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Universal Existence of Localized Single-Photon Emitters in
the Perovskite Film of All-Inorganic CsPbBr; Microcrystals

Shengnan Feng, Qilin Qin, Xiaopeng Han, Chunfeng Zhang, Xiaoyong Wang,* Tao Yu,*

and Min Xiao*

All-inorganic halide perovskites have drawn a lot of research attention

very recently owing to their potential solution to the instability issue cur-
rently faced by the organic—inorganic counterparts. Meanwhile, the halide
perovskites in a solid film are manifested as microscale morphologies whose
functionalities are unavoidably affected by the interior or exterior presence
of various nanoscale entities. Here all-inorganic solid films are fabricated
with varying densities of single CsPbBr; microcrystals, showing that very
sharp photoluminescence peaks can be universally observed at 4 K with the
linewidths being as narrow as hundreds of ueV. The single-photon emission
nature is confirmed for such a photoluminescence peak, whose intensity is
completely quenched above =30 K to suggest its possible origin from a low
potential-energy region of the single microcrystal. The discovery of such a
novel emitting species in halide perovskites, with the enriched structure—
property relationship, will surely impart significant influences on the advance-

these solar-cell devices toward the ultimate
goal of commercialization is hindered by
the instability issue of organic—inorganic
halide perovskites due to the existence of
organic CH3;NH;* (MA™) or (NH,)," (FAY)
cations."™™ As such, a lot of research
efforts are now being devoted to the
replacements of MA* and FA* by Cs*, with
the resultant all-inorganic halide perov-
skites such as CsPbBr; being highly robust
against the harsh thermal and humid
environments.>21 So far, the power con-
version efficiency of CsPbBr;-based solar
cells has already surmounted 10% and,
as in the organic-inorganic case, its fur-
ther increment is critically dependent on
a comprehensive understanding of the

ment of relevant optoelectronic devices and quantum-light sources.

1. Introduction

Semiconductor halide perovskites are featured with superior
optoelectronic properties such as large absorption coefficient,
slow carrier recombination, and long charge transport, which
can be easily achieved from a cheap solution-processing route
and are beneficial for the efficient operations of various func-
tional devices.'™ Especially in the photovoltaic area, the power
conversion efficiently of solar cells based on organic-inorganic
halide perovskites have been tremendously elevated from the
initial =3.8% to the current =25.5% after just one decade of
intensive research.>-19 However, the further advancement of
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structure—property relationship inherent
in the all-inorganic films.[22-?/]

As has been well documented in the
literature,#29 the solid film of halide
perovskites is composed of different-sized microcrystals that
are separated from each other by the grain boundary. The grain
boundary contains a large amount of recombination centers
and defect sites to cause complex dynamic behaviors of the
charge carriers, thus greatly influencing the device operations
of a halide perovskite film.?8-3% Tt has been further revealed
that space charges can pile up at the grain boundary to trigger
the phase-segregation effect commonly observed in the mixed-
halide perovskites.?"32 The microcrystal itself is also associated
with very rich optical phenomena in a halide perovskite film,
one of which is the photoluminescence (PL) blinking effect
without single-photon emission.¥l This anomalous optical
phenomenon can be attributed to the migration of charge car-
riers among nearby microcrystals, the accumulation of charge
carriers at the microcrystal surfaces and boundaries, or the
transient appearance of a super trap within the internal of a
single microcrystal.>**"] The above grain-boundary and micro-
crystal properties obtained from organic-inorganic halide
perovskites should be also reflected in the all-inorganic ones,
whose detailed optical explorations could provide an alternative
view on the complex dynamic processes of charge carriers in
these two types of important photovoltaic and light-emitting
materials.

Here we have fabricated compact, porous and islanded films
of all-inorganic CsPbBr; microcrystals with decreasing densi-
ties, and performed spatially resolved optical measurements
on them at both the room and cryogenic temperatures. At the
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room temperature, the compact and porous films are featured  is shown in Figure 2a. The single CsPbBr; microcrystals are
with an inhomogeneous distribution of bright and dark emis-  closely stacked in the compact film, and they are more isolated
sion regions, and the PL blinking effect is observed only from  from each other in the porous and islanded films, with a spa-
the single CsPbBr; microcrystals contained in the islanded  tial separation being normally larger than =400 nm in the latter
film. While the above observations are on a par with those case. According to the statistical histograms plotted in Figure S1
already reported for organic-inorganic halide perovskites, we  in the Supporting Information, the average sizes of the single
have additionally resolved very sharp PL peaks from all three ~ CsPbBr; microcrystals in the compact, porous and islanded
types of all-inorganic films at the cryogenic temperature of 4 K. films are estimated to be =322.1, =313.0, and =133.9 nm, respec-
PL linewidths of these peaks are as narrow as hundreds of yeV tively. For the optical measurements performed at the room and
and, due to the reduced background fluorescence, their single-  cryogenic temperatures, the above three types of CsPbBr; films
photon emission nature can be easily confirmed from the  are excited at the pulsed laser wavelengths of 405 and 520 nm,
single CsPbBr; microcrystals in the islanded film. PL intensity = respectively (see more details in the Experimental Section).

of such a single-photon emitter is completely quenched above At the room temperature and under the 405 nm pulsed laser
=30 K, suggesting that it should originate from a low potential-  excitation at the power density of =14.0 W cm™2, the confocal
energy region in the single CsPbBr; microcrystal due to the  scanning optical images measured for the compact and porous
local variation of its thickness. CsPDbBr; films are demonstrated in Figure 1c,d, respectively.
The bright spots observed therein should originate from the
optical emission of single CsPbBr; microcrystals, whose sizes
are relatively larger than the =300 nm diameter of the excita-
tion laser beam. Meanwhile, the grain boundaries give rise to a
The compact and porous CsPbBr; films studied here are pre-  lot of dark regions in between the bright spots, and this inho-
pared using a two-step solution deposition method, while a  mogeneous distribution of spatial PL intensities is consistent
single-step approach is employed to deposit single CsPbBr;  with what was previously reported by de Quilettes et al. in their
microcrystals in the islanded film (see more details in the optical studies of organic—inorganic MAPbI; films.”?®l For one
Experimental Section). In Figure 1a,b, we present the scanning  bright spot (blue circle) and one dark region (green square) rep-
electron microscopy images measured for the compact and resentatively marked in Figure 1c from the compact film, the
porous films, respectively, while the one for the islanded film  corresponding PL spectra are plotted in Figure le with the peak

2. Results and Discussion
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Figure 1. Room-temperature structural and optical characterizations of the compact and porous CsPbBr; films. a) Scanning electron microscopy image
of the compact film. b) Scanning electron microscopy image of the porous film. c) Confocal scanning optical image of the compact film. d) Confocal
scanning optical image of the porous film. e) PL spectra measured for the bright spot and dark region marked in (c) by the blue circle and green
square, respectively. f) PL decay curves measured for the bright spot and dark region and fitted by the single- and biexponential functions, respectively.
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Figure 2. Room-temperature structural and optical characterizations of the islanded CsPbBr; film. a) Scanning electron microscopy image of the
islanded film. b) Confocal scanning optical image of the islanded film. c) PL intensity time trace measured with a binning time of 100 ms for the bright
spot marked in (b) by the blue circle. The blinking on and off periods are shaded by the blue and green colors, respectively. d) PL spectra measured
for the blinking on and off periods. e) PL decay curves measured for the blinking on and off periods and each fitted by a triexponential function.
f) Second-order photon correlation g{? (7) measurement of the blinking on periods.

wavelengths of =530.5 and =531.7 nm, and the linewidths of
~21.7 and =22.0 nm, respectively. As shown in Figure 1f, the PL
decay curve measured for the bright spot is fitted with a single-
exponential lifetime of =12.92 ns, while that for the dark region
can only be fitted well by a biexponential function with the fast
and slow lifetimes of =0.24 and =21.98 ns, respectively.

Based on the significantly reduced PL intensity by almost
one order of magnitude, as compared to that of the bright spot,
and the appearance of an extremely fast PL lifetime compo-
nent, it can be deduced that the photoexcited charge carriers
in the dark region should be dominantly dissipated by the non-
radiative defect sites. We have also performed time-dependent
PL intensity measurements on a statistically large number of
bright spots in the compact and porous films, without seeing
the PL blinking effect (see Figure S2, Supporting Informa-
tion). This suggests that the migration of charge carriers is
either completely absent or very efficient®! in these two types
of CsPbBr; films, so that the probability for their local accumu-
lation is effectively reduced without causing the PL blinking
effect previously observed in the organic-inorganic MAPbBr;
microcrystals.]

To further explore the optical properties of single CsPbBr;
microcrystals at the room temperature, we next switch to the
islanded film wherein the bright spots can be studied one by
one to avoid the possible influence of grain boundaries. As can
be seen from Figure 2b under the 405 nm pulsed laser exci-
tation at =14.0 W cm™2, the bright spots from single CsPbBr;
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microcrystals are well isolated from each other in the confocal
scanning optical image. For a representative bright spot marked
in Figure 2b by the blue circle, the PL intensity time trace is
plotted in Figure 2c where intermittent transitions between
the blinking on and off periods can be clearly observed. The
PL spectra measured for the on and off periods in Figure 2d
are both centered at =522.0 nm with the same linewidth of
=26.6 nm, while their respective lifetimes are averaged at =14.0
and =9.6 ns from triexponential fittings of the corresponding PL
decay curves shown in Figure 2e. As shown in Figure 2f, such
a blinking single CsPbBr; microcrystal is incapable of emitting
single photons, with a g (0) value of =1.0 being estimated from
the second-order photon correlation measurement. The optical
properties measured for another bright spot in the islanded
film are shown in Figure S3 in the Supporting Information,
stressing again the common observation that a blinking micro-
crystal is lack of the single-photon emission feature, which was
similarly observed by Eremchev et al. in their optical studies of
single MAPbI; microcrystals.3!

So far, the PL blinking effect has been observed in various
single-photon emitters, the most typical of which are single
organic molecules and colloidal nanocrystals.?**1 However, it
has also been demonstrated occasionally that the PL blinking
effect is not necessarily accompanied by the single-photon
emission feature, such as in the material systems of germa-
nium-vacancy color centers in microdiamonds,*’! multichromo-
phoric conjugated polymers,**#! and single microcrystals of
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Figure 3. 4 K optical measurements on the three types of CsPbBr; films. a) PL spectrum (left panel) and time-dependent spectral image (right panel)
measured for a bright spot in the compact film. b) Second-order photon correlation measurement of the main sharp PL peak shown in (a) with a
linewidth of =295 peV. c) PL spectrum (left panel) and time-dependent spectral image (right panel) measured for a bright spot in the porous film.
d) Second-order photon correlation measurement of the main sharp PL peak shown in (c) with a linewidth of =321 peV. e) PL spectrum (left panel)
and time-dependent spectral image (right panel) measured for a microcrystal in the islanded film. f) Second-order photon correlation measurement

of the main sharp PL peak shown in (e) with a linewidth of =384 peV.

organic-inorganic perovskites.l**l As proposed in the latter case
that is more relevant to our current work, the blinking on and
off periods observed in single MAPDbI; microcrystals should
be caused by the temporal passivation and activation of a
super trap related to the migration of ions or impurities.’”) We
Dbelieve that the above scenario should be also applicable to the
single CsPbBr; microcrystals studied here in the all-inorganic
islanded film, wherein the super trap can introduce a nonradia-
tive recombination center for the charge carriers excited in its
immediate vicinity to yield the blinking off periods. Meanwhile,
the remote charge carriers can still recombine radiatively in the
otherwise trap-free regions, thus explaining the same PL peaks
and the comparable PL lifetimes measured for the blinking on
and off periods in Figure 2d,e, respectively.

The above optical properties measured at the room tem-
perature are quite similar to those already reported for
organic—inorganic perovskites, however, very unique emis-
sion species are universally discovered at 4 K from all three
types of CsPbBr; films excited at =1.4 W cm™2 by the pulsed
520 nm laser. As shown in the left panel of Figure 3a for a
representative bright spot in the compact film, on top a
broad background spectrum, a very sharp PL peak emerges
with a central wavelength of =540.6 nm and a linewidth of
~295 peV. Compared to the room-temperature measurement
in Figure le, the PL peak of a single CsPbBr; microcrystal
in the compact film (also applied to the porous and islanded
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films) is shifted to the red side at the cryogenic temperature,
which is caused by the unique thermal expansion and exciton-
phonon coupling effects of semiconductor perovskites.4
The time-dependent evolution of this PL peak is plotted in the
right panel of Figure 3a with an almost stable intensity, and
it possesses a gi?(0) value of =0.93 based on the second-order
photon correlation measurement shown in Figure 3b. This
kind of sharp PL peaks can also be resolved from nearly all
the bright spots located on the porous film, one of which is
plotted in the left panel of Figure 3c with a central wavelength
of =543.4 nm and a linewidth of =321 peV. This PL peak suf-
fers occasionally from the PL blinking effect, as can be seen
from the time-dependent spectral image plotted in the right
panel of Figure 3¢, and has a g(0) value of =0.82 according to
the second-order photon correlation measurement shown in
Figure 3d, suggesting that single photons are partially emitted
from it albeit with a low purity.

Similar to the compact- and porous-film cases, the sharp
PL peaks are also present in all the single CsPbBr; microcrys-
tals studied in the islanded film. For a representative PL peak
shown in the left panel of Figure 3e, the central wavelength is
located at =535.6 nm with a linewidth of =384 peV, while the
PL blinking and spectral diffusion effects can be obviously
observed from its time-dependent spectral image plotted in the
right panel of Figure 3e. Most impressively, the g (0) value is
significantly reduced to =0.44 based on the second-order photon
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correlation measurement shown in Figure 3f, implying that
this PL peak is emanated from a quantum emitter meeting the
single-photon emission criterion.’% In Figure S4 in the Sup-
porting Information, we demonstrate similar optical proper-
ties measured for another two single CsPbBr; microcrystals in
the islanded film, whose gi?(0) values are estimated to be =0.39
and =0.54, respectively. In our second-order photon correlation
measurement, a spectral resolution of =1 meV is used to select
either the sharp PL peak or the background spectrum emitted
from a single CsPbBr; microcrystal, the latter of which has a
g?(0) value of =1.0 without the single-photon emission fea-
ture. The g®?(0) value should approach zero for a high-purity
single-photon emitter,) however, the small overlap with the
background spectrum (Figure 3e, left panel) makes the sharp
PL peak deviate from this perfection. In analogy to this, the
sharp PL peaks observed from the compact and porous films
should also carry the single-photon emission feature, whose
purity is significantly degraded by the background spectra with
even larger overlaps (Figure 3a,c, left panels). Besides the main
sharp PL peaks discussed above, it can be noticed from the PL
spectra shown in Figure 3a,c,e that there exist additional ones
on their blue or red sides with much smaller intensities. In
Figure S5a,b in the Supporting Information, we provide two
more PL spectra measured for the compact and porous films,
respectively, showing further that it is quite common to observe

www.advmat.de

several sharp PL peaks from a single bright spot of the CsPbBr;
microcrystal.

As mentioned earlier in the text and shown in Figure S1 in
the Supporting Information, the average sizes of single micro-
crystals in the three types of CsPbBr; films are significantly
larger than the Bohr diameter of =7 nm.P?! It is then unlikely
for the sharp PL peak to originate from a single microcrystal as
a whole, since it does not possess any quantum-confinement
effect to yield discrete energy-level structures. As was recently
reported for the organic-inorganic FAPDI; film, the excess
amount of FAI relative to that of Pbl, used in the synthesis
would facilitate the formation of single-photon emitters from
localized nanodomains due to a nonhomogeneous distribution
of the organic cations.’3! The above scenario is largely unap-
plicable to the all-inorganic films studied here with a stoichio-
metric composition, so we propose instead that multiple low
potential-energy regions are naturally formed in the fabrica-
tion of a single CsPbBr; microcrystal as a result of the spatial
variation in its thickness. In this case, the sharp PL peaks and
the broad background spectrum are contributed by these low
potential-energy regions and their surrounding bulk material,
respectively, which are reminiscent of those emitted by the
single quantum dots (QDs) and the underlying quantum well
in an epitaxially grown GaAs sample with an inhomogeneous
thickness distribution.l>
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Figure 4. 4 K optical measurements of a single-photon emitter in the islanded CsPbBr; microcrystal. a) PL spectra measured at the laser power densities
of =1.4 and =7.0 W cm~2, respectively, where a strong sharp PL peak (denoted by S) and a broad background spectrum (denoted by B) can be observed.
Inset: PL intensities of the S peak and the B spectrum measured as a function of the laser power density, with the dotted lines being just guides for
the eye. b) Time-dependent spectral image measured for this single microcrystal. c) PL spectra extracted from (b) at 16 and 36 s, showing a negative
correlation between the intensities of the S peak and the B spectrum. d) PL decay curves measured for the S peak and the B spectrum, and each fitted
by a triexponential function. e) Polarization-dependent spectral image measured for this single microcrystal. f) PL spectra measured for this single
microcrystal at the increasing temperatures from 4 to 30 K and then at 4 K again. These PL spectra are offset to each other for clarity. In (b)—(f), the
single microcrystal is excited at the laser power density of 7.0 W cm™2.
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In the following, we focus on a single CsPbBr; microcrystal
from the islanded film and plot in Figure 4a its 4 K PL spectra
measured at the 520 nm pulsed laser power densities of =1.4
and =70 W cm™2, respectively. Each spectrum is comprised of a
strong PL peak (denoted by “S”), a broad background spectrum
(denoted by “B”), and several weak PL peaks that are more
evident at the higher laser power. As shown in the inset of
Figure 4a with the increasing laser power, PL intensity of the S
peak gets saturated gradually while that of the B spectrum keeps
moving up with a linear trend (see Figure S6, Supporting Infor-
mation, for another example), thus verifying their respective
origins from a single QD and the bulk material.l’3! The time-
dependent spectral image measured for this single CsPbBr;
microcrystal is plotted in Figure 4b, from which two PL spectra
are extracted at 16 and 36 s to demonstrate in Figure 4c a slight
occurrence of the PL blinking effect. It is interesting to see that
PL intensities of the S peak and the B spectrum are negatively
correlated, implying that the single QD and the bulk material
would compete with each other for the capture of photoexcited
charge carriers in a single CsPbBr; microcrystal.l>’]

Besides obvious differences in the central wavelengths and
PL linewidths, the S peak and B spectrum are associated with
the short and long average lifetimes of =0.56 and =1.28 ns,
respectively, which are estimated from the triexponential fit-
tings of their PL decay curves shown in Figure 4d. Moreover,
the S peak from a single QD is linearly polarized while the B
spectrum from the bulk material is completely unpolarized,
as can be seen from the spectral evolution image plotted in
Figure 4e as a function of the linear polarizer angle. This linear
polarization of the S peak suggests that it should arise from one
of the three bright-exciton states in a single perovskite QD,%%]
which can efficiently accommodate the photoexcited charge
carriers due to its lowest energy possibly caused by the shape
anisotropy.’® The above observations further confirm that the
B spectrum should originate from the bulk material instead of
the phonon side band of the S peak, in which case they would
demonstrate very similar PL decay, linear polarization and
single-photon emission features. Moreover, the B spectrum
could be located on the red (Figure 4a) or blue (Figure 3e) side
of the S peak, and their respective energy positions and mutual
energy separations are plotted in the statistical histograms of
Figure S7 in the Supporting Information.

Interestingly, the other sharp PL peaks resolved in Figure 4e
with smaller intensities have their linear polarizations par-
allel to that of the S peak, implying that their corresponding
QDs are formed in the single CsPbBr; microcrystal with the
same direction of the elongated confinement potentials. To
gain further insight into this confinement potential, we per-
form temperature-dependent optical measurements on the S
peak of the same single CsPbBr; microcrystal. As can be seen
in Figure 4f with the increasing temperature, the S peak is
shifted to the blue side with a decreasing intensity until it is
completely quenched at =28 K. PL intensity of the S peak can
be recovered to the initial value when the sample temperature
is returned back to =4 K, thus highlighting the shallow nature
of the confinement potential. In Figure S8 in the Supporting
Information, we present similar temperature-dependent optical
properties measured for another single CsPbBr; microcrystal in
the islanded film, whose main sharp PL peak is quenched at

Adv. Mater. 2022, 34, 2106278

2106278 (6 of 8)

www.advmat.de

=36 K with a slightly deeper confinement potential than that
discussed in Figure 4f.

3. Conclusion

To summarize, we have fabricated three types of all-inorganic
perovskite films with different densities of single CsPbBr;
microcrystals, and revealed at 4 K that single-photon emitters
are universally present as a result of the local thickness vari-
ation. PL intensities of such single-photon emitters are com-
pletely quenched above =30 K due to their shallow confinement
potentials, thus firmly distinguishing them from the blinking
objects commonly observed at the room temperature due to
the activation and passivation of super traps.33 Beyond these
blinking objects and the well-known inhomogeneous distribu-
tion of microscale emission regions, the novel observation of
nanoscale quantum emitters in a perovskite film has greatly
extended the current understanding of its intrinsic structure—
property relationships. PL linewidths of these quantum emit-
ters are close to those from several hundreds of ueV to =1 meV
previously measured for the single CsPbBr; QDs,”> although
their single-photon emission purities are partially degraded
by the background fluorescence from the bulk material. This
problem could be solved in future works by a judicious growth
of deeper confinement potentials, so that the photoexcited
charge carriers in a single microcrystal can be dominantly
localized into the single-photon emitters. As a reward of this
additional effort, it is feasible to obtain electrically pumped
single-photon sources based on single CsPbBr; microcrystals,
by taking advantage of the mature techniques routinely applied
to bulk perovskite materials for the fabrication of light-emitting
diodes.[60]

4. Experimental Section

Materials: Lead bromide (PbBr,, 299.99%) and caesium bromide
(CsBr, 299.99%) were purchased from Xi’an Polymer Light Technology,
anhydrous N,N-dimethylformamide (DMF, 299.8%), and dimethyl
sulfoxide (DMSO, >99.9%) were purchased from Sigma-Aldrich, while
isopropanol (IPA, 298.5%) and 2-methoxyethanol (EGME, 299.0%) were
purchased from Sinopharm Chemical Reagent.

Fabrication: The compact CsPbBr; film was fabricated by a two-step
solution method in the ambient air. 50 pL of the 75 °C DMF solution
containing 1.0 mol L™ PbBr, was spin-coated onto a glass substrate at
the speed of 2000 rpm for 30 s. After being annealed at 75 °C for 30 min
on a hot plate, the PbBr, precursor film was immersed faceup for 40 min
in an EGME/IPA solution containing 15 mg mL™ CsBr at the room
temperature. The resulting sample was rinsed with IPA, dried in air
and annealed at 250 °C for 5 min on a hot plate to obtain the compact
CsPbBr; film. The porous CsPbBr; film was fabricated according to a
similar procedure to that described above, except that the CsBr EGME/
IPA solution was replaced by the CsBr EGME solution, and the PbBr,
precursor film was immersed in the CsBr EGME solution for 10 min.

The islanded CsPbBr; film was fabricated by the single-step deposition
method. The 0.1 M CsPbBr; precursor was prepared by dissolving the
stoichiometric-ratio PbBr, and CsBr into a DMSO solution. The CsPbBr;
precursor solution was then diluted by 30 times and the amount of
40 pL was spin-coated onto a glass substrate at the speed of 3000 rpm
for 30 s. Finally, the sample was annealed at 160 °C for 10 min on a
hot plate, so that the CsPbBr; film was formed with well-isolated single
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microcrystals on top of a substrate. For convenience, this sample was
denoted as “islanded film” to be consistent with the “compact film”
and “porous film” used for the other two samples, although the single
CsPbBr; microcrystals here are not surrounded by any continuous film.

Characterization: For the room-temperature optical measurements,
the sample substrate was positioned in a home-built confocal scanning
optical microscope and excited at 405 nm by a picosecond pulsed laser
operated at the repetition rate of 5.6 MHz. The laser beam was focused to
a spot diameter of =300 nm by an immersion-oil objective with a numerical
aperture of 1.4, which was also used to collect the optical signal emitted
from the CsPbBr; film. After passing through a 0.5 m spectrometer,
the optical signal was sent to a charge-couple-device camera for the PL
spectral measurement with an integration time of 1 s. Alternatively, the
optical signal could pass through a 50/50 beam splitter and arrive at two
avalanche photodiodes for the spatial image construction, as well as for
the PL decay and second-order photon correlation measurements with a
time resolution of =100 ps. For the latter two optical measurements, a
spectral resolution of =1 meV is used to select either the sharp PL peak or
the background spectrum emitted from a single CsPbBr; microcrystal, by
narrowing down the exit slit of the spectrometer before the photons can
arrive at the avalanche photodiodes.

For the cryogenic-temperature optical characterizations, the sample
substrate was attached to the cold finger of a helium-free cryostat and
excited at 520 nm by a picosecond pulsed laser operated at the repetition
rate of 5.59 MHz. The laser beam was focused to a spot diameter of
=3 um by a dry objective with a numerical aperture of 0.8, which was
also used to collect the optical signal emitted from the CsPbBr; film.
The other experimental configurations are similar to those described
above for the room-temperature measurement, except that a half wave
plate and a linear polarizer are inserted into the signal collection path
for characterizing the polarization-dependent optical properties. In this
case, the excitation laser beam at 520 nm is circularly polarized while
the half wave plate is attached to a motor-driven stage and rotated with
a precision of 1°.

Supporting Information

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