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Abstract: All-inorganic perovskite nanomaterials have attracted much attention recently due
to their prominent optical performance and potential application for optoelectronic devices.
The carriers dynamics of all-inorganic perovskites has been the research focus because the
understanding of carriers dynamics process is of critical importance for improving the fluorescence
conversion efficiency. While photophysical properties of excited carrier are usually measured at
the macroscopic scale, it is necessary to probe the in-situ dynamics process at the nanometer scale
and gain deep insights into the photophysical mechanisms and their localized dependence on the
thin-film nanostructures. Stimulated emission depletion (STED) nanoscopy with super-resolution
beyond the diffraction limit can directly provide explicit information at a single particle level or
nanometer scale. Through this unique technique, we firstly study the in-situ dynamics process
of single CsPbBr3 nanocrystals(NCs) and nanostructures embedded inside high-dense samples.
Our findings reveal the different physical mechanisms of PL blinking and antibunching for single
CsPbBr3 NCs and nanostructures that correlate with thin-film nanostructural features (e.g. defects,
grain boundaries and carrier mobility). The insights gained into such nanostructure-localized
physical mechanisms are critically important for further improving the material quality and its
corresponding device performance.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Since the first report of the organic−inorganic hybrid halide perovskites in solar cells [1], the
power conversion efficiency of perovskite solar cells [2–5] has been improved significantly over
the past few years. Compared to the vulnerable organic−inorganic hybrid halide perovskites
(e.g. MAPbI3), CsPbX3 (X=Cl, Br, I) is a promising inorganic perovskite material with strong
stability against oxygen, moisture and heat. Therefore, inorganic perovskite materials (quantum
dots [6–10] and thin films [11–16]) have attracted extensive attention recently. Tremendous efforts
have been made to gain deep insight into fundamental optoelectronic properties and improve
their photovoltaic performance. The device performance is strongly influenced by the perovskite
microstructure [17–19] and film morphology [20,21]. Grain-to-grain variability in microstructure
with grain boundaries [22,23] and defect concentrations [24] can be found within the same
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CsPbX3(X=Cl, Br, I) perovskite thin film. As a result, the local properties of CsPbX3(X=Cl,
Br, I) perovskite thin films are variable at the nanometer scale or individual particle level, which
in turn influence the fundamental optical performance. Therefore, optoelectronic properties of
perovskite devices, including charge carrier transport and recombination can be largely influenced
by the interaction dynamics of nanostructures. Although intensive investigations have been
carried out at the macroscopic scale, the microscopic in-situ photophysical properties of the
excited carriers are still far from fully being understood at a nanostructure level or nanometer
scale. Therefore, it is necessary to probe in-situ dynamics processes at the nanometer scale to
gain deep insights into the fundamental physical mechanisms and their localized dependence on
the perovskite CsPbX3 thin-film nanostructures.

In order to obtain a detailed understanding the interaction of nanostructured materials and its
local photophysical properties of perovskite thin films at the nanometer scale, several scanning
probe methods, such as scanning electron microscopy (SEM) [25–28], transmission electron
microscopy (TEM) [29,30] and atomic force microscopy(AFM) [31] have been used. However,
for the aforementioned techniques, they all need highvacuum conditions. In addition, some of
them are invasive with poor contrast. As a result, the sample preparation is complicated and
timeconsuming which makes them unreliable to investigate in-situ dynamic processes. In contrast,
stimulated emission depletion (STED) nanoscopy [32–36] providing explicit information which
cannot be extracted from an ensemble measurement, is an effective method with super-resolution
beyond the diffraction limit and is increasingly used to investigate the morphology and in-situ
dynamic behavior at the nanometer scale. Therefore, an in-depth study of perovskites in situ
dynamics process at a nanostructure level or nanometer scale is significant to further improve the
material quality and its corresponding device performance.

In this work, we used STED nanoscopy to systematically investigate in-situ dynamics process of
single CsPbBr3 nanocrystals(NCs) and single nanostructure embedded inside high-dense samples.
Compared with confocal system, the in-situ fluorescence behavior and carrier dynamics of single
CsPbBr3 NCs and single nanostructure embedded inside high-dense samples can be resolved at
the single particle level or nanometer scale. We investigated the fluorescence characteristics of
single nanostructure and revealed that the single-photon emission signature and fluorescence
blinking in high-dense samples due to different physical origins. These measurements are likely
to provide key insights into the local nanostructured effects on the optical performance and are
essential for guiding the nanostructured tailoring of perovskite thin films for higher conversion
efficiency in the future.

Fig. 1. (a) Schematic illustration of the setup for STED nanoscopy and (b) the mechanism
of spontaneous fluorescence emission and stimulated emission of CsPbBr3 QDs.
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2. Experimental setup

Figure 1(a) provides a schematic illustration of the STED nanoscopy system. The STED
nanoscopy system consists of excitation, depletion and detection. In the experiment system,
the excitation beam is 405 nm with 5-20 MHz tunable repetition frequency pulse laser and the
depletion beam is a 568 nm continuous laser. When the STED depletion beam is coaxial with the
excitation beam, the diffraction-limited excitation focus is overlaid by the STED beam forming a
doughnut-shaped point-spread function(PSF). The STED beam depletes the fluorescent excitation
state everywhere within the overlapping region by means of stimulated emissions, except for the
center hole of the doughnut shape. As a result, only the fluorescence emitters in the hole are
excited and form the effective fluorescence point beyond the diffraction limit.

Very recently, the synthesis of CsPbX3 (X=Cl, Br, I) all-inorganic perovskite nanocrystals
have been developed [37–39]. The CsPbX3 nanocrystals combine the advantages of high
photoluminescence quantum yield (PLQY>90%) and very broad emission spectrum at around
λ∼520 nm (see Figure S1 in the Supplement 1). Most especially, the CsPbBr3 nanocrystals
display the very low saturation intensity and excellent photobleaching resistance to the strong
STED laser. When CsPbBr3 QDs are excited from its ground S0 to its excited state S1, the
excitons relax to the lowest vibrational sublevel of the S1 state through efficient phonon coupling.
In the presence of the STED light, the fluorescence decay (kf ∼1/τf ) competes with the stimulated
emission process. If the STED intensity ISTED is much larger than the fluorescence intensity
If , stimulated emission dominates over spontaneous emission and the fluorescence emission is
effectively prevented by the STED beam. To make use of this switch-off process for improving
the spatial resolution, the STED light is usually applied with the doughnut-shaped intensity
distribution. Consequently, large ISTED intensities provide high spatial resolution.

3. Results and discussion

In order to investigate fluorescent properties of single particle in the high-density QDs regions,
STED microscopy was performed to resolve QDs spaced closer beyond the optical diffraction
limit. Figure 2 compares confocal and STED images of quantum dots in the high-density QDs
regions. Unlike the confocal images (Fig. 2(a)), the STED images (Fig. 2(b)) clearly resolve
closer QDs separated by <80 nm. Taking into account the similar brightness and full width at
half maxima (FWHM) of images in the STED nanoscopy system, each individual QDs in the
scan regions is resolved. Figure 2(c) shows the red linecuts through a subregion containing
closely spaced QDs. Compared to the confocal images containing ensemble fluorescence images,
the STED images reveal two fluorescence centers separated by 76± 2 nm (see Figure S4 in the
Supplement 1).

In order to further investigate the influence of depletion power intensity on spatial resolution,
the lateral resolutions of STED imaging were measured under the different STED depletion
powers. As shown in Fig. 2(d), the measured spots size shrank rapidly with increased STED laser
power and gradually saturated with further increases in STED laser power. The data in Fig. 2(d)
is fitted by the following equation: ∆x ≈ λ/

(︂
2N.A.

√︁
1 + ISTED/ISat

)︂
, where λ is the wavelength

of the fluorescent light, N.A. is the numerical aperture of the objective, ISTED is the depletion
STED laser intensity, and Isat is the saturation intensity of the fluorescent emitter. According
to this equation, the lateral spatial resolution of STED nanoscopy is determined mainly by the
intensity of the STED beam and the saturation intensity of the fluorescent emitter. The lateral
resolution was close to 76 nm with the 2.5 mW STED depletion laser powers. The resolution can
be increased mainly by increasing the intensity of the STED beam or by decreasing the saturation
intensity of the fluorescent emitter.

On the basis of above confocal microscopy and STED nanoscopy, we used STED nanoscopy
to resolve closer quantum dots beyond the optical diffraction limit. The second-order photon
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correlation functions g2(τ) were measured from single isolated QDs using the Hanbury Brown-
Twiss detection setup. With pulsed excitation, a peak at zero delay time of the correlation function
g2(0) of the recorded fluorescent signal is absent only for a single emitter. As a result, a notable
peak at g2(0) from a single isolated QDs could not be detected in the STED images(Fig. 3(b)).
However, in the confocal system for densely QDs sample, it only provides average information
for QDs ensemble in a diffraction-limited volume(Fig. 3(a)). the PL intensity time traces of the
high-density perovskite QDs regions are shown in confocal fluorescence image (Fig. 3(c)) and
STED fluorescence images (Fig. 3(d)), respectively. Compared with STED fluorescence images,
the PL intermittency is not apparent and fluorescence ON event is higher for confocal fluorescence
image measurements due to aggregation of multiple quantum dots in the diffraction limit (see Fig.
S2 in the Supplement 1). The fluorescence occurrence of ON and OFF periods in QDs has been
usually attributed to the presence of an additional charge, which results in fluorescence quenching
by nonradiative Auger recombination. This Auger process not only quenches fluorescence but
it also suppresses multiexcitonic emission. Therefore, even at high-power excitation close to
saturation, only single exciton emission occurs as shown in Fig. 3(b).

Compared to all-inorganic CsPbBr3 QDs, the in-situ microscopy observations of nanostructural
features in perovskite thin films are crucial to improving the material quality and the corresponding
performance. Despite tremendous improvements to power conversion efficiencies, the role of

Fig. 2. (a) Confocal imaging of CsPbBr3 QDs excited by a 405 nm pulse laser (0.5µW);
(b) STED images excited by the 405 nm laser (0.5µW) and the 568 nm STED continuous
laser (2.5 mW); (c) Linecuts of the confocal (black) and STED (red) images across the
dashed lines annotated in (a) and (b), respectively. The red solid line is a fit to two Gaussian
functions, revealing a closer QDs separation of 76± 2 nm; (d) normalized fluorescence
intensity profiles along the lines across the QDs irradiated by the STED laser with 0.01, 0.5,
1.5, and 2.0 mW, 2.5 mW.
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boundaries or buried interfaces of local nanostructures in perovskite thin films is currently
under debate. We show that restriction of the measurements to local nanostructures permits
understanding of the carrier dynamics process not possible for study of ensembles. Therefore,
direct in-situ carrier dynamics measurements of perovskite thin films at the nanometer scale are
vital.

To investigate the in-situ optical properties and carrier dynamics of nanostructures in the
perovskite films, we used the STED fluorescence microscopy to probe the local PL spectrum
and PL decay properties of perovskite thin films at the nanometer scale. Figure 4 shows a
correlated SEM micrograph(Fig. 4(a)), confocal PL image(Fig. 4(b)), and STED PL microscopy
image (Fig. 4(c)) of the perovskite film on a glass substrate(see Fig. S3 in the Supplement 1).
Figure 4(b) and 4(c) compares the corresponding confocal and STED images from the same
high-density perovskite films regions. Taking into account the brightness and full width at
half maxima intensity of STED images, it obviously indicate that each individual fluorescence
center of nanostructure in the scan region is resolved. Figure 4(d) shows linecuts through a
subregion containing closely spaced fluorescent centers of nanostructures (red lines in Fig. 4(b,c)).
Compared to the confocal images containing ensemble fluorescence images, the STED images
reveal two fluorescence centers separated by 94± 2 nm (see Figure S5 in the Supplement 1).

Fluorescence blinking has been extensively investigated in semiconductor nanostructures,
providing unique insight into their photo-excited carrier dynamics process. Here, we investigate
the fluorescence intensity time traces from the same perovskite thin film marked regions (red
linecuts) in confocal fluorescence image (Fig. 5(a)) and STED fluorescence images (Fig. 5(b)),
respectively. We have found that fluorescence blinking is present in the confocal fluorescence
image whereby nanostructures are in close contact with one another. Therefore, it facilitates

Fig. 3. Correlation function g2(τ) of (a) confocal and (b) STED detection; fluorescence
intensity time traces in Confocal fluorescence image (c) and STED fluorescence images (d).
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exciton nonradiative recombination at the interfaces or at the boundary of the nanostructures. This
leads to enhanced fluorescence intermittency contributing to nonradiative recombination. On
the other hand, fluorescence blinking is not present in the STED fluorescence images. Blinking
appeared to be largely suppressed by high power STED laser excitation due to surface passivation.
Photon antibunching measurements were also carried out on the nanostructures of perovskite thin
films from confocal system (Fig. 5(c)) and STED system(Fig. 5(d)). The second-order correlation
functions g2(t) demonstrate that neither the isolated nanostructures in the STED images nor the
thin film in the confocal images shows single photon emissions.

In order to further study the in-situ dynamics process of excited carriers in nanostructured
regions, the corresponding local PL spectrum and PL lifetime of confocal fluorescence image
and STED fluorescence images are investigated, respectively. The local spectra of bright (red)
and dim(black) region in the confocal fluorescence images are shown in Fig. 6(a), respectively.
the PL spectra at the dim region is both red-shifted (∼2 nm) and slightly broader by contrast
with the bright region. These trends attribute to the presence of defect states or shallow trapping
levels in the boundary regions. Figure 6(c) shows the corresponding PL decay for bright (red)
and dim(black) region in the confocal fluorescence images, respectively. The PL decay of bright
regions can appear single-exponential with an average lifetime of 21.3 ns. The PL decay of
dim regions fitted by biexponential functions A1 exp(−t/τ1) + A2 exp(−t/τ2), demonstrating the
nonradiative trapped lifetime ∼2.4 ns and radiative recombination lifetime ∼19.7 ns, respectively.
It should be emphasized that the PL intensity time traces at the dim regions are evidently different
from those at the bright regions due to different decay mechanisms.

Fig. 4. (a) SEM image; (b) Confocal fluorescence image and (c) STED fluorescence images
from the same perovskite film region. (d) Linecuts of the confocal (black) and STED (red)
images across the dashed lines annotated in (b) and (c), respectively. The red solid line is a
fit to two Gaussian functions, revealing a fluorescence center separation of 94± 2 nm.
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Fig. 5. (a) Fluorescence intensity time traces and (c) photon antibunching measurements
in the confocal system; (b) fluorescence intensity time traces and (d) photon antibunching
measurements in the STED system.

Figure 6(b) shows local steady-state PL spectra of bright (red) and dim(black) region for the
indicated individual nanostructure in the STED fluorescence images. In contrast to PL intensity
of the same dim regions in the confocal system as shown in Fig. 6(a), the relative PL intensity is
greatly increased by approximative 5 times in the STED system. The PL emission spectrum was
blue-shifted (by∼3 nm) and narrowed slightly after STED laser beam excitation, which could be
caused by the reduction in shallow trapped states density. Among the factors that affect perovskite
stability, light is particularly important for surface passivation. The interaction between light and
perovskite is found to be dependent on relevant factors. For example, the presence of oxygen or
a rise in temperature can passivate under-coordinated Pb2+ vacancies in perovskite films and
eliminated the shallower trap states due to Pb ions defects. In Fig. 6(d), we show the corresponding
local PL decays of the indicated dim(13.5 ns) and bright regions(20.5 ns), respectively. These
results indicates that STED laser indeed passivate defect states of nanostructure boundary regions
and inhibit the nonradiative recombination in the perovskite thin films.
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Fig. 6. local PL spectra of confocal image (a) and STED image (b) with corresponding PL
spectra of bright (red line) and dim (black line) regions, respectively; Time-resolved PL
decay curves of confocal image (c) and STED image (d) with corresponding bright (red line)
and dim (black line) regions, respectively.

4. Conclusions

In conclusion, we used STED nanoscopy to resolve single QDs and nanostructures embedded
inside high-dense perovskite thin films beyond the optical diffraction limit and investigated
the second-order correlation function g2(t) and PL blinking of the nanostructures at the single
particle level. These results revealed the different physical origin of PL blinking and photon
antibunching phenomena for QDs and nanostructures of perovskite thin films, respectively.
Overall, these results highlighted the importance of fluorescence behaviors and carrier dynamics
correlated to the nanostructures of perovskite thin films at the nanometer scale. The unique
insights gained from such studies are essential for guiding nanostructured tailoring of perovskite
films for improving optical performance in future optoelectronic devices application.
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