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Optically-Controlled Quantum Size Effect in a Hybrid
Nanocavity Composed of a Perovskite Nanoparticle

and a Thin Gold Film

Shulei Li, Maohui Yuan, Weijie Zhuang, Xin Zhao, Shaolong Tie, Jin Xiang,

and Sheng Lan*

Metal halide perovskites have attracted great interest in recent years and their
emission wavelength can be adjusted either by doping impurities or by
exploiting quantum size effect. Here, it is reported that the realization of
optically-controlled quantum size effect in a hybrid nanocavity composed of a
perovskite (CsPbBr;) nanoparticle and a thin gold (Au) film. Such nanocavities
are created by synthesizing polycrystalline CsPbBr; nanoparticles composed
of quantum dots on a thin Au film via chemical vapor deposition, which emit
luminescence at ~488 nm under the excitation of femtosecond laser pulses
with a low repetition rate. The phase transition from polycrystalline to
monocrystalline, which quenches the quantum size effect and shifts the
emission wavelength to ~515 nm, can be introduced in CsPbBr,
nanoparticles by simply increasing the laser power. Interestingly, such a phase
transition is reversible provided that the laser power is lower than a threshold.
Consequently, four optical states including dual-wavelength emission, can be

1. Introduction

Metal halide perovskites have attracted
great interest in recent years owing to
their potential applications in optoelec-
tronic devices such as light-emitting
devices,'™  photodetectors,>7!  solar
cells,® 1l and even lasers.'>™ In par-
ticular, much effort has been devoted to
CsPbBr; which generally emits green
light. So far, CsPbBr; films and parti-
cles with different feature sizes have
been successfully synthesized and most
studies focus on quantum dots showing
quantum size effect and microparticles
supporting whisper galley modes.!'>-'7]
In comparison, less attention has been
paid to CsPbBr; nanoparticles with

achieved by deliberately setting the laser power. The underlying physical
mechanism is unveiled by the static and transient temperature distributions
simulated for the hybrid nanocavity. The findings open a new avenue for
designing novel photonic devices based on perovskite nanoparticles and
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diameters ranging from 50 to 500 nm,
which exhibit Mie resonances in the
visible to near-infrared spectral range. As
compared with high-index semiconduc-
tors such as Si, Ge, and GaAs, CsPbBr,
possesses a moderate refractive index
(=~2.0) which is large enough to support
distinct Mie resonances.'®21] Actually,
the Fano resonances formed by the
interaction between the Mie resonances and the excitonic ones
in CsPbBr; nanoparticles have been observed.[*] In addition,
the optical resonances supported by CsPbBr; nanoparticles have
been exploited to enhance their nonlinear optical responses and
to realize strong light-matter interaction and even lasing.[*"]

It has been known that strongly-localized electric field can
be achieved at the gap region between a dielectric nanoparticle
and a thin metal film, which has been employed to construct
nanoscale photonic devices with different functionalities.[22-2¢]
Therefore, it is expected that the interaction of a CsPbBr,
nanoparticle with light can be enhanced by placing the nanopar-
ticle on a thin metal film, forming a particle-on-film system or a
hybrid nanocavity. The nanocavities created in this way generally
possess gap modes and mirror image modes induced by the
metal film, where the strong localization of electric field can
be achieved. As a result, both the absorption and emission effi-
ciencies of the nanoparticle will be greatly enhanced. Previously,
the hybrid nanocavities formed by silicon (Si) nanoparticles
and a thin metal film have been employed to realize nanoscale
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photonic devices for practical applications of optical display,
sensing, luminescence enhancement, and strong light-matter
interaction.[?-28] Apart from the localization of electric field and
the modification of absorption/emission properties, the thin
metal film with good thermal conductivity also acts as a heat sink
for nanoparticles, preventing them from being damaged and
modifying the temperature distributions in the nanoparticles.

So far, perovskite nanoparticles (including CsPbBr;) have
been successfully fabricated by using different methods, such
as hot injection synthesis,[?’! spin-coating,*” ligand-assisted
reprecipitation,3!32] chemical vapor deposition,**] etc. In most
cases, the chemical reactions are precisely controlled in order
to obtain monocrystalline materials. For compound semicon-
ductors, however, polycrystalline nanoparticles are usually
obtained because of the deviation from chemical ratio. For
example, GaAs nanoparticles fabricated by using femtosecond
laser ablation under the nonequilibrium condition are gener-
ally polycrystalline.®* In this case, the phase transition from
polycrystalline to monocrystalline occurs if a post-annealing
process is employed. Previous studies reveal that quantum size
effect becomes significant for perovskite nanocrystals smaller
than 5 nm.35-%7] For this reason, such nanocrystals are generally
referred to as quantum dots. If a polycrystalline nanoparticle is
composed of a number of quantum dots, it may exhibit optical
properties similar to single quantum dots.?® A direct conse-
quence is the blueshift of the emission wavelength with respect
to that of a monocrystalline nanoparticle. From the viewpoint of
fabrication, such a polycrystalline nanoparticle can be obtained
by using a low growth temperature.

It is well known that perovskites are generally not stable
against light irradiation, leading to ion segregation, decompo-
sition, and phase transition. Very recently, it was demonstrated
that photoinduced halide-ion segregation, which is dependent
on the carrier-induced strain gradients vanishing at sufficiently
high carrier densities, can be actively controlled in situ with
light.3%*] In principle, the phase transition from polycrystalline
to monocrystalline in a nanoparticle can be accurately controlled
via laser-induced annealing if a spatially-localized temperature
distribution can be established inside the nanoparticle. In this
case, the nanoparticle is a mixture of polycrystal and monocrystal,
leading to a dual-wavelength emission with controllable emis-
sion intensities, which is quite useful for optical display, sensing,
and signal processing. Previously, spatially-localized temperature
distribution was successfully achieved by exploiting the Fano
resonance formed in an oligomer of gold (Au) nanoparticles.!**!
It was used to produce carbon quantum dots with small di-
ameters, which emit efficient luminescence in the visible light
spectrum. As mentioned above, the strongly-localized electric
field achieved in the gap region between a dielectric nanoparticle
and a thin metal film has been exploited to construct nanoscale
photonic devices with different functionalities.[?22] Therefore, it
is expected that the controllable phase transition from polycrys-
talline to monocrystalline might be possible by exploiting the
strongly-localized electric field in a hybrid nanocavity composed
of a perovskite nanoparticle and a thin metal film.

In this communication, we proposed a hybrid nanocavity
composed of a CsPbBr; nanoparticle and a thin Au film and
demonstrated optically-controlled quantum size effect in such
a nanocavity by exploiting the reversible phase transition from
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polycrystalline to monocrystalline in the CsPbBr; nanoparticle.
This unique feature of the hybrid nanocavity makes it possible
to realize nanoscale light source with dual-wavelength emission
and four controllable optical states for optical signal processing.

2. Results and Discussion

Spherical CsPbBr; nanoparticles with diameters (d) ranging
from 50 to 500 nm were synthesized on a thin Au film by using
chemical vapor deposition at temperature (870 K), as shown in
Figure 1a where the scanning electron microscopy (SEM) images
of such CsPbBr; nanoparticles are presented. From the magni-
fied image shown in the inset, it was found that the surfaces
of such CsPbBr; nanoparticles are not smooth. In Figure 1b,
we show the energy dispersive spectroscopy (EDS) mapping
carried out for a typical CsPbBr; nanoparticle, which indicates
the uniform spatial distribution of the constituent elements (i.e.,
Cs, Pb, and Br). We also examined the crystalline structure of
the as-prepared nanoparticles by using transmission electron
microscopy (TEM). A typical example is shown in Figure 1c
where a small nanoparticle with d ~ 100 nm was selected in
order to clearly reveal the internal structure. It was found that the
as-prepared nanoparticle consists of a large number of quantum
dots with sizes smaller than 5.0 nm. Accordingly, Debby—Sherrer
rings, which are the characteristics of a polycrystal, were ob-
served in the electron diffraction pattern. Surprisingly, a gradual
change in the internal structure of the nanoparticle occurred
during the TEM measurements, as shown in Figure 1c. Upon
the irradiation of high-energy electron beam, the quantum dots
inside the nanoparticle gradually merged into nanocrystals with
larger sizes. Meanwhile, the Debby—Sherrer rings in the electron
diffraction pattern evolved into discrete diffraction spots. Finally,
a monocrystalline CsPbBr; nanoparticle, which is manifested in
the Bragg diffraction spots, was obtained. The electron diffrac-
tion pattern after the phase transition matches well with the cubic
phase of CsPbBr;. The lattice spacing, which was estimated to be
~0.29 nm, corresponds to the lattice spacing of Pb atomic layers
in CsPbBr; crystals (Figure S1, Supporting Information).[}] In
Figure 1d, we show the Raman spectra measured for a CsPbBr,
nanoparticle, in which the vibrational modes of the CsPbBr,
sublattice are revealed, including a strong (Raman active) mode
at 71 cm™! and two weak modes at 125 and 311 cm~L.[**] Fig-
ure le shows the up-converted photoluminescence (PL) spectra
measured at different laser powers for a CsPbBr; nanoparticle,
which was excited by using 800-nm femtosecond laser pulses
with a high repetition rate of 76 MHz. Surprisingly, the lumi-
nescence of the CsPbBr; nanoparticle exhibited only a single
emission peak ~515 nm, which is different from the emission
wavelength of CsPbBr; quantum dots generally appearing at a
shorter wavelength of ~#488 nm due to quantum size effect.l*®)
Based on the phase transition phenomenon observed in the
TEM measurements, we suspected that the phase transition
in the CsPbBr; nanoparticle was completed in a short time
upon the irradiation of femtosecond laser pulses with a high
repetition rate of 76 MHz. In the inset of Figure le, we show
the dependence of the luminescence intensity on the laser
power (P) plotted in a logarithmic coordinate. The luminescence
intensity increased gradually at low laser powers with a slope of
~0.92, which is smaller than the value expected for up-converted
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Figure 1. a) SEM image of the CsPbBr; nanoparticles synthesized on a thin Au film via chemical vapor deposition. The magnified image of a typical
CsPbBr; nanoparticle is shown in the inset (the length of the scale bar is 200 nm). b) EDS mapping of Cs, Pb, Br for a CsPbBr; nanoparticle. c)
Phase transition of a CsPbBr; nanoparticle from polycrystalline to monocrystalline induced by irradiating high-energy electron beam during the TEM
characterization (left panel). Also shown is the change in the electron diffraction pattern (right panel). d) Raman spectrum measured for a CsPbBr;
nanoparticle. The crystal structure of CsPbBr; is shown in the inset. €) PL spectra measured for a CsPbBr; nanoparticle excited by using 800-nm
femtosecond laser pulses of 76 MHz at different laser powers. The dependence of the PL intensity on the excitation power is shown in the inset.

luminescence (>2.0). This behavior is ascribed to the drastic
changes of the attributes of the hybrid nanocavity induced by
the phase transition of the CsPbBr; nanoparticle, including
two-photon-induced absorption (TPA) cross-section, field en-
hancement factor, and emission quantum efficiency. In this case,
part of the energy absorbed by the CsPbBr, nanoparticle might
be converted to heat for the growth of nanocrystals. We also
examined the dependence of the luminescence intensity on the
laser power for CsPbBr; nanoparticles after the phase transition
(Figure S2, Supporting Information). A single slope of 2.2 was
observed, implying the up-converted luminescence is caused
mainly by TPA process. When the laser power exceeds ~1.7 mW,
a rapid increase in the luminescence intensity was observed,
giving a slope of ~#4.1. Unfortunately, the saturation of the lumi-
nescence intensity occurred for laser powers larger than 2.2 mW,
possibly due to the photon-induced decomposition of CsPbBr;,
which is commonly observed for CsPbBr; quantum dots or
nanocrystals.[*748]

Since CsPbBr; nanoparticles were prepared on a thin Au film,
they can create hybrid nanocavities with the Au film. Therefore,
we need to find out the optical modes supported by such nanocav-
ities and the electric field enhancements achieved at these optical
modes which can be exploited to improve the linear and nonlin-
ear optical responses of CsPbBr; nanoparticles. Figure 2a shows
the forward scattering spectra calculated for CsPbBr; nanopar-
ticles with different diameters (d = 100-400 nm) placed on a
50-nm-thick Au film. The luminescence spectrum of CsPbBr; is
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also provided for reference. For d = 100 nm, the scattering peak
appears at 550 nm. With increasing diameter, a small shoulder
emerges at the short wavelength side and it evolves gradually into
a second peak at 500 nm for d = 280 nm. After that, the intensity
of this peak exceeds that of the first one and becomes dominant
for d = 340 nm. For d = 400 nm, only a single scattering peak lo-
cated exactly at the absorption peak (~515 nm) is observed. This
feature remains unchanged for nanoparticles with d > 400 nm
and it will be used later to judge the phase transition because
the forward scattering spectra of CsPbBr; nanoparticles on the
Au film can be easily measured by using conventional dark-field
microscopy. Since CsPbBr; nanoparticles are excited by using
femtosecond laser light from top, we need to examine the back-
ward scattering spectra of CsPbBr; nanoparticles from which
the electric field enhancement can be extracted. In Figure 2b—d,
we show the backward scattering spectra calculated for CsPbBr,
nanoparticles with d = 300, 400, and 500 nm, respectively. In
each case, the spectrum of [/|E(4)[*dV]/V (V is the volume of
the CsPbBr; nanoparticle, 4 is the wavelength of light), which is
generally employed to evaluate the TPA of a nanoparticle,[344%->]
is also presented. It is remarkable that the largest value of
JIE(A)|*dV]/V at the excitation wavelength (800 nm) is achieved
in the CsPbBr; nanoparticle with d ~ 400 nm, implying an
enhanced TPA. Similar to [/|E(4)|*dV]/V, the spectrum of
[/IE(4)[?dV]/V can be used to characterize the emission efficien-
cies at different wavelengths because the quantum transition
rate is proportional to the local density of state.?>%] From the
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Figure 2. a) Forward scattering spectra calculated for CsPbBr; nanoparticles with different diameters placed on an Au film. b—d) Backward scattering
spectra, [/|[E(4)[?dV]/V and [/|E(4)[*dV]/V spectra calculated for CsPbBr; nanoparticles with diameters of 300, 400, and 500 nm. e,f) Electric field dis-
tributions calculated for a CsPbBr; nanoparticle with d = 400 nm at 515 and 800 nm. The corresponding electric charge distributions are shown in (g)

and (h), respectively.

spectra of [/|E(4)*dV]/V shown in Figure 2b—d, it is found
that the emission efficiency at the emission wavelength of
CsPbBr; (%515 nm) decreases with increasing diameter and a
moderate value is obtained for the CsPbBr; nanoparticle with
d ~ 400 nm. As compared with the CsPbBr; nanoparticles
placed on a silica (SiO,) substrate, the absorption and emission
efficiencies are greatly enhanced owing to the introduction of the
thin Au film (Figure S3, Supporting Information). Actually, the
enhancements in the absorption and emission efficiencies can
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be visualized in the electric field distributions calculated for the
nanoparticle with d =400 nm at A =800 and 515 nm, as shown in
Figure 2e,f (Figure S4, Supporting Information). In both cases, it
can be seen that an enhancement in the electric field is observed
in the gap region between the nanoparticle and the Au film. In
order to identify the physical origins of the optical modes, we cal-
culated the electric charge distributions at 4 = 800 and 515 nm,
as shown in Figure 2gh. From the electric charge distribution at
A = 800 nm, one can identify an electric dipole mode and a gap
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Figure 3. a) Static temperature distribution in the XZ plane calculated for a CsPbBr; nanoparticle placed on an Au film and excited by using a continuous
wave laser light at 800 nm. b) Transient temperature distribution in the XZ plane (¢ = 130 fs) calculated for a CsPbBr; nanoparticle on an Au film after
being excited by using a single 800-nm femtosecond laser pulse with a duration of 130 fs. c) Transient temperature distribution in the XZ plane (t =
13 ns) calculated for a CsPbBr; nanoparticle on an Au film after being excited by using a single 800-nm femtosecond laser pulse with a duration of 130
fs. The transient temperature distribution at t = 260 ns is shown in the inset. d) Transient temperature distribution in the XZ plane (t = 130 fs) calculated
for a CsPbBr; nanoparticle placed on a SiO, substrate after being excited by using a single 800-nm femtosecond laser pulse with a duration of 130 fs.

mode. In comparison, an electric quadrupole mode is revealed
from the electric charge distribution at 4 = 515 nm.

As demonstrated above, strongly-localized electric field can
be achieved at the gap region between the nanoparticle and the
Au film (see Figure 2e). It is interesting to know whether the
strongly-localized electric field can lead to a spatially-localized
temperature distribution. So far, it remains a significant chal-
lenge to measure the temperature of a nanoparticle, even in the
steady-state. In this work, we employed numerical simulation to
investigate the temperature change induced in the nanoparticle
by femtosecond laser pulses. In order to examine the influence
of the thin Au film on the temperature distribution inside the
nanoparticle, we have calculated the temperature distributions
in the hybrid nanocavity under different excitation conditions, as
shown in Figure 3a—c. In Figure 3a, we show the static temper-
ature distribution achieved in the hybrid nanocavity under the
excitation of continuous-wave laser light. In this case, the highest
temperature is achieved at the center of the CsPbBr; nanoparticle
due to heat accumulation effect. Owing to the good conductivity
of the Au film, the lowest temperature inside the nanoparticle is
observed at the contact point between the nanoparticle and the
Au film. It is noticed that the temperature distribution is almost
uniform inside the nanoparticle, implying that the phase transi-
tion from polycrystalline to monocrystalline will occur over the
whole nanoparticle once the temperature exceeds a critical value.
Therefore, it is difficult to observe the polycrystalline phase or
the coexistence of the two phases when continuous wave laser
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light is employed to excite the nanoparticle. The temperature
distribution in the hybrid nanocavity induced by using a single
femtosecond laser pulse of 130 fs is shown in Figure 3b. It is
remarkable that a spatially-localized temperature distribution is
achieved at the contact point between the nanoparticle and the
Au film, quite similar to the electric field distribution shown in
Figure 2e. The temperature distributions after 13 and 260 ns of
the first pulse (or before the arrival of the second pulse), which
correspond to femtosecond laser pulses with repetition rates of
76 and 3.8 MHz, are presented in Figure 3c. It is noticed that
the temperature inside the nanoparticle is still higher than the
environment temperature after 13 ns, implying the existence of
heat accumulation. In sharp contrast, the nanoparticle is cooled
down to room temperature after 260 ns. This behavior indicates
that the static temperature distribution in the hybrid nanocavity
under the excitation of femtosecond laser pulses of 76 MHz will
eventually approach that obtained by using continuous-wave
laser light. Differently, the temperature distribution in the
hybrid nanocavity induced by using femtosecond laser pulses of
3.8 MHz will exhibit the same one as that obtained by using a sin-
gle femtosecond laser pulse. Apparently, the spatially-localized
temperature distribution achieved in this case enables the con-
trol of the phase transition volume inside the nanoparticle and
thus the relative intensities of the two emission wavelengths. For
comparison, we also calculated the temperature distribution of a
CsPbBr; nanoparticle (d = 400 nm) placed on a SiO, substrate,
which is excited by using a single femtosecond laser pulse of
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Figure 4. a) Schematic showing the controllable phase transition from polycrystalline to monocrystalline manipulated by adjusting the laser power. b)
Evolution of the PL spectrum of a CsPbBr; nanoparticle with increasing laser power. The CCD images of the PL at different laser powers are shown in the
insets. c) Forward scattering spectra measured for a CsPbBr; nanoparticle before and after the phase transition. In both cases, the scattering intensities
have been normalized. The scattering spectrum simulated for a monocrystalline CsPbBr; nanoparticle with d = 400 nm (dashed curve) is also provided
for comparison. The CCD images of the scattering light are shown in the insets. d) PL decays measured for a CsPbBr; nanoparticle before and after the
phase transition. In both cases, the PL decays are fitted by biexponential decay functions with two-time constants.

130 fs (see Figure 3d). It can be seen that the localization of
temperature and controllable phase transition are not available
in this case due to the small thermal conductivity of SiO,.

Based on the temperature distribution simulated for the
hybrid cavity, it is predicted that spatially-localized temperature
distribution can be achieved at the contacting point between the
CsPDbBr; nanoparticle and the Au film when femtosecond laser
pulses with a low repetition rate are employed as the excitation
source. This intriguing feature makes it possible to control the
volume of phase transition inside the nanoparticle, realizing
optically-controlled quantum size effect and dual-wavelength
emission.’! In Figure 4a, we present a schematic illustrating
the phase transition occurring in the CsPbBr; nanoparticle.
Upon the irradiation of femtosecond laser light, the annealing
process leading to the merge of small quantum dots into a larger
nanocrystal starts from the bottom of the nanoparticle. However,
the nanocrystal obtained in this way is not stable if its volume is
not large enough. As a result, it will be decomposed into small
quantum dots again if the local temperature is reduced, leading
to areversible phase transition. Once the volume of the nanocrys-
tal approaches that of the nanoparticle, the whole nanoparticle
could be transformed into monocrystalline state with a lower
energy. In this case, an excess energy is necessary for decom-
posing the nanocrystal into small quantum dots and the reverse
phase transition is inhibited. Based on the analysis of the optical
modes supported by the nanocavity, we chose to excite a CsPbBr,
nanoparticle with d ~ 400 nm by using 800-nm femtosecond
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laser pulses with a low repetition rate of 3.8 MHz. The evolution
of the luminescence spectrum with increasing laser power is
presented in Figure 4b. Different from the typical luminescence
spectrum of a CsPbBr; nanoparticle which exhibits a single peak
at 515 nm (see Figure le), two distinct peaks centered at ~495
and ~520 nm are observed. As expected, the relative intensities
of the two peaks can be manipulated by simply varying the
excitation laser power. It means that single-wavelength emission
at either 495 or 520 nm and dual-wavelength emission with
equal intensities can be realized by deliberately controlling the
excitation laser power (Figure S5, Supporting Information). This
process is repeatable provided that the laser power is lower than
a threshold, which is estimated to be ~2.0 mW. If the laser power
exceeds the threshold, the emission wavelength is blue-shifted to
~515 nm and it remains unchanged with increasing laser power,
corresponding to the phase transition from polycrystalline to
monocrystalline (Figure S6, Supporting Information). In this
work, we examined the threshold for the phase transition by
using femtosecond laser pulses with two repetition rates of 3.8
and 2.9 MHz. It was found that the threshold for the phase
transition increases with decreasing repetition rate. The thresh-
old is increased from 2.0 to 2.5 mW when the repletion rate is
reduced from 3.8 to 2.9 MHz. We did not carry experiments by
using femtosecond laser pulses with repetition rates lower than
2.9 MHz because the maximum laser power available was not
enough to induce the phase transition. In order to confirm the
phase transition, we examined the forward scattering spectra of
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Figure 5. a) Controlling the emission wavelength of a hybrid nanocavity by adjusting the laser power. b) Stable dual-wavelength emission from the hybrid
nanocavity. c) Four optical states (i.e., 00, 01, 10, and 11) generated by controlling the laser power.

the nanoparticle before and after the phase transition, as shown
in Figure 4c. The scattering peak of the nanoparticle initially
appears at ~670 nm. It is blue-shifted to 515 nm after the phase
transition. Accordingly, the scattering light is changed from red
to green, as shown in the inset. It is noticed that the measured
scattering spectrum after the phase transition agrees well with
the simulated one (dashed curve, see also Figure 2a). It implies
that the nanoparticle is really composed of monocrystalline
CsPbBr; whose refractive index is adopted to calculate the scat-
tering spectrum. We also compared the luminescence lifetimes
of the nanoparticle before and after the phase transition, as
shown in Figure 4d. In both cases, the luminescence decays can
be fitted by bi-exponential decays with two-time constants (r,
and 7,). It was found that the dominant lifetime (z,), which is
initially ~79 ps, is greatly prolonged to ~2.8 ns after the phase
transition. The luminescence lifetimes before and after the phase
transition are in good agreement with those reported previously
for CsPbBr, quantum dots and large nanocrystals.[>2]

The hybrid nanocavities proposed and investigated in this
work may have many potential applications due to their unique
dual-wavelength emission which can be manipulated by sim-
ply adjusting the excitation laser power. This intriguing property
originates from the controllable and reversible phase transition
from polycrystalline to monocrystalline induced by laser heating.
As an example, we demonstrated the realization of single- and
dual-wavelength emissions with equal intensities by controlling
the excitation laser power, as shown in Figure 5a,b. In this exper-
iment, we used 800-nm femtosecond laser pulses with a repeti-
tion of 3.8 MHz and average powers smaller than 2.0 mW (i.e.,
the threshold) to excite the hybrid nanocavity. As shown in Fig-
ure 5a, the emission at 495 nm is much stronger than that at
520 nm when the laser power is chosen to be P, = 1.2 mW. How-
ever, the situation is reversed when the laser power is raised to
P, =1.6 mW. In both cases, the hybrid nanocavity can be consid-
ered as a single-wavelength light source. An intermediate state
where the intensities at the two emission wavelengths are equal
is achieved when the laser power is set to be P = 1.4 mW, as
shown in Figure 5b. In this case, the hybrid nanocavity serves as
a dual-wavelength light source. The scattering spectrum of the
hybrid nanocavity was monitored during the operation. No ob-
vious change is observed in the scattering spectrum, implying
that the CsPbBr; nanoparticle is stable under the excitation of
low-power laser light (Figure S7, Supporting Information). The
controllable dual-wavelength emission from the hybrid nanocav-
ity offers us the opportunity of generating four optical states (i.e.,
00, 10, 01, and 11) for optical signal processing by controlling the
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laser power. As shown in Figure 5¢, these four optical states cor-
respond to no emission (00), the emission at 495 nm (10), the
emission at 520 nm (01), and the emissions at 495 and 520 nm
(11) simultaneously.

3. Conclusions

In summary, we proposed and demonstrated hybrid nanocav-
ities composed of CsPbBr; nanoparticles and a thin Au film,
which exhibit optically-controlled quantum size effect. The
polycrystalline CsPbBr, nanoparticles used to create the hybrid
nanocavities were synthesized by using chemical vapor depo-
sition at a low temperature. The hybrid nanocavities exhibit
dual-wavelength emission under the excitation of femtosec-
ond laser pulses with a low repetition rate and their relative
intensities can be manipulated by simply adjusting the exci-
tation laser power. A phase transition from polycrystalline to
monocrystalline can be induced by irradiating the nanoparticle
with femtosecond laser pulses of a high repetition rate or a
large power, leading to the conventional emission at 515 nm.
Such a phase transition was confirmed by TEM observation and
lifetime characterization. Four optical states can be achieved in
the output of the hybrid nanocavity by deliberately controlling
the laser power. Our findings indicate the potential applications
of such hybrid nanocavities in optical display, optical sensing,
and signal processing, and nanoscale light source.

4. Experimental Section

Synthesis and Characterization of CsPbBr; Nanoparticles: CsPbBr;
nanoparticles were synthesized by using chemical vapor deposition.[1>%3]
The CsBr and PbBr, powders with molar ratio of 1:1 and total weight of
~0.15 g were used as the vapor sources. They were mixed and placed at
the center of a horizontal tube furnace. Two types of substrates (SiO, and
Au/SiO,) were placed away from the center in the downstream. The tube
was firstly pumped to a pressure of 0.5 mTorr and then purified by using
argon gas several times. After that, the temperature of the furnace was in-
creased to 870 K within ~20 min. After ~40-min reaction, the tube furnace
was cooled down to room temperature naturally.

The morphologies, structures, and composition of CsPbBr; nanoparti-
cles were examined by SEM (Gemini 500, Zeiss) and TEM (JEM-2100HR).
For TEM observations, CsPbBr; nanoparticles synthesized on a carbon-
coated copper (Cu) grid were used. The Raman spectra of CsPbBr;
nanoparticles were measured by using a 633-nm continuous-wave laser.

Optical Characterization: The femtosecond laser light (Mira 900S,
Coherent) with a repetition rate of 76 or 3.8 MHz (obtained by using a
pulse picker) and a duration of 130 fs was employed to excite CsPbBr;
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nanoparticles. A pulse picker (Coherent) was used to change the repeti-
tion rate of femtosecond laser pulses from 76 MHz to 3.8 or 2.9 MHz. It
was focused on CsPbBr; nanoparticles by using the 100x objective lens of
an inverted microscope (Axio Observer A1, Zeiss). For optical characteri-
zation, scattering light and PL were collected by using the same objective
lens and directed to a spectrometer (SR-500i-B1, Andor) for analysis or to
a coupled-charge device (DU970N, Andor) for imaging. The luminescence
lifetimes of CsPbBr; nanoparticles were measured with a time-correlated
single-photon system (lifespec II, Edinburgh Instruments).

Numerical Simulation and Analytical Model: The scattering spectra
of CsPbBr; nanoparticles placed on a thin Au film were calculated
numerically by using the finite-difference time-domain (FDTD) method
(FDTD solution, https://www.lumerical.com). The complex refractive
index of monocrystalline CsPbBr; was used in the calculation. The
smallest mesh size was chosen to be 1.0 nm in order to obtain converged
simulation results and perfectly matched layer boundary condition was
employed to terminate the finite simulation region. The temperature
distributions inside the hybrid nanocavities were calculated numeri-
cally based on the finite element method (COMSOL Multiphysics v5.5,
https://www.comsol.com). The complex refractive index and thermal con-
ductivity of monocrystalline CsPbBr; were taken from literature.[21:545%]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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