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ABSTRACT: The understanding of nonlinear light−matter interactions at the nanoscale has fueled worldwide interest in
upconversion emission for imaging, lasing, and sensing. Upconversion lasers with anti-Stokes-type emission with various designs
have been reported. However, reducing the volume and lasing threshold of such lasers to the nanoscale level is a fundamental
photonics challenge. Here, we demonstrate that the upconversion efficiency can be improved by exploiting single-mode
upconversion lasing from a single organo-lead halide perovskite nanocrystal in a resonance-adjustable plasmonic nanocavity. This
upconversion plasmonic nanolaser has a very low lasing threshold (10 μJ cm−2) and a calculated ultrasmall mode volume (∼0.06 λ3)
at 6 K. To provide the unique feature for lasing action, a temporal coherence signature of the upconversion plasmonic nanolasing
was determined by measuring the second-order correlation function. The localized-electromagnetic-field confinement can be tailored
in titanium nitride resonance-adjustable nanocavities, enhancing the pump-photon absorption and upconverted photon emission
rate to achieve lasing. The proof-of-concept results significantly expand the performance of upconversion nanolasers, which are
useful in applications such as on-chip, coherent, nonlinear optics, information processing, data storage, and sensing.
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A central challenge for nanolaser design is to achieve the
small mode volume and device footprint needed to enable

high density integration, low power consumption, and fast
switching times.1,2 In response to this challenge, plasmonic
nanolasers and surface plasmon amplification by stimulated
emission of radiation (SPASER)3−6 have been demonstrated
using various designs.5,7−24 However, ultracompact upconver-
sion emission via multiphoton pumped lasing has been more
challenging25−29 due to the required high material performance
and control of optical modes and gain characteristics, which is a
key issue for multiphoton pumped lasers based on rare-earth-
doped upconversion nanoparticles (UCNPs).28,29 To date,
methylammonium lead trihalide perovskites30−34 (MAPbX3, X
= Cl, Br, I) have received considerable attention as gain media
for lasers, mainly with the aim of achieving an economic and
tunable diode laser.30,32 The solution processability, long carrier
diffusion lengths, wavelength tunability, large exciton binding

energy, high optical gain coefficients (>104 cm−1),31 and
promising two-photon absorption characteristics favor the use
of halide perovskite gain media in lasers. However, reducing the
volume of perovskite-based lasers18,23,25,30−39 to the nanoscale
for small mode volume lasing from a single nanoemitter is a
challenge in nanophotonics.1,2

■ RESULTS AND DISCUSSION
Here, we demonstrate upconversion lasing from a single
perovskite nanoemitter enabled by the strong local plasmonic
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field from a MAPbBr3 perovskite nanocrystal (PNC) integrated
with an Al2O3/TiN (5 nm/80 nm) plasmonic cavity (Figure 1a).

Critically, we find that the use of a plasmonic cavity results in a
significant enhancement of the nonlinear optical response,28,40

enabling low-threshold upconversion lasing. Solution-processed
MAPbBr3 PNCs were chosen as the gain media due to their
strong photoluminescence and remarkable insensitivity to
surface defects, which is important for the high surface-to-
volume ratio needed for nanolaser gain media (see Methods for
the detailed sample fabrication),41−43 such as that in single-
crystalline nanocrystals with edge lengths in the range of 100−
500 nm. Under two-photon optical excitation at 800 nm via 100
fs Ti:sapphire laser pulses with an 80MHz repetition rate, single-

mode upconversion lasing action was successfully demonstrated.
We observed enhancement of both the effective absorption cross
section and the energy transfer efficiency arising from the
localized electromagnetic (EM) field overlapping with the PNC,
which is difficult to achieve with PNCs alone due to the poorer
optical confinement in small-footprint dielectric cavities than in
plasmonic nanocavities. As shown in Figure 1b, the
upconversion luminescence from a single PNC with particular
size (an edge length of 300 nm and a height of 100 nm) is
increased 4500-fold in a plasmonic nanocavity. The SEM image
shows the measured single PNC on silicon. The working
principle of the upconversion plasmonic nanolaser is shown in
Figure 1c: near-infrared pump photons excite electron−hole
pairs in the PNC through two-photon absorption. The radiative
recombination of relaxed electron−hole pairs emits photons at
visible wavelengths that couple to plasmonic modes of the
tunable TiN plasmonic nanocavity, for which the energy transfer
efficiency between the photons and localized surface plasmons
strongly depends on the strength of the cavity mode.
Distinct from other conventional plasmonic lasers using silver,

gold, or aluminum as the plasmonic medium, we employed an
atomically smooth plasmonic TiN film as an alternative
plasmonic platform. Important for lasing nanocavities, TiN is
a durable high-temperature material whose melting point is
three times higher than that of gold or other traditional
plasmonic materials,44 and its plasmonic properties can be
tailored by the growth conditions.45 Here, plasmonic TiN was
sputter-deposited onto a silicon (Si) substrate using radio
frequency (RF) magnetron sputtering at 800 °C (see Tables S1
and S2). To achieve upconversion lasing, both the optical gain
and system loss must be carefully controlled. The atomically
smooth TiN surface reduces the scattering losses that would
otherwise hamper the achievement of lasing action. As shown in
Figure 2a, atomic force microscopy (AFM) reveals that the 80
nm thick plasmonic TiN film has an average surface roughness of
less than 0.5 nm, suggesting a low scattering loss. Notably, the
imaginary part of the TiN film dielectric permittivity indicates
that the loss is comparable to that of gold, which is commonly
utilized as a plasmonic material. Additionally, plasmonic TiN is
robust to high-temperature damage to the device due to the
small negative magnitude of the real part of its permittivity,
which is different from gold. The epsilon-near-zero (ENZ)
wavelength of TiN is adjustable by varying the growth
conditions, as shown in Figure 2. The material properties of
TiN can be adjusted to yield either an optically dielectric phase
(Re(ε) > 0) or an optically plasmonic phase (Re(ε) < 0) at a
given wavelength (see Figure 2b). Distinct from the lower carrier
concentration exhibited by doped oxides and other semi-
conductors whose ENZ wavelengths lie in the near- or mid-
infrared wavelength range,46,47 TiN exhibits an ENZ wavelength
in the visible range.48−51 The ability to adjust the ENZ
wavelength of TiN films in the visible range plays a crucial
role in the observation of plasmonic upconversion lasing.
We designed an upconversion plasmonic nanolaser with

adjustable resonance by optimizing the coupling strength
between the plasmonic nanocavity and the methylammonium
lead trihalide perovskite nanoemitter. MAPbBr3 PNCs were
chosen as a gain medium because of their strong photo-
luminescence (PL) due to the remarkable reduction of surface
defects41−43 and their large two-photon absorption coefficient.52

For comparison, we measured the upconversion PL from both a
single MAPbBr3 PNC and a single CsPbBr3 PNC on silicon, and
only observed two-photon PL from the single MAPbBr3 PNC at

Figure 1. Upconversion plasmonic nanolaser. (a) Schematic of the
lasing device. A MAPbBr3 perovskite nanocrystal (PNC) is placed on
an 80 nm plasmonic TiN film with a 5 nm Al2O3 separation layer
inserted between them. (b) Comparison between the emission spectra
of single PNC with particular size on the Al2O3/TiN plasmonic
platform and on silicon under excitation by a near-infrared (NIR)
pulsed laser. The plasmonic cavity enhances the upconversion
luminescence by 4500-fold. (c) Working process of the upconversion
plasmonic nanolaser. The NIR pump laser excites electron−hole pairs
in the PNC through two-photon absorption (red arrow). The radiative
recombination of relaxed electron−hole pairs emits energy quanta at
visible wavelengths (green arrow), which are then transferred to modes
of the plasmonic cavity with adjustable plasmon resonance (black
arrows). The strength of the localized electromagnetic field alters the
energy transfer efficiency.
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6 K (see Figure S1). This is due to the reported two-photon
absorption coefficient ofMAPbBr3 (8.6 cm/GW) being 2 orders

of magnitude higher than that of CsPbBr3 (0.085 cm/GW),52,53

thus, increasing the upconversion efficiency. The optical
properties of MAPbBr3 PNCs were characterized by ultra-
violet−visible and PL spectroscopy (see Figure S2). In addition,
we measured the temperature-dependent PL spectra from a
PNC on a Si substrate from room temperature down to 6 K
(Figure 3a). We observed that the emission peaks red-shifted
from 516 to 543 nmwith decreasing temperature. Different from
the trend for typical semiconductors, the unusual redshift of the
PL in lead perovskites with decreasing temperature has been
attributed to a phase transition.54,55 The phase of the perovskite
can be identified as the orthorhombic, tetragonal or cubic phase
in different temperature ranges,54,55 as shown in Figure 3a.
These results reveal that the PNC is in a cubic phase at room
temperature, which is in agreement with the following crystal
structure characterization. Moreover, a significant PL enhance-
ment from the MAPbBr3 PNC at cryogenic temperature was
observed, and the redshift of the PL in perovskites with
decreasing temperature plays a key role in this study (see Figure
S3). To ensure that the operation conditions favor lasing in the
plasmonic mode, we inspected the PL of the PNC, which is also
an indicator of the optical gain profile, and found that it
overlapped well with the designed plasmon resonance mode
profile at 6 K.
To characterize the crystallinity of the PNC, we investigated

its crystal structure by transmission electron microscopy (TEM)
at room temperature. The low-magnification bright-field (BF)
TEM image, corresponding to a selected area diffraction (SAD)
pattern and the high-resolution (HR) TEM images shown in
Figure 3b−d, confirms the cubic morphology and the single-
crystalline nature of the PNC. Figure 3e displays the atomic
model of MAPbBr3, which has a cubic structure with the space
group of Pm3̅m. The atomic arrangements of theMAPbBr3 cube
along the [11−1] zone are further visualized based on the
annular bright-field (ABF) scanning TEM image in Figure 3f.
Thus, the high crystallinity and the well-passivated surface that

Figure 2.Titanium nitride plasmonic platform with adjustable plasmon
resonance. (a) Atomic force microscopy (AFM) image of an atomically
smooth TiN film (80 nm thick) with an average surface roughness of 0.5
nm. (b) Real (solid line) and imaginary (dash-dotted line) parts of the
dielectric permittivities obtained from two TiN films via spectroscopic
ellipsometry. The two films have epsilon-near-zero (ENZ) wavelengths
at 510 and 670 nm, respectively. The permittivity of gold, which is a
commonly used plasmonic material, is also included for comparison
(Johnson and Christy).60

Figure 3. Material characteristics of a MAPbBr3 perovskite nanocrystal (PNC). (a) Temperature-dependent photoluminescence (PL) spectra of a
PNC on silicon measured from room temperature down to 6 K under one-photon excitations. The emission peak redshifts from 516 to 543 nm with
decreasing temperature due to the phase transition from cubic to orthorhombic. (b−d) Structural analyses of a single-crystalline PNC based on
transmission electron microscopy (TEM), including a bright-field TEM image, the corresponding selected area diffraction pattern, and a high-
resolution (HR) TEM image. (e, f) Annular bright-field scanning TEM image reflecting the cubic structure of MAPbBr3.
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eliminates most of the quenching pathways are even more
critical for lasing than for PL.
Plasmonic upconversion nanolasing was achieved when the

optical gain profile overlapped well with the plasmonic
resonance. We demonstrated single-mode upconversion lasing
from a single PNC on top of 5 nmAl2O3-covered plasmonic TiN
with an ENZ wavelength at 510 nm (see Figure 2b) as a
resonance-adjustable plasmonic nanocavity (510 nm ENZ
device). A thin dielectric layer of Al2O3 was deposited by
atomic layer deposition (ALD) between the PNC and the
plasmonic TiN substrate to avoid PL quenching.7,14 As shown in
Figure 4a, the single-mode lasing peak was centered at 554 nm
with a line width of 3 nm, which was pumped by a near-infrared
Ti:sapphire pulsed laser at 800 nm through two-photon
absorption. Lasing was achieved when the emission peak from
the PNC was spectrally aligned with the plasmonic resonance
mode. In calculating the cavity mode, we note that the PNC in
this particular device has an edge length of 300 nm and a height
of 100 nm. The inset of Figure 4a shows the PL mapping of the
nanolasing source. The emission intensity and line width of the
upconversion laser versus the pump fluence are shown in Figure
4b. The light-in light-out (L−L) curve at the lasing peak (554
nm) on the log−log scale and the corresponding emission line
width narrowing behavior show a very low upconversion lasing
threshold of 10 μJ cm−2 at 6 K with ultrasmall footprint, which is
relatively small in the literature-reported value of upconversion
perovskite lasing (see Table S3). However, it is not easy to make
a fair comparison of lasing threshold because some of the
reported lasers operated at room temperature. The lasing
signature can be determined from the nonlinear “S”-shape of the
L−L curve. Below the lasing threshold, we obtained a slope in
the L−L plot of 2, which represents the feature of spontaneous
emission. In addition, the line width of the emission spectra

decreased from >7 nm (below the threshold) to 3 nm (well
above the threshold) when lasing occurred. To estimate the
threshold gain of the plasmonic mode, we solved for the
eigenmodes for successively increasing values of the imaginary
part of the permittivity of the perovskite using a three-
dimensional finite-element method. The predicted threshold
gain that compensates for the absorption and radiation losses is
approximately 3382 cm−1 (see Figure S4). The lead trihalide
perovskite has been reported to possess a large gain coefficient
(>104 cm−1),31 which is capable of providing sufficient optical
gain to overcome the system loss to reach the lasing condition.
In addition, the calculated cavity mode has a very small mode
volume of∼0.06 λ3 (see Figure S4). Moreover, the spontaneous
emission coupling factor, β, is estimated as 0.14 based on the
fitting of the light-in light-out plot. This modest coupling factor
indicates that there is room for improving the coupling efficiency
between the spontaneous emission and plasmonic modes in our
upconversion nanolaser (see Note S5 in the Supporting
Information). The spontaneous emission coupling factor β can
be improved by increasing the coupling efficiency of the
spontaneous emission to the lasing mode. One possible way to
increase the β value is to design a structure that has a lasingmode
with extensive overlap in the PNC, which increases the coupling
efficiency. Note that a higher β value indicates a higher coupling
efficiency, which decreases the lasing threshold of the device.We
believe that by optimizing the plasmonic properties of the TiN
film or replacing the optical gain medium by using a MAPbI3
PNCwith efficient red emission, a lasing with high β value can be
achieved, thereby enhancing the coupling strength between the
optical gain medium and cavity. We obtained measurements of
the second-order photon correlation function,14,56,57 g(2)(t), to
provide a unique temporal coherence signature for lasing action
(see Figures S5 and S6). As presented in Figure 4c, the photon

Figure 4. Upconversion plasmonic nanolasing characterization at 6 K. (a) Upconversion emission spectra of a MAPbBr3 perovskite nanocrystal
(PNC) on top of an Al2O3/TiN (5/80 nm) plasmonic platformwith an epsilon-near-zero (ENZ) wavelength of TiN at 510 nm at different pump levels
(on resonance). The photoluminescence (PL) mapping reflects the coherence feature of the nanolasing. Color indicates emission intensity. (b)
Optical intensity and line width vs pump fluence at the lasing peak (554 nm) for the nanolasing source in (a) with a lasing threshold of 10 μJ cm−2. (c)
Temporal coherence signature of the plasmonic upconversion nanolaser obtained by second-order photon correlation function measurements. (d)
Upconversion emission spectra of a PNC on the same type of plasmonic cavity with an ENZ wavelength of TiN at 670 nm at different pump levels (off
resonance). The PL mapping exhibits characteristics of spontaneous emission. (e) Optical intensity and line width vs pump fluence for the photon
source in (d). The absence of sharp line-width narrowing indicates that the device persists as an incoherent photon emitter.
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correlation function g(2)(t = 0) under an excitation power near
the lasing threshold shows a thermal bunched behavior,
representing amplified spontaneous emission. We observed
that g(2)(t = 0) approaches unity under an excitation power
above the lasing threshold, which represents the temporal
coherence signature of lasing. Note that the lasing peak intensity
remained constant and without a wavelength shift for more than
4 h.
Additionally, we measured the upconversion emission

spectrum from a MAPbBr3 PNC on the same type of plasmonic
nanocavity but with an ENZ wavelength of TiN at 670 nm (see
Figures 2b and 4d). In this case (the PNC on 670 nm ENZ
device), the optical gain is spectrally misaligned with the
plasmonic resonance, resulting in spontaneous emission only,
even if the pump fluence is 3 orders of magnitude stronger than
that used in Figure 4a. The PLmapping image of this device only
shows the characteristics of spontaneous emission. Moreover,
the emission intensity versus pump fluence exhibits a slope of 2
on a log−log scale, representing the feature of spontaneous
emission. The line widths at various pump levels are mostly
greater than 10 nm and are characteristically broadband, as
expected for spontaneous emission behavior. In comparison, the
line widths of the PNC on Si at various pump levels are
approximately 6−7 nm, which represent the spontaneous
emission from a single PNC (see Figure S1). A spectral
broadening behavior can be observed in Figure 4e; the emission
line widths at various pump levels are greater than 10 nm due to
the placement of the emitter near the TiN, which behaved as a
lossy dielectric. Note that the line width of the PNC on the 510
nm ENZ device at the pump power below threshold is
approximately 7.5 nm (see Figure 4b), which is very close to
the line widths of the PNC on silicon. Compared to the line
width of the PNC on the 670 nm ENZ device, that on the 510
nm ENZ device is decreased at the pump power below
threshold, indicating that the system loss of PNC on the 510 nm
ENZ device is less than that on the 670 nm ENZ device. As a
result, the lasing action can only be observed in the case of PNC
on the 510 nm ENZ device, which has higher coupling efficiency
than the other device. Given that the pump fluences in Figure
4d,e are 3 orders of magnitude stronger than those in Figure
4a,b, these results indicate the strong role that adjustable
plasmonic resonance plays in the functioning of our
upconversion plasmonic nanolaser. Given that the pump
fluences in Figure 4d,e are 3 orders of magnitude stronger
than those in Figure 4a,b, these results reflect the strong role that
an adjustable plasmonic resonance plays in our upconversion
plasmonic nanolaser.
Both the two-photon absorption and the emission rate are

important for approaching lasing action. By integrating a single
PNC with a plasmonic cavity, we can potentially enhance the
localized EM field, which boosts the upconversion emission rate
owing to an enhancement of the absorption cross section
through the local field.28,29 If E0 and E(r0) are the incident and
local electric fields at r0, respectively, then the two-photon
absorption cross section is enhanced by a factor of (|E(r0)|/|
E0|)

4. In Figure 5a, the calculated distribution of |E|4 of the EM
field at a wavelength of 800 nm represents the two-photon
pumping rate. In this case of the PNC situated on top of 5 nm
Al2O3-covered plasmonic TiN with an ENZ wavelength of TiN
at 510 nm (Figure 5a), the strong field localized in the dielectric
gap induces nonlinear photon absorption therein, resulting in a
plasmonic-enhanced two-photon absorption cross section. This
can be interpreted as resulting from the strong confinement of

the pump field in the dielectric gap leading to a localized surface
plasmon resonance,7,9,10,14,15,20,21 thus, enhancing the nonlinear
light−matter interaction. Moreover, the calculated mode profile
at the emission wavelength (see Figure 5b) reveals that the field
is also tightly confined in the dielectric gap, indicating prominent
overlap between the plasmonic cavity mode and PNC. The
strong mode overlap in the PNC results in an increase in the
energy transfer rate between the photons and surface plasmons
(see Figure 1c), enabling lasing action to be reached. We also
calculated the EM field distribution of |E|4 at 800 nm for the
complementary plasmonic cavity with an ENZ wavelength of
TiN at 670 nm. In this case, the optical gain profile is spectrally
misaligned with the plasmon resonance. Thus, almost no optical
confinement of the near-infrared pump field can be observed in
the dielectric gap (see Figure 5c). In addition, the calculated
cavity mode profile at the emission wavelength shows a weakly
confined EM field in the dielectric gap and overlaps poorly with
the PNC (see Figure 5d). This agrees with our experimental
results, as shown in Figure 4d,e.
To perform an appropriate comparison, we also measured the

upconversion emission from a PNC on an Al2O3/gold (5 nm/
100 nm) plasmonic nanocavity. However, no signal could be
detected, and the measurement was limited by the severe
thermal damage incurred at high pump powers. These results
can be attributed to the significant negative real part of the
permittivity in gold, which makes approaching the lasing
condition more difficult for the cavity due to local heating.
These results indicate that the ohmic loss of the TiN film is less
than that of gold. Another factor for plasmonic upconversion
lasing should also be taken into account: the perovskite single
crystal exhibits the characteristic of photon recycling.58

Figure 5. Working principle of upconversion plasmonic lasing with
adjustable plasmon resonance. (a) Calculated distribution of |E|4 at 800
nm, the two-photon pumping rate, for a perovskite nanocrystal placed
on the Al2O3/TiN (5/80 nm) plasmonic platform with an epsilon-near-
zero (ENZ) wavelength of TiN at 510 nm. The strong local
electromagnetic field in the dielectric gap that penetrates into the
perovskite nanocrystal induces nonlinear absorption therein. (b)
Corresponding mode profile at the emission wavelength showing
strong optical confinement in the gap and prominent mode overlap
with the perovskite. (c) Distribution of |E|4 at 800 nm for the
counterpart plasmonic cavity with an ENZ wavelength of TiN at 670
nm. Almost no light confinement of the pump field can be observed. (d)
Corresponding mode profile at the emission wavelength showing weak
optical confinement in the gap and insignificant mode overlap with the
perovskite.
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Therefore, by integrating a PNC with a plasmonic cavity,
photons can be reabsorbed and re-emitted by the perovskite gain
medium without being lost via irreversible heat dissipation,
making the lasing threshold more accessible in the presence of a
metal. In the present work, we characterized 6 upconversion
nanolaser devices. Although the upconversion plasmonic lasers
in this work were operated at cryogenic temperatures, this proof-
of-concept study on adjustable plasmonic mode profiles and
adjustable pump rates is extensible to other types of emitters.We
believe that, by optimizing the plasmonic properties of the TiN
film or replacing the gain medium using a MAPbI3 PNC with
efficient red emission to enhance the coupling efficiency of the
spontaneous emission to the lasing mode, a room-temperature
plasmonic upconversion nanolasing can be realized.

■ CONCLUSION

In summary, we have proposed and demonstrated a new type of
plasmonic nanolaser for realizing upconversion lasing that
consists of thermostable TiN as a promising resonance-
adjustable plasmonic platform and a bottom-up MAPbBr3
PNC as a nonlinear optical gain medium, for which it is an
excellent candidate. We observed single-mode emission from
the upconversion plasmonic nanolaser with an ultralow
upconversion lasing threshold of 10 μJ cm−2, which is at least
3 orders of magnitude smaller than the threshold for the
reference sample (a PNC on silicon). By measuring the second-
order correlation function, a temporal coherence signature of
the plasmonic upconversion nanolasing was determined. The
working principle is that, with the low-loss plasmonic cavity, the
strong localized EM field-induced dual enhancement of both the
two-photon pumping rate and the emission rate enables
upconversion lasing action from a single perovskite nanoemitter.
The plasmonic cavity enhances the upconversion luminescence
by 4500-fold. In addition, the small device footprint with a
calculated ultrasmall mode volume (∼0.06 λ3) allows for high
density integration, low power consumption and a fast switching
time.1,2 Thus, our finding opens a new pathway toward on-chip
coherent nonlinear optics with potential applications in imaging,
data storage, quantum information technology, integrated
nanophotonics, and optical communication.

■ METHODS

Sample Fabrication. We synthesized single-crystalline
MAPbBr3 PNCs using a solution-based process in a nitrogen-
filled glovebox (with oxygen andmoisture levels <1 ppm).59 The
MAPbBr3 PNCs were synthesized by dopingMAPbBr3 film with
chlorine. Methylammonium bromide (0.153 g), lead bromide
(0.4815 g), and choline chloride (0.036 g) were mixed in a
dimethyl sulfoxide (DMSO) solution (1.07 mL) and stirred for
12 h under a N2 atmosphere. The precursor solution was spin-
coated atop glass substrates using a consecutive two-step spin-
coating process at 500 rpm (for 7 s) and 4000 rpm (for 70 s).
During the spin-coating process, 250 μL of chloroform was
dripped on the surface of the precursor film at 50 s. Organo-lead
trihalide perovskite MAPbBr3 nanocrystals were successfully
synthesized on the glass substrate after annealing at 70 °C for 10
min. After that, the nanocrystals with sizes ranging from 100 to
500 nm were suspended in a hexane solution using a sonic bath
for 10 min and then dispersed onto Al2O3-capped TiN film by
drop-casting diluted suspension solutions of the nanocrystals.
The Al2O3 thin film was deposited by atomic layer deposition
(ALD).

Optical Measurement. The upconversion lasing measure-
ments were collected at a temperature of 6 K on a closed-cycle
cryogenic system (Attodry 800, attocube) equipped with a
confocal laser scanning microscope system and a spectrometer
(SR-500i, Andor) consisting of a monochromator and a
thermoelectrically cooled CCD camera. The resolution of the
spectrometer is 0.06 nm. A femtosecond Ti:sapphire laser
(Spectra-Physics) that provides 100 fs, 800 nm pulses at a
repetition rate of 80 MHz was used to optically pump the
sample. A 100× objective lens (0.82 NA; attocube) was used to
focus the pulsed laser to a small spot with a diameter of
approximately 1 μm. To filter out the excitation laser signal, a
750 nm short-pass filter was placed in front of the spectrometer.
For the measurements of the second-order correlation function,
g(2)(t), a Hanbury Brown-Twiss (HB-T) setup with a time
resolution of∼500 ps was used. The emission signal was fed into
two Si single-photon-counting avalanche photodiodes by using a
50/50 beamsplitter. Then, the second-order correlation
function was observed via quantum correlation analysis software
(QuCou, PicoQuant).

Simulation. The optical field distributions were calculated
using the finite-difference time-domain (FDTD; Lumerical
Solutions, Inc.) method. We solved the eigenmodes and the
predicted threshold gain of the plamonic nanocavity with the
three-dimensional finite-element method (COMSOL eigenfre-
quency solver). Detailed simulation parameters are shown in the
Supporting Information.
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