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Frequency upconversion provides a feasible
strategy for switching the resonant wavelength of lasing
modes. However, this nonlinear process requires extremely
high optical properties for the medium. Here, the high-quality
CsPbBr; nanowires were prepared by using the antisolvent
method, which can serve as both the optical gain medium and
resonant cavity. The highly polarized single-photon lasing was
achieved with a low threshold of 6.69 uJ/cm?, excited by a 390
nm femtosecond pulse laser. Furthermore, frequency-upcon-
version single-mode lasing output was successfully operated at
room temperature in a single CsPbBr; nanowire with a length
of 3.5 pm under pumping of an 800 nm femtosecond pulse
laser. These findings suggest that the prepared all-inorganic
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perovskite nanowires can be used as excellent optical gain media for frequency-upconversion lasers, providing a versatile
platform for constructing nonlinear optoelectronic devices, such as optical switches, optical limiters, and biomedical imaging.

frequency upconversion, single-mode lasing, low threshold, Fabry—Perot cavity, CsPbBr; nanowire

Nonlinear optics is an important branch of modern optics,
which has been widely applied in fields such as laser
technology, optical communication, and integrated optics.'
Over decades, numerous nonlinear optical phenomena—
including high-order optical harmonics, optical sum and
difference frequencies, optical parametric amplification and
oscillation, and multiphoton absorption and emission* ™" —
have been successively discovered. These discoveries have
significantly advanced the development of laser modulation
and ultrafast laser technology. Among them, two-photon
emission, as a typical third-order nonlinear optical effect, has
extensive applications in the fields of biomedical imaging,*™""
optical data storage,'” and sensing'’ due to many attractive
merits over single-photon excitation processes, such as high
spatial localization, long penetration depth, and low biological
damage. Especially, the two-photon pumping technology at
high power density provides a novel strategy for constructing
frequency-upconversion lasers excited at red and near-infrared
wavelengths without phase-matching requirements, which has
been widely reported in traditional semiconductors.'*™"
However, this nonlinear optical process has extremely strict
requirements for the optical gain and absorption efficiency of
the dielectric medium.
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Recently, all-inorganic perovskites, as emerging semi-
conductor materials, have attracted widespread attention in
fields such as light-emitting diodes,”””" 223
and solar cells”**° due to their high fluorescence quantum

efficiency, wide wavelength tunable range, long carrier lifetime,

photodetectors,

and long diffusion length compared with those of traditional
semiconductors.”’~>* In particular, the two-photon absorption
cross-section of up to 2.7 X 10° GM™* and the near 100%
fluorescence quantum efficiency”® provide the necessary
conditions for achieving frequency-upconversion laser emis-
sion. In addition, its relatively high exciton binding energy36
and intrinsic self-absorption effect’” have demonstrated unique
advantages in constructing room-temperature single-mode
lasers.*®™* Moreover, the preparation methods of perovskite
materials are flexible and diverse, which can not only serve as
optical gain media but also provide natural resonant cavities for
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Figure 1. Characterization of morphology, structure, and optical performances for CsPbBr; nanowires. (a) Typical low-magnification
scanning electron microscopy (SEM) image and (b) high-magnification SEM image of a single CsPbBr; nanowire. (c) Elemental mappings
of Cs, Pb, and Br in nanowires; (d) atomic force microscopy (AFM) image and radial line scan curve of individual CsPbBr; nanowires; (e)
X-ray diffraction pattern of CsPbBr; nanowires; and (f) photoluminescence (PL) and absorption spectra of CsPbBr; nanowires inserted with

dark-field fluorescence imaging.

optical oscillation and mode selection, making them ideal
materials for achieving frequency-upconversion lasers.

Herein, the antisolvent method was utilized to synthesize
high-performance CsPbBr; nanowires as mentioned in our
previous works,""** where their two end faces serve as
reflective mirrors to form an F—P resonator. The dominant
factor for the broadening of temperature-related emission
peaks was systematically analyzed through temperature-
dependent PL spectra, and the exciton binding energy (31.2
meV) of perovskite materials was extracted to be slightly
higher than the thermal ionization energy at room temperature
(~26 meV). Subsequently, room-temperature frequency-
upconversion single-mode lasing was successfully achieved in
the classical FP resonant cavity of an individual CsPbBr;
nanowire, excited by a femtosecond pulse laser with a
wavelength of 800 nm.

2. RESULTS AND DISCUSSION

Figure la demonstrates a typical scanning electron microscopy
(SEM) image of CsPbBr; nanowires prepared by the
antisolvent method, with the lengths ranging from 2 to 20
pum and the widths ranging from 0.2 to 2 pm, uniformly
distributed on a quartz substrate. The magnified close-up SEM
image of the individual nanowire shown in Figure 1b indicates
that its smooth surface and two uniform end faces can be used
to construct a natural Fabry—Pérot (FP) cavity, where the
latter serves as the two reflective mirrors of the resonator.
Figure lc exhibits energy-dispersive spectroscopy (EDS)
mapping of Cs, Pb, and Br elements collected from the
white dashed box in Figure 1b, indicating that each element is

uniformly distributed on the nanowire. In addition, experi-
ments using atomic force microscopy were performed to
characterize the thickness of the CsPbBr; nanowires, which is
approximately 160 nm, as shown in Figure 1d. Meanwhile, the
obvious diffraction peaks located at 15.01°, 15.15°, 21.43°,
21.59°, 30.33°, and 30.67° can be assigned to the (002), (110),
(112), (200), (004), and (220) crystal planes of orthorhombic
perovskite-type CsPbBr; (space group Pbnm, a = 8.202 A, b =
8244 A, c = 11.748 A), corresponding to the standard card of
ICSD 97851." The splitting of diffraction peaks around 15°
and 30° strongly suggests a distorted perovskite structure with
tilted PbX4 octahedra for the prepared CsPbBr; nanowires at
room temperature. Furthermore, steady-state photolumines-
cence (PL), absorption, and fluorescence imaging measure-
ments of perovskite nanowires were performed, as shown in
Figure 1f. A remarkably strong spontaneous emission peak at
527 nm was observed at the absorption band edge, originating
from intrinsic exciton radiative recombination. Large-area in
situ fluorescence imaging of the perovskite nanowires (Figure
S1, Supporting Information) demonstrates their excellent
luminescence efficiency and uniformity, thus providing
sufficient optical gain for light amplification.

In order to gain deeper insights into the optical properties of
as-prepared CsPbBr; nanowires, measurements of temper-
ature-dependent PL were performed with variable temper-
atures ranging from 93 to 293 K. Figure 2a shows the PL
spectra as a function of temperature, exhibiting significant
temperature dependence. As the temperature increases, the PL
emission peak undergoes a slight blue shift with a difference of
2 meV, which mainly originates from the synergistic effect of
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Figure 2. Temperature-dependent fluorescence characteristics of
CsPbBr; nanowires. (a) PL spectra and (b) 2D pseudocolor plots
of CsPbBr; nanowires at different temperatures from 90 to 293 K,
and the dependence of (c) fwhm and (d) PL intensity on
temperature.

band gap broadening induced by thermal expansion and
electron—phonon coupling.M’45 Interestingly, the full width at
half-maximum (fwhm) of the PL emission peak is also
accompanied by a broadening phenomenon. This is partic-

ularly evident and intuitive in 2D pseudocolor plots of
normalized temperature-dependent PL spectra shown in
Figure 2b. The temperature-dependent fwhm can be described
by the sum of three broadening contribution terms given by
Segall’s expression,*® as follows:

Pro
I(T) =T, + ¢, .T +
o Ac exp(Ero/kyT) — 1 (1)

where I, represents the temperature-independent inhomo-
geneity expansion constant caused by exciton—exciton
interaction and crystal disorder. @, is the exciton—acoustic
phonon coupling coefficient, which is mainly determined by
the temperature-dependent deformation potential interaction.
@10 is the coupling coefficient of the exciton and longitudinal
optical phonon, and E; is the longitudinal mode optical
phonon energy. By fitting with Segall’'s expression, four
parameters can be extracted as 40.38 meV, 49.10 ueV/K,
130.68 meV, and 32.11 meV, respectively, as shown in Figure
2¢c. The relatively small value of @, suggests that linear
exciton—phonon coupling makes almost no contribution to PL
broadening. Therefore, the broadening of fwhm with
increasing temperature mainly originates from the contribution
of the exponential term of exciton—longitudinal optical
phonon coupling. Moreover, an increase in temperature can
give rise to a sharp decrease in PL emission intensity because
of the thermally activated nonradiative recombination process,
thus reducing the luminescence efficiency. Figure 2d shows the
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Figure 3. Single-photon pumped lasing characteristics of CsPbBr; nanowires. (a) Schematic diagram of CsPbBr; nanowires pumped by the
p-PL system; (b) 2D pseudocolor plots of lasing spectra for a single CsPbBr; NW with a length of 5.3 gm, excited by a 390 nm femtosecond
laser; (c) dependence of emission intensity and fwhm on pumping energy density inserted with bright- and dark-field (below and above the
lasing threshold ~ Py) optical images; (d) emission polarization of the CsPbBry; NW laser; (e) temporal spectroscopic profiles; and (f) time-

resolved PL spectra of CsPbBr; NW below and above Py,.
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Figure 4. Frequency-upconversion lasing characteristics. 2D pseudocolor plots of lasing spectra for two CsPbBr; NWs with the length of (a)
6.3 pm and (c) 3.5 pm, respectively, excited by a 800 nm femtosecond laser; (b, d) dependence of emission intensity and fwhm on pumping
energy densities for the corresponding CsPbBr; NWs; (e) mode spacing as a function of the reciprocal of cavity length (L); (f) dependence
of PL intensity on pumping energy densities at the excited wavelengths of 390 and 800 nm fitting by a power exponential function.

dependence of PL intensity on the reciprocal of temperature,
which can be analyzed by the Arrhenius equation as follows:"’

Ly

1) (1 + Ae B/RT) @)
where I represents the PL intensity at a temperature of 0 K. Ey,
is the exciton binding energy, which is extracted as 31.2 meV
through fitting. It is slightly higher than the thermal ionization
energy at room temperature (~26 meV), indicating that
excitons can exist stably at room temperature. This is beneficial
for constructing lasers operating at room temperature.

Figure 3a shows the schematic diagram of a single-photon
pumped p-PL system for a single CsPbBr; nanowire, which is
excited by a 390 nm wavelength femtosecond pulse laser. The
variable power emission spectra of a single CsPbBr; nanowire
with a length of 5.3 um were measured and plotted as 2D
pseudocolor contour mapping, as shown in Figure 3b. It can be
observed that the wide spontaneous emission transforms into
the stimulated emission with an extremely narrow fwhm as the
pumping energy density (P,,) gradually increases and exceeds
6.69 puJ/cm? accompanied by a sharp increase in emission
intensity. It suggests that the prepared CsPbBr; has an
extremely low lasing threshold of 6.69 uJ/cm? as shown in
Figure 3c. Also, the phenomenon of stimulated emission can
be confirmed by comparing the dark-field optical images as the
nanowire is excited below and above the lasing threshold (Py,)
shown in the inset of Figure 3c. When P, is higher than Py, the
two ends of the nanowire emit the dazzling green lasing output
with typical interference fringes, corresponding to the marked
points in the red dashed rectangle frame. This indicates that
the two end faces of the nanowire act as reflective mirrors,

forming a classic Fabry—Pérot (FP) resonator and thereby
generating lasing emission. Dark-field optical images of
CsPbBr; nanowires with different sizes—excited above the
lasing threshold (Figure S2, Supporting Information—all
exhibited similar emission behavior. Moreover, the reduction
in the size of the resonant cavity also leads to the evolution of
the lasing mode structure, manifested by an increase in mode
spacing and ultimately achieving single-mode lasing at a cavity
length of 2.9 pym. In order to investigate the polarization
characteristics of nanowire lasers, the emission spectra as a
function of the detection polarization angle ¢ (referring to the
long axis z of the nanowire) were measured, as shown in Figure
3d. The lasing peak exhibits highly polarized characteristics,
where the intensity of the dominant lasing peak reaches its
strongest (red solid line) when the detection polarization angle
is 90° (i.e., perpendicular to the z-axis). The dependence of
emission intensity on the detection polarization angle can be
described by a cos?@ function,® as shown in the inset of Figure
3d. The polarization degree of DOP = (I.x — Lnin)/ (Inex +
L) can be estimated to be 0.56. Also, the measurement of
time-resolved PL (TRPL) spectroscopy (see Figure S3 in the
Supporting Information) was performed to investigate the
excitonic recombination dynamics behavior in excited nano-
wires. Figure 3e demonstrates the temporal spectroscopic
profiles collected by a streak camera, as the pumping energy
density is above and below the threshold. The TRPL spectra of
these two states (>Py, and < Pg), marked by the red dashed
line, were extracted separately, as shown in Figure 3f. They can
be fitted by a single-exponential decay function, and the
extracted lifetimes are 250.18 ps for spontaneous emission and
31.44 ps for stimulated emission, fully suggesting the
generation of stimulated amplification processes. In order to
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demonstrate that the nanowires that we grew have good
stability at room temperature, we designed two stability testing
experiments. One was a seven-day stability test on a single
nanowire (see Figure S6a,b, Supporting Information). It can be
seen that after the nanowire was placed at room temperature
for 7 days, it still had stable laser output and remained in a
single-mode state. We also conducted stability tests under
continuous excitation using other nanowires (see Figure S6c—
f, Supporting Information). It can be observed that after
irradiating the nanowires with a laser for 20, 40, and 60 min,
they still maintained relatively stable laser output and exhibited
stable single-mode laser output. These two stability experi-
ments fully demonstrated that the nanowires we grew possess
excellent stability.

Subsequently, a femtosecond pulse laser with a wavelength
of 800 nm was utilized to pump the CsPbBr; nanowires and
investigate their two-photon pumped light emission behavior.
Figure 4a shows the 2D pseudocolor plots of the lasing spectra
of an individual nanowire with a length of 6.3 ym. As the pump
energy density gradually increases and exceeds 10.79 mJ/cm?,
the intensity of the emission peak sharply increases,
accompanied by a rapid narrowing of the fwhm, as shown in
Figure 4b. In this case, the lasing threshold pumped by two
photons is about 3—4 orders of magnitude higher than that of
a single photon, indicating that the process pumped by two
photons is more difficult due to its lower absorption efliciency
compared to single-photon pumping. Furthermore, the lasing
spectra (see Figure S4, Supporting Information) of the
nanowires with different lengths were measured to analyze
the evolution of their mode structures. Figure 4e shows the
dependence of mode spacing on the reciprocal of cavity length
L, exhibiting a typical linear relationship. This is in agreement
with that given by the FP equation Al = A%/ 2Lng, where L
represents the cavity length and n, is the group refractive index.
According to linear fitting, the group refractive index n, can be
extracted as 7.5 at around 535 nm, which is consistent with the
results reported previously for lead bromide perovskite lasers.*’
As the length of the nanowire is further reduced to 3.5 um, the
intrinsic self-absorption effect and the limited optical gain
region of the perovskite enable a two-photon pumped
frequency-upconversion single-mode laser in this classical FP
resonator, as shown in Figure 4c. Its side-mode suppression
ratio (SMSR) and lasing quality (Q) factor were calculated to
be 13.32 and 1450 dB (see Figure SS, Supporting
Information), respectively. Our work has a much higher
edge-mode suppression ratio compared to previous works and
also has a higher Q factor. Moreover, while maintaining a high
edge-mode suppression ratio and high Q factor, the laser
threshold is at the same order of magnitude as those in other
works, enabling a good balance of various performance aspects
(Table 1, Supporting Information). The dependence of
emission intensity and fwhm on pumping energy density
shown in Figure 4d is similar to that of the longer nanowires
mentioned above, indicating a transition from spontaneous
emission to stimulated emission. Figure 4f compares the
dependence of PL intensity on pumping energy density for
single-photon and two-photon processes, both of which can be
fitted by a power exponential function of I  p’. The power
exponents ¥ of both are 1.02 and 1.98, respectively, further
confirming the dominant role of two-photon absorption
pumped by a low-energy 800 nm femtosecond pulse laser.

3. CONCLUSIONS

In summary, we systematically characterized the optical
properties of CsPbBr; nanowires prepared by the antisolvent
method through temperature-dependent PL spectroscopy,
where the broadening of fwhm mainly originates from the
coupling between excitons and longitudinal optical phonons.
The higher exciton binding energy of 31.2 meV suggests that
the CsPbBr; nanowire can be used to construct lasers
operating at room temperature. Subsequently, single-photon-
pumped lasing output with a polarization degree of 0.56 was
achieved under the femtosecond pulse laser pumping at a
wavelength of 390 nm, with a threshold of 6.69 uJ/ cm?, where
the shortened lifetime from 250.18 to 31.44 ps indicates the
transition from spontaneous emission to stimulated emission.
Meanwhile, room-temperature frequency-upconversion single-
mode lasing based on the FP oscillation mode was achieved in
a CsPbBr; nanowire with a length of 3.5 pm by utilizing its
intrinsic self-absorption effect. These results indicate the
extensive application prospects of all-inorganic lead halide
perovskite nanowires in constructing high-quality frequency-
upconversion coherent nanosources.

4. EXPERIMENTAL SECTION

4.1. Preparation of CsPbBr; Nanowires. High-quality nano-
wires were synthesized through the antisolvent method. First, the
precursor solution was prepared by dissolving CsBr and PbBr, powder
(Alfa Aesar, 99.999%) with a molar ratio of 1:1 in anhydrous
dimethylformamide (DMF) and stirring at 45 °C for 24 h.
Subsequently, 30 uL of the precursor solution was dropped onto a
quartz substrate and placed in a glass dish containing 30 xL of toluene
as an antisolvent. Finally, the glass dish was placed in an oven with a
setting temperature of 30 °C and reacted continuously for 24 h to
obtain high-quality CsPbBr; nanowires.

4.2. Characterization of Morphology, Structure, and Optical
Properties. The morphology and elemental analysis of nanowires
were characterized by field emission scanning electron microscopy
(FESEM, FEI Nova NanoSEM 450), equipped with an energy-
dispersive spectrometer (EDS), and atomic force microscopy (AFM,
Quantum Design). Their structural characteristics were measured
through X-ray diffraction spectroscopy (XRD, D/MAX-2400). The
measurements of steady-state photoluminescence (PL), absorption,
and fluorescence imaging were performed through a highly integrated
selfmade micro system, consisting of a microscope (XS0), a
spectrometer, and a 3D displacement stage. The temperature was
controlled by a cryogenic system (Linkam, HFS600E-PB2), covering
a range of 77 K to room temperature. The lasing characteristics were
measured by a confocal y-PL system equipped with a wavelength-
tunable femtosecond laser (190 fs, 6 kHz), an upright microscope,
and an optical multichannel spectrometer (150/600/1800 g/mm).
The signal of time-resolved PL was collected by a streak camera
(Optoscope SC-10), equipped with an optical multichannel
spectrometer (150/600/1800 g/mm) and a femtosecond laser system
(100 fs, 1000 Hz), with an excitation wavelength of 325 nm.
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