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ABSTRACT: In this work, low-dimensional blue-emitting
CsPbBr; nanoplatelets were prepared. Changes in the surface
morphology of NPLs after long-term storage in a humid
environment were observed by transmission electron microscopy.
The reason for the CsPbBr; NPLs emission change from blue to
green is found to be the loss of ligand and ion migration.
Microwave treatment was demonstrated to improve the photo-
stability and electrical stability of the samples. Based on the
temperature-dependent and power-dependent photoluminescence
measurement, it was concluded that both surface and internal
defects of the sample decrease after microwave treatment. The
ultrafast decay pathway of perovskite was thoroughly analyzed, and
the ligand loss was found to be a deprotonation process, while the
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ion migration is a vacancy-driven and charge redistribution process. After microwave treatment, the residual polar DMSO solvent
volatilizes, reducing the chance of structural collapse, and the surface and internal structural defects are reduced. In turn, the Br™ ion
can exist more stably on its surface. As a result, the defect migration pathway is reduced, and photostability and smaller magnitude
photocurrent hysteresis can be obtained, which will provide an effective strategy for the optimization and stability improvement of

blue-light optoelectronic devices.

B INTRODUCTION

In recent years, metal halide perovskite materials have attracted
great scientific and technological interest due to their excellent
photovoltaic and optoelectronic properties, such as a long
carrier diffusion length, high mobility, flexible band-gap tuning,
a high photoluminescence quantum yield (PLQY), and high
defect tolerance.' > Many advantages, including facile syn-
thesis, solution processability, and low costs, make perovskites
to be of great potential in photovoltaics and light-emitting
devices (LEDs). Therefore, the perovskite-based LEDs
(PeLEDs) have achieved considerable progress,é_9 reaching
external quantum efficiency (EQE) of more than 23% for
green'’ and red'' and more than 20% for near-infrared
emissions.'” Nevertheless, blue-emitting PeLEDs, an indis-
pensable core component of solid-state lighting, have not yet
reached an impressive level as that of green- and red-emitting
devices. It is even more challenging to achieve high EQE and
luminance in a pure blue color (emission below 475 nm) due
to the poor performance inherited from pure chloride
perovskites of which efficiencies are usually below 10%."~"
Previously, the blue-emitting perovskite has been obtained
using polycrystalline films or nanocrystals (NCs) made from
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3D or 3D/2D perovskites with mixed Cl—Br composi-

. 16,17
tions. ’

However, halides will tend to separate into Cl-
and Br-rich domains at a high applied bias or under light
irradiation, lowering the EQE and causing an emission shift in
the electroluminescence (EL) and photoluminescence
(PL)."®" This phase separation stems from ion migration
and particularly different activation energies (E,) of the ion
migration of Br and ClI (0.25 eV for CsPbBr; and 0.29 eV for
CsPbCly),” which is proven to be the main reason of
photocurrent hysteresis and will also accelerate the degradation
of perovskite-based electronic devices. Unfortunately, there is
no good solution so far to solve this problem, and thus, hybrid
halide perovskites are not ideal materials for high-performance
blue LEDs so far. Alternatively, utilizing strong quantum
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confinement of pure bromide-based perovskites is another
promising way to obtain blue emission.”"”* Nevertheless, it is
still a challenge to synthesize stable NCs with particle sizes
smaller than the exciton Bohr radii of CsPbBr; (7 nm). Proven
and researched for a long time, colloidal perovskite nano-
platelets (NPLs) are the best strategy to break this dilemma,
and researchers have achieved a fascinating PLQY of 96% for
the ultrapure blue emission at 462 nm from CsPbBry NPLs.”
Although great progress has been made in the luminescence of
blue emission of perovskites, some existing potential threats
still need to be addressed. It has been reported that NPLs
require more organic ligands for latitude confinement, while
the action of oleic acid (OA) and oleylamine (OAm) via
hydrogen bonding on the surface halide atoms of perovskite
NCs is highly dynamic. Such a dynamic binding nature is
suggested to be the origin of ligand loss and thus EQE
deterioration.”*** Additionally, residual polar solvents such as
DMEF and DMSO can easily decompose PQDs and cause
surface defects.”*?’ Furthermore, there are also halo§en
vacancy defects that accelerate ion migration pathways”¥*” as
well as well-known environmental conditions such as with
water, air, and light that will cause the instability of the
perovskite.”*** In general, there are many factors affecting the
emission efficiency of blue-emitting perovskites.

It has been reported that some strategies have been for
improving stability, such as surface hydrophobic film-coating,
addition of a natural hydrophobic structure, passivation,
thermal annealing, and so on.>**” However, the surface
coating will affect electrical injection, while the chemical
method used in the passivation method is complicated and can
easily cause unknown changes. The thermal annealing can
easily lead to the structural collapse of perovskite. Among the
numerous optimization methods, noncontact electromagnetic
wave post-treatment, such as UV and microwave annealing,
showed simple but excellent performance.”® ** The improper
use of UV light will bring irreparable damage to the perovskite
owing to the shallow penetration depth. Meanwhile, for the
microwave treatment, it has a long penetration depth, and
most of the lattice defects, especially vacancy defects, can be
suppressed instantaneously. In addition, it is worth noting that
the polar solvent can instantly reach its boiling point under
microwave treatment (the ability of the polar solvent to absorb
microwaves is much greater than that of the perovskite);
therefore, the residual polar solvent will be eliminated.
Therefore, microwave treatment has been considered to be a
better choice for improving low-dimensional perovskites. On
the other hand, due to the limitation of characterizations, the
interion reaction of perovskite is too fast to be observed, and
thus, there are still different opinions on the origin of the decay
pathway, the role of ligands, and the ion migration in
perovskite. Although the full implications of this ion migration
are currently elusive, many theoretical and experimental studies
have shown that halide anions are the dominant mobile ions
and are closely related to vacancy defects in the structure.
Therefore, it is urgent to take a clear picture of the reasons for
the emission efliciency attenuation of blue emission perovskite
and to propose an effective improvement strategy based on
this, which is of great significance for promoting the perovskite
solid-state lighting industry.

In this work, low-dimensional blue-emitting CsPbBr; NPLs
were fabricated. The changes of the surface topography of
NPLs after a long time of being stored in moisture
circumstances were observed by transmission electron

microscopy (TEM). It was found that the reason the blue-
emitting CsPbBr; turns green is the loss of ligands and the
consequent ion migration. The as-grown samples were treated
by microwave treatment under different conditions. From the
results of temperature- and power-dependent PL, it was
concluded that both surface and internal defects of the samples
were suppressed after microwave treatment. The change of
femtosecond carrier dynamics due to microwave treatment was
observed by ultrafast absorption spectroscopy, and an in-depth
analysis of the perovskite decay pathway will be shown. It was
found that the cooling process of hot carriers plays an
important role in this process. The loss of ligands is a process
that is vacancy-driven and of deprotonation and charge
redistribution. The blue-emitting CsPbBr; after microwave
treatment shows good photostability and smaller magnitude
photocurrent hysteresis, demonstrating that the reduction of
the internal defect density is beneficial for reducing the degree
of deprotonation of the ligands and ion migration.

B EXPERIMENTAL SECTION

Synthesis of NPLs. Lead bromide (PbBr,, 99.999%) was
purchased from Aladdin. Oleylamine (OAm, 90%), 1-
octadecene (ODE, 90%), and cesium carbonate (Cs,COs;,
99.9%) were obtained from Adamas-beta. Methyl acetate
(98%), hexane (97.5%), and toluene (99%) were purchased
from General Reagents. Oleic acid (OA, 90%) and isopropyl
alcohol (IPA, 99.7%) were received from Alfa Aesar and
Shanghai Lingfeng, respectively. Perovskite CsPbBr; NPLs
were synthesized through a modified microemulsion method.
One millimole of PbBr, was ultrasound-dissolved in 2 mL of
DMSO to form a PbBr, precursor. One millimole of CsBr and
moderate SA (0 or 2.3 mmol) were dissolved in 2 mL of
hydrobromic (HBr) acid to form a CsBr precursor. All steps
were carried out at room temperature. A volume of 0.5 mL of
OAm and OA was added into 8 mL of toluene with 800 rpm
stirring, respectively. Then, 100 yL of PbBr, precursors and
CsBr precursors solution was dropped into the OA, OAm, and
toluene mixed solution, respectively. After 6 s, 0.5 mL of
butanol was added into the solution rapidly and stirred for 3
min later.

Characterization. TEM with an FEI Tecnai G2 F20
microscope operated at 200 kV was used to observe the size
and shape of the CsPbBr; NPLs. UV—vis absorption spectra
were recorded at room temperature on an ultraviolet and
visible spectrophotometer. Steady-state PL spectra were
measured by a Shamrock spectrometer (model no. SR-750-
DI1-R) and detected by a Newton CCD (model no. DU920P-
BU). A He-Cd CW laser with a line of 325 nm as the excitation
source was used to perform PL and long-time irradiation
measurements. The power of the excitation laser was 1 mW,
and the spot size was approximately 0.03 cm’. For temper-
ature-dependent PL measurements, the sample films were
placed into a closed cycle helium cryostat (Cryo Industries of
America) with quartz windows, and the temperature was
controlled by a commercial temperature controller (Lakeshore
336) from S0 to 300 K. A He-Cd CW laser with a wavelength
of 325 nm as the excitation source was used to perform
temperature-dependent PL. The 355 nm femtosecond pulses
were selected (Coherent Astrella ultrafast Ti:sapphire laser
with OperA Solo, a pulse with 100 fs, and a repetition rate of
1000 Hz) to perform the power-dependent PL measurement
and time-resolved PL decay curves.

https://doi.org/10.1021/acs.jpcc.3c05919
J. Phys. Chem. C 2023, 127, 23917-23925


pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c05919?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

As-grown B

Stored at ambient temperature
_ for 3 months later

SIS EEESEEEE LR E 0
2P0 EB40 02882400
S A0S PSS G0 0S

3.5
d —— As-grown e —— As-grown
- —— 1 months later —— 3 months later
3 3
= m
5 25 =
-t u
s G
g -
2 2.0 E
a
15 : AN OA AN OAM
- . - qegrer Regular
300 350 400 450 500 550 600 400 450 500 550 600 octahedral ® €8
Wavelength (nm) Wavelength (nm) structure

Figure 1. Characteristics of low-dimensional blue-emitting CsPbBr;NPLs before and after a long time stored in at ambient temperature. (a, b)
TEM images of the as-grown sample and the sample stored at the ambient temperature for three months. Insets are the corresponding magnified
figures. (c) Schematic of lacking ligands and peripheral ions to aggregate into large-sized structures. (d) Absorption spectra of the as-grown sample
and the sample stored at the ambient temperature for 1 month. (e) Room-temperature PL of the as-grown sample and the sample stored at ambient

temperature for three months.

Microwave Treatment and Device Fabrication. Midea
MIL-213C equipment was used for the microwave treatment.
The selected power of the microwave radiation was 800 W for
3—30 s. The CsPbBr; NPLs were spin-coated onto a clean
quartz substrate by deposition at 2000 rpm for 45 s. Then,
silver electrodes (100 nm) were deposited in a thermal
evaporation system.

B RESULTS AND DISCUSSION

Figure lab shows the TEM of the low-dimensional blue-
emitting CsPbBr; NPLs before and after three months at the
ambient temperature. It can be seen that the as-grown CsPbBr;
NPLs have a rectangular shape with a length of approximately
20 nm and a width of $S nm. In contrast, the samples stored at
the ambient temperature for three months were visibly
clustered, exhibiting a circular shape and a diameter of
approximately 18 nm. The insets are the enlarged TEM image
of the samples, and the circle-shape aggregation is formed by a
number of rectangular aggregates. As demonstrated in Figure
Ic, it can be clearly seen that the absence of ligands and
peripheral ions between the rectangular NPLs will gradually
compress and aggregate toward the center, eventually turning
into round-like nanocrystal samples. The UV—vis absorption
spectra of the sample stored at ambient temperature for 1
month show absorption at approximately 518 nm, whereas the
absorption of a freshly grown sample was at 464 nm, as plotted
in Figure 1d. When the sample was stored for three months,
the emission from the sample turned completely green, as
shown in Figure le. Therefore, it can be concluded that the
main reason for the transformation of the low-dimensional
blue-emitting perovskite into green is the absence of ligands
and peripheral ions in the structure as well as the aggregation
into larger sizes.

In order to improve the stability of low-dimensional blue-
emitting perovskite, microwave treatment with different
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conditions were used. Figure 2a is the schematic diagram of
the sample under microwave treatment for 3—30 s, and the
samples were indexed as MW-3s to MW-30s, respectively.
Figure 2b,c shows the enhancement of absorption and
integrated PL intensity of the microwave-treated samples
compared with the as-grown sample under different treated
conditions. It can be seen in Figure 2b that the absorption
reaches the maximum enhancement for the sample MW-10s.
While the emission reaches its maximum for the sample MW-
Ss, the sample MW-10s decreases. It implies that MW-10s have
a larger absorption value, but the ability to light conversion
decreases, which indicates that the defects of MW-10s increase.
Therefore, the microwave treatment of S s is considered to be
the optimal condition. To prove this conjecture, temperature-
dependent and power-dependent PL measurements were
carried out, and the results are shown in Figure 2d,e,
respectively. It can be seen from Figure 2d that both the as-
grown and MW-5s show the decrease of the PL intensity for
temperatures below 200 K, while the reverse trend is observed
with temperatures above 200 K. It has been confirmed that the
unusual PL quenching phenomenon is related to the surface
states of the samples.”’ At low temperatures, surface defects
will capture electrons, which results in nonradiative recombi-
nation. Above a certain critical temperature, electrons will
escape from the defect states and participate in radiative
recombination, which give rise to the enhanced emission.
Thus, the emission enhancement reflects the magnitude of the
defect density in the material, and a larger enhanced value
indicates a higher density of surface defects. As shown in the
figure, it can be seen that the PL enhancement of the as-grown
sample is higher than that of the MW-Ss sample, which implies
that the density of surface defects is higher in the as-grown
sample than in the MW-5s sample. In order to further analyze
the suppression of defects after microwave treatment, the
methodology of our previous work was used.”> A low fluence

https://doi.org/10.1021/acs.jpcc.3c05919
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Figure 2. Evolution of the defect concentration of samples before and after microwave treatment. (a) Schematic diagram of microwave treatment.
(b, ¢) Enhancement of the absorption and integrated PL intensity of the microwave-treated samples compared with the as-grown sample under
different treated conditions. (d) Temperature-dependent PL intensity of the as-grown and MW-Ss samples. (e) Evolution of the defect
concentration of the as-grown and MW-Ss samples as a function of photogenerated carrier density.

of femtosecond laser pulses at 325 nm (the penetration depth
of this laser is larger than the thickness of the sample) was used
for measurement due to the negligible trap states' depopulation
during the luminescent period.” Ultrafast femtosecond pulses
can prevent the trap-state depopulation during the excitation
process, which enables a more accurate determination of the
density of trap states. Figure 2e shows the variation of internal
defect concentrations with the density of photogenerated
carriers, and the defect concentration of the MW-5s sample are

lower than the as-grown sample, which are
ntﬁfv"ss =1.0x 10" and nfr;grown =1.9 x 10, respec-

tively. This indicates that the internal defects of the sample
are reduced after microwave treatment. Therefore, the
microwave treatment can reduce the defect density on the
surface and inside the perovskite at the same time.

To illustrate the carrier dynamics and hot carrier relaxation
processes of the samples before and after microwave
treatments, ultrafast transient absorption (TA) spectroscopy
is used to measure the samples as shown in Figure 3. The
corresponding light irradiation samples are named as as-grown-
L and MW-Ss-L, respectively. A pump pulse at 355 nm at 9.4
W/m? (with an initial carrier concentration: N, = 9.4 x 10"
cm™%; ~100 fs and 1 kHz) was used to excite. The TA spectra
and corresponding pseudocolor pictures of the as-grown and
microwave-treated samples as well as the corresponding light-
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irradiated samples for 30 min are shown in Figure 3ab. As
shown in the figures, two negative photobleaching (PB1 and
PB2) peaks at positions of 400 and 456 nm is shown in the as-
grown sample, and another negative PB3 peak appears in the
as-grown-L sample. The PB2 peak originates from the ground-
state bleaching (GSB) because of the state filling of the carriers
at the band edge. The PB1 peak originates from interstitial
defects at high energy levels on the conduction band, and the
PB3 peak originates from the bleaching signal at the energy
level produced by the ion clusters after light irradiation.”>*
Meanwhile, the MW-Ss and the MW-5s-L samples only appear
to have one negative PB peak at 456 nm. Therefore, the peak
intensity of PBI represents the number of interstitial defects
(internal defects) in the as-grown sample. As can be seen from
Figure 3a, PB1 disappeared in the microwave-treated sample,
indicating the removal of interstitial defects in the samples after
treatment. In addition, the PB3 peak comes from the newly
appeared defects of the sample, which comes from ion stacking
cluster on the surface after light irradiation.** It is noted that
the PB3 does not exist in the sample after microwave under
illumination, which indicates that the surface defects of the
NWs-5s sample had been passivated, and there was no obvious
ion stacking cluster after light irradiation in the MW-5s-L
sample. This result is also confirmed in the corresponding
pseudocolor pictures (Figure 3b). It shows that all samples
were found to be blue-shifted and then red-shifted. The blue

https://doi.org/10.1021/acs.jpcc.3c05919
J. Phys. Chem. C 2023, 127, 23917-23925
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Figure 3. Influence of microwave treatment and light irradiation on carrier dynamics. (a, b) fs-TA spectra and corresponding pseudocolor pictures
of the as-grown and microwave-treated sample as well as the corresponding light excited samples for 30 min. It was pumped by 355 nm at 9.4 W/
m?* (with an initial carrier concentration of Njy = 9.4 X 10'7 cm™), and the same power was used for light irradiation. The dotted line in b shows the
trend of the GSB with time. (c) fs-transient kinetic traces of the respective GSB maxima (456 nm) of the corresponding samples. The hollow marks
in the figure are measured data, and the solid lines are fitted curves. The inset is an enlarged section within 30 ps. (d) Schematic of the energy band
structure and electron transition of the blue emission perovskite NPLs. (e) Extracting the peak position of the ground-state bleaching signal as a

function of time in b.

shift of the samples after microwave treatment was bigger than
that of the as-grown samples, and the red shift showed the
opposite trend. The blue-shift is the accumulation of hot
carriers, and the red shift is the many-body Coulombic
interaction induced by the hot carrier cooling, which in turn
leads to the reorganization of energy bands. According to the
previous study,42 the hot carriers' cooling dynamics is governed
by the intrinsic properties of materials, and these processes can
reflect the amount of carrier migration pathways in the
material. Generally, the faster the hot carrier rates (the shorter
the lifetime, as shown in Figure 3c), the more energy is
transferred to the ion migration pathway and the more
unstable the structure. Thus, it can be known that the bigger
blue shift, the weaker the red shift and the less ion migration
exists in the microwave-treated sample.

The decay kinetics of each GSB is extracted and shown in
Figure 3¢ with their fitting parameters listed in Table 1. These
processes can be depicted in the schematic of the energy band
structure and electron transition of the blue-emitting perov-
skite NPLs, as shown in Figure 3d. The fast decay component
7, bleaching is ascribed to the carrier transfer from lower

Table 1. Ultrafast Kinetic Process Fitting Parameters

sample
as-grown 4.42 63.28 784.98
as-grown 30 min UV light irradiation 2.88 61.42 584.98
MW-5s 7.13 190.68 2352.18
MW-5s 30 min UV light irradiation 5.67 181.90 2598.70
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species (donor domain) to the emitting domain, showing the
hot carrier accumulation and cooling process. The slow decay
component 7, shall refer to the charge trapping according to
previous reports,””** and the longtime decay component 7 is
ascribed to the radiation composite lifetime. It was found that
the hot carrier lifetime, the trap lifetime, and the radiation
composite lifetime of the microwave-treated samples all
increase, which is consistent with previous observations. Figure
3e shows the extracted peak position of the GSB signal as a
function of time. It is more clearly demonstrated that the
microwave treated samples have larger blue-shift distances and
longer lifetimes. A larger blue shift indicates a larger hot carrier
buildup, and a smaller red shift indicates weaker energy band
reorganization, reflecting the stability of the energy bands.
To investigate the stability of low-dimensional CsPbBr;
samples after microwave treatment, the PL spectra of the as-
grown and the microwave-treated sample after 330 min of UV
irradiation are shown in Figure 4a,b, respectively. Compared
with the stable peak position of the microwave-treated sample,
the emission of the as-grown sample is redshifted from 460 to
525 nm. Figure 4c,d shows the CIE 1931 spatial chromaticity
diagrams of the samples in the (x, y) coordinate system, which
demonstrate the good color stability of the treated samples.
Figure 4e shows the schematic structure of the as-grown and
microwave treated samples before and after light irradiation.
The results show that the microwave treated sample was able
to maintain the blue emission under prolonged irradiation,
which indicates the result of stable binding of the ligand to Br™.
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Figure 4. Optical characterization of the change of the sample light irradiation time before and after microwave. (a, b) PL plots of the change in
light time of the samples before and after microwave. (c, d) CIE 1931 spatial chromaticity diagrams of the samples in the (x, y) coordinate system.
(e) Schematic diagram of the ligand and Br~ structure of the sample before and after microwaving.
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Figure 5. Physical fundamentals of samples before and after microwave and light irradiation. (a, c) Effect of ligand OAm®, residual polar solution
DMSO under as-grown vs UV irradiation conditions. (b, d) Effect of ligand OAm*, residual polar solution DMSO under microwave conditions vs

postmicrowave UV irradiation conditions.

To investigate the physical fundamentals of samples before
and after microwave with light irradiation as well as the effect
of the ligand and its residual polar solvent DMSO on the low-
dimensional CsPbBr;, schematic diagrams of the samples are
drawn as shown in Figure 5a,d for samples under the influence
of residual polar solvent (DMSO) and UV light irradiation.

Among them, OAm" and Br~ are bonded by weak hydrogen
bonding. In the case of more Br vacancies in the material, the
Br on the surface is easily free in the structure due to the
Coulombic attraction between the charges. The surface ligand
tends to deprotonate by obtaining electrons from the
environment, especially for the case under UV irradiation.

23922 https://doi.org/10.1021/acs.jpcc.3¢05919
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Figure 6. Photoelectric properties of samples. (a) Schematic diagram of the structure of the sample incorporation electrode before and after
microwave treatment. (b, c) Voltametric characterization of samples before and after microwave treatment.

Under the dual forces, OAm* and Br~ are separated and the
ligand becomes free.”®*>* In turn, the residual DMSO tends
to attract Cs* and perovskite tends to decompose, especially
under UV irradiation. After microwave treatment, the polar
solvent DMSO absorbs microwaves much more than the
ligands and perovskite, and the temperature can be eliminated
instantaneously above 189 degrees (its vaporization point).
Although the microwave absorption of perovskite is smaller
than DMSO, the absorbed microwave energy can be effectively
transformed to the thermal energy of ions, which can diffuse
and fill the vacancy defects. Microwave treatment is particularly
effective for perovskite because of its structural peculiarities,
which is an ionic compound whose defects are crucial for their
structural stability and property. Moreover, the interstitial
defects and vacancy defects after microwave annealing are filled
and modified, and the internal structure is repaired instantly.
This greatly reduces the movement of surface Br~ and
indirectly increases the binding of Br~ to the ligand while
reducing the ion migration pathway.

This experiment also verified the effect of the microwave
treatment on its optoelectronic properties. Figure 6a shows the
photoresistor structure of the samples before and after
microwave. Figure 6b,c shows the voltametric characteristic
(IV) curves of the samples before and after microwave
treatment, After the device was energized, the ion migration
phenomenon of the samples after MW-3s was significantly
reduced compared with that of the as-grown samples, which is
very favorable for the optoelectronic devices and provides an
effective strategy for the subsequent preparation of stable
optoelectronic devices.

B CONCLUSIONS

In this work, low-dimensional blue-emitting CsPbBr; NPLs
were prepared, and microwave treatment was performed,
which results in samples with better photostability and
electrical stability. It is revealed that the conversion of blue-
emitting CsPbBr; to green-emitting CsPbBr; is due to ligand
loss and ion migration. An in-depth analysis of the decay
pathway of perovskite using ultrafast kinetics reveals that ligand
loss is a deprotonation process (OH™ and H* in ambient water
and positive and negative charges from light irradiation and
power supply), and ion migration is a vacancy-driven and
charge redistribution process. After microwave treatment, the
residual polar DMSO solvent volatilizes, reducing the chance
of structural collapse, and the internal structural defects are
reduced (vacancy defects are reduced). In turn, the Br™ ion can

exist more stably on its surface, and therefore, it is less likely to
lose its hydrogen bond when it binds to external ligands. As a
result, the defect migration pathway is reduced, enhancing the
ion migration formation energy of the structure. In this
process, the hot carriers cooling time becomes longer, and the
energy band recombination chances are reduced, which
reduces the conversion of hot carriers to nonradiative
composite. This study provides a reference for the under-
standing of the perovskite decay pathway, which will be useful
for optimizing and stabilizing blue-emitting optoelectronic
devices based on perovskites.
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