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ABSTRACT

In semiconductor-based microlasers, the lasing performance and device properties are closely related to the behavior of the excited carriers.
Comprehending their laser mechanisms and controlling laser behavior on ultrafast timescales is crucial. This paper employs a microscopic
optical Kerr-gate method to investigate the lasing dynamic in a composite perovskite micro/nanostructure. The results show that the laser
dynamics are influenced by bandgap renormalization and band-filling (BF) effects. At lower levels of pump fluence, the energy transfer process
has the potential to impact the refractive index, resulting in a negligible transient mode shift. At higher levels of pump fluence, the observed
extension of the stimulated radiation lifetime indicates the involvement of the hot carrier cooling process in laser emission. This mechanism
facilitates the modulation of energy level occupancy states, resulting in a stable resonance wavelength during the initial few picoseconds. As
the hot carriers cool, the BF effect can induce a notable change in the refractive index, leading to a redshift in the resonant modes. This study
can offer insights into the lasing behavior driven by carrier dynamics and provide a promising strategy to regulate lasing performance in

microcavity at ultrafast timescale.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0268133

I. INTRODUCTION

Humanity is rapidly advancing into the era of informatization
and intelligence. Microelectronics technology is limited by the delay
effects of circuit parameters, making it difficult to break through
the nanosecond processing rate threshold. As a result, it gradually
becomes unable to meet the requirements of modern informa-
tion technology for low power consumption, high capacity, and
high-speed transmission. Photons, due to their non-interfering and
uncharged nature, can solve the delay dilemma and heat dissipa-
tion problems in device miniaturization without being limited by
bottleneck blockages in transmission channels, making them an
ideal information carrier for achieving picosecond ultrafast infor-
mation processing speed.! Coherent light source devices are one
of the key components for achieving informatization in optoelec-
tronic technology, which promotes the miniaturization of lasers.
Micro/nano semiconductor lasers have the potential to integrate
nanoscale photons and optoelectronic circuits, typically consisting

of a pump source, semiconductor gain medium, and resonant cav-
ity. The pump source can pump electrons from ground states to
excited states in the gain medium, providing energy for electron
transitions. Under the action of appropriate energy photons, the
gain medium emits coherent photons with the same characteris-
tics as the incident light, including frequency, polarization, phase,
and propagation direction, thus facilitating stimulated radiation.
The gain medium is the core of micro/nano laser devices. Metal
halide perovskites have emerged as competitive candidate materials
for lasers due to their easy solution-processing chemical prepara-
tion and remarkable optoelectronic properties: high optical gain,
flexible lasing wavelengths, superior fluorescence yield, and strong
light-matter interactions.” '

Since the first amplified spontaneous emission (ASE) was
obtained in perovskite films,'”” extensive research has been
conducted on perovskite micro/nanolasers. Perovskite micro/
nanostructures with various morphologies were obtained based on
different synthesis methods, including micro/nanowires, micro/
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nanoplates, quantum dots, and thin films. These micro/
nanostructures serve as gain media and optical resonators for
lasers. To create micro/nanolasers with low thresholds, high-quality
factors, and excellent stability, researchers focus on optimizing the
gain medium and modifying the cavity type. Liu et al.'* prepared a
hexagonal perovskite nanosheet array using the vapor deposition
method, and the nanosheets have a periodic arrangement. By
femtosecond laser pumping, low threshold (11 yJ/cm®), 0.64 nm
full width at half maximum (FWHM), and high-quality factor
(Q = 1210) were obtained. Xu et al.'” reported a space consen-
sus and advisory-supported crystallization process forming the
seamless MAPbBr,Cls_x perovskite arrays. This process achieves
a high Q factor of 2915, and a threshold of 4.14 pt]/cm2 is realized
in whispering gallery mode (WGM) microcavity due to the ideal
crystal pixel. Zhu et al.'® first reported a perovskite Fabry-Perot
(F-P) mode laser, which exhibited a peak at FWHM of 0.22 nm at
a pump energy density of 600 nJ/cm?, indicating laser formation.
In addition, perovskite lasers with additional auxiliary cavities have
also been studied. Wang et al.'” achieved inorganic perovskite
vertical-cavity surface-emitting lasers (VCSEL) nanocrystals by hot
injection method and spin-coated on distributed Bragg reflector
(DBR) mirrors, resulting in a low-threshold multicolor laser
(9 pJ/em?). Goldberg et al.'® proposed a fully solution-processed
method to fabricate external Distributed Feedback (DFB) gratings
on MAPbI; waveguides, yielding DFB lasers with narrow line
widths (<0.2 nm) and strong polarization.

In addition to the morphology and structure of microcavi-
ties, the laser performance is closely related to photoinduced carrier
dynamics, particularly the processes of carrier excitation, hot carrier
relaxation, and electron-hole recombination. Since these processes
occur on the timescale of femtosecond-to-nanosecond, directly
measuring the intrinsic relationship between photogenerated car-
rier dynamics and device parameters is challenging. Femtosecond
time-resolved photoluminescence (TRPL) and femtosecond tran-
sient absorption (TA) techniques are employed to explore the carrier
behaviors involved in the emission process. Some researchers have
conducted extensive analyses of the laser characteristics of per-
ovskite microcavities in both the time and spectral domains. Schlaus
et al."”” revealed the blueshift of the gain region within 25 ps, a
signature of plasma-coupled laser emission, which determines the
underlying mechanism in a single nanowire laser. Wang et al.”’
studied the bathochromic shift of a single microporous plate under
high pump fluence. They effectively removed the mode shift by
employing DBR mirrors, optimizing the mode quality of the micro-
laser. Du et al.’! found the high Q factor single-mode lasers from
perovskite microspheres. Through temperature-dependent PL spec-
troscopy, TRPL technology, and Raman spectroscopy, it has been
confirmed that the lasing mechanism transitions from exciton scat-
tering to exciton-phonon scattering as the temperature increases
from 77 to 300 K. Weng et al.”> observed an adverse move of the
gain profile attributed to the bandgap renormalization (BGR) effect
and provided extensive insight into the laser micro-mechanism and
hot carrier process in microplates. He et al.”* utilized TRPL technol-
ogy to investigate not only the laser attenuation curve characteristics
of spectral integration under different pump fluences in CsPbBr;
nanowires but also the temporal dependence of laser spectra. Ma
et al.** employed the TA and TRPL technologies, and the results
demonstrated that the band-filling (BF) effect can cause a significant
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change in the refractive index of the perovskite nanowires, resulting
in an unfavorable redshift and broadening of the resonant modes. Su
et al.”® reported CsPbBr3 microcavities with different kinds of mor-
phology. The fast decay lifetime and slow decay lifetime, measured
by TRPL, are attributed to stimulated lasing emission and sponta-
neous emission, respectively. He et al.”® successfully constructed a
low laser threshold (22 uJ/cm?) composed of CsPbBrs nanocrys-
talline thin film and DBR; the single-mode VCSEL was used to
investigate the carrier dynamics through pump-dependent TRPL
measurements. He et al.”’ measured the TRPL at 20 K to study the
many-body excitonic interactions in 2D lead-halide perovskites and
offer a vision to expand the field of solution-processed multicolor
lasers. Polimeno et al.”* used TRPL measurements to identify blue-
shift observed above the threshold, a unique phenomenon resulting
from strong coupling between excitons and confined optical modes
in the perovskite crystal.

In this paper, CsPbBr; nanowires and the nanowire
+ microplate composite are synthesized by a one-step synthe-
sis method, and the micro/nano laser is achieved by femtosecond
laser pumping. Then, femtosecond-resolved optical Kerr-gate
(OKG) technology is employed to explore the laser dynamics in the
composite to reveal the relationship between laser performance and
carrier dynamics. Meanwhile, femtosecond TA technology can help
detect the carrier behaviors involved in the emission process. First,
one explores the threshold of the individual nanowires with F-P
laser resonant mode and the mode variation with pump fluence.
Then, the nanowire + microplate composite is employed to explore
the pump fluence and time-resolved laser dynamic. It is worth
noticing that the BGR and BF effects are revealed to affect the laser
performance. The obtained results demonstrated that BF can affect
the absorption coefficient at high levels of pump fluence. The energy
transfer and the hot carrier cooling processes can affect the transient
refractive index change, resulting in a slight redshift of resonant
modes. Exploring carrier dynamics characteristics of the composite
microstructure can provide an effective strategy for optimizing the
perovskite micro/nanolaser.

1. METHOD
A. Synthesis of CsPbBrs; perovskite microstructures

The CsPbBr3 microplates and nanowires were synthesized with
well-defined morphologies formed on the substrate through a one-
step chemical reaction using a solution method. Specifically, 0.25
mmol of CsBr and 0.25 mmol of PbBr, powder were dissolved in the
dimethyl sulfoxide (DMSO) solvent to prepare precursor solutions.
Next, a sample holder containing 30 ml of dichloromethane (DCM)
was added to the reaction vessel, and the substrate was placed on the
sample holder. Take 1 yl of solution from the precursor solution and
drop it onto the substrate. Place it in a constant temperature box at
60 °C in a DCM atmosphere for 5 h. Finally, the sample was dried in
a vacuum oven.

B. Optical measurement

In the homemade femtosecond-resolved OKG fluorescence
spectroscopy measurement system (see Fig. S1, supplementary
material), a titanium-doped sapphire femtosecond laser (Coherent
Inc., USA) was employed as the laser source of the system. The
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output laser center wavelength is 800 nm, the repetition frequency
is 1 kHz, the pulse width is 50 fs, and the output power is 5 W.
The B-barium borate (BBO) crystal generated a 400 nm excitation
beam and focused the sample to excite photoluminescence using an
objective lens (40-x, NA = 0.75). Photoluminescence was focused on
an optical Kerr medium with gating pulses after transiting a linear
polarizer. Thus, the polarization rate of the photoluminescence pulse
changes; part of the beam was transmitted through optical fibers. By
adapting the delay time (optical path) between the gating pulse and
the photoluminescence pulse, a TRPL spectrum was recorded using
a spectrometer. To avoid the problem of switching time broaden-
ing caused by the walk-off effect,”” the thickness of 1 mm optical
Kerr medium was selected here. In addition, OKG technology is an
ideal tool for studying laser dynamics due to its ultrafast time reso-
lution (see Fig. S2, supplementary material) and implementation of
wide-spectrum measurements. In the homemade fs- TA microscopy
system (see Fig. S3, supplementary material), the titanium-doped
sapphire femtosecond laser had identical specifications as described
above. First, the light source was separated into two paths by a beam
splitter; the first beam was employed to excite a BBO crystal (gener-
ate the second harmonic), and the second beam (as the probe light)
was centered onto sapphire to yield white light supercontinuum by
self-phase modulation. Then, the probe light and pump light were
centered on the perovskite material using a 40-x objective lens (over-
lapped spatially through a dichroic mirror). The TA spectra can be
observed by adjusting the delay time between the pump and probe
signals.

I1l. RESULTS AND DISCUSSION

CsPbBr3; micro/nanostructures were synthesized using a one-
step chemical reaction using a solution method, as shown in
Fig. S4(a) (supplementary material). To demonstrate the nature
of CsPbBrs; micro/nanostructures, x-ray diffraction (XRD) mea-
surements were performed, as shown in Fig. S4(b) (supplementary
material). Two main peaks appeared at 15.26° and 30.77° indexed
to the (100) and (200) crystal planes, respectively. It can be found
that the diffraction peak has a high intensity and a narrow half-
width without the appearance of many miscellaneous peaks. There-
fore, it can be concluded that the high-quality growth of CsPbBr;
micro/nanostructures and the relatively pure phase structure. The
optical properties of the samples were further investigated. Pho-
tonic lasing was attributed to the unique ability of the nanowire to
simultaneously function as both a laser cavity and a gain medium.*’
The nanowire morphology defines the laser cavity, bounded by
its end facets. A homemade micro-region PL device was equipped
with a femtosecond laser source to study the optical characteristics
of the individual nanostructure, including photoluminescence and
laser properties. The investigated nanowire is shown in Fig. 1(a),
it is ~9 ym long and has a diameter around 800 nm. When the
pump fluence is under the lasing threshold, the emission spec-
trum shows a broad peak of about 520 nm at room temperature.
It is apparent that the luminescence of the individual nanowire
exhibits a Gaussian distribution [see Fig. 1(a)], with an FWHM of
~20 nm, close to the fluorescence performance with the reported
CsPbBr3 nanostructures.’’ This spontaneous emission is primarily
attributed to the excitonic states of CsPbBr; nanostructures, due to
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the exciton binding energy exceeding the thermal energy at room
temperature.‘;"“‘%‘;

To measure the laser characteristics of individual nanowires,
the size of the laser beam was optimized by adjusting the space
between the microscope objective and the sample. We used defo-
cused excitation to ensure that the entire sample was uniformly
excited and not damaged by a femtosecond laser. The representa-
tive emission spectrum of the individual CsPbBr; nanowire at room
temperature with pump fluence (pulse energy per unit area) is shown
in Figs. 1(b) and 1(c). When the pump fluence exceeds the laser
threshold, strong light is generated on both ends of the nanowire (see
Fig. S5, supplementary material). With the pump fluence rising, a
sharp emission peak comes out and sharply increases in the low-
energy band tail compared with spontaneous emission. The strength
is several orders of magnitude heightened with fluorescence, indicat-
ing that the lasing from the nanowire. For the excitation exceeding
the threshold, different laser modes are noted from mode A to mode
C, relating to the emission of photon energy from high to low. The
laser modes are allocated to the longitudinal modes of the cavity
specified by the nanowire surfaces at both ends. The dependence
of output strength and FWHM with pump fluence is shown in
Fig. 1(b). The “S-shaped” light output-light input behavior yields a
laser threshold of ~17.5 uJ/ cm?, and the sudden drop in the FWHM
confirms lasing generation.

Further research was conducted on the laser performance of
CsPbBr3; nanowires with different lengths. In theory, the Free Spec-
trum Range (FSR) of nanowire resonators, i.e., the axial mode
spacing (AA), is estimated with the formula: A = 222 Neg L),
where N is the effective refractive index of the nanowire, L is the
length of the nanowire, and A is the resonant wavelength. From
the resonant wavelengths of nanowires of various lengths above
the lasing threshold shown in Fig. S5 (supplementary material), as
the nanowire length increases from 7.796 to 12.253 ym, the mode
spacing decreased from 2.23 nm to ~1 nm. Through linear fit-
ting, it was found that a linear relationship happens between the
mode spacing and the reciprocal of the nanowire length, which
proves the formation of F-P cavities [see Fig. S6(a), supplementary
material]. The spontaneous emission coupling factor () can be con-
veniently employed to explain why laser intensity and coherence
show intense enhancement around the threshold.”" ** Meanwhile,
B (0.18) can be calculated by the ratio of the difference in emis-
sion intensity before and after reaching the threshold, as shown in
Fig. S6(b) (supplementary material). Then, one observes the inten-
sity changes and mode shifts of different modes through variable
pump excitation. As shown in Fig. 1(c), the same laser mode will
transfer to higher photon energy as the pump fluence increases. One
plotted the intensity and peak positions of the individual nanowire
laser modes as a function of the pump fluence in Figs. S7 and S8
(supplementary material). As the pump fluence increases, the entire
gain spectrum undergoes a redshift, indicating that the BGR effect
intensifies with the increasing carrier density. The bandgap shrink-
age phenomenon in the BGR effect is caused by the multibody effect
under high carrier density.”” On the other hand, all modes exhibit a
blueshift of 0.5-1 nm, which is due to a higher injected carrier den-
sity reducing the refractive index in CsPbBr3, resulting in a blueshift
of the single resonant mode, consistent with previous observations
in CsPbBr3. "%’
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FIG. 1. (a) Photoluminescence spectra of the nanowire. Insert: Optical microscope images of the fabricated CsPbBrs perovskite nanowire. Scale bar, 5 um. (b) Evolution
of integrated emission intensity and FWHM as a function of pump fluence. (c) Emission spectra of individual CsPbBr; nanowire as a function of pump fluence. (d) Photolu-
minescence spectra of the composite. Insert: Optical microscope images of the composite. Scale bar, 5 um. (e) Evolution of integrated emission intensity and FWHM as a
function of pump fluence. (f) Emission spectra of the composite as a function of pump fluence. NW: nanowire resonance mode. MP: microplate resonance mode.
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FIG. 2. (a)-(c) TA spectra (smoothed) with different delay times from 0.2 to 500 ps with pump fluences of 22.8, 32.7, 53.7 uJ cm=2, respectively. (d)~(f) AA~ delay traces of
CsPbBr; composite within the first 200 ps at different probe wavelengths of PA signals. The solid lines represent the fittings to experimental data with an exponential sum
function.
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To investigate the evolution of laser emission dynamics in the
nanowire and microplate structure, we analyzed a composite system
that demonstrates a sequential laser emission, where the nanowire
emits first, followed by the microplate, as the pump fluence rises.
The structure of the nanowire + microplate composite is shown in
Fig. 1(d). The size of the laser beam size was optimized to ensure
consistent excitation upon the composite structure. The emission
spectrum is shown in Fig. 1(d), and the luminescence of the vis-
ible composite has two distinct emission peaks at around 520 nm
and around 533 nm with an FWHM over 25 nm. As the pump flu-
ence increases, a sharply stimulated emission peak comes out, with
an intensity several orders of magnitude higher than that of sponta-
neous emission, indicating the lasing from the composite structure.
The dependence of the output intensity and FWHM on pump flu-
ence are shown in Fig. 1(e), and it can be concluded that the lasing
threshold is ~17.5 uJ/cm®. The narrow FWHM occurred at around
536.5 nm considered the nanowire resonant mode.”* ™" Then, the
resonant mode of the microplate (~539.5 nm) appears and dom-
inates as pump fluence increases. From the simulated results by
COMSOL software in Fig. S9 (supplementary material), it can be
seen that the mode distribution of the nanowire is mainly at higher
photon energies compared to the microplate, which is consistent
with the observed laser image [see Fig. 1(f)].

Furthermore, the carrier process of the composite urgently
needs to be clarified. Typically, two factors can affect the bandgap
features of inorganic perovskite: the BF and the BGR effects.”""”
When the nanostructure is excited by a laser pulse, the filling of
hole states and electron states in the valence band and the conduc-
tion band can lead to the bleaching of optical inter-band transitions.
The BF effect explains that photoexcited carriers cool down to the
band edge and occupy the finite states on account of the Pauli
exclusion principle, thereby suppressing band-edge absorption.
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TA spectroscopy can be implemented to study the excited carrier
species in the CsPbBr; composite. To analyze TA spectra accu-
rately, one concentrated the carrier process from 0.2 to 500 ps
delay time in Figs. 2(a)-2(c). The features of the two signals are
as follows: (1) A photo-induced absorption (PA) signal in a low
energy region can be considered as a fingerprint due to the BGR
process.”” When the perovskite material is excited by photons, the
free carrier species rise, leading to enhanced Coulombic interac-
tions among them, resulting in band-gap shrinkage, thereby the
increased absorption of the probe photons.’* (2) One feature is
the negative signal into the photo-induced bleaching (PB) of the
ground state since the comparable peak is near the band gap of the
CsPbBr; material. One further explores the TA spectra at differ-
ent pump fluences and various delay times to study fluence- and
time-dependent performances of the PA and PB signals. First, a
bathochromic shift can be seen in the PB peak within 0-10 ps.
This is also a powerful testimony to the appearance of the BGR
effect.”" Due to the relatively high carrier density above the thresh-
old, the BF effect plays a significant role in the ultrafast process.
It can be seen that the maximum PB peak became few changed
when the pump fluence increased from low to medium; however,
the blueshift happened in the PB peak when the pump fluence came
to a high value. Such a phenomenon demonstrated that the BGR
and BF effects have quite a high contribution to the bandgap fea-
tures at the low to medium pump fluence, and the BF effect becomes
dominant as the carrier density increases under high fluence, thereby
mitigating the influence of the BGR process. Then, one offers a phe-
nomenological model to suit the gauged PA signal quantitatively and
concentrates the dynamic arguments as follows: y = A™ exp (—%)

+(1-exp(£))* (B* exp (—é) +C* exp (—%)), where the first
exponential term denotes the BGR effect and the second part
describes the fast recombination and slow recombination; A, B,

An
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and C are the corresponding amplitudes. The fitted curve, including
the three separate components, can be illustrated in Figs. 2(d)-2(f).
Transfers 11, T2, and 13 correspond to the BGR process, fast recom-
bination lifetime, and slow recombination lifetime, respectively,
and the calculated lifetimes are shown in Table S1 (supplementary
material). The gradual increase in the BGR lifetime (0.65 ps < 1.05 ps
< 1.58 ps) indicates that the BGR effect increases with increasing
pump fluence, mainly due to the increase in carrier density.** "’
Furthermore, the absorption coefficient related to the refrac-
tive index is acquired by the Kramers-Kronig relationship.”” The
refractive index is inversely proportional to the excited carrier
species during the laser emission. To explain the experimental
phenomenon of BF and BGR competition-induced refractive
index change process dependent on carrier density, one utilized
a model to estimate the refractive index change induced by the
excited carrier density. The global model related to the change in
refractive index can be established as follows: A#gpipcr(fiw,N)
oo agrspcr (EEL(N oo a(EE°
= (%)P[fg; %dli*.&g %,ﬂg]
supplementary material), where £ is the reduced Planck constant,
c is the light speed, P denotes the Cauchy principal value of
the integral, Aagr+pgr is the change in absorption coefficient by
considering BF and BGR effects overall, which is a function of the

(details  in

FIG. 5. Schematic of dominant carrier

(b) behaviors affecting the transient mode
shift in the composite at (a) low pump flu-
ence, (b) medium pump fluence, and (c)
high pump fluence.

Red-shift

carrier density N and photon energy E, Ay is the change in refractive
index. Employed by this model, the evolution of the refractive
index change as a function of carrier density is shown in Fig. 3. In
addition, the initial carrier density generated by the fs-pulsed laser
was attained by the formula of N = (1- R)di‘)%(l - ¢f‘)‘d"),5”:wz
where F is the pump fluence of a single pulse at excited energy,
R is the reflectance, a is the absorption coefficient, and d, is the
penetration depth. According to the pump fluence, the free carrier
density N is 2.74 x 10'® cm™ at high pump fluence. Thus, the BF
effect becomes dominant, resulting in a significant change in the
refractive index at high pump fluence (see Fig. 3).

In light-emitting devices, photoexcited carrier processes such
as electron-hole recombination and hot carrier dynamics, play a
critical role in determining their optoelectronic performance. In
addition, the application of OKG technology can detect rapid decay
processes, providing a stage for the analysis of ultrafast laser dynam-
ics. As shown in Fig. 4(a), one used micro-region OKG technology
to study the time-resolved emission dynamics of the composite. As
the pump fluence increases, there is a switch from the nanowire
resonance mode dominated (high energy) to the microplate reso-
nance mode dominated (low energy), and the laser rapidly decays
over time, completing attenuation within 14 ps. Figures 4(b) and
4(c) show the PL emission dynamics above the threshold, with
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an exponential decay in emission intensity. The decay process of
this stimulated emission can be fitted by a mono-exponential func-
tion; the fitting lifetime (7) is presented in Table S2 (supplementary
material). The nanowire resonance mode has lifetimes of 3.725,
3.423, and 3.066 ps, and the lifetime of microplate resonance mode
is 3.428, 3.373, and 4.631 ps as the pump fluence increases. The
lifetime of the nanowire resonance mode decreases with increasing
pump fluence due to the monotonic increase of carriers, leading to
a faster-stimulated radiation process. For the microplate resonance
mode, the lifetime first decreases (3.428-3.373 ps) and then signifi-
cantly increases (3.373-4.631 ps) as the pump fluence increases. The
abnormal increase in lifetime is due to the extended hot carrier cool-
ing lifetime (i.e., a hot-carrier bottleneck effect, leading to enhanced
nonradiative recombination), which further supports the dominant
influence of the BF effect.”

Moreover, the ultrafast carrier dynamics of the composite are
intricately linked to the laser characteristics. The position of the laser
peaks at different pump fluences is cataloged in Figs. 4(d)-4(f). At
low levels of pump fluence, the nanowire resonance mode wave-
length undergoes a redshift over time, attributed to the decrease
in carrier density; thus, a redshift happens in the resonance
mode (Ac/ng = constant). At medium levels of pump fluence, the
microplate resonance mode increases monotonically within the first
4 ps and remains stable from 4 to 12 ps. The nanowire resonance
mode increases monotonically after 4 ps. The constant resonant
wavelength at different time delays is due to additional carriers com-
pensating for those lost through stimulated emission, maintaining
a stable refractive index.”* At high levels of pump fluence, the res-
onance mode wavelength is nearly unchanged within 3 ps, then
red-shift over time. One can construct a global physical model as
shown in Fig. 5. The ultrafast energy transfer and hot carrier process-
influenced mode shift over time at different pump fluences can
be explained. In the first few picoseconds, the main energy trans-
fer can happen from microplate to nanowire (the significant BGR
effect of nanowires compared to microplates).”* With the recovery
of the BGR process, the enhanced carrier number in the microplate
maintains the balance of refractive index causing the microplate res-
onance mode to remain few changed during the long picosecond
range. At high levels of pump fluence, the BF effect dominates, and
the hot carrier cooling process participates in emission. Within the
first 3 ps, the hot carrier cooling process can provide a buffer for
adjustment of the energy level occupancy state, resulting in a small
reflective index change caused by negligible transient mode shift.
Then, the carrier density rapidly depletes with radiation recombina-
tion; therefore, the change in the refractive index becomes evident,
and a redshift induced by the BF effect occurs.

IV. CONCLUSION

One performed an experimental and theoretical investiga-
tion of CsPbBr3 monomer and composite micro/nanostructure
by femtosecond TRPL and TA measurements for application in
semiconductor-based microlasers. For the individual nanowire, the
results demonstrate that the BGR effect causes the gain spectrum
redshift, and the resonant mode blueshift is caused by the decrease
in the refractive index of the individual resonant mode. For the com-
posite, the TA spectrum manifests that the BF effect dominates at
high levels of pump fluence, significantly influencing the refractive

ARTICLE pubs.aip.org/aipl/jcp

index during the laser emission. The energy transfer can affect the
carrier density, resulting in few changes in the refractive index. In
addition, the hot carriers cooling process is found to participate in
stimulated radiation at higher levels of pump fluences, accompa-
nied by an increase in the stimulated radiation lifetime. The hot
carrier cooling process can provide a buffer for the adjustment of
the energy level occupancy state, resulting in a small transient mode
shift; however, the BF effect can cause a significant change in the
refractive index as time increases. Our findings provide a foundation
for controlling ultrafast laser emission via carrier dynamics, offer-
ing potential pathways for exploring high-performance materials in
photonic microdevices.

SUPPLEMENTARY MATERIAL

The supplementary material contains a simplified illustra-
tion of the set-up for temporal-spatial-resolved microscopic opti-
cal Kerr-gate technology. XRD pattern of CsPbBr; perovskites
micro/nanostructure. Some laser characteristics are related to single
nanowires and the composite structure.
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