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CsPbBrs nanocrystals (NCs) encapsulated by Cs4PbBrg has attracted extensive attention due to good
stability and high photoluminescence (PL) emission efficiency. However, the origin of
photoluminescence (PL) emission from CsPbBrz/Cs4PbBrg composite materials has been controversial.
In this work, we prepare CsPbBr3/Cs,PbBrg core/shell nanoparticles and firstly study the mechanism of
its photoluminescence (PL) at the single-particle level. Based on photoluminescence (PL) intensity
trajectories and photon antibunching measurements, we have found that photoluminescence (PL)
intensity trajectories of individual CsPbBr3z/Cs4PbBrg core/shell NCs vary from the uniform longer periods
to multiple-step intensity behaviors with increasing excitation level. Meanwhile, second-order photon
correlation functions exhibit single photon emission behaviors especially at lower excitation levels.
However, the PL intensity trajectories of individual Cs4PbBrg NCs demonstrate apparent “burst-like”
behaviors with very high values of g%(0) at any excitation power. Therefore, the distinguishable emission
statistics help us to elucidate whether the photoluminescence (PL) emission of CsPbBrs/Cs4PbBrg core/
shell NCs stems from band-edge exciton recombination of CsPbBrs NCs or intrinsic Br vacancy states of
Cs4PbBrg NCs. These findings provide key information about the origin of emission in CsPbBrsz/Cs4PbBrg

rsc.li/rsc-advances

1. Introduction

All-inorganic perovskite nanocrystals (NCs) have received
extensive attention in solar cell and light-emitting devices due
to their facile synthesis’ and excellent photophysical proper-
ties such as high photoluminescence quantum yields (PLQYs),*
narrow emission width,>® and tunable emission features that
cover the full visible range.”® As a result, they have shown
promising applications in optoelectronics, including photovol-
taics,>*® lasing,"** light-emitting diodes™™* and photodetec-
tors.">” However, the photoluminescence quantum yields
(PLQYs) of CsPbX; NCs are greatly reduced when they are in the
form of agglomerates compared to well-dispersed colloidal
NCs.*® At present, an effective approach to solve these problems
is to modify the surface structures of CsPbX; NCs and alleviate
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core/shell nanoparticles, which improves their utilization in the further optoelectronic applications.

the stability."®** CsPbX; perovskite NCs coated with hetero-
structure shell have been reported, such as CsPbX;/ZnS core/
shell NCs,** CsPbBr;/SiO, and CsPbBr;/Ta,05.>* Recently, it is
unsurprising that Cs,PbBr, lattice spacing could match the
cubic CsPbBr; lattice constants and this match satisfies the
CsPbBr; NCs inside the Cs,PbBrg matrix, with enhanced
passivation of the surfaces without additional strain on the
NCs. Therefore, CsPbBr; coated with the same chemical
constituents Cs,PbBr, has been proven to be an effective way to
maintain the highly efficient photoluminescence quantum
yields (PLQYs) and simultaneously improve the stabilities.>***
Despite the synthesis of CsPbBr; perovskite NCs encapsu-
lated by Cs,PbBrs material enables high emission efficiency and
excellent stability, the photoluminescence origin of CsPbBr;/
Cs,PbBrs core/shell perovskite NCs have attracted a lot of
attention as well as intensive debates. The debates on the origin
of bright photoluminescence emission involve two opposing
opinions. Due to the extreme similarity of its photo-
luminescence emission with that of CsPbBr; nanocrystals, it is
believed encapsulated CsPbBr; nanocrystals are responsible for
the highly efficient photoluminescence.”**° However, some
researchers have attributed the photoluminescence emission to
Br defects in the Cs,PbBrs and regarding the photo-
luminescence emission as an intrinsic property of Cs,PbBre.***¢
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(a) TEM images of CsPbBrz/Cs4PbBrg core/shell perovskite NCs and corresponding magnified individual core/shell NC (top right corner);

(b) XRD patterns of Cs4PbBrg NCs, CsPbBrz/Cs4PbBre core/shell NCs and CsPbBrs NCs; (c) absorption and PL spectra of Cs4PbBrg, CsPbBrs/
Cs4PbBrg core/shell NCs and CsPbBrs NCs; (d) photoluminescence excitation (PLE) spectra of Cs4PbBrg, CsPbBrs/Cs4PbBrg core/shell NCs and
CsPbBrs NCs, the monitored wavelength for PLE is 520 nm and the excitation wavelength for PL is 405 nm.

To fully exploit the origin of their PL emission, it is vital to
deeply gain the important information about the interaction

with the encapsulating

media and complex PL dynamics

process. Therefore, studies of the PL properties at the single-
particle level has been proved to be a very effective method for
elucidate its PL origins.
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(a) Time-resolved photoluminescence (TRPL) decays of CsPbBr; NCs and CsPbBrz/Cs,PbBrg core/shell NCs; (b) PLQYs of Cs4PbBrg/
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In this report, we present a simple solution-processed
chemical method to synthesize CsPbBr;/Cs,PbBrs core/shell
NCs and investigate the PL intensity trajectories from indi-
vidual CsPbBr;/Cs,PbBr, core/shell NCs and Cs PbBrs NCs by
time-correlated single photon counting (TCSPC). We analyse PL
lifetimes and second-order correlation functions g*(t) at
different excitation levels in order to explain the origin of their
PL emission.

2. Experimental section

The CsPbBr;/Cs,PbBrg core/shell perovskite nanocrystals were
synthesized through the hot-injection method with detailed
processes presented in ESLf The resulting CsPbBr; NCs
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solution was lowered to room temperature and 0.1 mmol (or 0.2
mmol) ZnBr, was added to the flash, degassed at 50 °C for
20 min under vacuum. Afterward the temperature was raised to
70 °C under a nitrogen atmosphere, Cs-oleate with different
amount (0.203 mmol corresponding to a shell thickness of 1.5
nm) was quickly injected. The solution was lowered to room
temperature using a water bath after 3 min. The solution turned
bright green again. To collect the NCs, the crude solution was
then centrifuged at 8000 rpm for 5 min. After centrifugation, the
supernatant was discarded and the CsPbBr;/Cs, PbBr, core/shell
NCs were prepared.

For the single-dot measurements, CsPbBr;/Cs,PbBrs core/
shell NCs solution diluted in toluene has been mixed with
PMMA (5wt%) and spin-coated onto a glass coverslip at the
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0.1 and high excitation level (c) ~(N) = 0.5, (d) ~(N) = 1.0, respectively.

Antibunching functions g2(t) at low (b) ~(N) = 0.1 and high (e) ~(N) = 1 excitation levels. (f) Corresponding PL lifetimes at different excitation

levels.
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speed of 3000 rpm. The QDs density was kept below 0.1 pm ™2 to
allow us to probe single QD with detailed processes presented in
ESLT

3. Results and discussion

The CsPbBr;/Cs,PbBrg core/shell perovskite nanocrystals were
synthesized through a hot-injection method with detailed
processes provided in experimental section (see ESIt). Fig. 1a
indicates the TEM image of CsPbBr;/Cs,PbBrs core/shell
perovskite NCs. The TEM image of CsPbBr;/Cs,PbBrs core/
shell perovskite nanocrystals have a cubic shape and the core
CsPbBr; are coated by Cs,PbBrg shell (inset in Fig. 1a).

To further confirm the formation of CsPbBr;/Cs,PbBrg core/
shell NCs, the X-ray diffraction (XRD) spectroscopy was per-
formed as shown in Fig. 1b. The CsPbBr;/Cs,PbBr, core/shell
NCs display a combination between the cubic CsPbBr; phase
and hexagonal Cs,PbBrg phase. According to the results from X-
ray diffraction spectroscopy (XRD), the main peaks should
correspond to the cubic crystal, indicating that the CsPbBrj still
maintain their initial crystal phase. Meanwhile, the minor
peaks can be ascribed to hexagonal phase of Cs,PbBrg, revealing
the formation of Cs,PbBrg shell. Therefore, it implies that the
XRD of CsPbBr;/Cs,PbBrg core/shell NCs is different from the
simple mixtures of CsPbBr; and Cs,PbBrg in bulk.

The absorption and PL spectra of the CsPbBr; NCs, CsPbBr;/
Cs4PbBr, core/shell NCs and Cs,PbBrs NCs are presented in
Fig. 1c. After the Cs,PbBr, shell encapsulation, it was found that
the additional characteristic peaks were located at 315 nm,
which can be attributed to the absorption from Cs,PbBrs, sug-
gesting the formation of Cs,PbBrg shell structures. The PL peak
of Cs,PbBr, perovskite NCs displays an obvious red shift from
515 nm to 520 nm. Fig. 1d shows the Photoluminescence exci-
tation (PLE) spectra of CsPbBr;/Cs,PbBrg core/shell NCs emis-
sion at 515 nm. Compared with CsPbBr;/Cs,PbBr, core/shell
NCs, the Cs,PbBrg exhibits a obvious sharp dip at the wave-
length of 310 nm, where light is fully absorbed by the Cs,PbBrg.
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Therefore, it also demonstrate that CsPbBr;/Cs,PbBrg core/shell
NCs is different from Cs,PbBrg NCs.

In order to get deep insights into the carrier dynamics
induced by the core/shell structure, we investigate time-resolved
photoluminescence (TRPL) decay behavior of CsPbBr;/Cs,PbBr,
core/shell NCs as shown in Fig. 2a. The average lifetime of
CsPbBr;/Cs,PbBrg core/shell NCs is 7.1 ns, which is much
shorter than average lifetime 9.6 ns of pure CsPbBr; NCs. This
could be attribute to the thicker shell structures of Cs,PbBrg
that reduce the probability of carriers being captured by the
surface traps due to the enhanced overlap of wave functions.
According to analysis on absorption spectra, the CsPbBr; core
(2.4 eV, 515 nm) was coated by Cs,PbBr, shell with large band
gap (4.0 eV, 310 nm). Therefore, the photogenerated electron
and hole will be confined in the core regions. The shell can
passivate the surface states of the core and reduce nonradiative
recombination pathways. After CsPbBr; encapsulated with
Cs,PbBry shell, the PLQYs was improved from 83.6% to 96.8%
corresponding to a 13% improvement after shell encapsulation.
Under the same excitation experimental conditions, the PL peak
of CsPbBr;/Cs,PbBrg core/shell NCs remains almost unaltered
at 515 nm, showing a robust resistance to anion exchange
reaction. Under continuous excitation by 405 nm laser,
CsPbBr;/Cs,PbBrg core/shell NCs show a much better stability
than colloidal CsPbBr; NCs. CsPbBr;/Cs,PbBr, core/shell NCs
retains about 77% emission intensity after illumination for 10
days and CsPbBr; NCs retains less than 45% as shown in
Fig. 2b, indicating improved PL stability in air compared to the
pure CsPbBr; NCs.

Fluorescence blinking has been extensively investigated in
semiconductor nanostructures, providing unique insight into
their photo-excited carrier dynamics. Here, we firstly explored
blinking trajectories of individual CsPbBr;/Cs,PbBr, core/shell
NCs with different excitation level, respectively. Fig. 3a and ¢
present the PL intensity trajectories with obvious on states and
gray states under the low excitation level of (N) = 0.1 and (N) =
0.3, respectively. Fig. 3b and d show single quantum emitters
with low values g%(0)<0.5 corresponding to low excitation level of

;:\1200

800

PL intensity(a

Time(s)

D100 200 300 400 500 600

(b)

0.0

-500 0 500
Delay time(ns)

Fig. 4 (a) Blinking trajectories and (b) antibunching functions g2(t) of individual CsPbBrs/Cs4PbBrg core/shell NC at high excitation level (N) =

1.3).
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(N) = 0.1 and (N) = 0.3, respectively. However, the blinking
behavior of the CsPbBr;/Cs,PbBrs NCs visibly changed at high
excitation level of (N) = 1.0. It is clearly seen that blinking
trajectories is no longer represented by two-state emission but is
multiple-step intensity emission as shown in Fig. 3e. PL life-
times extracted from different intensity levels are composed of
the fast (approximate 1 to 2 ns) and slow (approximate 9 to 10
ns) component with varying amplitudes as shown in Fig. 3f.
Longer lifetime components predominate in the higher inten-
sity bursts and the shorter ones in the low intensity intervals
correspond to the on and gray states, respectively. The PL life-
time of on state obviously demonstrates the near band edge
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excitonic transitions. On the contrary, the PL lifetime of the gray
state is much shorter and it indicates that the emission is likely
coming from a charged excitonic state. These results corre-
spond well with previously measured PL lifetimes for individual
CsPbBr; NCs.?”38

When individual CsPbBr;/Cs,PbBrg core/shell NCs was
excited with (N) = 1.3 higher excitation levels for longer times,
the blinking trajectories demonstrate a very peculiar emission
behavior as shown in Fig. 4a. It starts at the stable intensity level
with 1000 to 1200 counts, typical for two state emission. After
100 seconds, the PL intensity starts to exhibit large jumps to the
400 to 1200 counts level. The lifetimes extracted from different
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Fig. 5 Blinking trajectories of individual Cs,PbBrg NC at low (a) ~(N) = 0.1 and high excitation level (c) ~(N) = 0.5, (d) ~(N) = 1.0, respectively.
Antibunching functions g2(t) at low (b) ~(N) = 0.1 and high (e) ~(N) = 1 excitation levels. (f) Corresponding PL lifetimes at different excitation

levels.
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intensity bursts demonstrate dramatically similar lifetimes and
the zero delay time second-order correlation function g*(0) is
approximate ~1 as shown in Fig. 4b. Such behavior is very
similar to that of Cs,PbBry NCs. These results thus confirm that
the high efficiency PL emission of the CsPbBr;/Cs,PbBrs core/
shell NCs is from the core of CsPbBr; NCs at lower excitation
levels. However, it is clearly seen that the blinking behaviors of
many CsPbBr;/Cs,PbBrs core/shell NCs initially demonstrate
two-state emission and then are burst-like behaviors at higher
excitation level. Thus, we can suggest that laser-induced struc-
tural reorganization in CsPbBr;/Cs,PbBr, core/shell NCs may
lead to the formation of PL-active Br vacancy states at higher
excitation level. Hence, these results confirm that CsPbBr; NCs
encapsulated by Cs,PbBr, shell structures exhibit different PL
characteristics in comparison to pure CsPbBr; QDs.

Compared with the above CsPbBr;/Cs,PbBr core/shell NCs,
Fig. 5a presents the PL intensity trajectory of individual Cs,-
PbBrs NCs at the (N) = 0.1 excitation level. The PL intensity
trajectory shows obvious noisiness behaviors that attribute to
charge carrier recombination from the trap states located on the
interior and surface of the Cs,PbBr NCs.*® Because Br vacancies
can act as a trap state and the trapping of electrons recombinate
with holes, making the exciton recombination centers more
efficient for green emission in Cs,PbBrs NCs. We found that the
majority of individual Cs,PbBrg NCs still do not exhibit single
photon properties with high g*(0) values at low excitation levels
(N) = 0.1 as shown in Fig. 5b. The PL lifetimes are fitted with bi-
exponential functions with a short lifetimes of 2-3 ns and a long
lifetimes of 11-13 ns as shown in Fig. 5f. The short and long
components can be ascribed to the excitons located on the
surface and interior of the Cs,PbBrgs NCs, respectively. Previous
studies have shown that CsPbBr; NCs exhibit shorter PL life-
time compared to the Cs,PbBrs NCs due to the presence of
different deactivation pathways.**

As the excitation power further increases, the blinking
behavior of Cs,PbBr¢ NC visibly changes as shown in Fig. 5c and
d. We observe a multitude intensity spikes that closely resemble
the typical blinking behavior of individual molecular emitters.
The PL intensity superlinearly increase due to the activation of
more emissive centers in the Cs,PbBrs NCs. Moreover, PL life-
times extracted from different intensity bursts in the blinking
trace are very close, suggesting their similar origins. Therefore,
it has been proposed that intrinsic defect states within the band
gap may serve as radiative recombination centers for the
observed emission of Cs,PbBr, NCs.*"*>

4. Conclusions

In summary, CsPbBr;/Cs,PbBrg core/shell NCs were prepared
and their PL properties were investigated at individual particle
level. These results demonstrate that the Cs,PbBry shell with
large band gap is helpful to confine the exciton and reach high
PLQYs and high stability. The PL emission of CsPbBr;/Cs,PbBrg
core/shell structures could be attributed to direct band-edge
electron-hole radiative recombination in the CsPbBr; NCs,
while the green emission (~2.4 eV) in Cs,PbBr originates from
the exciton recombination at Br vacancy instead of a direct

30470 | RSC Adv, 2021, 11, 30465-30471
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band-to-band transition. Therefore, the different carrier
dynamics studies allow us to distinguish the origin of green
emission between Cs,PbBrs NCs and CsPbBr; NCs. The
fundamental knowledge about interaction of excitons with
interfaces in CsPbBr3;/Cs,PbBr, core/shell NCs will provide new
physical insights into the design and optimization of novel
optoelectronics devices.
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