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Lead halide perovskite microlasers have shown impressive performance in the green and red wavebands. However,
there has been limited progress in achieving blue-emitting perovskite microlasers. Here, blue-emitting perovskite-
phase rubidium lead bromide (RbPbBr3;) microcubes were successfully prepared by using a one-step chemical
vapor deposition process, which can be utilized to construct optically pumped whispering gallery mode micro-
lasers. By regulating the growth temperature, we found that a high-temperature environment can facilitate the
formation of the perovskite phase and microcubic morphology of RbPbBr;. Notably, blue single-mode lasing in a
RbPbBr; microcubic cavity with a narrow linewidth of 0.21 nm and a high-quality factor (~2200) was achieved.
The obtained lasing from RbPbBr; microlasers also exhibited an excellent polarization state factor (~0.77). By
modulating the mixed-monovalent cation composition, the wavelength of the microlaser could be tuned from
green (536 nm) to pure blue (468 nm). Additionally, the heat stability of the mix-cation perovskite was better than
that of conventional CsPbBr;. The stable and high-performance blue single-mode microlasers may thus facilitate

the application of perovskite lasers in blue laser fields.
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1. INTRODUCTION

Miniaturized and high-quality coherent light sources with ex-
cellent lasing performance have potential applications in several
fields, including optical communication, sensing, computing,
and imaging [1-9]. In this regard, lead halide perovskites
are promising materials for the preparation of microlasers ow-
ing to their unique properties, which include a high optical gain
(~3200 cm™!, comparable with that of single-crystal GaAs),
tunable bandgap, large absorption coefficient, high quantum
yield, and low density of defect states [10—15]. Since the first
amplified spontaneous emission of CH;NH;PbX;3 perovskite
thin films was achieved by Xing ez al. [16], optically pumped
perovskite microlasers have been successfully fabricated and
have demonstrated impressive performance in the green and
red regions [17-23]. Despite such remarkable progress, the sky
blue and even pure blue, which represent two important wave-
bands for perovskite laser applications, remain underexplored.

Blue perovskite lasers can be primarily realized via compo-
nent engineering with halide doping and dimensional modu-
lation based on the quantum confinement effect [24,25].

2327-9125/23/061067-08 Journal © 2023 Chinese Laser Press

The former involves the realization of perovskite blue emissions
from mixed halogens with chlorine-bromine doping; however,
this method often requires the addition of large amounts of
chlorine, leading to severe phase separation of perovskite
materials under the action of external fields and poor excitation
performance and laser stability [26-28]. The latter is based
on 3D perovskites, which can be produced by adding organic
ammonium salts or other organic long-chain ligands to form
layered quasi-2D perovskites or quantum dots. However, the
addition of large amounts of long-chain organic ligands leads
to severe optical losses and a high excitation threshold of the
laser cavity [29,30]. Consequently, the preparation of efficient
and stable blue perovskite materials has become crucial for the
application of perovskite lasers in blue laser fields.

Notably, the A-site cations of lead halide perovskites
(APbXj3) are primarily limited to three candidates: methylam-
monium (MA™T), formamidine (FA™), and cesium (Cs™), and
these are determined by size and structural constraints to fit
into the space of lead halide perovskite lattices. Recent studies
have revealed that Rb™ can replace Cs* and produce a key
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impact on the optoelectronic and physicochemical properties
of lead halide perovskites [31-34]. Although certain studies
have focused on Rb* doping, most studies have focused solely
on Rb™ trace doping [30,32]. Notably, the blueshift in the
luminescence wavelength resulting from Rb* trace doping is
limited. Moreover, synthesizing highly Rb™ doped CsPbBr;
perovskites or even RbPbBrj perovskites at room temperature
is often difficult, further hindering the applications of perov-
skite microlasers in the waveband from sky blue to pure blue.
Our ecarly work realized perovskite-phase RbPbBr; micro-
spheres and analyzed mechanism of the perovskite—nonperov-
skite phase transition in 2019 [35]. However, the crystallinity
and stability of the RbPbBr; microspheres based on thermal
annealing treatment are unsatisfactory. To improve crystal
quality and simplify the preparation process for perovskite-
phase RbPbBrj, the growth kinetic processes and phase tran-
sition mechanism still require further study.

In this study, we successfully fabricated all-inorganic perov-
skite-phase RbPbBr; microcubic cavities (MCCs) by a one-step
chemical vapor deposition method. Further, by regulating the
growth temperature, we found that a high-temperature envi-
ronment facilitated the formation of the perovskite phase
and microcubic morphology of RbPbBr;. The MCCs with
strong blue light emission at a wavelength of 463.5 nm featured
smooth and regular cubic geometries, which acted as natural
microlaser cavities. Blue single-mode lasing was observed in
a RbPbBr; MCC under femtosecond (fs) laser pumping
with a laser threshold of 6.76 pJ/cm?, a high-quality factor
of about 2200, and a high linear polarization state factor
(~0.77). By adjusting the ratio of monovalent cations, a tun-
able single-mode laser output (468-536 nm) was achieved in
Rb,Cs;_,PbBr; microcubic lasers. In addition, Rb,Cs;_,PbBr;
MCC:s presented more stable light emission from 293 to 413 K
and demonstrated higher heat stability than conventional
CsPbBr;. Thus, the developed stable and high-performance
blue single-mode microlasers may facilitate the applications
of perovskite lasers in blue laser fields.

2. METHOD

A. Synthesis and Structural Characterization

of RbPbBr; MCCs

Unlike top-down fabricated devices, which have relatively
rough boundaries, bottom-up synthesized perovskites can be
in the form of single crystals, with naturally smooth cavity
boundaries. In this study, RbPbBr; MCCs were synthesized
using dual-source chemical vapor deposition. The chemical
vapor deposition system consisted of a horizontal tube furnace
with a maximum heating temperature of 1473 K, a gas flow
meter, and a quartz tube. The vapor source was composed of
PbBr, powder (99.0%) and rubidium bromide (RbBr, 99.6%)
powder at a molar ratio of 1:1. All reagents were used without
further purification and purchased from Sigma-Aldrich and
Mackulin. To prepare the RbPbBry; MCCs, we placed the
PbBr, and RbBr powders upstream and at the center of the
quartz tube, respectively, and a mica boat (12 mm x 18 mm x
2 mm) downstream. High-purity nitrogen was introduced into
the quartz tube at a constant flow rate of 3 L/h. The tube
furnace was then rapidly heated to 973 K and held at this

temperature for 30 min; and then the quartz tube was cooled
to room temperature. Field-emission scanning electron micros-
copy (SEM; Auriga §40, Zeiss, Oberkochen, Germany) and
high-resolution transmission electron microscopy (TEM;
Talos F200X) were used to characterize the morphology, com-
position, and single-crystal structures of the prepared RbPbBr;
microcubes.

B. Lasing Characterization of RbPbBr; MCCs

A single isolated RbPbBry; MCC was selectively excited using a
400 nm fs-laser, which was obtained through a BBO crystal
from the amplifier laser source (Libra, Coherent, B40 fs,
10 kHz); this laser was then focused on a 2 pm diameter spot
through the 100x objective to excite individual RbPbBr; mi-
crocubes uniformly. RbPbBr; MCCs were measured in ambi-
ent atmosphere using a confocal microphoto-luminescence
system (LabRAM HR Evolution). At the end of the signal col-
lection optical circuit, we placed a half-wave plate and a polar-
oid to obtain the maximum and minimum photoluminescence
(PL) intensities. By rotating the half-wave plate (0°-180°),
we obtained a complete angular polarization diagram. The
PL lifecime of RbPbBry MCCs is measured by FLRM300
(Time-Tech Spectra, LLC). Temperature-dependent measure-
ments were performed on a Research Supertran ST-500 sys-
tem equipped with a two-input, four-control loop cryogenic
temperature controller (Model 22C, Cryocon), which is a
continuous-flow research cryostat.

3. RESULT AND DISCUSSION

A. Characterizations of RbPbBr; MCCs

The RbPbBr; MCCs were grown via a one-step chemical vapor
deposition method using RbBr and PbBr, powders as source
materials and mica as a substrate in a tube furnace. A typical
SEM image of the synthesized samples is depicted in Fig. 1(a).
As shown, the RbPbBr; MCCs were dispersed on the mica
with diameters ranging from 0.4 to 2.2 pm; their dimensions
were in an ideal size regime for realizing single-mode lasing.
The upper-right inset of Fig. 1(a) clearly presents the perfect
cubic morphology and smooth surface of a RbPbBr; MCC,
which is an ideal candidate for optically resonant microcavity.
The electron diffraction pattern of the RbPbBr; MCC is de-
picted in Fig. 1(b), which exhibits the perfect single-crystal
structure of the RbPbBr; MCC. The inset of Fig. 1(b) shows
a TEM image of the RbPbBr; MCC, confirming its regular
cubic morphology from clear contrast. To evaluate the chemi-
cal composition of the RbPbBr; MCCs, energy-dispersive
X-ray spectroscopy (EDX)-based elemental mapping images
of Rb, Pb, and Br are depicted in Fig. 1(c). The foregoing three
elements appear to be uniformly distributed in the same
RbPbBr; MCC.

The SEM images in Fig. 1(d) indicate that the morphologies
of the RbPbBry; MCCs vary at different positions on the mica
substrate. In particular, owing to varying deposition tempera-
tures, these microcavities exhibit spherical, cubic, and in-
between morphologies. The results indicate that microcubes
have clear edges and regular smooth cubic structures, whereas
the surfaces of the microspheres and in-between morphologies
appear to be rough. Based on the SEM images captured at
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Fig. 1. Characterizations of RbPbBr; MCCs. (a) Typical SEM images of the RbPbBr; MCCs. Inset: magnified image of an individual RbPbBr;
MCC. (b) Selected area electron diffraction pattern of an individual RbPbBr; MCC. Inset: TEM image of a RbPbBry; MCC. (c) EDX elemental
mapping of a RbPbBr; MCC, displaying its uniform composition. (d) SEM images of several RbPbBr; microstructures located at different growth
positions. (e) Shape evolution process from a microsphere to a microcube. (f) PL spectrum of as-grown RbPbBry; MCCs excited using
a 405 nm continuous wave laser at room temperature. Inset: PL image of an individual RbPbBr; microcube. (g) Time-resolved PL curves of

a RbPbBr; microcube (red line) and a RbPbBry microsphere (blue line).

different stages of growth, one can infer that the microcubes
were gradually transformed from microspheres. The shape of
crystal would tend to grow into a closed polyhedron during
growth, which is the fundamental property of crystal growth
[36,37]. The shape of the crystal reflects its internal laws.
Generally, surface energy of different crystallographic planes is
different, for instance, y(111) < y(100) < y(110). Remark-
ably, this is not inconsistent with the lowest surface energy
of spherical structures. Because stable single crystal structures
are usually the closest-packed structure such as face-centered
cubic (FCC) closest-packed, body-centered cubic (BCC),
and shexagonal closest-packed (HCP) structures. Therefore,
the closest-packed crystal structure could be more stable com-
pared with the spherical single crystal. During crystal growth,
owing to the varying deposition temperatures of these micro-
cavities, growth rates were also different. If the overall growth
rate is slow, spherical shape at low crystallinity is more favor-
able, and reactant particles aggregate into spherical structure
owing to surface tension. As analyzed above, the nearly spheri-
cal structure with high surface energy is unstable. When the
overall growth rate is fast, sufficient energy allows full crystal
growth and particles aggregate to form planes on the surfaces
of the single crystal spheres. The growth rate of the anisotropic
single crystal RbPbBr; gets faster along a specific crystal direc-
tion. RbPbBr; microcubes could be realized by controlling the
growth time. The process that microspheres transform into
dense microcubes is shown in Fig. 1(e). Generally, microcubes
and microspheres are WGM cavities. The resonant mode of
a spherical microcavity WGM is sensitive to the surface mor-
phology. Typically, scattering from a rough surface affects the

quality of the microcavity [38]. As analyzed above, micro-
spheres collect particles and form irregular planes, leading to
the creation of defects. Such microspheres exhibit more optical
losses. Compared with microspheres, well-crystallized and
smooth microcubes are better candidates for WGM cavities.

Further, PL spectra of the RbPbBr; MCCs were recorded at
room temperature [Fig. 1(f)], and a strong peak at 463.5 nm
with a full width at half-maximum (FWHM) of 12.5 nm was
obtained. The upright images in Fig. 1(f) show far-field PL
images of a RbPbBr; microcube that was excited at a low pump
intensity, and these images clearly indicate that the RbPbBr;
MCC emitted blue fluorescence. Figure 1(g) shows PL decay
curves of a microsphere and a microcube. These curves were
well fitted with a bi-exponential function, and the average fluo-
rescence lifetime 7,,, of the microcube (8.178 ns) is much
longer than that of the microcube (3.488 ns). The results reveal
that the microcubes have significantly longer lifetimes than
the microspheres, which supports our inference regarding the
better crystallinity and stability of the microcubes.

B. Single-Mode Lasing Characteristics of RbPbBr;
MCC Lasers

Next, optically pumped lasing experiments were performed at
room temperature. As schematically presented in Fig. 2(a),
a 400 nm fs-laser was used as the excitation light source.
The laser spot covered an entire RbPbBr; MCC to ensure
homogeneous excitation. The RbPbBr; MCC acted as a gain
medium and optical resonant microcavity. At a high pump
intensity, the optical gain balanced or exceeded the optical
losses, and blue lasing was observed. The blue square path
in the Fig. 2(a) indicates light propagation inside the MCC.
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Fig. 2. Single-mode lasing characteristics of RbPbBr; MCC lasers. (a) Individual RbPbBr; MCC pumped by a 400 nm fs-laser (approx. 40 fs,
g g 3 3 pumped by PP

10 kHz). (b) Resonant optical modes of RbPbBr; MCCs with different sizes. Single-mode lasing was achieved, and the spacing between two adjacent
modes decreased with increasing cavity size. (c) Excitation power-dependent lasing spectra obtained from a single RbPbBr; MCC. (d) Output
intensity (red) and FWHM (blue) as a function of the pump intensity. The integrated lasing intensity as a function of the pumping density obtained
from the RbPbBr; MCC indicates that the lasing threshold Py, is 6.76 pJ/cm?. (e) Lorentz fitting of a lasing oscillation mode at 471.7 nm, yielding
an ultrasmall linewidth of 22200, corresponding to a high Q-factor of 22200. (f) Single-mode lasing spectra of four RbPbBry; MCCs with different
sizes. Inset: relationship between the wavelength of single-mode lasing and the sizes of RbPbBr; MCCs.

We performed lasing emission analysis for RbPbBr; MCCs
with different edge lengths of the cubic cavity [Fig. 2(b)].
The mode space and energy centers of the lasing peaks could
be controlled by adjusting the size of the RbPbBr; MCCs.
With a reduction in the edge length of the cavity from 4.3
to 1.3 pm, a transition from multimode lasing to single-mode
lasing was achieved.

Figure 2(c) presents the typical excitation-power-dependent
PL spectra of a single RbPbBr; MCC with an edge length of
approximately 1.2 pm. A single broad emission peak resulting
from spontaneous emission could be observed at ~467 nm with
an FWHM of 64 ~ 18.4 nm when the pump intensity was be-
low the threshold of 6.76 pJ/cm?. When the pump intensity
exceeded the threshold, a single sharp peak abruptly appeared
above the spontaneous emission background, and its intensity
increased drastically with a further increase in the pump inten-
sity. Importantly, no other resonant peaks were observed in this
process. A clear evolution from spontaneous to stimulated emis-
sion was observed in the RbPbBr; MCC, indicating the achieve-
ment of single-mode lasing. Simultaneously, a broadening of the
FWHM of the lasing peak (0.21-0.28 nm) was observed with an
increase in the excitation power. This could be attributed to the
high injected carrier density, which may have induced a variation
in the refractive index of the materials and thus lead to a shift in
cavity modes during the dynamic process of stimulated emission

of pulsed lasers. In particular, single-mode lasing at 471.7 nm
was observed for the RbPbBr; MCC with an edge length
of ~1.2 pm.

To further confirm the lasing action, the peak emission in-
tensity and FWHM versus excitation power are displayed in
Fig. 2(d); here, the output-integrated intensity suggests a dis-
tinct transition from PL to lasing. The transition from sponta-
neous emission to stimulated emission occurs at 6.76 pJ/cm?,
and the FWHM plummets from 17.86 to 0.27 nm at this
point, which can be considered as the lasing threshold P,
Figure 2(e) presents single-mode lasing at approximately
471.7 nm, and a Lorentz curve with 64 ~0.21 nm is used
to fit these plots. According to the following equation,

Q = 1/64, U]

where A is the peak center wavelength and 64 is the peak
width. The quality factor Q of single-mode lasing at 471.7 nm
was calculated to be about 2200. Notably, the cubic shapes
of RbPbBr; MCCs make them ideal WGM candidates for
total internal reflection and for ensuring lower optical losses.
Therefore, the achievement of single-mode lasing with a high
Q-factor can be primarily attributed to the excellent optical
resonant cavity structures. Further, the lasing behavior of
RbPbBry; MCCs was investigated to clarify the influence of
the microcavity size on the lasing properties. Notably, the
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wavelength tunability of a laser is one of the most important
parameters for practical applications. Generally, the reso-
nant modes of a WGM microcavity can be expressed as

(37,39,40]
2V2L/(v/n) = A, (]

where L denotes the length of the edge of a cubic cavity, 4 de-
notes the wavelength of the resonant peak, and v and » denote
the mode order and refractive index of the medium, respec-
tively. Figure 2(f) presents the single-mode lasing spectra re-
corded for different RbPbBr; MCCs with different sizes.
As the length of the edge increased from 1330 to 1550 nm,
the single-mode lasing wavelength redshifted from 472.2 to
476.3 nm. According to Eq. (2), we can infer that, despite
changes in the cavity length, only one mode is present in
the gain interval, which implies that the mode order remains
unchanged. This further implies that /7 is a constant value,
and L and 2 are linearly proportional, as indicated in the inset

of Fig. 2(f).
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C. Polarization Properties of RbPbBr; MCC Lasers
Interestingly, microlasers with linear polarization demonstrate a
wide range of practical applications in signal detection, funda-
mental research, and display technologies. To study the polari-
zation anisotropy of the microlasers, the laser emission spectra
as a function of the rotation angle (6) with respect to a linear
polarizer below and above the lasing threshold were recorded
for comparison. As depicted in Figs. 3(a) and 3(b), minimal
changes in the PL intensity were observed with variations of
0, indicating a low polarization ratio below the threshold value.
However, the lasing action above the threshold [Figs. 3(c) and
3(d)] was strongly polarized. We set the 6 of the maximum PL
intensity at 0°. When 6 is an integral multiple of 90°, it shows
spontaneous emission. However, when 6 is an integral multi-
ple of 180°, linearly polarized lasing is realized. This polarized
laser has also been observed in other lasers in previous studies
[41]. This polarization characteristic may be related to the
anisotropic optical gain of the crystal. Notably, polarization
anisotropy can be quantitatively reflected based on the polari-
zation state factor, defined as [42]
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Fig. 3. Dolarization properties of RbPbBr; MCC lasers. (a) Emission spectrum below the lasing threshold (x0.6P,) obtained from a single
RbPbBr; MCC under various polarizer rotation angles (6, in degree). (b) Integrated PL intensity as a function of 6. (c) Emission spectrum above
the lasing threshold (~1.2P,) obtained from the same RbPbBry; MCC under various polarizer rotation angles. (d) Integrated lasing peak intensity as
a function of 6.
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R — [maX ,
1 max + I min
where 7, and /i, denote the maximum and minimum lasing
emission intensities, respectively. Note that the R value of our
laser was determined to be 0.77, which is higher than that of
several other lasers [43,44].

_]min

3

D. Rb,Cs,_,PbBr; MCCs with Wavelength Tunable
Emission and High Heat Stability

To achieve a wider range of PL wavelength outputs, Cs* was
used to replace part of the Rb™ at the A position of the per-
ovskites. The A-site monovalent cation substitution provided
better stability than the traditional mixed halogen modulation
of the bandgap. This can be attributed to the fact that halogens
are unstable owing to the presence of phase separation effects,
whereas A-site cations have larger ionic radii and require much
higher ion migration energies for the same effect [45-47].
Typically, the bandgap of Rb,Cs;_,PbBr; perovskites is deter-
mined by the element modulation of the A site, which
influences the lattice parameters and bond angles. Here, site
cation engineering was achieved by adjusting the Rb/Cs ratio
to tune the emission wavelength continuously, covering the
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green and blue spectra. The PL spectra of Rb,Cs;_ PbBrj
MCCs were recorded at room temperature [Fig. 4(a)], and
six strong and narrow peaks at 459, 473, 490, 505,
515, and 525 nm were observed. The PL characteristics of
the Rbg75Csp,5PbBrs; MCCs at different temperatures are
illustrated in Figs. 4(b) and 4(c). To investigate the heat
stability, temperature-dependent PL spectra of CsPbBr; and
Rby 75Csg 25PbBr; MCCs were recorded from 293 to 413 K.
The PL intensity of the CsPbBr; MCCs decreased rapidly with
increasing temperature, and, as shown in Fig. 4(c), it was 10%
at 360 K. Compared with the PL intensity of CsPbBr;, the PL
intensity of Rbg 75Cs(,5PbBry; MCCs decreased more gradu-
ally, and it remained at 10% when the temperature increased
from 363 to 413 K. This indicates that the Rbg 75Cs ,5PbBr;
demonstrates better heat stability than CsPbBrs perovskite
materials.

Thus, single-mode lasing emission with a high Q-factor and
a stable and narrow peak was achieved through element modu-
lation of Rb,Cs;_, PbBr; MCCs. Tunable single-mode lasing
from 468 to 536 nm was realized, as depicted in Fig. 4(d).
Although the MCCs were fabricated with a size of approxi-
mately 1.2 pm to realize single-mode lasing, the laser line
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Fig. 4. Rb,Cs;_,PbBry; MCCs with wavelength tunable emission and high heat stability. (a) PL spectra of Rb,Cs;  PbBr; MCCs.
(b) Temperature-dependent PL spectra of CsPbBr; and Rby 75Cs »5PbBrs MCCs. (c) Comparison of the fluorescence intensity for CsPbBr; (blue)
and Rby 75Cs,5PbBr; (red) MCCs with increasing temperature. (d) Single-mode lasing spectra of Rb,Cs;_,PbBr; MCCs.
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width, threshold, and cavity quality factor presented surpris-
ingly good performance.

4. CONCLUSION

In conclusion, we have successfully achieved high-quality blue
single-mode lasing in an individual all-inorganic perovskite-
phase RbPbBr; MCC. The perovskite-phase RbPbBr; MCCs
were prepared via one-step chemical vapor deposition. It was
found that a high-temperature environment promoted the for-
mation of the perovskite phase and the microcubic morphology
of RbPbBr;. The lasing characteristics of our perovskite-phase
RbPbBr; MCCs are remarkable, with a narrow linewidth of
~0.21nm and a high Q-factor of ~2200, which is higher than
that of most blue perovskite single-mode lasers reported to date.
Additionally, the observed lasing is linearly polarized with a
polarization state factor of ~0.77. Furthermore, we have dem-
onstrated the tunability of the mixed-monovalent cation com-
position, which allowed us to achieve single-mode lasing
emission over the blue and green ranges. The heat stability of
our perovskite-phase Rb,Cs;_ . PbBr; MCC is better than that
of conventional CsPbBr;. Our work has resulted in the devel-
opment of an outstanding blue single-mode, linearly polarized,
and tunable microlaser. We believe that these excellent proper-
ties may open up new opportunities for the application of per-
ovskite lasers in blue laser fields and integrated photonic
circuits.
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