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Nanostructured lead halide perovskites have received extensive attention due to their potential appli-
cations in integrated photonics. Despite many successful realizations of nanoscale coherent-light sources
from lead halide perovskites, the role and interplay between excitonic and electron-hole plasma (EHP)
states in the stimulated-emission process are not demonstrated yet. In this work, the carrier behavior and
dynamics of the stimulated emission in CsPbBr3 single nanowires are studied with a streak camera under
power-dependent one-photon and two-photon excitation at room temperature. A redshift of the lasing gain
profile with increasing excitation fluence is observed, suggesting the transition from the excitonic state to
EHP state that is responsible for the lasing. Whereas, a blueshift of the gain profile with time decay repre-
sents the opposite direction of the former process. Moreover, the individual lasing modes show a blueshift
as excitation fluence increases and a redshift as time elapses, due to the carrier-density dependence of
the refractive index. This study could provide a comprehensive and deeper understanding of the carrier-
density-driven stimulated-emission dynamics in lead halide nanowires and extend their applications in
integrated photonics.
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I. INTRODUCTION

In recent years, lead halide perovskites have been
among the most promising materials in optoelectronics
and photonics with fascinating applications ranging from
photovoltaic systems [1,2] to light-emitting diodes [3,4].
Nanostructured lead halide perovskites, such as nanowires
[5,6], nanorods [7], and nanoplates [8], have been reported
as nanoscale efficient and even coherent-light sources
based on the cavity formed by themselves, which have
great potential in integrated photonics due to the intrin-
sic high quantum efficiency and low threshold [9–13].
Furthermore, the optical properties of nanostructured lead
halide perovskites can be largely tuned by varying the
halide compositions, making the photonic applications
covering the whole visible and also near infrared ranges
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[7,14,15]. On the other hand, the lead halide perovskites
with unique dielectric function, crystal-liquid duality, and
defect tolerance [16,17], provide a perfect platform for
fundamental studies of carrier properties and the related
photophysics [18]. A full understanding of carrier behav-
iors in lead halide perovskites, especially, highly dense
optical generated carriers and their dynamics in a self-
formed cavity, could help to extend the photonics and
optoelectronics applications.

In semiconductor nanostructures, excitons exist with
binding energies larger than the thermal energy and
are in general strongly emissive. Stimulated emission
can originate from the excitonic state in semiconductor
nanowires, e.g., CdS nanowires [19]. However, in the
high exciton density regime (above the critical Mott den-
sity), when the average exciton distance r is comparable
to its Bohr radius aBohr, excitons become unstable due
to the screening of Coulomb attraction and cannot be
considered as individual quasiparticles such that a new
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collective phase electron-hole plasma (EHP) is formed
[20,21]. This normally occurs in semiconductors under
strong pulsed lasing excitation. The EHP formation and
stimulated emission from EHP state in ZnO nanostructures
have been reported [22–27]. EHP can also be formed in
lead halide perovskites [28], and lasing from EHP state
under strong pulsed excitation at liquid nitrogen temper-
ature was demonstrated with Kerr gating technique very
recently [29]. Despite many successful realizations of
nanoscale lasing and underlying lasing-mechanism studies
in lead halide perovskites, the interplay between exci-
tonic and EHP states and a possible transition from these
two states during the stimulated-emission process is not
demonstrated yet.

In this work, we report a systematical investigation of
carrier-density-dependent one- and two-photon pumped-
lasing dynamics in CsPbBr3 single nanowires by time-
resolved emission spectroscopy with a streak camera at
room temperature. Lasing can be achieved in a single
CsPbBr3 nanowire that serves as both the gain mate-
rial and the cavity. For different excitation conditions, we
record the time evolution of the stimulated-emission spec-
tra, revealing the peak shift of individual lasing modes and
the whole lasing gain profile as a function of the excita-
tion fluence and the time decay. The role and interplay
between excitonic and EHP states in the lasing process are
studied. This work provides a comprehensive and deeper
understanding of the lasing mechanism and dynamics in
lead halide nanostructures.

II. EXPERIMENT

A. Synthesis of CsPbBr3 perovskite nanowires

CsPbBr3 nanowires are synthesized by chemical vapor
deposition in a horizontal tube furnace from CsBr and
PbBr2 powders with a molar ratio of 2:1. Before the
growth, we need to remove the air in the tube furnace fol-
lowed by a 200 sccm flow of nitrogen for 10 min, and
then we can increase the temperature of the tube furnace to
come up to 550° under atmospheric pressure, with a nitro-
gen flow controlled at 20 sccm. After 5 min of reaction, we
let the system return to room temperature naturally.

B. Optical measurement

The time-resolved photoluminescence (TRPL) studies
are based on a confocal µPL system (WITec, alpha-300).
The excitation sources for single-photon pumped lasing
and two-photon pumped lasing are a pulsed laser operated
at 470 nm (100 fs, 1 kHz) and 800 nm (100 fs, 1 kHz),
respectively. Excitation pulses at 800 nm are generated
by a mode-locked Ti:sapphire laser (Tsunami) operating at
800 nm (pulse width 100 fs, repetition rate 80 MHz) ampli-
fied by a regenerative amplifier (Spitfire Ace 100, 1 kHz).
Excitation pulses at 470 nm are converted from the pulses

at 800 nm introduced into an optical parameter ampli-
fier (OPA, TOPAS Prime). The lasing signal is collected
by an objective (50×, 0.55 NA). The power-dependent
TRPL is detected by a steak camera system (Hamamatsu,
C10910). All optical experiments are performed at room
temperature.

III. RESULT AND DISCUSSION

First, we study the lasing dynamics of a single CsPbBr3
nanowire by one-photon excitation with a laser wavelength
of 470 nm at room temperature [Fig. 1(a)]. The CsPbBr3
nanowires are synthesized by chemical vapor deposition
as described in our previous publications [30,31]. The
investigated nanowire is about 17 µm long with a diam-
eter of about 500 nm. At an excitation fluence below
the lasing threshold, the time-resolved PL spectra show
a nearly constant peak at approximately 2.325 eV with
the PL dynamics exceeding the 700-ps time window [Fig.
1(b)], similar to the emission behavior from other CsPbBr3
nanostructures [11]. Such spontaneous emission is consid-
ered mainly from the excitonic state of the CsPbBr3 nanos-
tructures, due to their reported exciton-binding energies
larger than the thermal energy as well as the close distance
between the emission and the first excitonic absorption
peaks [8,32]. With an excitation fluence above the las-
ing threshold, intense green light is emitted from two end
faces of the nanowire, as shown in the bright field optical
image [Fig. 1(c)]. The time-resolved stimulated-emission
spectra are collected by a streak camera for different excita-
tion fluences above the lasing threshold [Fig. 1(a)], varying
from 15.7 to 26.4 µJ cm−2 (corresponding to a carrier den-
sity of several tens of 1023 m−3 that exceeds the critical
Mott density [29]). Each single streak-camera image is a
two-dimensional plot of autoscaled emission intensity as a
function of the wavelength and the decay time. The plotted
time window is 40 ps as indicated by the white arrow. For
laser excitations over the threshold, distinct lasing modes
can be observed, which are labeled as mode A to mode E,
corresponding to the emissions from high to low photon
energy. These lasing modes are assigned to the longitu-
dinal modes of the cavity defined by the nanowire facets
at each end. The dashed lines in Fig. 1(a) mark the peak
position as observed for low excitation fluence. Clearly,
with increasing laser power, the same lasing mode shifts
to higher photon energy. We plot the peak position of
these lasing modes obtained from time-integrated spec-
tra as a function of excitation laser power in Fig. 1(d).
All individual lasing modes show about 2 meV blueshift
(also see Fig. S1 within the Supplemental Material [33]),
which agrees with previous observations from nanowire
lasing in the literature and can be simply interpreted by
the reduction of the refractive index with an increase of
the carrier density. Note that all the lasing peaks devel-
oped under those excitation conditions appear only on the
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(a) (b)
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(d)

FIG. 1. (a) Streak-camera ima-
ges of the lasing emission from the
CsPbBr3 nanowire under 470-nm
fs pulse laser excitation with dif-
ferent excitation fluences at room
temperature. For each image, the
whole vertical axis range corre-
sponds to the time window of
40 ps. Five discrete lasing modes
are labeled with A to E. Dashed
lines indicate the positions of the
initial peaks of modes B and C
at the lowest excitation fluence.
(b) Streak-camera image of the
spontaneous emission from the
CsPbBr3 nanowire under 470-nm
fs pulse laser excitation with an
excitation fluence of 2.7 µJ cm−2

at room temperature. The verti-
cal axis range corresponds to the
time window of 700 ps. The red
curve shows the time-integrated
PL spectrum over the time win-
dow. (c) Bright-field optical image
of the investigated nanowire and
the lasing emission from two ends
under wide-field illumination. (d)
Peak position of the lasing modes
as a function of excitation flu-
ence. The vertical bar of 1 meV is
shared in all plots.

lower-energy side of the PL spectrum, indicating the tran-
sition from the excitonic state to the EHP state that leads
to the observed lasing, as reported for other semiconduc-
tor nanostructures [22,24,34–37]. Other reported lasing
mechanisms such as exciton or exciton-polariton lasing
[10,38,39] can be reasonably excluded in the present study,
due to the applied excitation density exceeding the exciton
Mott density for stabilizing the excitons. The FWHM of
the lasing mode becomes broader as the excitation fluence
increases [Fig. 1(a)], normally due to the more promi-
nent scattering of the carriers as well as the heat effect.
Moreover, with increasing the excitation fluence, we also
observe the mode competition behavior together with the
redshift of the whole gain profile [Fig. 1(a), also see Fig.
S1 within the Supplemental Material [33]], as indicated
by the appearance of modes D and E and the dwindling
of mode A. That is, under a higher-power excitation, the
appearance or strengthening of the laser mode at lower
energy is accompanied by the quenching of laser mode at
high photon energy. Such an obvious redshift of the gain
profile suggests the band-gap renormalization with the car-
rier density as well as a further signature of the existence
of EHP state [40,41] in the CsPbBr3 nanowire.

To elucidate the photogenerated carrier and dynamics in
the lasing process in CsPbBr3 nanowires in more detail,

time-resolved emission spectra under different excitation
conditions are systematically analyzed. For one-photon
excitation with the recorded lowest (15.7 µJ cm−2) and the
highest (26.4 µJ cm−2) fluences above the lasing thresh-
old, the spectra collected within about the first 30 ps with
3-ps interval are shown in Figs. 2(a) and 2(b), respectively.
The observed lasing modes show redshifted peak posi-
tions within the monitored time delay [Fig. 2(c)], which is
also observed at other high excitation fluences (see Fig. S2
within the Supplemental Material [33]). The redshift of the
lasing peak can be interpreted by the change of the effec-
tive refractive index of the material as described before,
which is related to the carrier density with the elapsed time.
Compared to the photogenerated high density right after
the initial excitation, the carrier density decreases with the
consummation to photon emission with further time delay,
which leads to a slight increase of the refractive index nr.
Thus, we observe the redshifted cavity lasing modes Ei
since Ei ∝ (1/nr) in a Fabry-Perot cavity [42]. The red-
shift of the lasing modes at high excitation fluence is more
obvious than that at low excitation fluence (also shown
in Fig. S2 within the Supplemental Material [33]). This
phenomenon is probably due to the larger carrier-density
gradient with time delay under high excitation fluences,
resulted by the more frequent collision of the carriers and
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FIG. 2. (a),(b) Time-resolved emission spectra with different time delays from the one-photon excited CsPbBr3 nanowire under the
excitation fluences of 15.7 and 26.4 µJ cm−2. Solid lines are fitted spectra. Lasing modes are labeled (A, B, . . . ) in the figures. Dashed
arrows indicate the variation of emission peak position with time elapsed. (c) Peak position of the lasing modes as a function of time
delay derived from (a) and (b). (d) Physical model of the interplay and reversible transitions between the excitonic and EHP states. Eg ,
band-gap energy; EX , exciton energy; Eb, exciton-binding energy; and EHP, electron-hole plasma.

thus faster decay of the carrier density. Another interesting
phenomenon is that the lasing gain profile also shifts with
time delay. At high excitation fluence, the whole gain pro-
file shows an obvious blueshift with time evolution [Fig.
2(b)], also shown in cases at other high excitation fluences
(see Fig. S2 within the Supplemental Material [33]). Such
a blueshift of the gain profile with time delay implies an
opposite direction of the process observed in Fig. 1(a),
i.e., a redshift of the gain profile as the excitation flu-
ence increases, both of which point to the carrier-density
dependence of the optical gain as clarified in more detail
below. One may be aware that at high excitation fluence
[26.4 µJ cm−2, Fig. 2(b)], the initial spectrum is broad with
no clear peaks and discrete lasing modes only emerge after

several ps, which is very likely due to the higher hot carrier
density and thus a longer phonon-related cooling process
to establish the lasing modes under those high excitation
conditions [34–37]. At the recorded lowest excitation flu-
ence above the lasing threshold [15.7 µJ cm−2, Fig. 2(a)],
the blueshift of the gain profile with time delay is less
prominent, and the lasing modes eventually evolve to an
asymmetrically broad emission spectrum with its higher-
energy side extending to the peak position (2.325 eV) of
the excitonic emission, implying a back transition from
the EHP state to the original excitonic state due to the
decreased carrier density with time delay.

Combining the results from Figs. 1 and 2, a physi-
cal model is applied to qualitatively explain the observed
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phenomena. As shown in Fig. 2(d), it is well known that
the band gap (Eg) in semiconductors tends to decrease as
the electron-hole pair density increases due to the exchange
and correlation effects [20], the so-called band-gap renor-
malization. Whereas, below the Mott density, the absolute
energy of the lowest exciton (EX ) is roughly maintained
as the electron-hole pair density increases, owing to the
almost complete compensation of the band-gap renormal-
ization effect and the screening effect of the Coulomb
attraction in the exciton. As a result, at low excitation
fluence (i.e., low electron-hole pair density) below the
Mott density, the optical properties of the low-dimensional
materials are principally determined by the photogenerated
excitons, which are good quasiparticles in this regime. This
explains the optical behavior of the CsPbBr3 nanowire at
low excitation fluence below the lasing threshold, with the
spontaneous PL emission dominated by the excitonic state
[Fig. 1(b)]. However, on the other side, the exciton binding
energy (Eb) gradually decreases because of the screening
effect and the possible phase-space filling effect as increas-
ing the excitation fluence, which could eventually vanish
at the Mott density where the curves of Eg and EX cross
with each other [20]. Consequently, a transition from the

excitonic state to the EHP state occurs at the Mott den-
sity, with the EHP band redshifts to the longer wavelength
as compared to the exciton band. With further increasing
the excitation fluence above the Mott density, the popula-
tion inversion between the conduction and valence bands
may be satisfied, leading to lasing originating from the
EHP state. This is exactly what is found in the CsPbBr3
nanowire under excitation fluences above the lasing thresh-
old (exceeding the Mott density), with all the lasing modes
situated on the lower-energy side of the excitonic emis-
sion spectrum instead of the central region with the highest
oscillation strength [Fig. 1(a)], suggesting the transition
from the excitonic state to the EHP state for the observed
lasing. In this high-density regime, the gradual redshift of
the gain profile in the CsPbBr3 nanowire with increas-
ing the excitation fluence can be rationally ascribed to
the band-gap renormalization effect, in which the value of
the band gap reduces monotonically as the excitation den-
sity increases [Fig. 2(d)]. Such an explanation can also be
applied to describe the time-evolution behavior of the gain
profile shown in Figs. 2(a) and 2(b). As time elapses, the
photogenerated carrier density decreases due to the recom-
bination process, which shifts the band gap back to the

(a) (b)

(c)

(d)

FIG. 3. (a) Streak-camera
images (with a time window of
25 ps) of the lasing emission
from a two-photon (800 nm)
pumped CsPbBr3 nanowire with
different excitation fluences at
room temperature. Four discrete
lasing modes labeled with A to D
are observed. (b) Streak-camera
image of the spontaneous emis-
sion from the CsPbBr3 nanowire
pumped at 800 nm with an
excitation fluence of 42 µJ cm−2

at room temperature. The vertical
axis range corresponds to the time
window of 700 ps. The red curve
shows the time-integrated PL
spectrum over the time window.
(c) Bright-field optical image of
the investigated nanowire with
the lasing emission from the end
faces under two-photon wide-field
illumination. (d) Peak position of
the lasing modes as a function of
excitation fluence. The vertical
bar of 2 meV is shared in all plots.
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higher energies and thus results in the blueshift of the gain
profile with time delay [Fig. 2(b)]. At the recorded lowest
excitation fluence above the lasing threshold [Fig. 2(a)],
the photogenerated carrier density seems to diminish even
below the critical value for EHP formation as time elapses,
with a sudden phase transition from a collective EHP state
to an excitonic state that leads to the observed broad emis-
sion band eventually. These phenomena demonstrate the
interplay and reversible transitions between the excitonic
and EHP states during the stimulated-emission process in
the CsPbBr3 nanowire at room temperature.

Carrier dynamics during lasing is also studied via two-
photon pumped lasing from single nanowires, where the
sample is excited by simultaneous absorption of two low-
energy photons. Due to the nature of the two-photon

process and the smaller absorption coefficient, the lasing
threshold of two-photon pumped lasing is about 1 order of
magnitude higher than that of one-photon lasing. We show
time- and photon-energy-resolved streak-camera images of
two-photon (800 nm) pumped lasing emission with exci-
tation fluences above the threshold varying from 399 to
510 µJ cm−2 [Fig. 3(a)]. Similar to the one-photon pumped
lasing, strong green-light emission from two ends of the
12-µm-long nanowire is observed [Fig. 3(c)]. Compared to
the time scale of the one-photon excited dynamics, two-
photon pumped carrier dynamics in general happen at a
shorter time scale. In Fig. 3(a), the plotted time window is
25 ps. Four discrete lasing modes labeled as A to D can be
observed. The dashed lines in Fig. 3(a) mark the peak posi-
tion of mode C and mode D for the low excitation fluence.

(a)

(b)

(c)

(d)

FIG. 4. (a), (b) Time-resolved lasing emission spectra with different time delays from the two-photon (800 nm) excited CsPbBr3
nanowire under the excitation fluences of 399 and 458 µJ cm−2. (c) Peak position of the lasing modes A to D as a function of time delay
derived from (a) and (b). (d) Peak position of the lasing modes B and C as a function of time delay under other excitation fluences.
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(a) (b) (c)

FIG. 5. (a)–(c) Emission intensity of different lasing modes for different excitation conditions as a function of time delay. Insets
show respective streak-camera images with horizontal time axis and vertical photon-energy axis. For one-photon excitation with
18.2 µJ cm−2 (a), all four lasing modes start and last for almost the same period of time. For one-photon excitation with a higher
excitation fluence of 23 µJ cm−2, the high-photon-energy mode B reaches its maximal intensity last, as indicated by the dashed arrows
in (b). A clear trend with the low-photon-energy lasing mode starting first and high-photon-energy mode starting last is observed from
the nanowire under two-photon excitation with excitation fluence of 458 µJ cm−2 (c).

Similar to the one-photon excitation process, the lasing
modes show about 3–4 meV blueshift due to the reduced
refractive index with increasing excitation fluence. The
peak position as a function of excitation fluence is plotted
in Fig. 3(d). Meanwhile, as the case in one-photon excita-
tion, all the lasing modes develop only on the lower-energy
side of the excitonic emission band [Figs. 3(a) and 3(b)],
meaning the transition from the excitonic state to the EHP
state for lasing also occurring in the two-photon excita-
tion. Moreover, with increasing excitation fluence, we also
observe mode competition together with the redshift of the
whole gain profile, owing to the band-gap renormalization
effect as stated above.

Besides the redshift of the gain profile with increasing
the excitation fluence, a blueshift of the gain profile with
time delay should also be expected in the two-photon exci-
tation, according to the former discussion. Figures 4(a)
and 4(b) show the temporal evolution of the lasing spec-
tra under two-photon pumping with the excitation fluences
of 399 and 458 µJ cm−2. In general, compared to the one-
photon process, all lasing modes decay much faster in the
two-photon process. Discrete peaks appear after a few ps.
As time elapses, the low-energy peak mode declines and
the high-energy peak mode emerges and enhances. This
is clear evidence of the blueshift of the lasing gain profile
with time delay, which can be assigned to the recovery of
the renormalized band gap as the carrier density decreases
with time, like the case in one-photon excitation. Interest-
ingly, unlike the continuous redshift of individual lasing
modes under one-photon excitation [Fig. 2(c)], the peak
positions of the lasing modes show an initial redshift and
later blueshift tendency [Fig. 4(c)]. These phenomena are
observed at other excitation fluences as shown in Fig. 4(d)

(corresponding time-resolved lasing emission spectra are
shown in Fig. S3 within the Supplemental Material [33]).
Clearly, these phenomena are the result of the combina-
tion effects from the blueshift of the gain profile and the
increase of refractive index with time delay [43], which
also implies the different competition behavior between the
recovery of the renormalized band gap and the changes of
the refractive index in one-photon and two-photon exci-
tation. In addition, the signal-to-noise ratio and resolution
of the streak-camera images under two-photon excitation
are much better than those under one-photon excitation,
showing the potential applications in imaging as well as in
nonlinear optics based on the studied CsPbBr3 nanowires.

Due to the shift of the gain profile with time, under the
same excitation condition different lasing modes from the
same cavity can start at different times. A careful exam-
ination of the excitation-fluence-dependent time-resolved
streak-camera images [Figs. 1(a) and 3(a)] reveal the dif-
ferent building times for different lasing modes. Figure 5
compares the emission intensity profiles with time for three
typical excitation conditions of one-photon 18.2 µJ cm−2,
23 µJ cm−2 and two-photon 458 µJ cm−2. Dashed arrows
indicate the intensity reaching its maximum for different
modes. The corresponding two-dimensional time (horizon-
tal axis) and photon-energy- (hν, vertical axis) resolved
streak-camera images are shown as insets in Fig. 5. For
one-photon excitation with 18.2 µJ cm−2, the blueshift of
the gain profile is less prominent and all four lasing modes
A to D start and reach their maxima at almost the same
period of time (around 20 ps), as indicated by the straight
dashed arrow in Fig. 5(a). In contrast, under a higher exci-
tation fluence of 23 µJ cm−2, the dominant four modes B
to E show a little different building-up time, as indicated
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by the inclined dashed arrows in Fig. 5(b), revealing a
blueshift of the gain profile with time delay. This phe-
nomenon is much more dramatic for the lasing from the
nanowire under two-photon excitation with excitation flu-
ence of 458 µJ cm−2 [Fig. 5(c)]. The much-titled lasing
pattern in the inset streak camera and the arrows in the
intensity profiles clearly demonstrate this trend, with the
low-photon-energy lasing mode starting first and high-
photon-energy mode starting last, giving clear evidence of
the blueshift of the gain profile with time delay. As dis-
cussed above, for the lasing originated from the EHP state,
the gain profile shifts to blue with time since the renormal-
ized band gap back shifts to higher energies as the carrier
density decreases.

Earlier, lasing from the EHP state and the shift of
its gain profile have been mostly studied in ZnO nanos-
tructures [22,24,34,35,37], whereas such observations in
perovskites are less reported [28,29]. CsPbBr3 as an all-
inorganic perovskite with typically long carrier lifetime, its
carrier behavior may resemble those of conventional inor-
ganic semiconductors to some extent and thus be favorable
to observe an EHP under excitation. In fact, lasing from
EHP state was recently found in CsPbBr3 nanowires under
one-photon excitation at liquid nitrogen temperature [29].
Here, we observe the lasing from EHP state in CsPbBr3
nanowires under both one-photon and two-photon excita-
tion at room temperature, and the microscopic processes
involved in the stimulated emission with the interplay and
reversible transitions between the excitonic and EHP states
are revealed.

IV. CONCLUSION

In conclusion, carrier behaviors and dynamics of the
stimulated emission in CsPbBr3 single nanowires are stud-
ied by steak camera under power-dependent one-photon
and two-photon excitations at room temperature. For one-
photon pumped lasing, in general, we observe a blueshift
of individual lasing modes with increasing excitation flu-
ence and redshift of the modes with time decay, which can
be interpreted by the carrier-density-dependent refractive-
index changes. Meanwhile, a redshift of the lasing gain
profile with increasing excitation fluence and a blueshift
of the gain profile with time decay are observed, which
can be ascribed to the changes of the band gap with carrier
density and reveal the interplay and reversible transitions
between the excitonic and EHP states in these nanowires.
All these phenomena are also observed under two-photon
excitation with better signal-to-noise ratio and resolution
of the results. Our detailed carrier-dynamics studies can
provide a complete and deeper understanding of the las-
ing mechanism and dynamics in lead halide nanowires and
extend their applications in integrated photonics.
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