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ABSTRACT: Lasing performance of solution-processed perovskite thin films is strictly
limited by the out-of-plane scattering losses due to the wide intergrain spacings and quick
nonradiative recombination at grain boundaries. Here, we show a novel strategy to regulate
the morphology and properties of perovskite films with the femtosecond laser treatment,
which effectively coalesces the adjacent grain boundaries and tunes the deep defect density.
The experimental results along with the density functional theory calculations demonstrate
that the mild residual compressive stress condition (0 MPa < ¢ < —15 MPa) originating from
the ultrafast nonthermal modification helps to increase the defect formation energy, thus
reducing the density of deep defects, and prolongs the excited carrier lifetime for the suitable
population inversion. As a result, the random lasing threshold of the perovskite thin films is
dramatically reduced to a record value of 0.92 yJ/cm? with a 15-fold improvement in the
output slope efficiency. This research will stimulate more investigations on developing high-
performance perovskite light sources by the precise tuning of crystalline properties with
ultrafast pulses.
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B INTRODUCTION

The development of high-performance micro- and nanoscale
laser sources has always been a central subject among the
semiconductor laser research community, because of their
valuable potential in optoelectronics and high-resolution
imaging.'~'" As an excellent emerging candidate for solution-
processable lasers, perovskite materials including nanostruc-
tures, single crystals, and thin films have recently attracted wide
attention, ”~'” due to their well-known peculiar characteristics
such as high absorption coefficient, long carrier lifetime, facile
solution processability, and broad wavelength tunability in the
whole visible spectrum.”*”** During the past few years, some
significant progress based on perovskite thin films has been
reported in variable applications, including highly efficient solar
cells,”® multicolor light emitting diodes,"***> and high-
performance optically pumped lasers.”*>” By using the spin-
coated perovskite thin films, the random lasing (RL) can be
simply realized with the feedback process from multiple
scatterings of the naturally disordered structures such as grain
boundaries and phase transitions.**™>°

Noticeably, some significant efforts have also been made to
enhance the optical gain and RL behaviors of the perovskite
thin films, which are mostly concentrated on the modification
of the substrate with different techniques, including hydro-
phobic functionalization,”" surface patterning,”* and increasing
the localized curvature of flexible substrates.”” Accordingly, the
random light scattering can be intensified to decrease the RL
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threshold to a few mJ/cm? levels. Furthermore, by adjusting
the parameters of the perovskite thin films such as the grain
size and nanocrystal occupancy, the previous studies have
demonstrated the control of the laser peak wavelength and the
reduction of the lasing threshold to hundreds of uJ/cm?®>**
Recently, Shi et al. observed the amplified spontaneous
emission (ASE) with a low threshold of 5.6 yJ/cm? after the
secondary crystallization of inorganic perovskite CsPbBr; NC
films through the nanosecond laser treatment, where the laser-
induced thermal effect is mainly responsible for improving the
crystalline quality and reducing the nonradiative recombina-
tion pathways. However, considering the degradation of
organic elements under thermal effects, the viability of such
techniques associated with superior thermal effects is
questionable for a large number of bulk organic—inorganic
perovskite thin films. On the other hand, to achieve superior
performance with the perovskite RLs, the perovskite thin films
should essentially possess high crystalline quality, compact
grain arrangements, and low defect density. Whereas when the
MAPDBr; thin film is spin-coated on the glass substrate, the
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Figure 1. Morphology and chemical variations of the MAPbBr; thin film before and after the femtosecond laser treatments. (a) Bare sample, in
which the inset picture gives the film thickness around 170 nm. (b, c) Surface morphologies of the thin films after the laser treatment with different
energy fluences of Fy, = 10 and 120 mJ/cm? respectively. Scale bar: 1 ym. (d, e) Magnified SEM images for the surface morphology of the bare
and femtosecond laser-treated sample (with F,,, = 120 mJ/cm?), respectively, where the bare sample consists of islands of grain clusters with a
wide gap ~20 nm, and after the laser treatment, the adjacent grains seem to coalesce together as highlighted with a brown dotted rectangle. Scale
bar: 300 nm. (f—h) XPS spectra of Pb 4f, Br 3d, and O Is for the bare and laser-treated MAPbBr; surface. The data of the bare sample in panels f—

h are scaled up by 20, 8, and 8 times, respectively.

thermal expansion mismatch between these two materials
makes the perovskite grains restricted from contracting while
cooling back to room temperature. Inevitably, a substantial
tensile strain can be developed in the thin film along the in-
plane direction, resulting in various deep defects from the
misfit dislocation®® and wide intergrain spacings/cracks of the
perovskite materials. In general, because of the strong adhesion
between the thin film and substrate, such residual tensile strain
in the perovskite films is hard to change via conventional
postprocessing methods. Consequently, the current status of
the solution-processed perovskite thin-film samples still
encounters two major problems that prevent their usage for
high-performance laser devices. One is the out-of-plane
scattering losses and weak light confinement due to the
existence of wide intergrain gaps. The other is the quick
nonradiative recombination centers because of the deep defect
density along the grain boundaries,”” which prohibits further
lowering of the RL threshold.

Herein, we propose a novel strategy to manipulate the
crystalline properties of the organic—inorganic perovskite thin
films by regulating the strength of the femtosecond laser-
induced nonthermal and thermal effects, which consequently
leads to an effective grain boundary coalescence and decreases
in the nonradiative deep defect density along the grain
boundaries. The experimental results along with the density
functional theory (DFT) calculations unveil that the induced
nonthermal effect like the mild compressive stress can increase
the formation energy of various defects, thereby effectively
reducing the deep defect density, which is evidenced by the
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prolonged photoluminescence (PL) lifetime and enhanced PL
intensity. Subsequently, we observed the RL emission with no
sharp spikes present in the emission spectra, which indicates
that it belongs to the incoherent RL emission with a
nonresonant/incoherent feedback.”® Eventually, through this
ultrafast nonthermal manipulation method, we can greatly
lower the RL threshold value from 11.54 to 0.92 yuJ/cm?

B RESULTS AND DISCUSSION

Spatial Coalescence of Grain Boundaries by Femto-
second Laser Treatment. We attempt to modify the
crystalline properties of MAPbBr; thin films on glass substrates
by regulating the nonthermal and thermal effects of the
femtosecond laser treatment. The femtosecond laser has the
central wavelength of A,.,, = 800 nm and the pulse duration of
7 = 40 fs, associated with variable energy fluences of F,,, = 10,
20, 40, 80, and 120 mJ/cm?, respectively (see supplementary
section 1 for the detailed information about the experiments).
Figure S1 shows a schematic of the optical setup for the
femtosecond laser treatment. As the absorption onset of
MAPDBr; perovskite materials occurs at around the wavelength
of 532 nm (Figure S2) with an absorption coefficient of 10°
cm™, the femtosecond laser excitation is physically based on a
two-photon process.

The surface morphologies of thin-film MAPbBr; before and
after the laser treatments are analyzed by scanning electron
microscopy (SEM). Figure la shows an as-prepared MAPbBr;,
sample with a thickness of around 170 nm. Figure 1b,c
illustrates the surface morphologies of the perovskite samples

https://doi.org/10.1021/acsphotonics.3c00669
ACS Photonics 2023, 10, 3255-3265


https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00669/suppl_file/ph3c00669_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00669/suppl_file/ph3c00669_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00669?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00669?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00669?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00669?fig=fig1&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.3c00669?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

treated by the femtosecond laser pulses with energy fluences of
Fiew = 10 and 120 mJ/cm? respectively. After the laser
treatment, we found that the sample surface at Fy.,, = 10 mJ/
cm? contains abundant nanobumps along the grain boundary
edges (marked with the dotted circles). Also, under the fluence
of Fiee = 10 mJ/cm?, the grain may come closer and even
coalesce, leading to reduced intergranular spacing. Notably,
when increasing the energy fluence of the laser treatment, the
sample surfaces become smooth, but with appearing pinholes
along the grain boundaries (Figure S3). Our results show that
the wide intergrain gaps present in the perovskite thin film can
be modified by changing the laser treatment fluence (as
highlighted in Figure 1d,e).

We then tried to figure out how the femtosecond laser
treatment affects or coalesces the adjacent grains with the
minimum pinholes in the film. The elaborate modification
process is believed to be related to the magnitudes of the
femtosecond laser-induced nonthermal and thermal effects.*®
For the nonthermal effect, it is known that the Ilattice
arrangement in a crystalline material is intricately connected
with the state of the electrons in the material.*” This means
that the valence electrons in the semiconductor determine the
most energetically stable arrangement of the ionic core of the
atoms. When roughly 10% of the bonding electrons is excited
to the antibonding orbitals by the femtosecond laser
irradiation, free carrier plasma is produced, and thus, the
potential energy distribution around the ions is modified to
consequently influence the lattice arrangement. In other words,
under such circumstances, the photo-excitation of electrons
itself can give the atoms enhanced mobility to reorganize the
lattice system and modulate the residual stress, which is the so-
called nonthermal plasma model in many previous re-
ports.** ™

In another perspective, the nonthermal effect is explained by
the hot-electron blast model; according to that, a sudden blast
force of hot-electron on cold lattice can also deform the lattice
structures upon the femtosecond laser irradiation.”’ That
means, due to the stark difference in the specific heat capacities
of the electron and lattice (C, < < (), the incident
femtosecond laser pulse raises the temperature of the electrons
much higher than the lattice within the optical penetration
depth while the lattice remains thermally cold. Falkovsky and
Mishchenko comprehensively presented that the material
lattice can be effectively deformed by making use of a driving
force known as the hot-electron blast force, which is brought
on by the nonequilibrium electron state under ultrashort laser
irradiation."" This force is proportional to the gradient of
electron temperature squared (VT,2).*"** When the electron
temperature increases drastically, the hot-electron blast force
becomes sufficient enough to modify the crystal lattice
arrangement before achieving electron-lattice equilibrium. It
shows that the femtosecond laser treatment can effectively
modulate the residual stress without any vibrational energy
that arises from the thermal effect. This way of structural
change is known as the laser-induced nonthermal modifica-
tions 384244

In addition to the nonthermal effect, the femtosecond laser
irradiation can also cause thermal effects or melting after the
electron—phonon equilibration. This can be understood as
follows: due to the high defect density, the thermal
conductivity along the perovskite grain boundaries is
significantly lower than that inside the grains.45 Therefore,
after the ultrashort pulse irradiation, the high temperature is
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considerably raised near the grain boundaries via the phonon—
phonon and phonon-defect scatterings,”® which leads to the
melting of the grain boundaries along with the adiabatic
expansion.”®*° In this research, such a rapid thermal expansion
coalesces the grain boundaries together to eliminate the wide
intergrain gaps. During this process, the higher specific volume
of the molten material adds compression to the surroundings.
Such compressive stress (a kind of thermo-elastic stress due to
the temperature gradient) also modifies the crystal lattice
arrangement for reducing the amplitude of the residual in-
plane tensile stress in the perovskite film. However, while the
perovskite grains contract back to their original condition, an
unloading tensile component of the induced compressive stress
is created. Such tensile stress can induce cavitation and
nanoscale pinholes in the molten part of the grains along the
grain boundaries. Although such pinhole formation can help to
release the unloading tensile component of the laser-induced
stress, they are detrimental to the stability of the perovskite
thin films. Thus, the formation of such pinholes through the
thermo-elastic or thermal effects should be minimized. A
detailed analysis of surface morphology for both the bare and
laser-treated perovskite films (Figure S3 and Figure le) shows
that the pinhole formation due to the thermal effect or the
thermo-elastic stress is more pronounced at higher laser
fluences (F., >20 mJ/cm?) and becomes less at lower laser
fluences (Fye,e <20 mJ/cm?). Hence, for the better perform-
ance of the perovskite thin film, the latter condition of the laser
treatment is more suitable than the former.

We then performed X-ray photoelectron spectroscopy
(XPS) to evaluate the chemical composition change for the
perovskite thin-film surface before and after the coalescence of
grain boundaries. It was observed that, by increasing the laser
treatment energy fluence from F ., = 10 to 120 mJ/cm?, the
available peaks of Pb 4f (at 143.4 and 138.5 eV), Br 3d (at 69.4
and 68.3 V), and O Is (at 533.9 eV) are slightly shifted to the
lower binding energy positions (see Figure 1f—h). The peak
intensities of Pb 4f and Br 3d also tend to increase after the
laser treatment, whose increment seems to be pronounced at
Fier = 10 mJ/cm? in comparison with Fy, = 120 mJ/cm?
This might be due to the formation of nanobumps along the
grain edges in the former case, which tends to increase the
surface areas and facilitate the reaction between the film and
atmospheric oxygen. That is also confirmed by the increased
intensity and peak shift of Pb 4f and O 1s, which shows the
chemical reaction between lead and atmospheric oxygen that
leads to the formation of the Pb-O bonds."” Along with this
happening, the laser-induced adjacent grain coalescing effect
can subsequently reduce the presence of Pb® accompanied by
the lower energy shift and broadening of the Pb** peak (at
138.5 V). The observed peak broadening is typical for metal
oxide components, and it shows that the Pb® components are
oxidized to Pb**.*” These findings clearly demonstrate a
conversion from Pb’ to Pb-O, or heavy oxidative passivation,
during the coalescence of grain boundaries in the ambient
environment. After all, the measured higher intensities of Pb 4f
and O 1s peaks in the case of F, = 10 mJ/cm?® indicate the
maximum Pb-O reaction taking place at this sample surface.
According to recent studies, during this process, the non-
radiative recombination centers along the grain boundaries will
undergo oxygen-induced defect passivation.***” That means,
when the femtosecond laser beam strikes the sample in air, the
reactive oxygen species assist to passivate the halide vacancies
like V(Br) and cure the nonradiative charge recombination

https://doi.org/10.1021/acsphotonics.3c00669
ACS Photonics 2023, 10, 3255-3265


https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00669/suppl_file/ph3c00669_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00669/suppl_file/ph3c00669_si_001.pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.3c00669?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

a b
d.+ Ad,
d. )
Residual Residual L -
tensile stress compressed stress | !
c & d dy- Ady
1.976 _
@ Baresample @ 40 mJicm? Tensile
10myem’ o 8omlem? | _ oo FESS
1.974 20mJiem? @ 120mJem? | $
= Stress
— 3 0 free
1972 £
) e
220
1.970 2 Compressed
o stress
-40
1.968 T T T T T T T T T v T T T
0.0 0.1 02 03 04 05 0 20 40 60 80 100 120
e Sin? (y) f Laser fluence (mJ/cm?)
3.2F 30 Stress(MPa)
-36.30 = 00.00
< 30t 25 — 3111 = 05.19
C = -25.93 = 10.37
3 2.8 —9—V(Br) 20] = -20.74 = 15.56
5 —a— V(Pb) () W -15.56 = 20.74
5 R : ; Q 15 \— -10.37 — 25.93
= = | | -05.19 = 31.11
5 )
g 20 M 10 \\’A i — 36.30]
£ —a—(Pb)
R
o R\H}O\H j \
oor TNy 0 YRR\
40 30 20 10 0 10 20 30 40 1.0 08 -06 -04 -02 00 02
Stress (MPa) Energy (eV)

Figure 2. Residual stress and nature of the defects in perovskite thin films before and after the laser treatments. (a, b) Physical diagrams for the
perovskite crystals consisting of the residual tensile stress and compressive stress before and after the laser treatment, respectively, in which arrows
at the left- and right-hand sides of the crystal structure indicate the direction of the induced residual stress. (c) Illustration of the residual stress in a
plot obtained by the d~sin2(y) method. (d) The measured variations of the residual stress in the bare and laser-treated perovskite samples. (e)
The calculated formation energy of defects and (f) TDOS of the I(Br) as a function of the stress in the MAPbBr; crystalline structure.

centers.”” This process will lead to the photo-brightening
effect, which increases the PL vyield of the perovskite
materials.**°

To further understand the variation of defect density
induced by the irradiation of the femtosecond laser pulses, it
is important to examine the modulation of crystalline
properties as a function of the laser treatment parameters.*>*°

Reduction of the Defect Density by the Laser-
Induced Nonthermal Effect. We then examined the tuning
of residual stress by the femtosecond laser irradiation, which
may modify the crystalline properties of the perovskite thin
film and affects the defect formation energy (Ej,,,) and inhibits
the overall deep defect density (n,). To comprehensively
understand the crystalline property change, we employed the
grazing incidence XRD (GIXRD) and micro-XRD (uXRD)
methods and analyzed the nonuniform residual strain in the
samples along the in-plane and out-of-plane directions,
respectively (see supplementary section 3 for the detailed
information).

During the spin coating process, a considerable residual
tensile strain is generated in the prepared thin film along the
in-plane direction (Figure 2a). The presence of such residual
tensile stress, mainly in the in-plane direction is confirmed
through the d~sin’(y) mode of XRD measurements, which
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directly probe the total residual stress by measuring the
interatomic spacing of the perovskite crystal lattice (Figure
2¢).”"** As shown in Figure 2b and Figure S7b, the perovskite
crystals experience in-plane compression and out-of-plane
expansion upon the femtosecond laser treatment. Figure 2d
shows that the in-plane residual tensile stress inside the
MAPDBr; thin film is gradually transformed into the in-plane
compressive stress with increasing laser treatment fluences.
When the laser treatment fluence is F,, = 10 mJ/cm? not
only the tensile stress of o = 18.6 + 1.9 MPa in the bare sample
is completely relaxed, but also the additional mild compressive
stress of 6 = —12.4 + 1.1 MPa is newly introduced. It confirms
that the laser-induced stress is compressive in nature; thus, it
can effectively nullify the residual tensile stress present inside
the thin film and induce additional compressive stress. In
addition, to understand the laser-induced compression in the
in-plane and out-of-plane directions, both the residual
microstrain and interplanar distance of the {100} planes in
the MAPbBr; film were also measured (Figure S7). These
results also confirm that the magnitude of the residual in-plane
tensile strain (¢)) and interplanar distance in the in-plane
direction (d;) are continuously reduced after the laser
treatment. Such residual stress relaxation along with the
maximum oxygen-induced defect passivation (discussed in the
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Figure 3. Optical characterizations of the thin-film perovskite samples before and after the femtosecond laser treatment. (a) Static PL spectra and
(b) time-resolved PL spectra with biexponential decay-fitted curves associated with the bare and laser-treated samples. (c) The measured lifetimes
of average PL and two decaying pathways (7, and 7,), and (d) fractional contributions of the two decaying processes (f; and f,) before and after
the laser treatment. (e) An illustration of the energy level diagram and most probable recombination mechanisms of the perovskite sample before
(left) and after (right) the laser treatment. CB and VB represent the conduction band and valance band, respectively.

previous section) can offer improved crystallinity for the
samples treated at F,,.,. = 10 mJ/cm?; this is confirmed through
the analyses of GIXRD peaks (Figure S8). With the higher
energy fluence of F. = 120 mJ/cm? the laser introduced
compressive stress is further increased to 6 = —38.0 + 4 MPa.

We then examined the defect chemistry modification of the
MAPDBr; crystalline structure through the DFT calculations
under the similar stress conditions. Here, four types of defects
are considered, including Pb/Br vacancies V(Pb/Br) and
interstitial I(Pb/Br). As for MA defects, we projected the band
edge wave function into the real space (Figure S$9a,b) and
found no contribution of the MA molecule to the band edge.
As shown in Figure S10, by comparing with the pure
MAPDBr;, the most stable structures with I(Pb) and I(Br)
appear to be endured at intrinsic tensile stress conditions
(positive values). It can be ascribed to the volumetric
expansion induced by the interstitial atoms. To investigate
the stress effect on the formation of defects, we calculated the
formation energy of defects under different stress conditions
(see Figure 2e).

The relationship between the 7, and formation energy can
be described by the Arrhenius equation:

ny = noe_Eform/kBT

1)
where ng, Eg,.,, and kg represent the areal atom density, the
formation energy of the defect, and Boltzmann constant,
respectively. It shows that, at a certain temperature, the n,
value decreases with a larger Eg, ... According to the calculation
results, the calculations of I(Br) show the lowest Eg,, among
the four defects by at least 1 eV, and it even becomes negative
while increasing the tensile stress by more than 30 MPa, which
implies the highest defect density at the tensile stress
conditions. Furthermore, as shown in Figure 2e, the calculated
E¢,m for interstitial defects appears to monotonously increase
with the larger compression, and thus, the density of the
interstitial defects will be reduced by applying the compressive
stress condition to the materials. These results indicate that,
when compressive stress is applied, the distance between the
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atoms will be decreased to result in enhancing the Coulomb
interactions. In addition, the volume of the crystal was also
reduced, so that there is the less space inside the crystal to
accommodate interstitial impurity atoms, which leads to the
increase of E,, for the associated defects. On the other hand,
E;,. values for V(Br) and V(Pb) reach the maximum at 6 =
—15 and 0 MPa, respectively, and gradually reduce when
further increasing either compressive or tensile stress
conditions. This is the result of the competition between the
intrinsic and dangling bonds to achieve stability. In MAPbBr;,
the Br vacancies act as the major nonradiative recombination
centers; thus here, we adopt the V(Br) as an example. Its E,..
values gradually increase due to the dangling bond
stabilization, while the compressive stress increases from 0 to
—15 MPa. However, when further increasing the compressive
stress condition, the free energy rises in the system due to the
intrinsic bonds suffering from serious instability. As a
consequence, higher compressive stress conditions can
introduce higher n, of V(Br) and V(Pb), which are the
major nonradiative recombination centers in MAPbBr; perov-
skite films. These results suggest that a mild compressive stress
condition (0 MPa < 6 < —15 MPa) should be maintained to
achieve the lowest n, (highlighted in Figure 2e). Noticeably,
the lower laser treatment fluence of F,., <20 mJ/cm?® can
induce similar residual compressive stress condition (Figure
2d), which might be predominantly from the nonthermal effect
(as discussed in the previous section).

As I(Br) defects are easily generated due to their relatively
lower formation energy than the other defects, it is important
to look at its defect state formation in the energy band gap.
The calculated total density of states (TDOS) of I(Br) is
shown in Figure 2f. It is observed that the defect states for
I(Br) became more shallow (i.e, close to VBM) with
increasing compression, which is because the induced
compressive stress could change the location of the band
edge.”® This can largely reduce the I(Br) defect-mediated
nonradiative (Shockley-Read-Hall, SRH) recombination be-
cause the trapped carriers in shallow defect states have a high
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probability of detrapping.”* The results demonstrated that, by
applying the stress conditions of 0 MPa < ¢ < —15 MPa
through the optimum laser-induced nonthermal effect (Fy,
<20 mJ/cm?), the Ej,,,, can effectively increase to inhibit the
overall n, and push the defect states more close to the band
edges. Hence, it might be beneficial to enhance the
luminescence behavior of MAPbBr; thin films. The following
section investigates the optical properties of the bare and laser-
treated samples based on the static PL and TRPL measure-
ments.

Optical Properties of Femtosecond Laser-Treated
MAPDbBr; Thin Films. To deeply understand the excited
carrier recombination mechanisms, we carried out the static
and time-resolved PL measurements. Figure 3a and Figure S11
show the measured room-temperature PL emission spectra for
different MAPbBr; perovskite films. Compared with the bare
sample, the PL emission intensity of the laser-treated
perovskite film is enhanced about 31 times for the case of
Fuee = 20 mJ/cm® This higher PL enhancement can be
attributed to the laser-induced deep defect passivation along
the grain boundaries and subsequent photo-brightening effect
as observed from the XPS measurement results. We
investigated the bandgap modulation of the samples with the
UV—vis absorption spectra and Tauc analysis (see supple-
mentary section 2). The results show that the bandgap energy
of E, = 2.310 eV associated with the bare sample is narrowed
to E, = 2.302 eV (a reduction of E, = 8.0 meV) when
increasing laser treatment fluence to Fi., = 80 mJ/cm” It
shows that excessive femtosecond laser-induced compression
might introduce some trap states by affecting the crystalline
nature of MAPbBr;,” which suggest to optimize the laser
treatment energy around 10 and 20 mJ/cm’ for better
optoelectronic performance.

The recombination dynamics of photoexcited carriers was
investigated by TRPL spectroscopy, and then, it is represented
by the following rate equation

dn

— = —An - Bn* - Cn®
dt

)

where 7 is the excited carrier density, ¢ is the time, and A, B,
and C are the rate coeflicients that represent the mono-
molecular trap-assisted recombination, bimolecular radiative
recombination, and three-body Auger recombination, respec-
tively.’® Generally, in bulk perovskites, the trap-assisted
nonradiative recombination plays a dominant role over
Auger recombination because the less spatial confinement
decreases the overlap of charge carrier wavefunctions.”” The
PL decaying traces of the samples were notably different from
each other (see Figure 3b). Each curve was fitted with a
biexponential decay function of I(t) = Ajexp(—t/7)) +
Ayexp(—t/7,) to analyze the PL lifetime components and
understand the carrier recombination dynamics, which
comprises a short lifetime (7}, hundreds of ps), long lifetime
(7, tens of ns), and corresponding fractional contributions f;
and f, of the deep and shallow trap state recombinations,
respectively.”®>” The detailed measurements of 7 and f are
included in supplementary Table S2. The average PL lifetime
of the bare MAPbBr; sample (7,,, = 6.60 ns) is similar to that
reported by the previous literatures.””®" After the laser
treatment, 7,,, showed a maximal enhancement in the case
of Fye = 20 mJ/cm?, which is about 371.35% longer than the

treat
bare sample.
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The dependences of the excited carrier lifetime components
(r; and 7,) on the femtosecond laser fluence are shown in
Figure 3c, wherein both 7, and 7, show a similar variation
trend as that of 7,,, with different laser treatment fluences. The
observed enhancement of the 7, value for the laser-treated
sample at the energy fluences of F,,.,; = 10 and 20 mJ/cm?* can
be understood by the structural crystallinity improvement from
the grain boundary coalescence that consequently reduces the
number of quick deep trap states and increases the bimolecular
recombination.’® Also, the increment of the 7, value for the
perovskite samples treated with the laser fluences of F,,, = 10
and 20 yJ/cm?” was mainly based on the recombination of free
excitons and the localized/bound excitons trapped at shallow
trap states,””** providing the PL lifetime in a range of tens of
nanosecond. It is worth mentioning that, as the trapped
carriers in shallow trap states generally have the high
probability of detrapping, it is not detrimental for achieving
necessary population inversion conditions to realize an efficient
laser. The DFT calculation results show that, under the
situation of intense compressive stress, the formation energy of
V(Pb/Br) slightly decreases (see Figure 2e). Hence, the laser
treatments with the energy fluences of F,, >40 mJ/cm?® might
easily create more V(Pb/Br) to introduce new deep defect
states (mostly nonradiative recombination centers) inside the
sample,64 which can slightly decrease 7, 7}, and 7, as depicted
in the graph (Figure 3c).

Figure 3d illustrates the measured variations of both f; and f,
(corresponding to the deep and shallow regions, respectively)
with different laser treatment fluences. In the case of PL from a
bare sample, f; initially dominates f,, but after the femtosecond
laser treatment, the contribution flipped dramatically. The
variation trend of f; and f, demonstrates that, upon the
femtosecond laser treatment, the free excitons and bound
excitons with the shallow states cause more radiative
recombinations and which is maximum at F,,, <20 m]J/cm?*
When the laser treatment fluence is Fye, =40 m]/cm?, the
excessive compressive strain would like to create more V(Pb/
Br) and crystalline deformation to result in more nonradiative
recombination centers. These measurement results indicate
that the femtosecond laser treatment with the optimum fluence
(e, Fuee <20 mJ/cm?) is an effective method to greatly
increase the carrier lifetime in the perovskite samples, thus
suitable to prepare the sample for a low threshold laser device.

Based on these observations, we illustrate the carrier
recombination mechanisms for the bare and laser-treated
perovskite samples, as shown in Figure 3e. To achieve the
optical gain through light amplification, the excited carriers
must be populated in the conduction band (CB). This physical
process is usually interrupted by various nonradiative path-
ways. As per eq 2, the trap-assisted recombination is one of two
major nonradiative pathways that must be suppressed.
Especially, the trap-assisted recombination through deep
defects such as vacancies can rapidly deplete the carrier
population from the CB within the femtosecond-to-picosecond
time scales.”>*® As shown in previous sections, the mild
compressive condition and oxygen-assisted grain boundary
coalescence are apt to reduce the nonradiative deep defect
density. Eventually, this enables the perovskite sample to
achieve the population inversion under the proper laser
pumping conditions, resulting in the efficient optical
amplification.

Improvement of RL Performance. We then explored the
room-temperature RL characteristics of the laser-treated
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Figure 4. Measured RL, optical gain, and loss coefficient from the perovskite samples before and after the femtosecond laser treatment. (a)
Observation of the narrowing effect in the output spectra and (b) the measured variation of the emission intensity of all samples as a function of the
pump fluence (represented with the dots), along with the fitting (represented by the lines) and (c) the variations of the slope efficiency and lasing
threshold in terms of the laser treatment fluence, in which the inset picture shows the pump fluence versus the emission intensity on a log-log scale.
(d) The measured gain coefficient of all the samples through the variable stripe-length method and (e) the calculated optical loss coefficient of the
samples by measuring the edge emitting intensity as a function of the excitation distance from the edge. The measured data are represented by the
dots, and fitting is represented by the lines. (f) Modulation of the gain and loss coefficients with respect to the laser treatment fluence.

MAPDBr; perovskite thin films. In the regular laser design, the
continuous oscillations between the spatially separated
reflectors give rise to a certain lasing mode generation and
sufficient optical gain. Whereas in our case, the large-spot
optical pumping with a central laser wavelength of 4, = 400
nm can generate multiple in-plane optical loops within the film
due to the in-plane scattering from the grain boundaries and
various structural disorders.”® Therefore, the multiple light
scatterings within the disordered MAPbBr; sample confine the
photons inside for adequate time to provide sufficient
amplification. Upon the light pumping, the photons are
generated by the recombination of bound excitons and then
undergo further amplification by the stimulated emission. The
measurements of pump energy-dependent RL spectra for the
bare MAPbBr; thin films are shown in Figure S12a, where a
single peak of spectrum is observed with only a few
nanometers in the full-width-at-half-maximum (FWHM).
This single-peak observation can be considered as a result of
multiple scatterings from the grains of various dimensions
within the large pumping area, which is averaged over a
number of pumping laser shots, along with the long effective
mean free path length (longer than the emission wavelength)
of the diffusive light propagation.”

As shown in Figure S12b, for the pump fluences lower than
the lasing threshold (Fum, = 11.54 uJ/ cm?), a broad emission
spectrum was obtained at the wavelength of about 533 nm
with around 28 nm in FWHM. When the pump fluence
reached the threshold value, a distinguishable lasing spectrum
was developed at the wavelength of 1, = 549 nm, with the
accompaniment of the drastically reducing linewidth to ~3.0
nm. The lasing spectral intensity tends to rapidly increase for
the pump light fluence higher than the lasing threshold, at
which the variation of emission intensity exhibits a clear
transition from the linear to the superlinear regime. The
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relationship between the output lasing intensity versus the
pump energy results in a typical “S-shaped” characteristic curve
in the log-log scale (the inset in Figure 4c), which confirms the
observed emission belonging to the incoherent random lasing
rather than ASE phenomenon.”**>®” It can be generally
explained by the well-known diffusion model with the gain,
which excludes the optical interference effects.” In fact, such
similar observation of the incoherent RL without coherent
feedbacks has been previously reported by many authors from
the solution-processed MAPbBr; perovskite thin films,”**%%”%®

To understand the effect of grain boundary coalescence and
the defect passivation on the lasing performance of thin films,
we measured the pump energy-dependent PL spectra for all
the laser-treated samples as well (see Figure S13). The output
lasing intensities of the laser-treated samples were found
substantially higher than that of the bare sample. Both the
extracted line widths and integrated intensities of the output
spectral emission are plotted in Figure 4a,b, wherein the two
parameter values have a clear transition at the lasing threshold
point. Noticeably, the measurement of the lasing threshold
value for the as-treated samples was much lower than that of
the bare sample. Among all the laser-treated samples, the
sample treated at F,,.,, = 10 mJ/cm? exhibits a giant reduction
in the RL threshold compared to that of bare sample (Figure
4c), that is from Foump = 11.54 to 0.92 uJ/cm?. To the best of
our knowledge, this lasing threshold is significantly lower than
the previous reports in the relevant field (see Table S3).

In addition, the linear growth of the output laser intensity
with respect to the pump energy fluence is characterized for
the situations above the lasing threshold, which is defined as a
slope efficiency (1) of the optical pumping. As shown in Figure
4c, the measurement of # seems to improve notably for the
perovskite samples treated by the femtosecond laser
irradiation, and it exhibits a champion performance at the
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Figure 5. Concept model: PL and RL behaviors of MAPbBr; perovskite thin films upon the femtosecond laser-induced modification of the crystal
structures and grain boundary coalescence. (a—c) Top: arrangement of perovskite crystal structures with their residual strain, defect structures, and
corresponding PL behavior, in which the solid dots represent the atoms and molecules (red: Br, blue: Pb, ash: MA, and yellow: O,) and hollow
dots for the corresponding vacancy defects. Middle: distribution of perovskite grains and in-plane optical scattering loops in them, the circular
glows at the grain boundaries, and pinholes (small blue dots) indicate the out-of-plane scattering losses. After the femtosecond laser treatment, the
grain boundaries of the perovskite sample effectively coalesce together. Bottom: the intensities of the RL emission from the samples. The perfect
adjacent grain coalescence and intense lasing emission (such as presented in this work) are obtained with the mild compressive stress condition as

exhibited in panel b.

laser treatment fluence of Fy.,, = 10 mJ/cm?, with a large value
of 1 ~2398, almost 15 times more increment than that of the
bare sample (7 ~150). However, for the higher fluence of laser
treatments, the measured 7 values are seen to slightly decrease,
which might be due to the large crystalline deformation and
generation of V(Pb) defects by the excessive compressive
stress (as discussed with DFT calculation results).

Additionally, the direct measurements of the material gain
and all-optical loss of the samples will provide detailed insights
into the gain-loss balance before and after the laser treatment
(see supplementary section 4 for more experimental details).
As discussed above, the number of scattering events and the
mean free path length must be very large to achieve sufficient
optical gain for overcoming the overall optical losses inside the
active medium, thus leading to the highly intense RL output
through light amplification.

By using a variable stripe length (VSL) method, we
quantitatively determined the gain values of our samples.
The RL emission intensity, I(1), transmitting through one end
of the pump light stripe, is directly related to the gain
coefficient of the sample by the following equation:*

Al

1) = =2 (8WE 1)
g

()

where L is the stripe length of the incident pump light beam on
the sample surface, and A is the cross-section constant; I, is the
pumping light intensity, and g(4) is the net gain coefficient of
the material. The dependence of I(1) on the L parameter was
calculated by applying eq 3 at the small-signal regime; thus, a

()
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series of optical gain values can be obtained for the samples
before and after the femtosecond laser treatments (known as
Shaklee and Leheny’s method, shown in Figure 4d).

In this study, we are quantifying the combined effect of the
out-of-plane scattering losses and the material self-absorption
loss with the overall optical loss coeflicient of the thin films.
Therefore, the net loss inside the active medium is eventually
considered a determined factor of the threshold and overall
efficiency of the laser device. The net loss experienced when
the light follows the Beer—Lambert law I(4) = I, %), where z
is the distance from the edge of the perovskite film to the
nearest end of the pump light stripe and «a is the loss
coeflicient. The measured data of the output intensity with
variable distances from the edge of the sample were then fitted
with the Beer—Lambert law for extracting the loss coeflicient
values (shown in Figure 4e).

Figure 4f shows the optical gain and loss coefficients of the
samples before and after the femtosecond laser treatments. It is
seen that the obtained net gain coefficient for the laser-treated
sample is higher than the bare one. For example, in the case of
Fieae = 10 mJ/cm?, the obtained optimal gain coefficient of g =
63.23 cm™' shows an increment of more than 43.0% compared
with the bare sample (g = 44.15 cm™"). At the same time, the
net optical loss coefficient associated with the laser-treated
sample at F,. = 10 mJ/cm? is decreased to a minimum value
(a = 5.08 cm™") when compared with other samples. This is a
key factor in why, despite the surface treated with F., = 20
mJ/cm® having a higher PL yield, the sample with F, = 10
mJ/cm? has the lowest lasing threshold of all the others. Such
an improvement in the optical gain and loss coeflicient of the
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sample is mainly attributed to two reasons: (i) reducing the
nonradiative deep defect density along the grain boundaries,
(i) increasing the in-plane scattering effect/light confinement
in the thin film by suppressing the out-of-plane scattering
losses through the wide intergrain spacings.

We tried to understand how the nonthermal and thermal
effects induced by the femtosecond laser pulses are influencing
the RL performance of the perovskite thin film; the key
elements in this study can be compiled as follows: (i) most of
the spin-coated perovskite thin films contain the wide
intergrain spacing and severe cracks due to the thermally
induced residual tensile strain and their highly brittle nature.
This consequently increases the out-of-plane scattering losses
while used as a light confining medium. Besides, the higher
density of deep defects along the grain boundaries offers fast
nonradiative decay channels to the excited carriers, thus
preventing the carriers from populating at the excited states.
Eventually, these factors severely hinder the development of a
high-performance laser device (Figure Sa). (ii) By optimally
regulating the femtosecond laser-induced thermal and non-
thermal effects, we can effectively coalesce the adjacent grain
boundaries and reduce the nonradiative deep defects
associated with the MAPDbBr; polycrystalline thin films. The
optimal grain boundary coalescence effect increases the in-
plane optical loops or light confinement in the thin films for
achieving a higher gain coefficient (Figure Sb). The DFT
calculation results show that the mild compressive stress
condition (0 MPa < 6 < —15 MPa) developed in the thin films
can considerably increase the Eg, and inhibit the defect
density. Eventually, the PL and RL performance of the
femtosecond laser-treated sample can be significantly
enhanced. (iii) When the laser treatment fluence continues
to increase, the high compressive stress can lead to the
development of new vacant defects and an array of pinholes at
the grain boundaries, which slightly decreases the output lasing
intensity by decreasing the radiative recombination and
increasing the out-of-plane scattering losses, respectively

(Figure 5¢).
B CONCLUSIONS

In this study, we have demonstrated an effective method to
manipulate the crystalline properties of the MAPbBr; perov-
skite thin films by regulating the magnitudes of the nonthermal
and thermal effects during the femtosecond laser treatment.
Through adjusting the laser fluence, we have tuned the above
two effects and evidently eliminated the wide intergrain gaps
with the reduced number of pinholes. The experimental results
along with the DFT calculations unveil that the mild
compressive stress condition (0 MPa < ¢ < —15 MPa)
induced by the optimum nonthermal effect can effectively
increase the formation energy of various defects to inhibit the
overall density of defects. As a result, the measurement of PL
lifetime is prolonged by about 371.35% and the PL intensity is
enhanced about 31 times. A comprehensive gain coefficient
analysis using the VSL method confirms that this femtosecond
laser treatment strategy can enhance the optical gain coefficient
to overcome the all-optical loss coefficient. Eventually, the
measurement of RL threshold was greatly reduced from 11.54
to 0.92 uJ/cm? and the slope efficiency was increased more
than 15 times. This study provides a promising novel method
for fabricating high-performance thin-film laser devices, light-
emitting diodes, and other luminescence devices for various
optoelectronic applications.
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