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Influence of Hot Carrier Cooling and Band-Filling Effect on

Linewidth of Perovskite Microlasers

Peipei Ma, Jinhai Si,* Lihe Yan, Jiayi Wu, Jin Xu, and Xun Hou

In semiconductor-based microlasers, the generated excited carriers can affect
both the optical absorption coefficient and refractive index, influencing the
lasing behavior and device performance. In this study, the lasing behavior of
individual MAPbBr; microrods pumped by femtosecond laser pulses is
investigated using an ultrafast optical Kerr gating technique. By analyzing the
spectral and temporal evolution of the lasing behavior, it is found that the
band-filling (BF) effect can cause a significant change in the refractive index of
the material, which results in an unfavorable red-shift and broadening of the

(>10* cm™'), tunable direct bandgap across
the visible spectrum, and high fluorescence
yield A high gain coefficient,’] ultra-
high quality factor,l®) low threshold,!”) and
continuous-wave lasing®! have been real-
ized via material and structural engineering
in previous research.

Halide perovskite-based mi-
cro/nanolasers are usually operated us-
ing pulsed laser pumping. Many studies

resonant modes, deteriorating the laser linewidth and quality factor. The hot
carrier cooling process can provide a buffer for alteration of the energy level
occupation state, resulting in a small transient refractive index change and
slight red-shift. These results offer insights into the lasing behavior driven by
photogenerated carrier dynamics and provide an optimization strategy for

semiconductor-based microlasers.

1. Introduction

Semiconductor-based micro/nanolasers are desirable for on-
chip optical interconnections due to their small scale, high
integration, low power consumption, and anti-electromagnetic
interference.l!!  Self-assembly micro/nanostructures, includ-
ing micro/nanosheets, micro/nanorods, microspheres, and
thin films, have been demonstrated as simple and effi-
cient approaches for micro/nanolasers.[?l Self-assembly mi-
cro/nanolasers with well-defined lasing actions have been
developed based on diverse semiconductor gain media including
ZnO, GaN, InP, and their multi-quantum well derivatives.]’]
Metal halide perovskites have recently become competitive gain
medium candidates owing to their high absorption coefficient
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have been conducted to enhance device
performance, including the pulse duration,
linewidth, and quality factor. The perfor-
mance is closely related to the dynamics of
the photogenerated carriers during opera-
tion, including carrier generation, hot car-
rier relaxation, carrier recombination, and
other processes.ll Thus, understanding the
photogenerated carrier dynamics in indi-
vidual devices is crucial for optimizing the
performance of micro/nanolasers. As these processes occur on
the sub-picosecond to nanosecond timescale, it is challenging to
directly measure the intrinsic relationship between the photogen-
erated carrier dynamics and device parameters.

In this study, we investigated the lasing dynamics of individ-
ual MAPDbBr; microrods using a femtosecond time-resolved op-
tical Kerr gating technique. Through analysis of the spectral and
temporal evolution of lasing, the photogenerated carrier dynam-
ics and their effects on the lasing properties were explored. The
red-shifts and broadening of the full width at half-maximum
(FWHM) of the lasing resonant modes in the time domain in-
duced by the BF effect deteriorated the lasing linewidth and qual-
ity. The hot carrier cooling process provided a buffer for the giant
BF effect and relieved the red-shift. We hope that our observa-
tions of carrier dynamics related to lasing properties will provide
an optimization strategy for perovskite-based microlasers.

2. Results and Discussion

MAPDBr,; microrods were synthesized using liquid self-assembly
combined with an anti-solvent diffusion growth method, as de-
scribed in the Experimental Section. To evaluate the optical prop-
erties of the MAPDbBr; microrods, steady-state absorption and
photoluminescence (PL) spectra were measured using a home-
built micro-absorption and micro-PL setup (Sections S1 and S2,
Supporting Information). The absorption spectrum in Figure 1a
displays a sharp band-edge cutoff 520 nm, consistent with pre-
vious studies.!'] The steady-state PL spectrum showed an emis-
sion centered at 538 nm with an FWHM of 27 nm. The sharp
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Figure 1. a) Steady-state absorption and PL spectra of MAPbBr; microrods. b) XRD pattern of MAPbBr; microrods. The inset shows a SEM image of
MAPbBr; microrods. Scale bar, 5 um. c) Pump fluence-dependent emission spectra of individual MAPbBr; microrod. The insets are fluorescence images
below (left panel) and above (right panel) the lasing threshold of the MAPbBr; microrod. Scale bar, 5 um. d) Evolution of integrated emission intensity
and FWHM as a function of pump fluence. The fitting FWHM values above the threshold were extracted from the resonant mode with an asterisk marked

in Figure 1c.

absorption band-edge and narrow FWHM indicate high crys-
tallinity and few defect states in the sample. Morphological infor-
mation was obtained using scanning electron microscopy (SEM)
(inset in Figure 1b). The longitudinal length of the MAPbBr; mi-
crorods ranged from a few microns to tens of microns; their lat-
eral dimensions were hundreds of nanometers. To demonstrate
the single-crystal nature of MAPbBr; microrods, X-ray diffraction
(XRD) measurements were performed, as shown in Figure 1b.
Four main peaks appeared at 15.04°, 30.25°, 45.99°, and 62.73°,
indexed to the (001), (002), (003), and (004) crystal planes of the
MAPbDBr; cubic phase. The w-rocking curve of the (001) diffrac-
tion peak showed a narrow FWHM of ~199 arcsec, indicating
good crystallinity (Section S3, Supporting Information).

The representative pump fluence-dependent emission spec-
tra plotted in Figure 1c were obtained using a micro-PL setup.
By adjusting the distance between the sample and the fo-
cusing objective lens, the microrod was uniformly excited by
400 nm femtosecond laser pulses. At lower pump fluences
(P < 12.79 pJ cm™?), the emission peaks were located at 538 nm
with a broad FWHM of %#26.5 nm, corresponding to the spon-
taneous emission of MAPbBr,. As the pump fluence increased,
several sharp peaks appeared at the long-wavelength shoulder of
the broad PL peak, corresponding to the lasing modes generated
in the Fabry—Perot (F-P) cavity formed by the end faces of the mi-
crorod. These resonant modes with narrow FWHM showed high
intensity, far exceeding the PL peaks; the axial mode spacing was
estimated to be 2.7 nm. The light-in-light-out data as a function
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of the pump fluence, shown in Figure 1d, gave a lasing thresh-
old of ~#17.17 pJ cm™2. The sudden drop in the FWHM with in-
creasing pump fluence confirms lasing generation. The fluores-
cence image of the microrod below the lasing threshold shows a
low-intensity but spatially uniform emission (left inset in Figure
3c). When the pump fluence increased above the threshold, two
bright light spots were observed on the two end facets along the
axis of the microrod due to the strong waveguiding effect of the
microrod (right inset in Figure 1c). The experimental mode spac-
ing for microrods of different lengths is linearly related to the re-
ciprocal of the length, which confirms the F-P longitudinal cavity
modes (Section S4, Supporting Information).

Although the lasing properties of the microrods can be ob-
tained, the emission spectra are integrated results for the en-
tire emission time, and the temporal and spectral evolutions
of the emission and their influence on the lasing properties
are not reflected. Ultrafast spectroscopy technologies such as
temporal-resolved emission spectroscopy and transient absorp-
tion (TA) spectroscopy are effective approaches to recognize
the light-matter interactions in materials, including excited car-
rier and photon dynamics and photo- and electro-luminescence
mechanisms.! In this study, we used a microscopic optical
Kerr gating technique to study the lasing dynamics of individ-
ual MAPbBr; microrods. The homebuilt setup provided a sub-
picosecond temporal resolution and a sub-micron spatial reso-
lution (Section S2, Supporting Information). By adjusting the
delay time of the optical Kerr gate and the emission pulse, the
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Figure 2. Spectral and temporal resolved emission behavior of MAPbBr;
microrod as a function of pump fluence.

temporal-resolved emission spectra of individual MAPbBr; mi-
crorod were obtained. The corresponding delay time of the emis-
sion emergence was defined as the zero-delay time. The temporal
and spectral evolutions of the emission with different pump flu-
ences above the lasing threshold are presented in Figure 2. The
variation trend can be summarized as follows: 1) With increas-
ing pump fluence, a new resonant mode (as shown by mode C
with pump fluences of 66.24 and 87.39 pJ cm~2) appears on the
long-wavelength sides of initial modes A and B; 2) With increas-
ing pump fluence, the build-up time (defined as the time inter-
val between the emission peak and zero-delay time) is gradually
shortened; 3) Each mode shifts to the lower-energy side with in-
creasing delay time. The instantaneous frequency shifts in the
lasing dynamics result in the broadening of the linewidth.*®11¢l

The appearance of the new mode is due to the red-shift of the
gain spectra induced by the bandgap renormalization (BGR) ef-
fect. When the pump fluence increases, the excited carrier den-
sity increases; a many-body effect and screening of the electron-
hole Coulomb interaction can occur at a high excited carrier den-
sity (>10'7 cm™3). These effects cause a reduction in the bandgap
and a red-shift in the gain profile (BGR effect).['?] Here, the initial
excited carrier density under fs-pulsed laser excitation was eval-
uated as 10'® cm™ orders of magnitude (Section S5, Supporting
Information), which can induce a strong BGR effect.

For a deeper understanding of the lasing dynamics of the mi-
crorod, we plotted the emission intensity evolution of mode A
as a function of the delay time and pump fluence, as shown in
Figure 3a. The build-up time of mode A was shortened by 2 ps
as the pump fluence increased from 32.46 to 87.39 yJ cm~2 due
to a greater stimulated transition probability at a higher pump
fluence.l'3] The weakening of emission intensity as the pump
fluence increased from 53.20 to 87.39 pJ cm™2 was a result of
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the BGR effect and a red-shift of the gain profile, which weak-
ened the gain of mode A. The decay process of this stimulated
emission (SE) can be fitted by a mono-exponential function; the
fitting lifetime (r) is presented in the table in Figure 3a. It is ob-
served that the lifetime prolonged from 2.34 to 3.73 ps when the
pump fluence increased from 53.20 to 87.39 pJ cm~2. Consider-
ing hot carrier lifetimes of up to tens of picoseconds with increas-
ing pump fluence (Figure 4d), the prolonged SE decay process
was attributed to the involvement of the cooling hot carriers.

Typical emission spectra of mode A at different delay times
are shown in Figure 3b. An obvious red-shift of the lasing mode
is observed with increasing delay time; the red-shift can reach
~1.25 nm when the delay time increases from 0.6 to 10.6 ps. The
FWHM of the transient emission spectrum also varies; for exam-
ple, the FWHM at 2.6 ps delay time is narrower than that at 0.6 ps
delay time. To investigate the spectral evolution of lasing, we plot-
ted the dynamics of the central wavelength (4.) and FWHM of
resonant mode A in Figure 3c. It is observed that 4. evolves with
anonlinear trend that can be summarized in two stages: 1) 4. re-
mained almost constant from the initial delay time to ~2.4 ps; 2)
A red-shifted exponentially from ~2.4 ps delay time to the end.
Moreover, the FWHM of the lasing mode gradually narrowed and
remained almost constant after ~5 ps delay time.

The red-shift of the resonant mode originates from a carrier-
induced change in the material refractive index. Two factors can
affect the refractive index in the excited state: the change in the
occupied state of the energy band and the change in the bandgap
(for example, BGR effect)."l When the sample is excited by a
laser pulse, the filling of electron states in the conduction band
and hole states in the valence band causes bleaching of optical
interband transitions, known as the band-filling (BF) effect. Both
the BF and BGR effects can affect the absorption of the material.
The former can result in a decrease in the absorption coefficient
near the bandgap; the latter can lead to an increase.'* The refrac-
tive index can be obtained from the absorption coefficient using
the Kramers—Kronig relationship. A simulation of the refractive
index change induced by the BF and BGR effects as a function
of carrier density is presented in Section S6 (Supporting Infor-
mation), which shows an increase in the refractive index with a
decrease in the excited carrier density.

In the first stage, the SE and hot carrier cooling processes oc-
cur simultaneously. The SE process consumes the excited car-
riers and leaves the filling energy state unoccupied. Relaxation
of hot carriers to the ground state with lifetimes of up to tens
of picoseconds offsets these releases.['* Thus, the refractive in-
dex of the material remains almost constant despite a decrease in
the overall carrier density. Moreover, the contribution of the hot
carriers is more pronounced at higher pump fluence levels, as
shown in Section S7 (Supporting Information), coinciding with
the increasing lifetime of the hot carriers. Subsequently, with the
recombination of abundant excited carriers and insufficient re-
laxation of hot carriers, the energy level occupancy states are re-
leased and A, red-shifts exponentially due to the carrier density
decreasing and induced transient refractive index increasing.

Moreover, the emission FWHM at room temperature broad-
ens due to electron—phonon coupling, which is an approach to
the hot carrier cooling process. At higher hot carrier tempera-
tures, strong electron—phonon coupling broadens the emission
line.[’>) Thus, the FWHM of mode A tends to narrow with in-
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Figure 3. a) Emission intensity dynamics of mode A as a function of pump fluence. The inserted table shows the fitting lifetime of the SE delay process
at different pump fluences. b) Typical emission spectra of mode A with different delay times with pump fluence of 66.24 uj cm~2. c) Dynamics of the
central wavelength (A.) and FWHM of mode A with pump fluence of 66.24 yj cm~2.

creasing delay time owing to a weakened BF effect and electron—
phonon coupling induced by the decreased excited carrier den-
sity. Following exhaustion of the hot carriers, the FWHM re-
mained almost constant. The giant BF effect and strong electron—
phonon coupling resulted in high carrier recombination rates
and a dramatic red-shift, while the FWHM of the resonant modes
broadened, which had a significant impact on the linewidth and
quality of the laser modes.

Femtosecond TA measurements were also performed to fur-
ther verify the carrier behaviors involved in the SE process,
mainly the hot carrier cooling process and the BF effect. The
TA spectra of the MAPbBr; microcrystal in Figure 4a show neg-
ative peaks centered at ~529 nm, corresponding to band-edge
photobleaching (PB) signals. The positions and shapes of the
PB peaks reflect the bandgap evolution and hot carrier dynam-
ics because PB signals monitor the occupancy of the states at the
band-edge."®! As shown in Figure 4b, the PB peak shows a per-
sistent red-shift with increasing delay time at lower pump flu-
ences (P = 23.66 and 29.39 pJ cm™2), and a blue-shift followed
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by a red-shift at higher pump fluences (P = 37.64, 57.36, and
82.45 uJ cm™2). The red-shift of up to tens of picoseconds is re-
garded as bandgap shrinkage induced by the decreasing carrier
density and weakened BF effect.[1] The blue-shift of the PB peak
with increasing pump fluence and carrier density, as shown in
Figure 4c, indicates the dominant role of the BF effect on the
band-edge bleach signal compared to the BGR effect. The hot car-
rier temperature and cooling dynamics were achieved by fitting
the high-energy tail of the PB peaks with a Maxwell-Boltzmann
function, as shown in Figure 4d.I"""] The effects of the hot car-
rier cooling process on the band-edge states are reflected in the
prolonged SE decay lifetime and the initial blue-shift of the PB
signals as the pump fluence increases, as the cut-off time of the
blue-shift matches the lifetime of the hot carriers.

Figure 5 shows a schematic representation of the photogener-
ated carrier dynamics and their effects on the energy-band struc-
ture during the SE process in MAPbBr; microlasers, which helps
in understanding the spectral and temporal evolution of lasing
emission. First, after femtosecond pulsed laser excitation and a
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Figure 4. a) TA spectra at different delay times for MAPbBr; single crystal with a pump fluence of 82.45 pj cm™2. b) Dynamic evolution of PB peak
position at different pump fluences. c) Normalized TA spectra at different pump fluences with a delay time of 2 ps. d) Fitting hot carrier temperature as

a function of delay time at different pump fluences.

quick carrier thermalization process, the photogenerated carri-
ers fill the states at the conduction and valence band-edges. Fol-
lowing the principle of Pauli exclusion and many-body interac-
tion, the occupation of band-edge states forces a higher-energy
optical transition (BF effect), and the screening of the electron-
hole Coulomb interaction reduces the optical bandgap (BGR ef-
fect). Usually, the weakening of BF and BGR effects with time

Hot carrier

X:olmgéj

by
[
[y
O
[t

A
Y.

and a decrease in carrier density increases the group refractive
index near the resonant photon energy. However, when the hot
carrier cooling process is sufficiently long to affect the SE pro-
cess, relaxation of the hot carrier offsets the release of the en-
ergy state and leaves the occupation state unchanged, resulting
in few changes in the refractive index and mode shift. Mean-
while, strong electron—phonon coupling broadens the emission

Weak electron-
photon coupling

Strong electron-
photon/qoupling

1
fs-pulsed
laser pumping

Figure 5. Diagram of dominant carrier behaviors and induced effects with time after femtosecond pulsed laser excitation.
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linewidth. Due to the large emission and recombination of ex-
cited carriers, changes in the refractive index and a red-shift in-
duced by the BF effect occur, and the emission linewidth grad-
ually narrows. Finally, the BF effect becomes insignificant, and
weak electron—phonon coupling results in a constant emission
linewidth.

3. Conclusion

We used femtosecond temporal-resolved emission spectra to in-
vestigate the carrier and lasing dynamics in MAPDBr; microrods.
Red-shifts of the resonant modes and broadening of the lasing
mode linewidth in the time domain were detected, attributed to
the giant BF effect. The hot carrier cooling process relieved the
red-shift by providing a buffer pathway for the giant BF effect.
We expect that these findings on carrier-behavior-dependent las-
ing dynamics will help researchers in designing high-quality per-
ovskite microlasers.

4. Experimental Section

Synthesis of MAPbBr; Microrods: MAPbBr; microrods were obtained
through liquid self-assembly combined with an anti-solvent diffusion
growth method. First, methylammonium bromide (CH;NH;Br, 99.5%,
Xi’an Baolaite) and lead (Il) bromide (PbBr,, 99%, Meryer) were dissolved
in N,N-dimethylformamide (DMF, >99.9%, Aladdin) at a concentration of
0.5 mmol mL~". The mixture was stirred at 40 °C for 3 h to achieve a trans-
parent precursor solution. Next, 1 pL of precursor solution was dispersed
on a quartz substrate, covered with another quartz substrate, and trans-
ferred into a sealed container at 60 °C for 12 h. A beaker filled with 20 mL
of toluene (>99.5%, Sinopharm) was also placed in the sealed container,
providing an anti-solvent atmosphere.

Femtosecond Temporal-Resolved Emission Spectra: Transient emission
spectra were measured using a homebuilt optical Kerr gated fluorescence
microscope. A femtosecond laser pulse train (central wavelength: 800 nm,
pulse width: ~50 fs, repetition rate: 1 kHz) from a Ti:sapphire regenerative
amplifier was divided into two beams. One part passed through a mechan-
ical delay stage and induced birefringence in the nonlinear Kerr medium,
which acted as a gating beam. The other part was sent to a BBO crystal
to generate a 400 nm excitation beam and focused on the samples us-
ing an objective (40%x, NA = 0.75) to excite the photoluminescence emis-
sion. After passing through the linear polarizer, the photoluminescence
was focused onto an optical Kerr medium with a gating pulse. After pass-
ing through the Kerr medium, the polarization of the photoluminescence
signals was changed; parts of the beam were transmitted through the ana-
lyzer. Temporal-resolved photoluminescence spectra were recorded using
a spectrometer by adjusting the delay time between the gating and pho-
toluminescence pulses. The measurements were performed in ambient
conditions. The spatial and temporal resolutions of the microscopic opti-
cal Kerr gating measurements were estimated to be greater than 0.8 um
and 400 fs, respectively.
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Supporting Information is available from the Wiley Online Library or from
the author.
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