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ABSTRACT: In recent years, core—shell lead halide perovskite nanocrystals (PeNCs)
and their devices have attracted intensive attention owing to nearly perfect
optoelectronic properties. However, the complex photophysical mechanism among
them is still unclear. Herein, monodispersed core—shell PeNCs coated with an all-
inorganic cesium lead bromide (CsPbBr;) shell epitaxially grown on the surface of
formamidinium lead bromide (FAPbBr;) PeNCs were synthesized. Through power- and
temperature-dependent photoluminescence (PL) measurements, it is found that the
electronic structure of the core—shell FAPbBr;/CsPbBr; PeNCs has a quasi-type II
band alignment. The presence of Cs* in the shell limits ion migration and helps to
stabilize structural and optical properties. On this basis, after being exposed to pulsed
nanosecond laser for a period, an amplified spontaneous emission (ASE) can be
observed, which is attributed to the effective passivation induced by laser irradiation on
defects at the interface. The ASE threshold of the core—shell PeNCs showing high
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structural and optical stability is 447 nJ/cm?® under pulsed nanosecond optical pumping. The results that are demonstrated here
provide a new idea and perspective for improving the stability of perovskite and can be of practical interest for the utilization of the

core—shell PeNCs in optoelectronic devices.
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B INTRODUCTION
Lead halide perovskite nanocrystals (PeNCs) have become a

azpproach is to cover other materials around
7" Researchers developed a facial method for

promising candidate in the field of optoelectronics owing to
their large optical absorption coefficient (10*—10° cm™),
tunable band gap, narrow emission bandwidth, and high
photoluminescence quantum yield (PLQY).'” The power
conversion efficiency (PCE) of the monolithic perovskite/
silicon tandem solar cell has already reached 29.15% within a
very short period.” Meanwhile, multicolor light-emitting diodes
(LEDs) and low threshold optical-pumped lasers have been
realized with excellent performance.7’8 However, the ionic
nature of PeNCs results in a significant drawback of high
environmental sensitivity, which limits their practical applica-
tions.”'® Furthermore, up to now, studies have shown that
high-temperature, oxygen, moisture, ultraviolet (UV) light
exposure, and structural transformation lead to the decom-
position of perovskite materials and degrade the device
stability.u_15 Therefore, progress in improving the stability
of the material without sacrificing its performance is crucial for
the development of PeNCs in the future.

Recent studies have been carried out for obtaining stable and
high-performance perovskite materials by developing synthesis
methods and post-treatments, such as doping, underlayer
abduction, and additive additions.'®'” Among them, the most
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coating a TiO, shell on PeNCs, greatly improving their
stability.”" The resulting CsPbBr;/TiO, core—shell structures
are ultrastable and exhibit excellent water stability of more than
12 weeks. The size, morphology, and crystallinity remained
unchanged, which could provide additional protection against
anion exchange and photodegradation. We encapsulated
MAPDbBr; microcrystals in a very dense Al,O; layer by the
atomic layer deposition. It was found that the self-structural
healing phenomenon took place after thermal heating or laser
irradiation. More importantly, the density of deep level trap
states was greatly reduced, which resulted in high thermal
stability and excellent lasing stability of up to 2 years."”
However, the presence of an oxide layer outside the PeNCs
prevents efficient current injection required for applications
such as LEDs and solar cells. Meanwhile, the covering of an

EAPPLIED et his

Received: September 17, 2021
Accepted: November 15, 2021
Published: November 25, 2021

https://doi.org/10.1021/acsami.1c18025
ACS Appl. Mater. Interfaces 2021, 13, 58170—-58178


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xuanyu+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhihang+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruxue+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiahao+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Baozhen+Yuan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Baian+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tingchao+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rui+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rui+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.1c18025&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c18025?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c18025?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c18025?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c18025?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c18025?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aamick/13/48?ref=pdf
https://pubs.acs.org/toc/aamick/13/48?ref=pdf
https://pubs.acs.org/toc/aamick/13/48?ref=pdf
https://pubs.acs.org/toc/aamick/13/48?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.1c18025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

oxide layer requires complicated processes, such as high-
temperature sintering. Therefore, the use of a semiconductor
heterostructure, especially other perovskite materials as a shell,
not only ensures the stability of the core but also enables
current injection. In 2016, a core—shell mixed three-dimen-
sional methylammonium (MA)—two-dimensional octylammo-
nium (OA) lead bromide perovskite was fabricated, which
realized high stability and tunable colors.”” Subsequently, giant
five-photon absorption was achieved in this new family of
PeNCs, which is promising for developing the next-generation
multiphoton imaging with unmatched imaging depth,
sensitivity, and resolution.”’ Although the core—shell
MAPDbBr;/(OA),PbBr, possesses amazing optical properties,
the large lattice mismatch between two materials induces the
formation of defect or trap states at the interface, which
plagues the development of their applications.”***

Compared with various traditional perovskite materials such
as MAPDbBr; and CsPbBr;, FAPbBr; PeNCs have drawn
intensive research attention recently due to their ultrapure
green emission that covers ~95% Rec. 2020 standard in the
CIE 1931 color space.26 Meanwhile, LEDs based on FAPbBr,
PeNCs were fabricated with high efficiency and long lifetime.””
It is noted that the lattice mismatch between FAPbBr; and
CsPbBr; is 3.4%,”° which is much smaller than that of
MAPDBr,;/(OA),PbBr, mentioned above. It is known that the
electronic structure of the core—shell material induces unique
physical properties. However, no detailed investigation on the
photophysical process of such materials has been carried out.

Therefore, in this work, core—shell FAPbBr;/CsPbBr,
PeNCs were fabricated via heteroepitaxial methods. The
electronic structure of the quasi-type II band alignment in
core—shell FAPbBr;/CsPbBr; PeNCs was studied through
temperature- and power-dependent photoluminescence (PL).
In addition, both the core-only FAPbBr; and the core—shell
FAPDbBr;/CsPbBr; PeNCs were exposed to nanosecond laser
irradiation. The smaller emission attenuation and peak shifting
of the core—shell FAPbBr;/CsPbBr; PeNCs reveal their better
stability. Moreover, it is interesting to observe the amplified
spontaneous emission (ASE) from the core—shell PeNCs with
a threshold of 447 nJ/cm? which can be attributed to the
surface defect passivation due to laser irradiation. The results
demonstrated here offer realistic prospects for the utilization of
the core—shell PeNCs for optoelectronics.

B EXPERIMENTAL SECTION

Synthesis of Perovskite Nanocrystals. FAPbBr; PeNCs were
synthesized according to the method reported previously.”® All
reagents were purchased and used without further purification,
including FA-acetate (Sigma-Aldrich), Pb(CH;COO),-3H,0 (Sino-
pharm Chemical Reagent Co., Ltd, >99.5%), octadecene (ODE,
Sigma-Aldrich, 90%), OA (Sigma-Aldrich, 90%), OAmBr (Xi’an
Polymer Light Technology Corp.), toluene (Sinopharm Chemical
Reagent Co., Ltd, >99.5%), PbBr, (Sigma-Aldrich, 90%), Cs,CO4
(Sigma-Aldrich), and OLA (Sigma-Aldrich, 90%). Briefly, FA-acetate
(0.078 g, 0.75 mmol), Pb(CH;COO0),-3H,0 (0.076 g, 0.2 mmol),
OA (2 mL, vacuum-dried at 120 °C), and ODE (8 mL, vacuum-dried
at 120 °C) were loaded into a 100 mL flask and dried for 30 min
under vacuum at 50 °C. The mixture was heated to 130 °C under an
N, atmosphere and OAmBr (0.21 g, 0.6 mmol) in toluene (2 mL)
was injected. After 10 s, the reaction mixture was cooled on an ice-
water bath. The green solution of FAPbBr; PeNCs was collected and
stored at 4 °C.

For the synthesis of the core—shell FAPbBr;/CsPbBr; PeNCs,
PbBr, (0.1101 g, 0.3 mmol) and Cs,CO; (0.0326 g, 0.1 mmol) were
loaded into a 100 mL flask. Then, dried OA (1 mL), ODE (5 mL),
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OLA (0.5 mL), and the as-synthesized FAPbBr; PeNCs (12 mL)
were added. The mixture was heated to 80 °C for 20 min under an N,
atmosphere, followed by cooling on an ice bath. The color of the
reaction solution varied significantly compared to the original solution
of FAPbBr; PeNCs. Finally, the solution was centrifuged to remove
undispersed residue and aggregated PeNCs. The core—shell
FAPDbBr;/CsPbBr; PeNCs were dispersed in hexane and stored in
the dark at 4 °C.

Purification. The as-prepared crude solutions of FAPbBr; and
core—shell FAPbBr;/CsPbBr; PeNCs were loaded into centrifuge
tubes, a certain volume of ethyl acetate was added (keeping the
volume ratio of crude solution to ethyl acetate 1:3), and the mixture
was centrifuged at 7000 rpm for 5 min. The precipitate was then
redissolved in n-hexane and centrifuged for 1 min at 5000 rpm. After
that, the supernatant was collected and stored at 4 °C. Finally, after
washing twice or three times, the purified perovskite PeNC solution
was obtained.

Characterization Methods. The samples for transmission
electron microscopy (TEM) measurements were prepared by
dropping colloidal PeNC solution with a relatively dilute concen-
tration on carbon-coated 200 mesh copper grids. Also, the
conventional TEM image and energy-dispersive spectrometry
(EDS) were achieved by a Talos F200X microscope equipped with
a thermionic gun under an acceleration voltage of 200 kV. The
current of the 1 nm electron beam at this voltage is 1.5 nA, and the
resolution is 0.12 nm. UV—vis absorption spectra were recorded at
room temperature on an ultraviolet and visible spectrophotometer
(Lambda 950, PerkinElmer, Inc.). All PL spectra were recorded by a
spectrometer (Andor SR-750) and detected using a charge-coupled
device (CCD, model No. DU920P-BU). A continuous-wave (CW)
He—Cd gas laser with a laser line of 325 nm was used as the excitation
source for power- and temperature-dependent PL measurements.
FAPbBr; and the core—shell FAPbBr;/CsPbBr; PeNCs films were
placed inside a closed-cycle helium cryostat (Cryo Industries of
America) with quartz windows for temperature-dependent PL
measurements, and the temperature of the sample was controlled
by a commercial temperature controller (Lakeshore 336). The
temperature during the PL measurement is well-controlled from 50
to 295 K. For the power-dependent PL measurement, a variable
neutral density filter was used to obtain different excitation powers. A
pulsed 355 nm laser with a pulse width of 1 ns and frequency of 20 Hz
was employed for optical pumping. The micro-PL experiment was
performed by inverted optical microscopy (Nikon Ti-u). Time-
resolved photoluminescence (TRPL) experiments were carried out at
room temperature and the excitation source was a pulsed ultraviolet
picosecond diode laser operating at 375 nm. The pulse width and
repetition rate of the laser were 40 ps and 20 MHz, respectively. The
signal was dispersed by a 320 mm monochromator (iHR320 from
Horiba, Ltd.) combined with suitable filters and detected based on the
time-correlated single-photon counting (TCSPC) technique. For the
microwave treatment, the core—shell FAPbBr;/CsPbBr; PeNCs films
were placed inside the microwave oven (DAEWOO, KOR-4A6BR)
with the maximum output power (500 W) for 0, 3, and S min,
respectively. To ensure comparability of emission, optical alignment is
fixed during the measurement.

Computational Method. The density functional theory (DFT)
was applied in this work using the CASTEP module*® in Materials
Studio software to calculate the band structures and work functions of
the orthorhombic phase CsPbBr; and cubic phase FAPbBr;. The
models of cubic and orthorhombic CsPbBr; were downloaded from
the Materials Project database®® where available, and the cubic
FAPbBr; was generated by the substitution between the cation
CH(NH,)," (FA") and the primary cation Cs*. The generalized
gradient approximation (GGA) with the Perdew—Burke—Ernzerhof
(PBE) functional’’ was chosen to treat the exchange-correlation
terms. Self-consistent iterations with density-mixing were imple-
mented to obtain the electronic wave functions and the Broyden—
Fletcher—Goldfarb—Shannon (BFGS) algorithm32 was used to realize
the structure relaxation. During the process of the geometry
optimization, the plane waves cutoff energy was set as 244.9 eV for
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Figure 1. (a, d) Schematic structure of FAPbBr; and the core—shell FAPbBr;/CsPbBr; PeNCs, respectively. (b, ¢) TEM images of FAPbBr; and
the core—shell FAPbBr;/CsPbBr; PeNCs, respectively. (c, f) Absorption (black curve) and photoluminescence (red curve) spectra at room

temperature, respectively.
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Figure 2. Normalized PL spectra of a 2D pseudocolor plot of FAPbBr; (a) and core/shell FAPbBr;/CsPbBr; (b) PeNCs at temperature between
50 and 295 K. (c) Emission spectrum from the core—shell FAPbBr;/CsPbBr; PeNCs at 50 K. (d) Integrated PL intensity of the core—shell
FAPbBr;/CsPbBr; PeNCs as a function of temperature. (e) Emission intensity ratio of Peak 1 to Peak 2 at SO K under different excitation
intensities. (f) Proposed quasi-type II energy structure of the core—shell FAPbBr;/CsPbBr; PeNCs.

orthorhombic CsPbBr; and 435.4 eV for cubic FAPbBr;, and the
Monkhorst—Pack grid*® parameters over the Brillouin zone were set
as 1 X 1 X 1 for orthorhombic CsPbBr; and 2 X 2 X 2 for cubic
FAPbBr;, respectively. The convergence tolerance parameters were
uniformly set as energy tolerance 2 X 107> eV/atom, force tolerance §
X 1072 eV/A, stress tolerance 0.1 GPa, and maximum displacement 2
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X 107 A. The band structures of these materials were calculated by
applying the ultrasoft pseudopotential and the Monkhorst—Pack grid
parameters were set as 2 X 2 X 2 for orthorhombic CsPbBr; and 4 X 4
X 4 for cubic FAPDbBr;, respectively. The (011) plane of
orthorhombic CsPbBr; and the (010) plane of cubic FAPbBr; were
purposely selected and cleaved to further test the corresponding work

https://doi.org/10.1021/acsami.1c18025
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Figure 3. Monitoring of PL intensity (a) and photon energy (b) of FAPbBr; and core—shell FAPbBr;/CsPbBr; PeNCs within time. (c) Emissions
from the core—shell FAPbBr;/CsPbBry PeNCs under excitation density of 1500 yJ cm™ as a function of time.

function properties. The final computed results were found to be
highly consistent with the experimental data.

B RESULTS AND DISCUSSION

The schematic structures of colloidal FAPbBr; and core—shell
FAPbBr;/CsPbBr; PeNCs are drawn in Figure la,d,
respectively. Representative TEM characterizations are shown
in Figure 1b,e, which indicate that both samples retain cubic
shape with an average size of 6.0 + 1.2 and 9.0 = 1.2 nm,
respectively. Figure Icf shows the normalized UV—vis
absorption and the PL emission spectra of FAPbBr; and
core—shell FAPbBr;/CsPbBry PeNCs, respectively. It can be
seen clearly that the absorption band edge of FAPbBr; PeNCs
is located at 516 nm, while the emission centered at 536 nm
with a full wavelength at half maximum (FWHM) of 21 nm. In
comparison, the core—shell FAPbBr;/CsPbBr; PeNCs exhibit
a clear excitonic absorption peak at 506 nm, which implies the
bigger exciton binding energy, and the emission shifts to 513
nm with an FWHM of 20 nm. The blue-shift of the emission
from the core—shell PeNCs can be attributed to the reduced
effective size of the FAPbBr; core due to the formation of the
FA,Cs,_,PbBr; alloyed layer during the growth of the shell.>*

Figure 2a,b show the normalized temperature-dependent PL
mapping of FAPbBr; and core—shell FAPbBr;/CsPbBr;
PeNCs, respectively. It can be clearly seen in Figure 2a that
the emission peak of FAPbBr; PeNCs does not change
significantly with temperatures below 100 K. However, a red-
shift of the emission peak was observed from 100 to 140 K
(Figure S1). According to previous reports,”° the structural
phase transition from orthorhombic to tetragonal should be
accounted for this red-shift in FAPbBr; PeNCs. Moreover,
theoretical calculations show that the tetragonal 7phase has a
smaller band gap than the orthorhombic phase,”” which also
supports this observation. It is noted that the phase transition
temperature is lower than that in previous research works,***
which may be due to the smaller size of the PeNCs.”**” The
blue-shift of emission with temperature from 140 to 295 K can
be described by the temperature coefficient @ = 0E,/dT =
0.359 meV/K. This is mainly attributed to the thermal
expansion (TE) of lattice due to the anharmonicity of the
interatomic potentials.*”*' In comparison, the PL peak
position of the core—shell FAPbBr;/CsPbBr; PeNCs follows
a continuous blue-shift from 50 to 295 K, which suggests that
no phase transition takes place during this temperature range,
likely due to the internal strain or a built-in electric field.*”*’
Moreover, negative thermal quenching only exists in FAPbBr;
PeNCs as shown in Figure Slc,f, which implies more surface

defect states of the material.”’ It is worth noting that the
emission from the core—shell PeNCs possesses two peaks at
low temperature (50 K) as shown in Figure 2¢c, namely, Peak 1
and Peak 2, respectively, which can be distinguished from the
Gaussian fitting (R* = 0.999). Peak 1 is located at 520.9 nm
(2.38 eV) and the sharp Peak 2 is at 524.8 nm (2.36 eV).
However, only Peak 1 can be observed at room temperature.
There are several possibilities for the origin of the low-energy
emission (Peak 2), such as biexcitons, defect states, bound
excitons, and reabsorption. The physical mechanism of this
observation will be discussed later based on the position and
intensity relationship between the two emissions at low
temperatures.

The integrated PL intensities of the two emissions at
different temperatures were extracted and are plotted in Figure
2d. With the increase in temperature, the integrated PL
intensity of Peak 2 decreases and vanishes around 200 K. On
the other hand, the intensity of Peak 1 decreases first and then
increases when the temperature reaches 180 K. Hereafter, Peak
1 dominates the emission above 200 K, and the integrated PL
intensity decreases significantly with temperature. To further
determine the origin of the two emissions, power-dependent
PL measurement at low temperature (50 K) was performed,
and the PL spectra under different excitation powers (0.10—
10.00 mW) are shown in Figure S3. The integrated PL
intensity of Peaks 1 and 2 are both proportional to the
excitation power, which can be well-described by the power-
law function Ip xI¥.** The slope (k) of the two emissions can
be determined to be 1.12 and 1.10 as shown in Figure S3b,
implying that both emissions come from excitonic recombina-
tion. It is known that the integrated intensity of biexciton
emission is usually proportional to the square of the excitation
power.”> Moreover, the energy separation between the exciton
absorption peak and Peak 2 is around 90 meV, which is bigger
than the biexciton binding energy (ranging from 1/10 to 1/S
of the exciton binding energy).%’47 Furthermore, the
integrated PL intensity of Peak 2 does not saturate with the
increase of the excitation power. Therefore, the possibility that
Peak 2 originates from the biexciton emission or defect states
can be ruled out. The emission intensity ratio of Peak 1 and
Peak 2 (I,/1,) is extracted and shown in Figure 2e. With the
increase of excitation power, this ratio first decreases and then
increases, and finally becomes identical, which indicates that
Peak 2 is not related to bound exciton emission.

Based on the above discussion, it can be concluded that Peak
1 and Peak 2 emissions both originate from free exciton (FE)
recombination. Taking into account the electron affinity and
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Figure 4. (a) Micro-PL spectra of the core—shell FAPbBr;/CsPbBr; PeNCs at different excitation intensities. Inset is the image captured from an
optical microscope, where the circle indicates the laser spot. (b) TEM image of the core—shell FAPbBr;/CsPbBr; PeNCs after laser irradiation. (c)
TRPL characterization of the core—shell FAPbBr;/CsPbBry PeNCs before and after laser irradiation. (d) Emission from the core—shell FAPbBr,/
CsPbBr; PeNCs at different pump fluences. (e) Details enlarged from (d). (f) The corresponding integrated intensity as a function of excitation
density, where a threshold of Ey, = 447 pJ/cm? for ASE can be determined.

band gap of CsPbBr; and FAPbBr;,***’ the band diagram of
the core—shell CsPbBr;/FAPbBr; is calculated by DFT as a
quasi-type II band alignment (Figure S4) and drawn in Figure
2f to discuss the mechanism. The band offset between the
valence bands of CsPbBry (VB(,) and FAPbBr, (VBp,) is only
0.021 eV, which is similar to the energy difference between
Peak 1 and Peak 2 at 50 K. For low excitation power (<2.5
mW), electrons in the conduction band of FAPbBr; (CBg,)
preferentially recombine with the holes in VB¢, Therefore,
with the increase of excitation power, this recombination
channel will dominate and lead to the decrease of I,/I,. For
moderate excitation power (between 2.5 and 5.0 mW), the
holes in VB¢, will gain enough energy from collision and be
transferred to VBg,, causing the emission of Peak 1. Therefore,
with the increase of excitation power, the integrated PL
intensity of Peak 1 increases sharply, which results in the
increase of I;/I,. For high excitation power (> 5.0 mW),
dynamic balance is reached and a constant ratio of I,/I, can be
observed. It is noted that the profile of the Peak 1 emission
becomes symmetric at temperatures above 200 K. With the
increase of temperature, the holes confined in VB can gain
enough thermal energy and be transferred to VBg,, which
contributes to the radiative recombination of Peak 1 and leads
to the enhanced integrated PL intensity. In addition, the
FWHM decreases at high temperatures due to the vanishing of
Peak 2, which corresponds to the quasi-type II structure.””'

The long-term stability of PeNCs is of paramount
importance for their application in optoelectronic devices.
Hence, the photostability measurement of FAPbBr; and core—
shell FAPbBr;/CsPbBry PeNCs were performed. As depicted
in Figure 3a, after exposure to 355 nm nanosecond laser for
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1440 min, the PL intensity of FAPbBr; PeNCs attenuates up to
40%, while that of the core—shell PeNCs is attenuated only
10%. Moreover, the core—shell PeNCs show better spectral
stability (Figure 3b). Therefore, it can be concluded that the
photostability of core—shell PeNCs is significantly improved
compared to that of bare FAPbBr; PeNCs. It is interesting that
the clear signatures of ASE emission, including narrowing of
the emission peaks and a steep rise in intensity above the
threshold, appear in the core—shell PeNCs after laser
irradiation for a period, as shown in Figure 3c. However, no
gain was detected for core-only FAPbBr; PeNCs.

To discuss why ASE was only observed in the core—shell
FAPDbBr;/CsPbBr; PeNCs, micro-PL measurement was carried
out, and the result is shown in Figure 4a. The inset is the image
of the core—shell PeNCs, and the yellow dashed circle marks
the laser spot. It can be seen that there are flat surfaces and
clusters (dark areas) on the film. ASE behavior can be
observed on the flat surfaces, while only spontaneous emission
can be detected for clusters, as shown in Figure S6c.
Morphological characterization of FAPbBr; and core—shell
FAPbBr;/CsPbBr; PeNCs after laser irradiation was per-
formed, and the corresponding TEM images are shown in
Figures 4b and S7a, respectively. It was found that for FAPbBr;
PeNCs, the morphology became uneven and the average size
increased after laser irradiation. However, the size of the
material remains unchanged for the core—shell FAPbBr;/
CsPbBr; PeNCs (Figure 4b). Furthermore, EDS images in
Figure S7b,c display the element distribution of Cs* in the
core—shell PeNCs. It can see that before and after laser
irradiation, the distribution of Cs" hardly changes in the
sample, which also supports the observation.
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It is well-known that due to the ubiquitous ion migration,
PeNCs undergo self—assembling behavior even in the absence
of an external interference.”” >* Meanwhile, the presence of
surface defect states and laser-induced effect accelerates this
ion migration process,”> >’ which results in the size increase of
FAPbBr; PeNCs. This spontaneous behavior introduces more
defect states,”® which may be responsible for the absent ASE
behavior in FAPbBr; PeNCs. In addition, it was proved that
upon photoexcitation, organic cations diffuse out from the
crystal edges and surface, causing the degradation of the
inorganic layer.”” This laser-induced degradation of PeNCs
also hindered the generation of ASE in FAPbBr; PeNCs. In
addition, it can also explain why the emission of FAPbBr;
PeNCs decayed faster after being exposed to the nanosecond
laser. In contrast, the outer layer of core—shell FAPbBr;/
CsPbBr; PeNCs is composed of an all-inorganic perovskite,
which not only eliminates the diffusion of the organic group
but also prevents the outward diffusion of organic cations in
the core. It was demonstrated that the organic cation could
assist defect migration through the charge redistribution along
with the ionic motion, providing a local charge screening
mechanism that may further speed up ion migration.”” The A-
site cation (Cs*) in the outer layer of the core—shell PeNCs is
less polar, less acidic, and less orientated than FA*, which can
efficiently prevent the ion migration. Therefore, after being
exposed to the laser, the photon energy and intensity of the
core—shell PeNCs can be maintained.

The PL decay of the core—shell FAPbBr;/CsPbBr; PeNCs
before and after laser irradiation was compared (Figure 4c),
and the fitting results gave the averaged PL lifetime values of
5.58 and 25.60 ns, respectively. It is obvious that the treated
core—shell PeNCs possess a longer PL lifetime, most likely
owing to the passivation of defect states by laser
irradiation.”' ~®* It is reported that ultraviolet (UV) light
irradiation can effectively passivate both the shallow level and
deep level defect states.”’ However, their passivation
mechanism is different. The passivation of shallow level defect
states is the dissociation of the adsorbed hydroxyl groups,
while the passivation of deep level defect states is the
dissociation of adsorbed water molecules. For the core—shell
FAPbBr;/CsPbBr; PeNCs discussed herein, defects in the
interface are the main ones. Taking into account the coating of
the shell layer and the ionic nature of CsPbBr;, the number of
water molecules that can be adsorbed by the interface defects
is much smaller than that of the hydroxyl group. Under UV
laser (355 nm) irradiation, the hydroxyl groups dissociate and
the defects are passivated, leading to the appearance of ASE.
Therefore, it is concluded that improvement is due to the UV
light passivation of shallow level defect states. Moreover, it was
known that defects at the interface as a nonradiative
recombination center may be passivated by the microwave
treatment method.®® Therefore, to confirm this hypothesis, the
as-grown core—shell PeNCs were treated with microwaves. As
shown in Figure S8, the emission property of the core—shell
PeNCs is closely related to the microwave treatment. The
longer the treated time, the earlier the observation of the ASE
behavior. In addition, the emission intensity of the core—shell
PeNCs after microwave treatment was enhanced by about 4
times. This dramatic increase in the PL intensity indicates that
defect states mainly originate from the interface between the
core and the shell. It should be noted that although the ASE
behavior can be observed without laser irradiation after
sufficient microwave treatment (S min), the intensity of ASE

is lower than that of the sample with 3 min microwave
treatment. This may be attributed to the decomposition of the
inner core due to the heat generated by excessive microwaves.
Compared with core—shell FAPbBr;/CsPbBr; PeNCs, there is
still no ASE behavior in bare FAPbBr; PeNCs (Figure S9).
The reason can be ascribed to the ion migration in FAPbBr;
PeNCs due to the absence of the shell. This ion migration
process leads to an increase in the size, which, in turn,
introduces new defects, resulting in no ASE behavior.

Figure 4d shows the ASE behavior of the core—shell PeNCs
without the microwave treatment, which possesses an
ultranarrow FWHM of around 3.1 nm and is red shifted by
around 15 nm with respect to the spontaneous emission.
Figure 4e shows the details in Figure 4d, and the red-shift of
the ASE may originate from reabsorption during single exciton
lasing.’® The threshold for building ASE is 447 nJ/cm? for the
core—shell FAPbBr;/CsPbBr; PeNCs (Figure 4f). These
results indicate that the core—shell FAPbBr;/CsPbBr;
PeNCs can act as an excellent gain medium for high-
performance lasers for optoelectronic applications.

B CONCLUSIONS

In retrospect, the emission characteristics of bare FAPbBr; and
the core—shell FAPbBr;/CsPbBr; PeNCs are studied using
power- and temperature-dependent laser spectroscopy. The
electronic structure of the core—shell FAPbBr;/CsPbBry
PeNCs is determined to be quasi-type II band alignment. In
addition, compared with FAPbBr;, the core—shell FAPbBr;/
CsPbBr; PeNCs exhibit better photostability under 355 nm
nanosecond laser irradiation. The integrated PL intensity
attenuates by only ~10% and the photon energy remains
identical, which benefits from the suppression of ion migration.
Interestingly, the ASE behavior with a threshold of 447 nJ/cm*
was observed in the core—shell PeNCs, which can be ascribed
to the laser irradiation-induced interface defect passivation.
This work would provide new opportunities for the design and
utilization of the core—shell PeNCs in optoelectronic devices.
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