverter devices. (b) Desired band alignment diagram of
monolayer WSe2 in plasmonic nanocavities and the photon upconversion process of 2D excitons. (c)
Bright- and (d) dark-field microscope optical images of a representative sample. (€) Scanning electron
micrograph of 170 nm Au nanocube on substrate, and the inset shows the zoom-in image from the top
view. (f) Excitation laser and monolayer WSe2 PL spectra overlap with simulated scattering spectrum of a
plasmonic nanocavity, which is consistent with experimental results. The excitation laser and
upconverted emission spectra doubly resonant with plasmonic cavity modes at A=1.52 eV and 1.67 eV,
respectively.
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Figure 2

Phonon-assisted excitonic upconverted emission of monolayer WSe2. (a) Excitation photon energy-
dependent PL spectra. (b) Excitation photon energy-dependent integrated PL intensity calculated from
(@). (c) Temperature-dependent PL spectra for excitation photon energy at 1.52 eV. (d) Temperature-
dependent integrated PL intensity calculated from (c).
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Figure 3

Upconversion amplificated by plasmonic cavity. (a) Excitation energy density-dependent unconverted PL
spectra for monolayer WSe2 on Si02/Si. (b) Excitation energy density-dependent unconverted PL spectra
for monolayer WSe2 in designed plasmonic cavity. (c) Enhanced unconverted PL spectra of monolayer
WSe2 in designed plasmonic cavity at the excitation energy density of 0.16 mJ/cm2. Inset: PL maps of
the plasmonic nanocavity effect on exciton emission, where the nanocubes and the monolayer WSe2 are
marked by red solid line and white dashed line. (d) Exitation energy density-dependent integrated
unconverted PL intensity (top) and the enhancement (down) for monolayer WSe2 in designed plasmonic
cavity.
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Figure 4

Mechanism of the enhanced upconversion of plasmonic cavity. (a) Schematic of the setup for collecting
upconverted emissions in our experiments. (b), (c) Far-field angular radiation patterns for monolayer
WSe2 in plasmonic cavity (b) and free space(c). (d), (e), (f) Charge and field distribution (|[E/EQ|) around
plasmonic cavity for the mode at emitted photon energy (1.67 eV). (g), (h), (i) Charge and field distribution
(IE/EOJ) around plasmonic cavity for the mode at excitation photon energy (1.52 V).
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Figure 5

Purcell effect modulated exciton relaxation in plasmonic cavity. (a) Normalized differential reflection
signal AR/RO for the monolayer WSe2 in free space and plasmonic cavity. (b) Schematic diagram of
purcell effect modulated exciton relaxation in plasmonic cavity: 1. Nonresonant excitation, 2. Intraband
relaxation of energetic carriers, 3-4. Coupling between cavity and exciton emission. (c), (d) Fittings of the
exciton relaxation in free space (c) and plasmonic cavity (d), respectively.
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