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Femtosecond laser processing of lead halide perovskites has recently sparked wide popularity for creating various
micro/nanostructures and instigating interesting properties. However, it is still lacking detailed insights into
correlating the laser induced morphology and defect chemistry of perovskite materials to their light emitting
properties. Here, the space-resolved photoluminescence and lasing behaviors are investigated for both the single
crystal (SC) and polycrystalline (PC) perovskites upon femtosecond laser ablation. In the case of SC sample, three
different regions based on the laser ablation, recast deposition, and modification respectively exhibits distin-
guished carrier recombination mechanisms due to their variable defect chemistries and morphologies identified,
which helps to realize the amplified spontaneous emission with the recrystallized micro/nanostructures. On the
other hand, the laser modified region on the PC sample reveals the significant enhancement of random lasing
performance (the lasing threshold was reduced by ~7 times and the slope efficiency increased by ~1.5 times),
which is attributed to the femtosecond laser induced non-radiative defect passivation and the average crystalline
grain size reduction by more than 1.5 times. This study unveils the physical and chemical modification effects of
the femtosecond laser irradiation on perovskite materials, and thus is an optimal strategy to fabricate desired
perovskite light-emitting microstructures by ultrafast laser processing.

[15-19]. Irrespective of the material heterogeneity, a highly focused
laser beam was known to facilitate the fabrication of micro-grooves,
micro/nano-wires, rings, etc. for optoelectronics and photonics [15,

1. Introduction

In recent years organic-inorganic halide perovskites MAPbX3 (MA =

CH3NH3s, X = Br, I, and Cl) attract worldwide attention as promising
active materials for applications of light-emitting and solar cells [1-9].
In general, they promise wide valuable applications in solid-state
lighting, optical data encryption, multi-color displays and laser sour-
ces by relying on multiple advantages such as their large gain coeffi-
cient, easy tuning of the wavelength emission across the visible
spectrum, high photoluminescence (PL) yield and facile solution pro-
cessing synthesis techniques [10-14]. At the same time, the research
progresses achieved in femtosecond laser ablation allows the simple,
chemically clean and high-throughput micro/nano-structuring of both
the single crystal (SC) and polycrystalline (PC) perovskite materials

20,21,22-24], which can be widely employed as various optical
confinement cavities [22,25,26-28] and PL enhancing structures [29,
30]. As a matter of fact, because of the Gaussian distribution of the laser
pulse intensity, the induced modifications on both the geometric profile
and the chemistry of the surface structure usually become
space-dependent [31,32], leading to the spatial heterogeneity in opto-
electronics properties of the perovskite samples [16]. Primarily, the
spatial heterogeneity of light emission from the laser ablated structures
indicates that there exist multiple recombination channels, including
different optically active defect states [33]. Therefore, a thorough un-
derstanding of the space-resolved laser-induced effects and optical
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properties across the laser-ablated structures is necessary for realizing
efficient light-emitting devices.

To unveil the underlying mechanisms of PL emission and its
enhancement of perovskite materials a great number of studies have
been carried out. For instance, de Quintettes et al. reported that the PL
intensities of adjacent grains in a homogenous film of MAPbI3,Cly can
be differed by up to 30%. By correlating the time-resolved PL (TRPL)
with the confocal PL and the scanning electron microscope (SEM), the
authors demonstrated that the grain structures with the higher trap
density would like to increase non-radiative pathways. In specific, both
the lower PL intensity and the shorter PL lifetimes of grain boundaries
are attributed to their defect-rich chemistry and resultant non-radiative
recombination [33]. Recently, Makarov and co-workers investigated the
morphology-controlled PL enhancement and the lasing behavior from
various micro/nanostructures fabricated via femtosecond laser lithog-
raphy [15]. Besides, Xing et al. reported the surface modification of
MAPbDBr3 by virtue of femtosecond laser to improve the PL intensity
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[34], which is mainly attributed to the texture based photon recycling
and light outcoupling processes. Whereas a comprehensive under-
standing of the physical correlations among different effects, such as the
ultrashort laser induced structural modification, defect chemistry
change, carrier recombination mechanisms, and output PL and ASE/-
lasing properties of perovskite materials, are still lacking.

In this paper, we found that the nonlinear interaction of femtosecond
laser pulses induced the non-uniform material chemistry and crystalline
modification to spatially modulate the light emitting behavior of the
samples. We investigate the PL, amplified spontaneous emission (ASE)
and lasing emission behaviors across the laser-ablated structures on the
SC and PC perovskite samples, with the change in both material chem-
istry and surface morphology. The space resolved steady-state and TRPL
studies along with the SEM images reveal that the laser affected
(including the serious ablation, the recast deposition and the laser
modification) and unaffected regions comprise distinguishable carrier
recombination mechanisms by gaining different sample morphology

Fig. 1. (@) A schematic of the femtosecond laser
interaction with MAPbBr3 perovskite sample. (b)
Cross-section image of the ablated crater upon
femtosecond laser irradiation, where the laser modi-
fied and unaffected regions are seperated by the
dotted lines. (c) Confocal microscope images of the
surface morphology with the depth information of
ablated crater on MAPbBr3 SC. (d) Different regions
on the sample surface after femtosecond laser irradi-
ation (scale bar, 100 pm) and the corresponding
perovskite crystal models, where (1) represents the
ablated region with highly deformed perovskite
crystals, (2) for the recast deposited region containing
abundant recrystallized perovskite nanocrystals, (3)
for the laser modified region consisting of perovskite
crystals with less defects and deformation, and (4)
depicts the unaffected region with intrinsic crystalline
defect structures.
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and defect chemistry. Among them, the recast deposition region that
comprises many recrystallized micro/nanocrystals exhibits ASE prop-
erties. On the other hand, the laser modified regions for both the SC and
PC perovskite samples shows significant defect passivation and reduced
average grain size (in thin films), which consequently enhance the PL
intensity and the random lasing (RL) properties. The reduction of
average grain sizes can increase the multiple scattering mediated by the
grain boundaries. Owing to the passivation of bulk defects, a major
quick non-radiative decay pathway is cured and the excited carrier
lifetime is prolonged, thus improving the light amplification by the
stimulated emission even with a minimal pump fluence.

2. Results and discussion
2.1. Femtosecond laser processing of MAPbBr3 perovskite crystals

We used MAPbBr3 SC and PC film of cubic Pm 3 m space group at
room temperature for processing with femtosecond laser pulses (the
detailed information on the femtosecond laser system and the ablation
process are given in the experimental section). Fig. 1a shows a schematic
of ablating MAPbBr3 perovskite material by the femtosecond laser beam,
wherein the incident TEMyp-mode laser wavelength is 4 = 1030 nm,
associated with the pulse width of 7 = 290 fs and the repetition rate of
fireat = 500 kHz.

Through this study, we tried to deeply understand various steps of
femtosecond laser-perovskite material interaction, which are described
in the following. (i) Optical absorption: it is widely known that the ab-
sorption onset of MAPbBr3 perovskite materials occurs at around 532
nm, with an excellent absorption coefficient of 10* cm™! [34]. This al-
lows the sample to absorb 1030 nm wavelength of the laser pulses
through a two-photon process. (ii) Material ablation: for the incidence of
a spatially Gaussian-profiled laser pulse, only the high intensity part is
absorbed by the sample to initiate the ablation process (as shown in
Fig. 1a); whereas the tail portions are possible to act with the sample
without the ablation process because their intensities less than the
damage threshold of the material. The change of surface morphology
upon femtosecond laser irradiation is shown in Fig. 1b, where the SEM
image shows the cross-section of an ablated crater on the single-crystal
MAPDbBr3 perovskite. (iii) Melting and recrystallization followed by
agglomeration of nanostructures: the laser-ablated surface shows the
characteristic features of the high-repetition-rate laser ablation of the
organic-inorganic material, which contains melted and re-crystallized
traces at the center of the irradiation area and micro/nano-particle de-
positions along the crater edges. The center region of the laser-exposed
perovskite surface partly undergoes chemical decomposition due to the
heat accumulation from the high repetition rate of laser pulse irradiation
[35], which consequently develops into abundant molten material
profiles. In short, the observed surface morphology was the result of
decomposed organic components of MAPbBr3, melting, and agglomer-
ating of the remaining inorganic materials around the ablated crater.
(iv) Chemical and physical modification: some area around the crater is
noticeably modified upon femtosecond laser irradiation, which might be
due to the combined effect of the laser-induced heat accumulation and
pressure (marked by a dotted line).

Subsequently, the three-dimensional information for the surface
morphology of the laser-ablated crater was analyzed using a confocal
laser scanning microscope (shown in Fig. 1¢). A crater with a diameter of
around 500 pm and 240 pm in depth is formed on the single-crystal
sample for continuous irradiation of less than 2 s under the laser en-
ergy fluence of F = 38.20 uJ/cm?. The agglomerated micro/nanocrystals
were deposited around the crater edge with a height of 77 pm above the
surface. In the case of the single pulse irradiation, the spot diameter is
observed at ~200 pm, which can be attributed to the direct material
ablation by the shock-like energy deposition alone when the laser pulse
intensity is higher than the damage threshold (see Fig. 1a) [36].
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Whereas, in the case of multi-pulse irradiation with a high repetition
rate, the ablation process in the perovskite material with low thermal
conductivity highly depends on the unavoidable incubation effect [35,
371, hence reducing the damage threshold of the material. Eventually,
the ablated crater size will be larger than the laser spot size resulting
from the single pulse ablation. The dimension of such craters can be
varied by tuning the incident laser parameters (detailed information on
single-crystal synthesis and femtosecond laser processing procedures is
given in the experimental section).

Based on the laser-induced modification, the sample surface is
divided into four regions as shown in Fig. 1d. Due to the Gaussian-
profiled laser intensity distribution, the center region of the laser
beam was seriously ablated (where the laser pulse intensity exceeds the
damage threshold of the material). The imparted energy diffuses
through the perovskite crystal and breaks the bonds in the organic
components like MA, which leads to the deformation of the whole
crystalline structure (as shown by the crystal model of Fig. 1d (1)). Upon
the femtosecond laser ablation, the ejected micro/nanoparticles and
molten-recrystallized traces were deposited around the ablation crater,
which can be considered as the recast deposition region. Recent reports
showed that the recrystallized nanocrystals exhibit better crystalline
quality with reduced crystalline defects (as represented by the crystal
model of Fig. 1d (2)) [38]. The low-intensity pulse tails with their
heating effect can modify the material surface around hundreds of pm in
radius, which is here called the laser modified region. During this lower
laser intensity interaction under the atmospheric oxygen, halogen va-
cancies in the metal halide perovskites are getting passivated with the
adsorbed or diffused oxygen through the lattice, which can enhance the
overall crystalline quality and optical performance (see the crystal
model in Fig. 1d (3)) [39]. We analyzed the sample surface using Energy
dispersive X-ray (EDX) to check the presence of oxygen atoms in the
laser induced regions (see Figure S1). It should be noted that the con-
centration of Pb shows a clear reduction and oxygen shows a clear
increment in the laser treated regions. It confirms the existence of oxy-
gen atoms in the laser treated regions by forming Pb-O bonds, among
them laser modified region shows the highest concentration. Even
though the perovskite single crystals are free of grain boundaries, they
can be defective systems due to the non-uniform crystal growth direc-
tion and the formation of multiple seeds during the crystal growth (as
shown by the perovskite crystal model in Fig. 1d (4)) [40]. Reduction of
such intrinsic defect structures is mandatory for improving the opto-
electronic properties of the perovskite materials. In general, these
different regions can be defined relying on the distance from the center
of the ablated crater, in this work: the ablated region <250 pm, 250 pm<
the recast deposit region< 300 pm, 300 pm< the laser modified region<
500 pm, and the laser unaffected region >500 pm, respectively.

The elemental analyses through EDX demonstrated the surface
chemistry modification of these four regions (shown in Figure S2). The
Pb/Br atomic ratio gives clear information about the laser-induced
modification on the MAPbBr3 sample to cause PbBr; formation around
the ablated crater, which determines the stability and optoelectronic
behavior of the crystal. The atomic ratio of about 1:2.05 for the ablated
region shows the possible damage that takes place in the region due to
severe ablation. Thus, the region consists of almost pure PbBry molten
structures after the decomposition of the organic components in the
sample. And the recast deposition region gives a Pb/Br ratio of about
1:2.7, which mainly resulted from the deposited MAPbBrs micro/
nanostructures around the ablated crater. The measured atomic ratios of
about 1:2.9 and 1:3.0 for the laser modified and unaffected regions,
respectively, show the presence of almost pure crystalline MAPbBr3 on
the surface. The following section discusses the luminescence properties
of laser ablated single crystal perovskite structures based on their sur-
face chemistry and morphology.
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2.2. PL and ASE behaviors of the laser processed SC perovskite

Usually, a steady-state PL analysis is closely correlated with the
dominating recombination states in the perovskite materials. With the
help of PL measurements, we explored different pathways of the radi-
ative recombination mechanisms for each laser-induced region and the
unaffected region on the MAPbBr3 SC sample (the detailed explanation
of the steady state PL measurement is given in the experimental section).

Fig. 2a shows the PL spectra from different laser affected and unaf-
fected regions on the SC sample. A frequency-doubled femtosecond laser
at the wavelength of 400 nm was employed as a pump beam, with a laser
spot size of 0.09 mm? and a constant pump fluence of around 330 pJ/
cm?. In comparison to the measurement of the unaffected region, the
observed peak positions from the laser modified region exhibit a clear
blue shift, while the PL peaks from both the recast deposition and ab-
lated regions show a considerable redshift. To find the reason for these
asymmetric peak shifts, the pump dependent PL emission analysis was
carried out for each region.

Figures S4 and S5 show the deconvolution of asymmetric PL emis-
sion peaks with multiple Gaussian functions. As shown in Fig. 2b, the
appearing peak 2 of the unaffected and laser modified regions stand
almost at the same position and exhibit a similar variation trend with
increasing the pump fluence. This indicates that the emission associated
with the peak 2 from these regions should be originated from a similar
recombination source. Along with that, the results presented in Fig. 2c
shows that the emission intensity from both the unaffected and laser
modified regions began to saturate with increasing the pump fluence
(like the trap filling effect). These results show that the peak 2 with a
broad line width is originated from defect-like states with the limited
density. As a result, the corresponding PL intensities became saturated

a b
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as the photogenerated excessive carriers filled the available defect states
[41].

On the other hand, the peak 1 of the laser modified region is
significantly intense and blue-shifted when compared with the peak 1 of
the unaffected region. It shows that we could effectively cure some of the
defect-mediated recombination pathways via oxygen-mediated low in-
tensity laser treatment. Thus, the dominant carrier recombination
mechanisms in the region are mediated through the shallower optically
active defect states or the free carrier band to band recombination
mechanisms. Eventually, it helps to form a high-performance perovskite
region with enhanced light emitting behavior. Our results show a good
agreement with the previous reports [38,41].

Different from unaffected and laser modified regions, the measured
PL emission intensities from the ablated region and the recrystallized
nanocrystals at recast deposition regions show a monotonic increment
when increasing the pump fluence (see Figure S6 and Fig. 3c). In the case
of the ablated region, all the individual emission peak intensities are
plotted against the corresponding pump fluences as a log-log plot (see
Fig. 2¢), in which the linear plots are fitted with a power law equation—
Tomission ~ (Ipump)k, and the exponent corresponds to the slope of a curve.
For the ablated peaks 1, 2, and 3, the measured slope values are m = 2.1,
1.7 and 2.0, respectively. The previous reports showed that the
quadratic relationship between the Iemission and Ipump can be used to
confirm the excitonic radiative recombination mechanism [42]. Besides,
the slope value of m = 2 with the large separation of peaks (~120 meV)
indicates that the peaks originated from the bounded exciton (BE)
recombination emission. Noticeably, the third peak shown in Fig. 2¢ is
formed only for the pump fluence larger than 385 pJ/cm?, which might
correspond to the BE recombination with some newly formed laser
induced defect states at higher pump intensities.

Fig. 2. Space-resolved PL emission analysis of the
laser ablated SC MAPbBrs. (a) A comparison of the
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In the case of the recast deposition region, the pump fluence
dependent-PL. emission shows a clear enhancement in a non-linear
fashion, which is clearly different behavior than the other regions.
Upon pumping from the top, the pump beam seems to be effectively
coupled into the abundant recrystallized perovskite micro/nano-
structures (see Fig. 3a) to result in a strong PL emission. Noticeably, the
optical cross-section images of these nanostructures show a clear lumi-
nescence emission enhancement after Fy, = 508 pJ/cm2 (see Fig. 3b). It
shows that the rough micro-nano recrystallized structures in the region
can enhance the scattering effects with high PL yield, which can
continuously multiply the scattering light to generate the ASE or random
lasing [38]. These two regimes are accurately differentiated by consid-
ering the line width and the growth of the output intensity (also called
slope efficiency) after the lasing threshold. We here deconvoluted the
obtained asymmetric PL peaks using two Gaussian functions (peak 1 and
peak 2 shown in Fig. 3c). Interestingly, both the
full-width-at-half-maximum (FWHM) and the intensity of the peakl
show a clear transition at the laser pumping fluence threshold of Fy, =
508 pJ/cm? After this threshold, the FWHM value of the peakl is
reduced from ~19 nm to ~11 nm, and the slope of the PL intensity
growth is increased from # = 1.57 to 11.29. The results indicate that the
emission corresponding to the peak 1 is moderately amplified after the
threshold of Fy, = 508 pJ/cm2 (see Fig. 3d). Nevertheless, both a small
slope efficiency and small FWHM reduction confirm that peak 1 should
belong to the ASE-like emission rather than RL-like performance, the
major reason for this might be the poor Q-factor of the recrystallized
perovskite structures due to their highly rough morphology [43].

A recent study reported that the laser induced secondary crystalli-
zation can significantly enhance the photoluminescence properties of
the perovskite materials by reducing the non-radiative recombination
centers [38]. Based on this fact, there will be a higher chance of
exciton-exciton and exciton-phonon interaction in the recrystallized
nanostructures formed at the recast deposition region. Because of the
strong Coulomb interaction among multi-excitons in perovskite

a b
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nanostructures, the biexciton mechanism can be considered as the major
gain mechanism that causes the ASE effect for the peak 1 [44]. On the
other hand, both the relatively broad line width (FWHM ~30- 22 nm)
and the absence of the sharp intensity growth for the peak 2 indicate that
the corresponding emitted photons are not sufficiently amplified (see
Figure S3). Furthermore, the peak 2 is separated by around 60 meV,
which is greater than the typical energy difference happening through
exciton-exciton scattering. Hence, this lower energy peak can be
attributed to the BE from the exciton-phonon coupling via Coulomb
interaction [42].

The dynamic PL analysis by TRPL measurement was carried out to
explore the underlying recombination mechanisms in all the studied
regions. The measured TRPL curves are fitted with a tri-exponential
decay function of I(t) = Ajexp(-t/71) + Azexp(-t/73) + Asexp(-t/r3), in
which the PL dynamics are considered as a combination of the fast (z7),
medium (73) and slow-decay (r3) processes, and the corresponding
fractional contributions (f;, f2, f3) can be obtained, as shown in Fig. 2d
and Table S1. The average PL decay lifetimes (tayg = 71 fo+ 72 fi+ 73 f3)
for the ablated, recast deposition, laser modified, and unaffected regions
are determined as 7.75 ns, 8.82 ns, 33.26 ns, and 19.14 ns, respectively.
The longer lifetime for the laser modified region is attributed to the
passivation of surface recombination centers by the lower intensity of
the laser pulse tail in the presence of oxygen and moisture under labo-
ratory conditions. Jointly with the high PL yield observation at the laser
modified region, the long 7,y indicates the low non-radiative defect
density with the higher crystallinity among all other regions. Therefore,
we can assume that the femtosecond laser modification can help to
passivate or cure the defects by improving the crystalline properties of
perovskite samples. In contrast, the ablated region with the maximum
laser pulse energy deposition shows a poor PL yield and a short Tayg
compared to all other regions. The reason might be the dominant non-
radiative recombination process mediated through both the surface
and bulk defect densities that are caused by distorting the crystalline
nature of the single-crystal perovskite sample. Similarly, the lower decay

Fig. 3. ASE performance of recast deposition region
of the SC MAPbBr3. (a) A cross-section image of the
ablated sample shows the fabricated structure
beneath the sample surface (scale bar, 30 um), where
an inset picture for the magnified image of the
irregular recrystallized random nanostructures (scale
bare, 10 pm). (b) Series of optical images for the
cross-section of the fabricated structure upon the
optical pumping with different laser fluences (scale
bare, 50 pm). (c¢) Measured PL spectrum of the recast
deposit region on the perovskite single crystal sample
with different pump fluences, in which all the asym-
metric peaks are deconvoluted using two Gaussian
peaks as the peak 1 and peak 2 (with an average R?
value greater than 95%). (d) The pump fluence-
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time constants associated with the unaffected region indicate a consid-
erable amount of quick non-radiative recombination mediated through
the defect states [45]. Therefore, the maximum defect passivation is
needed for the bulk (3D) SC perovskites to avoid a large amount of
intrinsic optical loss through the nonradiative emission. Similarly, the
following sections will discuss the optical properties of MAPbBr3 thin
film across the laser-ablated microstructures.

2.3. Femtosecond laser processing of MAPbBr3 thin films

In this experiment, the MAPbBr3 PC sample was spin-coated on a
glass substrate using a widely reported solvent engineering process
(detailed information is given in the experimental section). The obtained
film with a thickness of around 200 nm possessed a smooth surface
consisting of a compact grain arrangement, as verified by the high-
resolution SEM images (see Fig. 4a and b). Different from the ablation
of the crater on MAPbBr3 SC surface, we here produced the micro-strip
patterns by scanning the femtosecond laser pulses across the thin film
sample (the detailed information given in the experimental section).
However, the crystalline modification over the laser processed struc-
tures will be similar to that of the single crystals (as shown by the
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perovskite crystal models in Fig. 4d-f).

A series of SEM images illustrate the surface morphology of the film
sample induced by the high-repetition-rate (fyeqr = 500 kHz) femto-
second laser irradiation. Fig. 4c shows parallel ablated strips on the thin
film with the laser modified region (at a distance of tens of micrometers
away from the ablated strip edge) and the unaffected region. At the
ablated region, almost all the perovskite material was removed through
the laser ablation and some melted MAPbBr3 particles were left behind
(see Fig. 4e). This might be due to the combined effect of the Gaussian-
profiled laser pulse intensity and the structural/chemical inhomogeneity
of the grain-to-grain boundary in the femtosecond laser energy propa-
gation during the material processing. Owing to the Gaussian intensity
distribution shown in Fig. 1a, the interaction of the low-intensity pulse
tail with the samples takes place at a few micrometers near the ablated
regions, such regions can be considered as the laser modified regions.
Fig. 4d shows the unaffected region and the laser modified region, which
correspond to the above and the below the dashed line, respectively. As
there is no clear boundary between these two parts, we can assume that
the area containing the large size of grains belongs to the former and the
area containing a large number of smaller size grains along with abun-
dant nano-holes (marked in Fig. 4d) belongs to the latter. As reported by
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microstrips. (d) Magnified image showing the unaffected region at the top and the laser modified region at the bottom, (e) the ablated region, and (f) the laser
modified region with their corresponding crystal models (the graphics and their color used in these models are the same as we mentioned in Fig. 1d). (g-i) Measured
XPS spectra of Pb 4f, Br 3 d and O 1s core levels for the laser unaffected and ablated regions, respectively. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)
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Bayer et al., such nano-holes are formed due to the removal of individual
grains from the sample, which generally appears on the outside of the
ablated structures (i.e, at the laser modified region), under the irradia-
tion of the low-intensity laser pulse tail [46]. Besides, the grain size
statistics for the unaffected and the laser modified regions confirm that
the latter region consists of the noticeably smaller crystalline grains (see
Figure S7).

In order to analyze the surface chemistry modifications before and
after the laser ablation, we carried out the X-ray photoelectron spec-
troscopy (XPS) measurement of the unaffected and the ablated regions.
Fig. 4(g-i) shows the XPS results with the variation of Pb 4f, Br 3 d, and
O 1s core levels on the unaffected and ablated surface regions, which
include the doublet spin-orbit coupling peaks of Pb 4fs,» (at 143.4 eV)
and 4f7,» (at 138.5 eV) of Pb 4f and Br 3d3,, (at 68.3 eV) and Br 3ds/»
(69.4 eV) of Br 3 d. The peak intensities for both Pb 4f and Br 3 d show a
significant increment after the laser ablation, which indicates a large
amount of PbBry deposition on the sample surface due to the ablation
process. Interestingly, as shown in Fig. 4g, the disappearance of metallic
Pb (Pb°) is accompanied by the lower energy shift and broad Pb** peak
(at 138.5 eV). It demonstrated that the Pb°® components undergo oxi-
dization to Pb?*, and the peak broadening observed is typical for metal
oxide components. Simultaneously, increasing the intensity of the O 1s
peak confirms a large amount of lead oxide (Pb-O) formation after the
laser treatment. These results show that the Pb? is converted to Pb-0, i.
e. heavy oxidative passivation under the laser treatment in the ambient
atmosphere, which is a renowned mechanism behind the “photo-
brightening” effect (increasing PL yield when irradiating under the
ambient atmosphere) of perovskite materials [47,48].

Asreported in the previous literature [49], the laser-induced thermal
effects can promote MAPbBrj3 thin film sample to undergo degradation
as follows:

CH3NH3PbBr3 g PbBI'z + CH3NH2 + HBr (1)
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which shows the possible permanent decomposition of MAPbBr3 thin
films due to the formation of gaseous HBr and losing Br content. The
heat accumulation effect upon irradiation of the high-repetition-rate
laser pulses plays a major role in the thin film degradation at the laser
ablated area. However, the UV-Vis absorption results in Figure S8
confirm that the optical properties around the laser processed area are
still conserved.

2.4. PL and RL behaviors of the laser processed thin film perovskite

In order to evaluate the light-emitting behavior across the laser
processed PC samples in detail, we spatially divided the ablation strip
into three parts: the ablated region, the laser modified region, and the
unaffected region. Then performed PL mapping and lasing experiments
across these three regions to analyze the space-resolved luminescence
behaviors. The recast deposition region appearing on the SC perovskite
is not so prominent in the case of thin films. Fig. 5a and b shows the
morphology of the laser-ablated microstrip on the thin film perovskite
and the PL mapping result across this ablated stripe (as marked by the
white line). The observation of PL emission around the ablated structure
aligns with the surface morphology and chemistry analyses. Due to a
large amount of MAPbBr; ablation from the center of the microstrip, a
low PL intensity was observed. While compared to the PL yield at the
unaffected region (the two ends of the PL intensity profile in Fig. 5b), the
PL emission from the ablated region was blue shifted with four to five
times smaller in intensity (see Fig. 5¢). This blue shift was primarily due
to the quantum confinement effect caused by the formation of MAPbBr3
nanocrystals in the region [50]. Similar to the observation of enhanced
PL yield from the laser modified region of the SC case, the edges of the
laser ablated microstrip on the thin film perovskite exhibit the highest
PL intensity than other regions. As mentioned before, the passivation of
non-radiative defects under irradiation of low-intensity laser pulse tails
in the presence of atmospheric oxygen might be responsible for the

J
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Fig. 5. (a) Morphology of the laser fabricated micro-strip on MAPbBr; PC thin film. (b) Measured photoluminescence mapping across the laser ablated strip, and (c)
resultant PL spectra, the color gradient at the background indicates the corresponding groove position and PL intensity to (b).
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resulting PL enhancement.

This section investigates the lasing performance of all three regions
on the laser ablated MAPbBr3 thin film. Numerous research works have
already investigated the dependence of PL emission properties on the
pumping energy for thin film perovskites [51-53], which point out the
RL generation at the pumping energy above the lasing threshold due to
the strong random scattering at the grain boundaries. As mentioned in
the previous sections, the femtosecond laser ablation not only creates
some novel micro and nanoscale features but also generates and cures
various defect states in the perovskite samples to eventually modify the
RL behavior. Here we characterize the emission of RL by selectively
exciting the laser-affected and unaffected regions with a focused
femtosecond laser (it is having a wavelength of A = 400 nm and pulse
width of 7, = 40 fs, see the experimental section for the detailed infor-
mation). In order to avoid the pump laser-induced damage and the
morphological change, we keep the pump laser energy density in the
range of Fyymp = 1.0 pJ/em? to ~40.0 pJ/cm?, which is much smaller
than the reported damage threshold value (around >400 pJ/cm?) of the
MAPbBr3 sample [49].

Primarily, we excited the unaffected region of the sample and
characterized the emission behavior by slowly increasing the pump light
fluence. Simultaneously, the PL emission was collected from the sample
edge by using a multi-mode fiber attached to a high-resolution spec-
trometer. The measured pump fluence dependent PL spectra and the
output emission intensity growth along with the spectrum line-width
reduction are shown in Fig. 6a and b, respectively. The results clearly
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demonstrate that at the lower pump fluences, the spontaneous emission
peaks tend to emerge at about 532 nm with the linewidth full width at
half maximum (FWHM) of around 29 nm. At the pump fluence of Fyymp
= 14.77 pJ/cmz, however, the PL emission peak becomes narrowed at
550 nm with the FWHM value of around 4.2 nm, and the peak intensity
is rapidly increased for the further increment of the pump fluence. The
lasing spectrum of the PC sample shows a global narrowing effect. Such
a single RL peak of a few nm widths is either due to the long mean free
path length of scattering light or by averaging out the interference ef-
fects formed while multiple scattering over a number of pumping laser
shots [54], thus known as the incoherent RL. It can be explained by the
well-known diffusion model with gain, in which interference effects are
not taken into account [54]. The rapid growth of this lasing intensity
with respect to the pump fluence gives a slope efficiency of = 1012.
On the other hand, the story is a little bit different in the case of the
ablated region. In the ablated region, direct femtosecond laser ablation
process removed a majority of MAPbBrj3 grains and left a small number
of recrystallized perovskite nanocrystals of just tens or hundreds of nm
in size. Fig. 6¢ and d characterize the lasing emission from such nano-
crystals at the ablated region, which gives the lasing threshold up to
Fpump = 20.00 pJ/ em? and the slope efficiency of 7 = 127. Upon pumping
of the highly intense femtosecond laser pulse, like the situation of SC
perovskite nanocrystals, the RL emission from the ablated region of the
PC sample is dominated by the bi-exciton recombination mechanism
[38,44]. In comparison with the unaffected region, there observed a
noticeable decrement in both the lasing threshold and the slope
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Fig. 6. Measured evolution of the RL behavior including the emission spectrum, peak intensity and the spectral FWHM width with respect to the pump fluence,
where (a) and (b) denote situations of the unaffected region, (c) and (d) for the laser ablated region, (e) and (f) for the laser modified region.
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efficiency. It can be attributed to a large amount of perovskite ablation
from the region and the loss of excitons via the exciton-phonon coupling.

Interestingly, the lasing output from the laser modified region (see
Fig. 6e and f) exhibits enhanced performance, such as the low lasing
threshold of Fpymp = 2.17 pJ, /cm? and a high slope efficiency of 7 = 1539.
It is noteworthy that the lasing threshold is reduced by 7 times and the
slope efficiency is increased by 1.5 times than that of the unaffected
region. This observation aligned well with the PL response of this region
as discussed in the previous section. Hence, the improved intensity of
lasing emission can be ascribed to the non-radiative defect passivation
mediated by atmospheric oxygen under irradiation of low-intensity
pulse trails. This kind of defect passivation would like to inhibit the
quick non-radiative recombination pathways for the excited carriers and
largely improve the light amplification process by the stimulated emis-
sion [55].

In addition, Figure S7 shows the grain size statistics of the unaffected
and the laser modified regions. The average grain size in the unaffected
region is reduced from around 220 nm to around 144 nm in laser
modified region. Such grain size reduction can increase the surface
randomness and significantly multiply the scattering effects. Therefore,
the enhancement of random lasing behavior at the laser modified region
is attributed to the smaller grain sizes and the laser-induced defect
passivation with atmospheric oxygen. To the best of our knowledge, the
lasing threshold exhibited by the laser modified region can be ranked
among the top 10% of the lowest random lasing threshold that is re-
ported with the perovskite materials [38,51,52,53,56,57].

3. Conclusion

In conclusion, we have investigated the PL, ASE and RL behaviors of
the femtosecond laser ablated micro/nanostructures for both the SC and
PC MAPbDBr3 perovskite samples, by spatially dividing them into the
ablated, recast deposited, laser modified and unaffected regions with a
tightly focused femtosecond laser beam. The nonlinear interaction of
intense laser pulses was found to induce the space resolved material
chemistry and sample morphology, which causes different carrier
recombination mechanisms. It was observed that upon the femtosecond
laser ablation, the recrystallized micro/nanostructures formed on the SC
surface exhibit the ASE. In the case of PC samples, owing to the laser
induced non-radiative defect passivation and the reduction of average
crystalline grain sizes by more than 1.5 times, a significant enhancement
of incoherent RL behavior was evidenced (the RL threshold was reduced
by seven times and the slope efficiency increased by ~1.5 times).
Through this study, we can clearly understand how the light emitting
and lasing behaviors of both the single crystal and thin film perovskites
are affected by the femtosecond laser induced surface morphology and
defect states. It is believed that our findings will lay a solid foundation
for fabricating the desired perovskite light-emitting microstructures
using highly scalable and automated femtosecond laser processing
methods.

4. Experimental methods
4.1. Perovskite synthesis

Chemicals: N,N-Dimethylformamide (DMF) (99%) was purchased
from Sigma-Aldrich Ltd. Methylammonium bromine (MABr, 99%) and
Lead bromine (PbBry, 99%) were purchased from Xi’an Polymer Light
Technology Corp. Silicone oil was purchased from Aladdin Reagent Ltd.
All the chemicals were used as received without further purification.

Synthesis of MAPbBr3; SCs: 15 mmol MABr and 15 mmol PbBry
were dissolved in 10 mL DMF to creat 1.5 mol/L MAPbBrj3 solution. The
solution needs to be stirred in nitrogen for 24 h to ensure full dissolution.
After stirring, the glass bottle containing the solution was soaked into
the silicone oil at room temperature. Then the silicone oil was heated by
2° per hour until 70 °C. Some small crystal seeds gradually precipitate in
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the solution. Keep the silicone oil 70° for a day and the crystal grows to
acentimeter level. Then removed the solution bottle from the silicone
oil, clamped the crystal out of the solution with tweezers, and dried the
residual solution on the surface.

Synthesis of MAPbBr3 PCs: The precursor solution for MAPbBr3
was prepared by dissolving Methylammonium bromide (MABr, 1 mmol,
112 mg) and PbBr; (1 mmol, 376 mg) in 1 mL of co-solvent that is
prepared by taking the volume ratio of dimethyl sulfoxide (DMSO) and
y-butyrolactone (GBL) as 1:1. Here, the plasma cleaned glass substrates
were used as the substrates for the two step spin coating method used to
coat the perovskite precursor solution, which was carried out at 1000
and 5000 rpm for 10 and 20 s, respectively, and at 17s with 5000 rpm,
the wet spinning film was quenched by dropping 50 pL of anhydrous
toluene into a glove box filled with nitrogen (>99.999%). All the films
were annealed sequentially at 75, 95, 115, and 135 °C for 10 min after
the spin coating process.

4.2. Femtosecond laser processing

SC MAPbBr; sample processing: A high repetition rate laser beam
of fireart = 500 kHz, 2 = 1030 nm and average power of 600 mW is
irradiated normally on the sample for less than 2 s duration. A focal lens
of f = 200 mm was used to focus the laser beam exactly on the surface of
the SC sample. Subsequent surface morphology analyses confirmed that
a crater of around 500 pm diameter and 240 pm depth was formed
through the ablation mechanism.

Thin film MAPbBr3 sample processing: Here we used a similar
laser source as above, the laser beam of an average power of 600 mW is
focused normally onto thin film sample placed on an X-Y-Z stage, of
micrometer precision for translating the sample. This X-Y-Z translation
stage was fully controlled by a computer program. The stage was
adjusted in the Z-direction for keeping the sample at the laser beam
focus spot. The parallel ablated strips were fabricated by moving the
sample across the focal spot at a speed of 2.5 mm/s.

4.3. XPS measurement

The surface electronic properties of MAPbBrj3 thin film samples were
characterized by acquiring a full XPS spectrum using Thermo Scientific,
Escalab 250 Xi, monochromated Al Ka- 1486.6 eV source with the
detection depth of less than 10 nm. The BE scale of all the studied spectra
was calibrated using the carbon peak at ~284.8 eV as a reference. The
acquisition time for each scan was ~40 s. Peak fittings and analyses
were carried out with the XPS peak 41 software. Because of the inelastic
scattering processes, the Shirley function was used to define the back-
ground signal. The raw spectrum data of all the peaks were fitted with
Gaussian-Lorentzian functions. All the important spectrum features such
as peak positions, full width at half maximum (FWHM) and peak areas
were calculated from the fitted sub-peaks.

4.4. PL measurement

SC MAPbDBr3 sample: The frequency-doubled femtosecond laser
beam of 400 nm with the laser spot size of 0.09 mm? was employed to
measure the PL. This beam was generated by transmitting an input beam
operating at 800 nm with 40 fs pulses and a repetition rate of 1 kHz
through a phase-matched BBO crystal. The sample was excited normally
after confirming the region of interest by using a CCD camera. Subse-
quently, the emission output (PL) was collected using a high numerical
aperture objective lens and focused on a multimode optical fibre con-
nected with high resolution spectrometer for further analysis. All the
measurements were taken in ambient conditions.

PC MAPDbBr3 sample: The PL mapping across the laser-ablated
microstrip was carried out with a HORIBA Scientific Raman Spectrom-
eter at 473 nm continuous wave laser with 2.55 mW/cm? laser intensity
in the ambient conditions.
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4.5. TRPL measurement

The TRPLs of bare and laser-treated MAPbBr3 thin films were
measured by means of a home-built confocal microscope. A pulsed
supercontinuum laser (OYSL Photonics, SC-Pro, 150 ps pulse lengths) at
a 2 MHz repetition rate was used as the laser source. The focused pump
laser of 532 nm irradiated the sample through an objective lens of N.A.
= 0.4 with the power ~0.132 pW. A long-pass filter with a 532 nm edge
(Semrock) was used to filter out the pump scattered light from the pump
laser to the detector. The photoluminescence from the samples was
detected by a SPCM-AQRH single photon counting module (SPCM-
AQRH-15, Excelitas Technologies), and the lifetime module was Time-
Harp 260 P (PicoQuant).

4.6. Lasing experiment

An optical pumping setup constructed with the femtosecond laser
beam pulse trains at the repetition rate of 1 kHz with a time duration of
40 fs was used to perform the RL experiments of samples before and after
laser treatments. All the lasing experiments were conducted at room
temperature in a dark box, with anti-reflective walls. The femtosecond
laser system used for the optical pumping is the same as the one used for
laser treatment (as mentioned above). An external frequency-doubling
beta barium borate (BBO) crystal was used to obtain the second har-
monic wavelength of 400 nm, which is in the absorbance region of
MAPbDBr3. For the optical pumping, the beam of ~10 mm diameter was
focused normally on the thin film samples by a cylindrical lens with a
focal length of 75 mm. To avoid the influence of self-absorption losses,
the distance between the pumping strip and the sample edge was almost
zero. Simultaneously, the lasing output from the edge of the sample was
directly collected using a multi-mode optical fiber and fed to a spec-
trometer (Ocean optics USB 4000) for observing the output spectrum.
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