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ABSTRACT: Electrically pumped halide perovskite laser diodes remain unexplored, and it is
widely acknowledged that continuous-wave (CW) lasing will be a crucial step. Here, we
demonstrate room-temperature amplified spontaneous emission of Fe-doped CsPbBr3 crystal
microwire excited by a CW laser. Temperature-dependent photoluminescence spectra indicate
that the Fe dopant forms a shallow level trap states near the band edge of the lightly doped
CsPbBr3 microcrystal. Pump intensity-dependent time-resolved PL spectra show that the
introduced Fe dopant level makes the electron more stable in excited states, suitable for the
population inversion. The emission peak intensity of the lightly Fe-doped microwire increases
nonlinearly above a threshold of 12.3 kW/cm2 under CW laser excitation, indicating a
significant light amplification. Under high excitation, the uniform crystal structure and surface
outcoupling in Fe-doped perovskite crystal microwires enhanced the spontaneous emission.
These results reveal the considerable promise of Fe-doped perovskite crystal microwires toward
low-cost, high-performance, room-temperature electrical pumping perovskite lasers.

Amplified spontaneous emission (ASE) and lasing of
micro/nanomaterials have been widely explored because

of their tunable emission and gain wavelengths, high efficiency,
and solution processability.1,2 Among these, perovskites fulfill
all these merits and have aroused much imagination as a gain
medium for laser because of their excellent bandgap tunability,
highly efficient optical gain, high defect tolerance, and simple
solution synthesis.3−14 High photoluminescence (PL) effi-
ciency and optically pumped lasing have been demonstrated in
halide perovskite semiconductors.15 Since then, numerous
studies have focused on decreasing the laser threshold,
improving mode quality, feedback control, and increasing the
stability of lead halide perovskites. However, despite the laser
threshold going down to a few μJ/cm2 and the quality factor
increase to a few thousand,16−18 most of the previously
reported perovskite ASE and lasing with the Bragger reflector
or distributed feedback structures are pumped by pulsed laser
excitation, which is not suitable for the continuous carrier
injection for electrically pumped laser. To change the optically
pumping source into that electrically, it is necessary to study
continuous-wave (CW) optically driven laser with perovskites,
including hybrid organic−inorganic19 and pure inorganic
three-dimensional (3D) perovskites,20 and perovskite with
different shapes.21 Remarkably, CW-pumped lasing has been
achieved in one-dimensional (1D) cesium lead bromide
perovskite nanowires22 with a threshold of 6 kW/cm2,
compared with perovskite thin films23,24 except for the low
operating temperature (77 K). However, to realize commercial
use, the critical issue of operating a 1D perovskite CW laser at
room temperature should be addressed.

Optical gain is essential to produce a population inversion,
which is fundamental for the semiconductor laser. All-
inorganic lead halide perovskites have recently demonstrated
their efficient population inversion properties at room
temperature. At the same time, doping perovskite with
extrinsic (aliovalent) ions is an efficient way to increase the
charge carrier density of perovskite, which is a promising
strategy for preparing highly efficient luminescence and stable
optoelectronic devices.25,26 What is more, long-lived popula-
tion inversion and a lower threshold have also been
demonstrated in doped nanomaterials.27 Recently, we have
successfully doped Fe into mixed halide perovskite bulk crystal
CsPb(Cl/Br)3 microwire, showing enhanced two-photon
absorption (TPA) coefficient.28 Fe ions in the lead halide
perovskite lattice increase the charge density and quadrupole
transition of the two-dimensional (2D) excitons in an
anisotropic structure, resulting in an intensive light-matter
interaction and high TPA. The well-defined cavity of the
microwire could ensure constructive interference and allow
specific modes to oscillate. Therefore, a doped crystal
microwire is an ideal gain medium for ASE and further
electrically pumped CW lasing, which could be realized
potentially at low excitation thresholds at room temperature.
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In this study, we demonstrate the ASE in Fe-doped CsPbBr3
crystal microwires excited by CW laser at room temperature.
The Fe-doped CsPbBr3 crystal microwires were fabricated by a
pressure-assisted antisolvent method. We investigated the
photoluminescence (PL) of an Fe-doped CsPbBr3 crystal
microwire excited by a CW laser (405 nm) at room
temperature. Consequently, we show that the PL intensity
increases nonlinearly above a threshold of 12.3 kW/cm2. These
findings provide insights into the free carrier recombination in
hole doping CsPbBr3 microwires, which show the potential to
be a promising gain medium for electrical pumping lasers.
The Fe-doped CsPbBr3 crystal microwires were synthesized

by the high-pressure antisolvent precipitation (HPAP)
method.28 Inspired by the well-known hydrothermal and
antisolvent solution method, we put a small vial filled with a
mixture of dimethyl sulfoxide (DMSO) solution of PbBr2 and
CsBr into a Teflon container (Figure S1, Supporting
Information). After injecting ethanol antisolvent outside the
vial, the Teflon container is fixed in the stainless steel autoclave
and maintained in the oven at 100 °C for 10 h. Due to the
intrinsically low formation energy and assistance of high-
pressure, perovskite microwires successfully grow in solution
on the bottom of the vial. More details of microwire synthesis
are described in the experimental section in the Supporting
Information. Since the Teflon-lined containers are sealed in a
pressure vessel with high pressure and high temperature, it is
still not possible to monitor the different growth stages from
nanocrystal to microcrystal. The Fe-doped CsPbBr3 micro-
wires were synthesized when the appropriate iron bromide was
added to the precursor PbBr2 and CsBr before heating. After

the reaction, the synthesized CsPbBr3 crystal microwires were
kept in a desiccator.
Powder X-ray diffraction (XRD) is the most efficient way to

characterize the crystalline structure of materials. For the Fe-
doped CsPbBr3 microwire, three different amounts of FeBr3
(2, 4, and 5 mol %, respectively) were added to the mixture
solution of PbBr2 and CsBr. As shown in Figure 1a, the XRD
patterns of the CsPbBr3 microwires have three prominent
diffraction peaks at (100) (110) (200). These sharp peaks
indicate that the microwires are crystalline and consistent with
the monoclinic structure in the previous reports.29,30 The
dopant Fe concentration could be tiny in the microwire, which
has been quantitatively analyzed by electron probe micro-
analysis (EPMA) (Table S1, Supporting Information). Since
no microwires have been obtained in the stainless steel
autoclave at room temperature, we considered that the
temperature-induced higher pressure facilitates the growth of
perovskite microwires. Figure 1b shows the selected area of the
diffraction peak of Fe-doped microwires from Figure 1a. The
relation between peaks (P1, P2) and dopant concentration is
described in Figure S2a. Generally, the intensity of X-ray
scattering is proportional to the square of the structure factor (

| |I Shkl hkl( ) ( )
2). The relatively small radius of Fe ion dopant in

perovskite may cause structure factor changes, further reflected
in the X-ray diffraction peak. The peak (200) position shift
may occur due to the presence of Fe ions in the structure of
CsPbBr3 or because of lattice strain due to the mismatch in
lattice parameters of the microwire surface.
Raman spectroscopy is a reliable probe for exploring the

local chemical structure by measuring the vibrational modes of

Figure 1. Powder X-ray diffraction patterns (a, b) and micro-Raman spectra (c, d) of synthesized CsPbBr3 crystal microwire with different Fe
dopant concentrations and excitation power dependence, respectively.
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a material, which could provide detailed vibrational modes of
the metal halide sublattice. As for the CsPbBr3 crystal
structure, the Cs+ cation is located in the octahedral spaces
between the corner-sharing octahedra of PbBr6−. Figure 1c
shows the room-temperature Raman spectra of the CsPbBr3
microwire with different Fe dopant concentrations (0%, 2%,
4%, and 5% Fe) at an excitation wavelength of 633 nm. More
doped samples are shown in Figure S2b. The overall profiles of
the Raman spectral features between various concentrations of
Fe dopants in the microwire are similar. The heavily doped
microwire (5% Fe) has shown almost the same Raman profile
as the pure microwire. However, there is an apparent
difference, in the range between ∼80 and ∼200 cm−1, of
Raman peak for lightly doped microwire (2% and 4% Fe). The
quickly grown perovskite crystals may cause the removal of
dopant ions under heavily doped conditions.
Figure 1d shows the power-dependent Raman spectra of the

doped CsPbBr3 microwire. The spectra under different
excitation intensities are offset for clarity. There is almost no
peak position shift in Raman spectra without regard to relative
intensity, revealing the good crystal stability of the CsPbBr3
microwire. The vibrational mode at 124 cm−1 (16 meV) is
associated with movements of the Cs+ cation and PbBr6−

octahedral modes, related to the transverse optical phonon
mode. The peak at ∼149 cm−1 is associated with the
longitudinal optical (LO) phonon of the Pb−Br stretching
mode in a CsPbBr3 crystal. The prominent Raman modes at
105, 124, and 149 cm−1, a broad overlapping peak in the
Raman spectra, indicate the asymmetric and symmetric
bending modes of Pb−Br octahedra combining with transverse

optical phonon and LO phonon.31,32 With the assistance of the
prominent optical phonon, the charge carrier could be
modified during excitation, diffusion, and the radiative
transition.33 These phonon modes could couple to photo-
generated charge carriers and increase their long-range
interaction via large polaron formation.34 The mode at 305
cm−1 may be assigned to a second-order vibrational mode
associated with the translation motion of the Cs+ cation.35 The
significant intensity of peaks at ∼124 and 305 cm−1 can serve
as indicators of a perovskite microwire made from HPAP. The
LO phonon position at 149 cm−1 (19 meV) is typically larger
than that of organic hybrid lead halide perovskites.36 There is
no noticeable peak position change compared with that of the
host crystal structure. The Fe-doped inorganic lead halide
perovskite microwire shows good structural stability during
measurement, even though the dopant concentration is up to
5%.
The good stability of the crystal structure and successful

doping of Fe in the CsPbBr3 crystal microwire allow the
investigation of PL properties. Figure 2a shows the
representative absorption spectrum of two representative
different Fe-doped perovskite microwires bunched on the
glass substrate. An absorption edge exists around 550 nm (2.3
eV) at room temperature.
Moreover, a narrow excitonic absorption peak at 529 nm

shows a stable exciton binding energy. The lightly Fe-doped
perovskite does not change the bandgap of the bulk crystal.
The PL spectra of the microwire with a wide range of dopant
concentrations are demonstrated in Figure S3. Figure 2b shows
the two representative micro-PL spectra of the Fe-doped single

Figure 2. Absorption (a) and PL (b) spectra of a representative Fe-doped lead halide perovskite microwire. Temperature-dependent PL spectra of
pure (c) and lightly Fe-doped (d) CsPbBr3 microwire.
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microwire. The near-band-edge (NBE) emission of one-
dimensional CsPbBr3 is around 530 nm.16 A remarkable
multipeak emission was detected in lightly doped microwire
(2−3%) but not in heavily doped microwire (5−9%), which
can be attributed to a Fabry−Perot mode emission coming
from the dopant energy level in uniform morphology of the
microwire.37 The lightly Fe-doped microwire can confine
photons between the opposite facets and establish Fabry−
Perot modes. These multiple PL peaks at a longer wavelength
come from the combination of photon reabsorption, reflection,
and resonance emission.38 The Fe dopant could form a dopant
level and trap the electron near the bottom of the conduction
band (Ec) in the lightly doped CsPbBr3 microcrystal, which
shows a trap state emission at a longer wavelength. Moreover,
temperature-dependent PL spectra of pure microwire and Fe-
doped microwire are demonstrated in Figure 2c,d. The full
width at half maximum (FWHM) of emission peaks is
narrowing (<8 nm) at liquid nitrogen temperature (77 K),
indicating a decrease of electron−phonon coupling and
suppression of nonradiative recombination.
The typical time-resolved PL (TRPL) of the Fe-doped

CsPbBr3 crystal microwire was measured using the time-
correlated single photon counting (TCSPC) technique. Figure
3a shows the PL lifetime of the microwire at different Fe
dopant concentrations. The PL lifetime was fitted by the
exponential decay function y = A1 exp(−t/τ1) + A2 exp (−t/τ2)
+ y0, where the PL decay traces can be fitted to determine the
fast (τ1) and slow (τ2) components of the PL decay. At the
same excitation power (0.6 W/cm2), microwire with a high
dopant concentration (>5%) shows a relatively slow decay
time compared with that of a low dopant concentration (<5%).
The average PL lifetimes of different doping concentrations are
10−20 ns (Table S2). The PL lifetime of doping concentration
(5%) after biexponential decay fitting is ∼2 ns, corresponding
to a short carrier recombination time. The probably dangling
bonds and surface defects lead to fast nonradiative surface
recombination, resulting in a faster lifetime. In Figure 3b, the
pump intensity-dependent PL decay profile of doped crystal
shows a longer PL lifetime with increasing pump intensity,
which indicates that the introduced Fe dopant level makes the
carrier longer lifetime in excited states. The corresponding
average PL lifetimes are shown in Table S3. The heavily doped
(Fe) in bulk microwire crystal generates high carrier density,
larger scattering cross-section, which finally increases the ratio
of a longer lifetime.39,40 The representative fluorescence

lifetime images (FLIMs) of two microwires corresponding to
TRPL are shown in Figure S4. Point defects (doping) could
significantly change the carrier concentration and increase the
carrier lifetime by forming large polarons. The delocalized large
polarons formed in a relatively lightly doped CsPbBr3 crystal
microwire with a substitution of Fe ions doping in the crystal
lattice, which shows weak coupling and long-range interaction,
and form a coherent transition behavior under the CW
excitation. We, therefore, choose the lightly doped microwires
(3%) for the following excitation power-dependent PL.
The PL intensity as a function of excitation intensity in a

lightly doped single microwire (3%) is plotted in Figure 4a,b

under the CW 405 nm laser excitation. The corresponding
interval time is the same for different excitation intensities
during measurements. First, at the low excitation intensity
(<12.3 kW/cm2), PL intensity increases linearly, indicating a
well-known spontaneous emission. As the excitation intensity
increases (>12.3 kW/cm2), the PL intensity increases super-
linearly, which presents a typical threshold. The Fe dopant in
the CsPbBr3 host could trap free carriers and the coupling with

Figure 3. Time-resolved PL of Fe-doped microwire. (a) Fe doping concentration is from 2% to 8%. (b) Pump intensity dependent time-resolved
PL of an Fe-doped microcrystal (3%).

Figure 4. PL spectra of the lightly Fe-doped CsPbBr3 crystal
microwire by CW laser (a) and pulsed laser (c). The relationship
between emission peak and excitation is shown in (b) and (d).
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phonon. A sufficiently large number of electrons produces a
population inversion transition from an excited state to the
ground state, making the spontaneous emission amplified. The
peak position remains stable during light amplification,
indicating good crystal structure and emission stability. PL
intensities and FWHM dependence of different doped
microwires on excitation intensities are shown in Figure S5.
The FWHM of the emission peak is a little broad (∼16 nm)
even with high intensity, which is highly related to the
feedback to provide phase coherence and the thermal effect
from the CW laser for a long interaction time. The crystal
surface damage occurs when excitation intensity increases to
hundreds of kW/cm2. The excitation-induced surface degra-
dation of microwire crystals at high pump power can further
increase outcoupling and lead to superlinear emission.
During CW laser excitation, the radiative recombination of

bound excitons is coupled by various acoustic phonon
absorptions and emissions that could broaden the PL
emission36 at room temperature, which limits exciton
mobilities and impedes the emission line narrowing. At low
temperatures, these carriers are less scattered by the phonon
and photon excitations, and the FWHM of the emission peak
becomes narrower, as shown in Figure 2c,d. Since pulsed laser
induces significantly higher excitation power density (∼MW/
cm2) than CW laser, thousands of orders larger, the FWHM of
PL emission of microwire excited by ns pulsed 355 nm laser
could decrease to several nm (∼9 nm) accompanying with PL
intensity nonlinearly increasing (Figure 4c,d). Much less
phonon scattered during emission under pulsed excitation,
which could account for the low FWHM of the microwire.
For comparison, we measured the PL intensity of the

quantum dots (QDs) polymer composites as a function of the
excitation intensity. Although the PL intensity increases
nonlinearly as excitation intensity increases, it does not show
an apparent threshold (Figure S6). The trap-assisted Auger
nonradiative recombination losses and charge transport in QDs
ligands may hinder the threshold occurring.41,42

In summary, we have demonstrated the significant light
amplification in Fe-doped CsPbBr3 crystal microwire excited
by a continuous-wave laser at room temperature. One-
dimensional Fe-doped CsPbBr3 microwire was fabricated via
the HPAP method suitable for perovskite microcrystal growth.
XRD and Raman spectra show that perovskite microwires have
monoclinic structures with the transverse optical phonon (∼16
meV) and LO phonon (∼19 meV) modes of the Cs+ cation
and PbBr6− octahedral vibration. The absorbance and PL of
the Fe-doped CsPbBr3 crystal microwire indicate a direct
bandgap of about ∼2.3 eV. Temperature-dependent PL spectra
indicate that a large number of optical phonons scattered in
Fe-doped crystal during emission, indicating multiple ex-
citations could broaden the FWHM at room temperature.
Excitation-intensity dependent time-resolved PL of the Fe-
doped crystal microwire indicates that lightly doping with Fe
could increase charge carrier densities and induce trap states,
stabilizing more carriers in excited states under high excitation
intensity, which is beneficial for the population inversion. We
then investigated the excitation-intensity dependent PL spectra
of Fe-doped CsPbBr3 perovskite single microwire under the
CW laser pump at room temperature, which shows the PL
peak intensity increases superlinearly above a threshold (12.3
kW/cm2). The extraordinary ASE of Fe-doped CsPbBr3
microwires may serve as a potential gain medium for electrical
pumping laser, and the perovskite microwire laser diode is

promising for developing the next-generation highly integrated
photonic/optoelectronic systems.
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