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Laser-induced Modifiable Dual-wavelength Emissions from
Lead Halide Perovskite Alloy Microcrystal

Yu Wu, Xia Shen, Qihang Lv, Qian Yang, Da Liu, Zhaohui Shan, Pengfei Guo,*

and Johnny C. Ho

Due to the tunable bandgaps, high quantum efficiency, and long carrier diffu-
sion length, perovskites have attracted significant attention as active materials
for solar cells, nanoscale lasers, photodetectors, and light-emitting diodes.
Herein, laser-induced dual-wavelength emissions from the CsPbBrs,l31_,) perov-
skite alloy microcrystals are reported. Under a 375 nm laser illumination, the
micro-photoluminescence (PL) emission spectra of these microcrystals exhibit
two emission bands at 570 and 690 nm with gradually increased and decreased

stability, which prohibits their deployment
in optoelectronic devices.?% In contrast,
all-inorganic perovskites have significantly
improved stability, bringing light into
developing high-efficiency optoelectronic
devices, including wavelength-tunable
emitters, color-full displays, and solid-light
sources.21-23]

Recently, all-inorganic perovskite nano-

PL intensity, respectively. Moreover, the time-dependent emission wavelength
of the two emission bands almost has no changes, while the PL intensity of
both emission bands shows periodic fluctuations with the on—off switching
of excitation light. This dual-wavelength emission phenomenon suggests
that phase segregation occurs in these perovskite microcrystals during laser
illumination. These results would provide valuable design guidelines for
perovskites-based tunable nanophotonic devices and multi-color displays.

1. Introduction

Perovskite materials have attracted tremendous interest
due to their high quantum efficiency, low trap-state den-
sity, long carrier diffusion length, and tunable bandgaps.'"!
With these excellent properties, perovskite materials have
been widely explored as active materials for solar cells,!!2
photodetectors,>®l  and micro/nano-lasers.’-"1  However,
organic-inorganic hybrid perovskites, the typical perovskite
materials, are mainly restricted by their poor environmental
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structures with dual-color or multi-color
emissions have been routinely fabricated
through anion exchange, ion doping, and
phase transition methods, demonstrating
their great potential for future optoelec-
tronic devices.?*?’l For instance, CsPbBr;/
CsPbl; heterostructure thin films were
realized via a selective anion-exchange pro-
cess, which was used to investigate dual-
color emissions and current rectification
behaviors.**) CsPbCl;/CsPbl; axial hetero-
structure nanowires were also examined for dual-wavelength
lasing at 425.5 and 6874 nm, respectively.?®! In addition, many
works have as well been reported to evaluate tunable emis-
sions of perovskite materials to understand their mechanism
of phase separation,/?*32 which may affect the performance of
photoelectronic devices, including solar cells,?33% and light-
emitting diodes.l¥”38 It is generally believed that tunable emis-
sions caused by phase separation in alloy perovskites are owing
to the loss of phase stability and separation of different types
of halide ions under laser illumination or carrier injection.30#2
To date, scientists have performed extensive research on halide
separation, where many aspects of the process remain contro-
versial in the literature and need further investigation.

Here, we report the synthesis of perovskite alloy microcrys-
tals via a two-step chemical vapor deposition (CVD) method.
Scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDX), and X-ray diffraction (XRD) analysis
results suggest that the obtained microcrystals are high-quality
with perovskite alloy structures. Dual-wavelength emissions of
the microcrystals occur with gradually changed intensity under
a continuous wavelength (CW) laser illumination. It is observed
that the photoluminescence (PL) emission peak is originally
at 570 nm, which is decreased slowly by increasing irradiation
time. At the same time, another emission peak starts to appear
at 690 nm after introducing laser illumination, and the inten-
sity rises accordingly for the prolonged irradiation. This dual-
wavelength emission may be caused by phase segregation in
the perovskite alloy structure. This phenomenon of halide ion
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Figure 1. a) Low-resolution top-view SEM image of the perovskite microcrystals. b,c) Optical photographs of the selected perovskite microcrystals
before (b) and after (c) laser illumination, respectively. d—g) Dark-field real-color images of a representational microcrystal (red dotted square in
b) excited by a 375 nm focused laser illumination from (d) t =0 to (g) ¢t = 50 min, respectively.

segregation would always occur in perovskite materials under
laser illumination, while the excited state carriers drive the seg-
regation process during laser irradiation.?** These findings
give valuable design guidelines for utilizing perovskite mate-
rials in phase modulation devices, tunable emitters, and multi-
color displays in the future.

2. Results and Discussion

The perovskite microcrystals were synthesized by a two-step
CVD method, as depicted in Figure S1 (Supporting Informa-
tion). Experimental details are shown in the Experiment Sec-
tion. The SEM image demonstrates that the alloyed perovskite
microcrystals are grown on the Si/SiO, substrate, with a reg-
ular rectangle shape with side lengths of 2-10 um (Figure 1a).
Figure 1b,c gives the optical photographs of the perovskite
microcrystals before and after laser illumination, respectively,
exhibiting nearly the same surface topography. Under a 375 nm
laser excitation, the emission colors of a typical microcrystal
are gradually changed from green to red with increasing laser
illumination time (¢ = 0-50 min), as illustrated in Figure 1d-g.
At first (t = 0, Figure 1d), the dark-field PL image of the micro-
crystals shows a green emission color at 570 nm. As the laser
illumination time rises to t = 2 min, red emission starts to
appear (Figure lef) from the microcrystal. After laser excita-
tion for 50 min, the emission color of the crystal changes to
red (Figure 1g). In order to solve this puzzle, detailed structural
characterization and micro-photoluminescence spectroscopy are
then performed on these unique alloy perovskite microcrystals.

Figure 2a,b shows the SEM image and optical photograph
of the alloyed perovskite microcrystals. They exhibit a square-
like structure with side lengths of about 2-10 pm. The XRD
pattern of these perovskite structures is displayed in Figure S2
(Supporting Information), where they are indexed to the mon-
oclinic phase. Figure 2c illustrates the EDX analysis of a typ-
ical microcrystal before laser illumination as indicated in the
panel (a). The atomic ratio of each constituent is measured as
Cs:Pb:I:Br = 16:22:12:49. These results are in good agreement

Adv. Mater. Interfaces 2022, 9, 2200680

2200680 (2 of 7)

with the expected atomic ratio of Cs:Pb:X = 1:1:3 (X = I, Br),
indicating that the nanostructures are indeed perovskite alloyed
(CsPblj¢Br,,4) structures. The corresponding two-dimensional
(2D) elemental mapping of a typical microcrystal is shown in
Figure 2d-h. The results reveal the homogeneous atomic dis-
tribution throughout the entire microstructure. These findings
suggest that the perovskite microcrystals are single crystalline
with homogeneous atomic distributions.

To further explore the optical properties of these perovskite
microcrystals, the PL spectra and corresponding dark-field
emission images are collected by a confocal optical system, as
shown in Figure S3 (Supporting Information). To be specific,
a 375 nm CW-laser is focused and irradiated onto the micro-
crystal, while the in-situ PL spectra and corresponding real-
color images are recorded for these microcrystals during laser
irradiation (Figure 3a—f). At the beginning (t = 0, Figure 3a), the
PL spectrum of a typical microcrystal shows an emission peak
at 570 nm with full width at half maximum of about 17 nm
at room temperature, suggesting the band-to-band emission
occurred under laser excitation. The corresponding dark-field
image exhibits a green emission (inset in Figure 3a), which
shows agreement with the PL spectrum. When the laser illu-
mination time increases to 20 s, an emission peak at 690 nm
emerges and arises gradually along with the illumination
time (Figure 3b). After 70 s, red emission appears from the
exciting position (Figure 3c), and the PL spectrum simultane-
ously shows dual-wavelength emission at 570 and 690 nm. As
the laser illumination time goes on, the PL intensity at 570 nm
decreases, and the 690 nm peak increases gradually without
apparent peak shift (Figure 3d-f). At the same time, the emis-
sion images of the microcrystals are changed from green to red
during laser excitation (t = 0-50 min). It is worth noting that
the emission colors are altered in the irradiated regions, indi-
cating that the laser-induced local phase segregation may occur
in the irradiated area.

Moreover, it is essential to investigate the laser-induced emis-
sion changes of these microcrystals. A series of time-dependent
PL spectra are recorded from t = 0 to t = 50 min, as shown in
Figure 4. Figure 4a shows the time-dependent 3D PL spectra of
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Figure 2. a) SEM image and b) optical photograph of some perovskite alloy microcrystals after laser illumination for 50 min. c) EDX elemental profiles
of a perovskite microcrystal as shown in (d). e-h) Corresponding EDX mappings of the typical perovskite alloy microcrystal as indicated in (d).

Figure 3. PL spectra and corresponding dark-field real-color images of an individual perovskite alloy microcrystal. a) PL spectrum and real-color image
of a typical microcrystal under a focused 375 nm laser illumination at t = 0. b—f) PL spectra and corresponding dark-field real-color images of the
selected microcrystal under laser illumination time at t =20 s, 70 s, 4, 20, and 50 min, respectively. The scale bar is 1 um.
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Figure 4. a) 3D evolved PL spectra of a perovskite microcrystal recorded from 0 to 50 min, under a 375 nm laser illumination. b) Time-dependent
emission wavelength of the two emission peaks (570 and 690 nm) from t =0 to t = 50 min. c) Time-dependent PL intensity of the two peaks at 570 and

690 nm, respectively.

a representative microcrystal under a 375 nm laser illumination
at room temperature. The continuously changed PL spectra
recorded from 0 to 50 min exhibit the emission changes of
the two peaks in Figure 4a. As can be seen, the intensity of the
high energy emission band at 570 nm decreases gradually. In
comparison, the low energy band at 690 nm rises rapidly and
finally tends to be stable. Also, the emission wavelength of the
two peaks at 690 and 570 nm have no apparent changes during
laser illumination (Figure 4b). Notably, the PL intensity of both
emission peaks are changed by the laser illumination time, as
shown in Figure 4c. It can be seen that the high energy band
decreased rapidly, and the low energy band raised gradually
along with the laser irradiation time.

After laser irradiation, the EDX characterizations of the fixed
microcrystal are performed again, as shown in Figure S4 (Sup-
porting Information). It is observed that the detected perovskite
microcrystal has a uniform morphology with smooth surfaces.
In contrast, the elemental distribution of the microcrystal
has no significant difference compared to the original crystal.
This laser-induced dual-wavelength emission of the perovskite
microcrystals may be caused by the formation of lower energy
band perovskite inclusions from the higher energy band perov-
skite, which eventually formed well-mixed perovskite phases
under laser illumination.?>*2 It is because the light-induced
phase segregation phenomena in mixed halide perovskites
were reported, in which photo-excitation induces halide migra-
tion and results in lower bandgap iodide-rich domains exhib-
iting the lower energy band emission.?>33% This phenomenon
is different from the dual-wavelength emission in scintillation
crystals under a light excitation, which is related to the self-
trapping emission at small crystal sizes.*#] This spatially
inhomogeneous mixed halide perovskite with different band
gaps under irradiation may be derived from the phase segrega-
tion of perovskites.***!l Owing to the relatively long lifetimes
and carrier diffusion lengths, under illumination, the photo-
generated carriers would occupy a significant volume fraction
of the lattice before radiative recombination.®# The carriers
have ample opportunities to survey multiple crystallographic
domains during diffusion. The carriers can then rapidly ther-
malize and become trapped upon encountering any I-rich low
bandgap region. The change in band structure between an

Adv. Mater. Interfaces 2022, 9, 2200680

2200680 (4 of 7)

I-rich domain and the uniformly mixed perovskite can also
generate an electric field that might further aid in sweeping
carriers into the I-rich domain.[%5! Therefore, under laser illu-
mination for a short time, the PL emission should come from
the radiative relaxation of carriers trapped in the I-rich region,
consistent with the results of PL measurements as shown in
Figure 4c. Moreover, recent transient absorption measurements
and investigations support our proposals that phase segrega-
tion takes place and that carriers quickly relax into the trap state
by showing transient bleaches of both a high-band-gap and low-
band-gap phase.’%%2 Thus, all these results may indicate that
once excited carriers have driven phase segregation, rapid ther-
malization of those carriers from the higher-band gap to the
new, lower-energy state occurs in a short time.

In addition, to shed light on the mechanism of laser-induced
dual-wavelength modulated emission, the measurements with
the laser beam modulated on and off are performed, as shown
in Figure 5. Figure 5a shows the dark-field real-color images
of a typical microcrystal under a focused 375 nm laser illumi-
nation recorded at a different time from three testing cycles
(al-a4, bl-b4, and cl-c4), respectively. At the beginning (¢ = 0),
a laser beam is focused and excited at a representational micro-
crystal. Four emission images (al-a4) and corresponding PL
spectra (PL,,.PL,, in Figure 5b) are recorded at t = 10 s, 540 s,
1080 s, and 1560 s, respectively. As can be seen, the low energy
emission band (690 nm) starts to increase with the laser time.
After the illumination time of 1560 s, the laser beam is turned
off. After 10 min, the laser is turned on again, and the emis-
sion images (bl-b4 in Figure 5a) and PL spectra (PL;;.PLy, in
Figure 5c) are recorded, which indicates that the emission
wavelength is dominated at 690 nm. After 3080 s, the laser is
turned on again, while the real-color emission images (cl-c4 in
Figure 5a) and PL spectra (PL,.PLy in Figure 5d) show little
difference with the second cycle (t = 2160-2480 s). At the same
time, the time-dependent emission wavelength of two emission
bands at 570 and 690 nm are shown in Figure 5e. It is observed
that both of the emission bands are stable and unchanged.
Figure 5f shows the time-dependent PL intensity of the two
emission bands with the switch of excitation light. The emis-
sion intensity of the high-energy band decreases gradually and
tends to be stable under laser excitation. However, the emission

© 2022 Wiley-VCH GmbH
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Figure 5. a) Dark-field real-color images of a typical microcrystal under a 375 nm focused laser illumination were recorded at different times from
three testing cycles (al-a4, b1-b4, and c1-c4), respectively. b—d) Corresponding PL spectra of the perovskite microcrystal, which are excited at different
times from t =0 s to t = 3260 s, respectively. e) Time-dependent emission wavelength of the two emission bands at 570 and 690 nm, respectively. The
isolation time is 10 min between light on and off. f) Time-dependent PL intensity of the two emission bands with the on-off switch of excitation light.

intensity of the low-energy band fluctuates periodically with  the laser is turned off. It is now accepted that excited state car-
the switch of excitation light. These results indicate that the riers drive the segregation process because halide segregation
halide ions segregation phenomenon will not continue once  was observed in the perovskite materials, even in the absence of
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light.[*-2] Furthermore, it is considered that the entropy mixing
here drives returning to the original state after removing the
excitation source.*1*

3. Conclusion

In summary, we report a two-step CVD method to synthesize
metal halide perovskite microcrystals. The SEM, XRD, and EDX
profiles indicate that these microcrystals are single crystalline with
side lengths of about 2-10 um. Under a CW-laser illumination, the
PL emission spectra of the microcrystals show dual-wavelength
emissions at 570 and 690 nm, which can be continuously changed
by the laser illumination time. Moreover, the time-dependent PL
intensity of the two emission bands with the switch of excitation
light is systematically investigated, which indicates the intensity
of the high energy band decreased, and the low energy band
increased gradually. This unique emission modulation suggests
that the phase segregation may occur during the laser illumina-
tion. These interesting findings would have potential applications
in multi-color displays and tunable emission devices.

4. Experimental Section

Material Preparation: The perovskite alloy microcrystals were obtained by
a two-step CVD method. Firstly, the tube furnace (OTD-1200X) with a long
quartz tube (50 mm in diameter and 180 cm in length) was horizontally
located at a table, as shown in Figure S1 (Supporting Information). A fine
quartz tube (25 mm in diameter and 120 cm in length) was put inside the
big tube. Then, a quartz boat (18 mm in length and 8 mm in height) was
put with the mixture of PbBr,/CsBr powder (mole ratio = 1:2, Alfa Aesar,
99.9%) in the small quartz tube at the heating area of the furnace. A
second quartz boat with the mixture of Pbl,/Csl powder (mole ratio = 1:2,
Alfa Aesar, 99.9%) was put inside the small tube and placed away from the
heating zone of the furnace before growth. Ar gas was injected into the
tube at a flow rate of 80 sccm for 30 min to ensure the removal of ambient
air. Meanwhile, the process pressure was pumped down to 3.2 Torr. After
that, CsPbBr; microcrystals were grown first with a pressure of 3.2 Torr
and a temperature of 550 °C for 20 min, as shown in Step 1 (Figure ST,
Supporting Information). Next, the second boat with Pbl, and Csl powders
were pushed into the furnace in 5 min, while the first boat was pushed out
of the furnace in a step-by-step manner. The furnace temperature was kept
for 10 min, then cooled to room temperature. The process pressure was
maintained at 3.2 Torr throughout the entire growth process.

Optical Characterizations: The PL spectra were obtained by a confocal
optical system. A 375 nm excitation laser beam was focused (spot size
~2 um) by a microscope objective (Nikon, x20) and then pumped
locally onto the perovskite nanostructures. The far-field optical images
were recorded by a charge-coupled device color camera, as shown in
Figure S3 (Supporting Information). The PL spectra were recorded by
Ocean Optics Spectrometer (Maya Pro2000).

Supporting Information

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