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ABSTRACT

Cesium lead halide perovskites have shown great potential applications in photoelectric devices because of their high quantum efficiency,
good stability, and tunable bandgap. Herein, we prepared CsPbBr; microwires with a high crystal quality, smooth surface, and rectangular
cross section via the solution method. The as-prepared microwires presented a high quality whispering gallery mode lasing with a low thresh-
old of 9.1 yJ cm ™ and a high quality factor of ~3000. Furthermore, we obtained the alloys of CsPbClBr;_, (0 < x < 2) microwires through
the gas-phase anion exchange method and realized the wavelength tunable single-mode lasing emission ranging from ~546.8nm to
~468.0 nm. This work will expand the practical application of lead halide perovskites in spectrograph, optical communication, and in-chip

photoelectric devices.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0035104

Micro/nanoscale semiconductor lasers with multicolors have
exhibited great potential in various commercial fields such as color
displays, super-resolution biomedical imaging, and on-chip wave-
length-division multiplexing.'® Bandgap engineering and cavity
designing are two important ways to obtain multicolor lasers. So
far, a lot of achievements have been made based on II-VI and III-V
semiconductors through defining the material’s composition and
nanostructures.”” "> For instance, Kuykendall et al. realized the
photoluminescence wavelength ranging from 325 nm to 850 nm by
controlling the In/Ga ratio in InGaN alloy nanowires (NWs)."
Yang et al. obtained multiwavelength lasing from 517 nm to
636 nm through designing composition-graded CdSSe NW nano-
cavities.'* However, the high-quality wavelength-tunable single-
mode lasing is still desirable for many photoelectric applications,
especially for optical communication.

Lead halide perovskites (LHPs) have been considered as ideal
materials for photonic and optoelectronic devices due to their out-
standing properties such as direct bandgap, high absorption efficiency,
tunable wavelength, and high quantum efficiency.””'"® Compared
with organic-inorganic hybrid LHPs, all-inorganic LHPs showed
greater potential in laser applications because of their relative stability
to moisture, oxygen, light, and heat. In recent years, CsPbX; (X = Cl,
Br, and I) perovskites and their alloys with various morphologies such
as micro/nanowires, sub-microspheres, nanocuboids, nanoplates, and
microhemispheres have been widely synthesized by the chemical
vapor deposition (CVD) or solution method."*** One of the impor-
tant merits of LHP-based lasers is that the wavelength can cover the
entire visible region through tuning the halide composition. In general,
mixed-halide lead perovskites can be acquired by anion exchange due
to the typical “soft” crystal lattice characteristic of LHPs.””* Indeed,
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organic-inorganic hybrid LHP single/polycrystal NWs with the halide
gradient have been prepared by solid-solid or solid-gas anion
exchange.” Furthermore, CsPbX; NW heterojunctions also have been
prepared through combined solid-liquid anion exchange and nano-
fabrication, which provides an opportunity to multicolor lasers or
LEDs.” Following that, Pan et al. obtained the halide axial concentra-
tion gradients CsPbClBr;_y NWs by constructing CsPbCl; micro-
plate heterojunctions with CsPbBr; NWs and carefully studied
their halide ion migration dynamics.”’ More recently, dual-color and
multicolor lasers were obtained from single composition-graded
CsPbBrJ;_y NWs via CVD, respectively.z‘31 In addition to the
remarkable achievements, gas-phase anion exchange has been consid-
ered as a prospective method for precisely regulating the halide com-
position in LHPs by controlling the reaction time and the monitoring
the fluorescence microscope.’ For example, He et al. obtained multi-
color lasers from CsPbClBr;_ microdisks by controlling solid-gas
reaction time.”” Yang et al. realized halide exchange in large area
perovskite single crystal films through the gas-phase anion exchange
reaction.'® Single crystal CsPbBr; MWs with a rectangular cross sec-
tion provide a platform for high quality whispering-gallery-mode
(WGM) lasers."”* In the last year, Yang et al. prepared CsPbBr; MW
arrays and realized lasing mode dynamic regulation in about 10 nm
range.”” Meanwhile, they have extremely high practical application
values for realizing a wide range of tunable single-mode lasing
outputs.

In this work, we fabricated CsPbBr; MWs via the solution
method. The as-prepared CsPbBr; MWs showed a smooth surface,

Precursor
solution

Substrate

scitation.org/journal/apl

rectangular cross section, and good stability. Furthermore, we obtained
high quality single mode lasing with a low threshold and a high quality
factor of ~3000 from the CsPbBr; MWs under optical pumping at
room temperature. Moreover, we converted CsPbBr; MWs into
CsPbCl,Br;_, (0 < x<2) MWs via gas phase anion exchange. By
controlling the reaction time, we facilely defined the Br/Cl ratio in
CsPbClBr;_, MWs. More importantly, the single-mode lasing wave-
length from CsPbClBr;_y MWs can be tuned from 546.8nm to
468.0 nm. These exciting results not only pave the way for obtaining
wavelength-tunable single-mode lasing but also promote the potential
of lead halide perovskite applications in photoelectric devices and
color displays.

The CsPbBr; MWs were prepared by a typical solvent method as
shown in Fig. 1(a). In brief, a certain amount of 0.3 M CsBr and PbBr,
precursor solution was added dropwise onto a piece of Si/SiO, sub-
strate. Then, the substrate was transferred into a hermetically sealed
100 ml beaker containing 20 ml CH;CN and reacted for 24 h at 50 °C.
As a result, CsPbBr; MWs with the length ranging from dozen to
several hundred micrometers and the diameters in the range of
1.0-9.0 um are obtained as shown in Figs. 1(b) and S1. In the prepar-
ing processes, some CsPbBr; nanoplates were obtained as well. The
SEM images [Figs. 1(c), inset and S2] of the as-prepared CsPbBr;
MWs indicate that the MW possess a smooth surface and rectangular
cross section. These expected characteristics provide a platform for the
high-quality WGM lasers. The energy disperse X-ray spectroscopy
(EDX) result [Figs. 1(d)-1(h)] shows that the Cs, Pb, and Br elements
are uniformly distributed in the CsPbBr; MWs with a molar ratio of

Intensity (a.u.)

Energy (KeV)

FIG. 1. Synthesis and morphology characterization of CsPbBrs MWs. (a) Schematic of preparing CsPbBrs MWs. The optical (b) and SEM (c) images of as-prepared CsPbBrs
MWs. Inset: cross-sectional image of CsPbBrs MW. (d)—(g) The element mappings of Cs, Pb, and Br distribution in CsPbBrz MWs and the corresponding energy disperse X-

ray spectroscopy (EDX) spectrum (h).
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approximately 1:1:3, which is agreement with the stoichiometry of
CsPbBrs;.

To study the crystal structure of the as-prepared CsPbBr; MWs,
we conducted the X-ray diffraction (XRD) measurement as shown in
Fig. 2(a). In general, CsPbBr; refers to the orthorhombic phase at the
low growth temperature (50 °C). Two clear splitting peaks appeared at
15.4° and 30.9°, which correspond to 110 and 220 lattice planes of
orthorhombic phase CsPbBrs, respectively. The XRD result demon-
strates that the as-prepared CsPbBr; MWs belong to the orthorhombic
phase (space group Pbnm). Figure 2(b) shows the photoluminescence
(PL, red line) spectrum of CsPbBr; MWs. It can be seen that the PL
peak is located at 529.0 nm with a narrow full width at half maximum
(FWHM) of about 18.0 nm, indicating that our CsPbBr; MW possess
good crystalline quality.

The examination of all laser properties of CsPbBr; MWs is con-
ducted on a home-built -PL system as shown in Fig. 3(a). The excita-
tion source was a femtosecond pulsed laser with a 355 nm wavelength,
a 190 fs pulse duration, and a 1 kHz repetition frequency. Following
that, the laser beam was focused on the sample by a x40 objective (the
diameter of the laser spot is ~30.0 um). Figure 3(b) shows the pump-
dependent PL spectra of a single CsPbBr; MW with a diameter of
3.1 um. It can be seen that the PL displays a broad spontaneous emis-
sion peak when the pump fluence is below 9.1 4] cm™ 2 However,
when the pump fluence is above 9.1 uJ cm™2, a narrow sharp peak
emerges at a wavelength of 546.0 nm, and the emission intensity is
dramatically enhanced with the increase in pump fluence, indicating
the occurrence of lasing behavior. The inset shows the brightness field
(top) and dark field (middle and bottom) fluorescence photographs of
the single CsPbBr; MW. At a low pump fluence, the CsPbBr; MW
presents the uniform green fluorescence at the excited section. Once
the pump fluence exceeds the threshold, a typical lasing phenomenon
appeared, which also demonstrates the occurrence of lasing behavior.
The quality factor (Q) is an important indicator for the laser; here, the
lasing Q is calculated by the following formula:

Q=1/A%, (1)

where /4 is the resonant wavelength of lasing mode and A/ is the
FWHM of the emitted lasing. Figure 3(c) shows that the Gaussian fit-
ted lasing peak at the pumping fluence is 9.2 1 cm™> with a FWHM
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of 0.18 nm, and the calculated Q value is ~3000. It is notable that the
value of the Q factor is comparable with that of CsPbBr; NW lasers
prepared by CVD. Figure 3(d) shows the log -log plotted output inten-
sity (red sphere) and FWHM (blue sphere) vs pumping fluence. The
plotted curve profile shows an expected “S”-shape, implying the occur-
rence of lasing behavior.””*® The first kink appeared at a pumping flu-
ence of 9.1 yJ cm ™2, suggesting that the laser pumping threshold (Py,)
of the CsPbBry NW is 9.1 ] cm™2.” Moreover, it also demonstrated
the transition from spontaneous emission to stimulated radiation with
the increase in pumping fluence. Previous studies demonstrated that
the lasing resonant mode in the CsPbBr; MW with a rectangular cross
section should be ascribed to WGM mode.'”** The inset in Fig. 3(d)
presents the schematic diagram of the waveguide in the CsPbBr; NW
cross section. We also tested a series of CsPbBr; MW with different
diameters as shown in Fig. S3. It can be seen that the lasing from single
mode turn to dual-mode with the diameter of CsPbBr; MW increases
from 3.1 um to 4.7 um. With a further increase in the diameter, the
free spectral space (FSR) decreases, which is attributed to the large
cross-sectional area, allowing for the existence of higher-order modes.
One important merit of all-inorganic perovskites is their superior sta-
bility compared with the organic-inorganic perovskite. The stability
test of the CsPbBr; NW performed at pumping fluence is 1.2 Py, as
shown in Fig. 3(e). Interestingly, the PL intensity of the CsPbBr; MW
has no obvious decay even after continuing excited for 100 min, indi-
cating a good stability.

Gas-phase anion exchange is a facile and controllable method to
prepare CsPbCl,Br;_, alloys. Figure 4(a) shows the diagram of gas-
phase anion exchange in this work. In brief, the as-prepared CsPbBr;
MWs were transferred into a ® = 150 mm crystallizing dish contain-
ing a certain amount of hydrochloric acid and anhydrous calcium
chloride. Next, the reaction system was transferred into a stove and
maintained at 60 °C for hours. Here, CaCl, is used to reduce humidity,
and hydrochloric acid serves as the CI™ resource. The roughness of the
sample surface has a great influence on the lasing quality. Previous
reports have shown that the surface smoothness of the perovskite is
affected by the rate of anion exchange due to the decrease in lattice
parameters when Br s substituted by ClI"."" Therefore, it is necessary
to explore a suitable condition for anion exchange. Figure S4(a) shows
the SEM image of CsPbClBr;_, MW after reaction for 8 h with

b
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FIG. 2. (a) XRD pattern of CsPbBr; MWs. (b) The PL spectrum of CsPbBrs MWs.
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0.18 nm. (d) The plots of output intensity and FWHM as function vs pump intensity. (€) The stability measurement under 1.2 Py,

150 pl hydrochloric acid. It is clear that the MW has been broken and to 50 ul, the morphology of the MW still remained very well even after

there are many cracks on the surface. When the hydrochloric acid reaction for 8 h; neither breaking occurred nor cracks emerged. This
amount decreased to 100 ul, the cracks disappear and also breakage phenomenon is attributed to the decrease in the hydrochloric acid
emerges. Fortunately, when the amount of hydrochloric acid decreased amount, leading to the decrease in the concentration of HCI (gas) and
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CsPbClBr;_x MWs with the Cl element increasing. (c) XRD patterns of CsPbCl,Brs_, MWs.
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FIG. 5. (a) The multiwavelength lasing spectra from CsPbCl,Br;_, MWs. (b)-(e) The 2D electric field intensity distribution in the CsPbCl,Brs_, MW cross section with the emit-

ted lasing wavelength shift from 546.8 nm to 468.0 nm, respectively.

slowing down of the anion exchange rate. Figure 4(b) shows the PL
spectra of CsPbClBr;_, MW after anion exchange reaction for differ-
ent times. We found that the PL peaks of the CsPbCl,Br;_, MW (are)
gradually shift from 528 nm to 453 nm as the reaction time increases.
It is ascribed to the enlarged bandgap of the lead halide perovskite
when the Br™ is substituted by Cl™. Therefore, the blue shift of PL
peaks also indicates that the ratio of Br/Cl in CsPbClBr;_, MW alloys
decreases with the continuity of the reaction. According to previous
reports,””**" the PL located at 456 nm corresponding to the chemical
composition in the cesium lead halide perovskite is CsPbCl,Br. Figure
4(c) shows the XRD patterns of CsPbClBr; , MW in different reac-
tion stages. There are two clear splitting peaks appearing at all samples,
which correspond to the 110 and 220 lattice planes of the orthorhom-
bic phase perovskite. Moreover, the two peaks gradually shift to a high
angle with the increase in the Cl content, leading to a decrease in lat-
tice parameters when Br is substituted by Cl . Combining PL spectra
with XRD results, we can conclude that the CsPbBr; MWs transform
into CsPbCl,Br MWs after the anion exchange reaction.

Furthermore, we studied the laser performance of CsPbCl,Br;_
MW alloys in the aforementioned u-PL system as shown in Fig. 5(a).
All the samples presented a sharp lasing peak, indicating the occur-
rence of lasing behavior. The lasing peaks gradually shift from
546.8nm to 468.0nm with the ClI™ content increasing due to the
enlarged bandgap. The dark field photographs intuitively show the
laser color change from green to blue as shown in Fig. S5(a). In addi-
tion, we collected the lasing spectra of CsPbCl,Br;_, MWs at different
anion exchange reaction times as shown in Figs. S5(b) and S5(c). The
lasing wavelength can be controlled by the anion exchange reaction
time, and the smallest step is about 8.0 nm. To confirm the microcav-
ity mode with the lasing wavelength shift from 546.8 nm to 468 nm,
we have performed the simulation of the two-dimensional (2D) elec-
tric field intensity distribution in the CsPbClBr;_ MWs cross section

by the finite difference time domain (FDTD) as shown in Figs.
5(b)-5(d). The pattern of simulation clearly demonstrated that the
light field was efficiently confined in the cross section by total reflec-
tion at the edge, suggesting a typical WGM mode cavity. All results
proved that we have obtained a tunable wavelength single-mode laser
from CsPbCl,Br;_, MW by gas-phase anion exchange. Our results are
helpful for preparing the multicolor single-mode laser from the single
perovskite MW.

In summary, we prepared CsPbBr; MWs by a solution method.
The as-prepared CsPbBr; MWs present the excellent lasing perfor-
mance with a low threshold of 9.1 ] cm ™ and a high quality factor of
~3000. We obtained CsPbClBr;_y MW alloys via the gas-phase
exchange method on the premise of ensuring the crystal quality.
More importantly, we realized the multiwavelength single-mode
laser output from CsPbClBr;_, MW, and the tunable range is
from 546.8 to 468.0nm. The results promote the potential of
lead halide perovskite applications in integrated photonic and opto-
electronic devices.

See the supplementary material for the information about
CsPbBr; MW5s’ growth, morphology, and lasing property characteriza-
tion and anion exchange process.
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