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Abstract: Organic-inorganic hybrid perovskites have attracted great interest in recent years
because of their excellent luminescence properties. However, the controllable and reversible
growth of such perovskites by using a simple method remains a big challenge although it is highly
desirable. Here, we demonstrate the controllable and reversible crystallization of MAPbBr3 in a
thin liquid film on top of densely-packed gold (Au) nanoislands deposited on a silica substrate.
The formation of MAPbBr; crystal is induced by irradiating densely-packed Au nanoislands
with femtosecond laser light. MAPbBr; crystals with diameters of ~10 um can be stably created
around the focal point of the laser beam and they will disappear rapidly after switching off the
laser light. The threshold laser power for creating stable MAPbBr3 crystal depends strongly
on the morphology of Au nanoislands, which can be modified by changing the sputtering time.
By increasing the concentration of the precursors in the liquid film, high-quality MAPbBr;3
microrods can be obtained after switching off the laser light. Our findings indicate a simple
but effective method to induce perovskites with a controllable manner and pave the way for
developing photonic devices based on organic-inorganic perovskites.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Due to their excellent physical properties, perovskites have attracted much attention in recent
years and great progress has been made in the research and development of solar cells [1-3],
light-emitting diodes [4-6], lasers [7—10], optical sensors [11-13], and coolers [14—16]. Since
perovskites generally possess low thermal conductivity (lower than silica) and high defect
tolerance, it was found that perovskite metasurfaces preserving highly efficient luminescence can
be fabricated by femtosecond laser lithography [13]. In addition, the temperature distribution
induced by femtosecond laser light was exploited as the driving force for ion migration in
transparent dielectric media [14]. By utilizing the inherent ionic nature and the low formation
energy of perovskite, highly luminescent CsPb(Cl/Br)s; quantum dots was reversibly fabricated
in situ and decomposed through femtosecond irradiation and thermal annealing [15,16]. In
these cases, the preparation and morphology of perovskite can be effectively controlled by the
photothermal effect of laser irradiation.

In recent years, organic-inorganic hybrid perovskites CH3NH3PbX3 (X =Cl, Br, I) have
become the focus of many studies due to their potential applications in a variety of functional
devices [14—16]. The great interest in such organic lead trihalide perovskites arises from their
tunable optical properties, high absorption coefficients, long-range balanced electron and hole
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transport [17], and simple preparation techniques with low cost [18-20]. In particular, it has
been shown that MAPbBr3 and MAPbI; single crystals have long carrier diffusion lengths
and low trap-state densities, which are comparable to the state-of-the-art silicon photovoltaics
[21]. These unique properties make MAPbX3 single crystals highly desirable semiconductors
for photovoltaic applications much broader than their polycrystalline thin film counterparts.
Recently, single-crystalline thin films of hybrid organic-inorganic perovskite were successfully
fabricated and they were used to demonstrate high-performance photodetectors [22]. In addition,
a high-performance flexible photodetector with prevailing bending reliability and significantly
increased responsivity was realized by using an ultrathin single-crystalline perovskite film
(~20nm) as the active layer [23]. Moreover, it was demonstrated that a metasurface made of
hybrid organic—inorganic perovskite can significantly enhance broadband absorption and improve
photon-to-electron conversion, leading to a photodetector with enhanced photocurrent [24].

So far, various methods have been developed for the growth of organic-inorganic hybrid
perovskites, including chemical vapor deposition, cooled crystallization, antisolvent vapor-
assisted crystallization, and inverse-temperature crystallization (ITC). For example, MAPbBr13
nanosheets were grown on a mica substrate by controlling the evaporation rate of the solvent
(hydrobromic acid (HBr, 48wt.%) and N,N-Dimethylformamide (DMF, 57wt.%)) with the
temperature [25]. More importantly, quasi-static solution growth of MAPbBr; sheets was
achieved by placing a thin film of the solution on a hot plate and heated to 30 °C for more than
10h. The thickness and the area of MAPbBr3; sheets could be tuned by adjusting the volume
of the solvent, heating temperature, and growth time [23]”. Among these methods, ITC is one
of the most commonly used methods, which exploits the reduced solubility of a perovskite in a
solvent with increasing temperature to achieve the crystallization of the perovskite. It can be used
to rapidly produce MAPbBr; and MAPbI; single crystals in hot solutions [26]. Although the
growth of perovskite crystals by using the ITC method is very fast, the as-prepared perovskites
exhibit carrier transport properties comparable to those prepared by using other techniques. The
crystal growth rate of ITC exceeds the value reported previously for the method of using mixed
perovskite single crystals, representing a major breakthrough in the synthesis of perovskite single
crystals. However, the quality of perovskite single crystals grown by the ITC method needs to be
further improved. In addition, it remains a challenge to accurately control the position and size
of the perovskite single crystals.

It is well known that temperature is an important physical parameter needed to be controlled in
crystal growth. The crystallization of perovskite by using the ITC method is usually realized by
heating the solvent with an electric heater. In practice, a simple and convenient way for achieving
the local heating of a material is laser irradiation. In particular, a localized temperature field
can be established by irradiating a metallic nanoparticle with laser light. Owing to the existence
of surface plasmon resonances in the metallic nanoparticle, it can effectively absorb the laser
light and generate heat via the nonradiative recombination of carriers. For this reason, metallic
nanoparticles have been successfully applied in photothermal therapy of cancer cells. The
nanoscale temperature gradient generated by laser irradiation not only modifies the morphologies
of metallic nanoparticles [27,28] but also facilitates the growth of functional nanomaterials, such
as metal-oxide core-shell structures [29,30]. The reshaping of metallic nanoparticles by laser
irradiation is also exploited to realize nanoscale optical display and storage [31]. A spatially
localized temperature field can be used to produce luminescent carbon quantum dots by exploiting
the Fano resonances formed in the clusters of metallic nanoparticles [32]. Moreover, the plasmon
photothermal effect has been confirmed as an activation mechanism for photochemical reactions
by exploiting the excitation of surface plasmon resonances [33-35]. Inrecent years, this plasmonic
heating effect at the nanoscale has been successfully employed to realize nanophase engineering
in a TiO; film and nanopoling in a poly(vinyl difluoride) film [36,37], which exhibits potential
applications in photocatalysis, hot-electron chemistry, piezoelectronic devices, high-density data
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storage, and anti-counterfeiting. In addition, nanoscale plasmonic dynamite was demonstrated
by using Au@Cg( core-shell nanoparticles irradiated by laser light, which can be exploited as a
powerful energy source for nanoactuation and nanomigration [38].

Recently, densely-packed gold (Au) nanoislands deposited on a silica (SiO,) substrate have
been confirmed as an ideal platform to realize high-quality optical storage and laser writing of
perovskites [39,40]. Absorption of laser light can be greatly enhanced by the plasmonic hot
spots induced by the coupling of Au nanoislands [41], facilitating the establishment of spatially
localized temperature field by using laser irradiation. The temperature rise can be adjusted by
controlling the morphology of densely-packed Au nanoislands.

Very recently, controllable and reversible crystallization of an all-inorganic perovskite
(CsPbBr3) has been successfully demonstrated by exploiting the plasmonic hot spot created at the
contact point between a polycrystalline CsPbBr3; nanosphere and a thin Ag film. Formation of
CsPbBrj single crystal from CsPbBr; quantum dots was induced by laser irradiation and its size
could be controlled by the laser power, leading to a dual-wavelength emission from the CsPbBr;3
nanosphere. However, perovskite nanocrystals prepared by utilizing the photothermal effect of
metallic nanostructures has not yet be achieved [42]. At present, the reversible crystallization of
perovskites induced by laser irradiation requires complex sample preparation process [43] or
strict vacuum environment [44].

In this work, we employ densely-packed Au nanoislands as a plasmon-driven nanoreactor to
realize the controllable formation of an organic-inorganic hybrid perovskite (MAPbBr3). Such
Au nanoislands can effectively absorb the photon energy of femtosecond laser light in the near
infrared spectral range, creating a localized temperature field on the surface of Au nanoislands.
We manipulate the local temperature field on the surface of Au nanoisland by adjusting the
intensity of laser irradiation and realize the controllable and reversible crystallization of MAPbBr3
in N, N-dimethylformamide (DMF) transparent solution [26,45]. MAPbBr; crystals with finite
sizes can be stably created around the focal point of the laser beam once the laser power exceeds
a critical value. They will be dissolved back into the solution if the laser light is switched off. In
addition, high-quality MAPbBr3; microrods can be obtained by laser irradiation by increasing
the concentration of the precursors. These results provide a new way for studying the thermal
stability of perovskites and promote the development of controlled growth of perovskites driven
by surface plasmon.

2. Materials and methods

2.1. Sample preparation

The densely-packed Au nanoislands used to induce the crystallization of MAPbBr3 crystal
were deposited on SiO; substrates by using sputtering. The morphology of Au nanoislands
was controlled by changing the sputtering time. The precursors used to synthesize MAPbBr3
crystal (MABr and PbBr;) were dissolved in a DMF solution with a specific concentration. In
experiments, the DMF solution was dropped on Au nanoislands and covered with a glass slide,
forming a thin liquid film. In this work, we did not observe the etching of Au nanoislands by the
liquid film containing MABr and PbBr;. The transmission spectrum of the Au film loaded with
the liquid film remains unchanged for a long time.

2.2. QOptical characterization

Femtosecond laser pulses with a wavelength of 800 nm, a repetition rate of 76 MHz, and a
duration of 130 fs (Mira 900S, Coherent) was used to induce the crystallization of MAPbBr3
crystal in the thin DMP layer formed on Au nanoislands. The femtosecond laser light was
introduced into an inverted microscope (Observer A1, Zeiss) and focused on the sample surface
by using a 100x objective lens. The generated optical signals were collected using the same
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objective lens and directed to a spectrometer (SR-500i-B1, Andor) for spectrum analysis. The
transmission spectra of the laser-induced MAPbBr3 crystals were also measured by using the
same microscope. The two-photon-induced luminescence (TPL) of MAPbBr; crystal was also
excited by using the femtosecond laser light and analyzed by using the spectrometer.

2.3. Numerical simulation

The reflection, transmission, and absorption spectra of densely-packed Au nanoislands were
numerically calculated by using the finite-difference time-domain (FDTD) technique (FDTD
solution, https://www.lumerical.com). Based on the finite element method (FEM), the electric
field and temperature distributions of Au nanoislands were numerically simulated by using
commercially developed software (COMSOL Multiphysics v5.6, https://www.comsol.com.). The
minimum mesh size was chosen to be 1.0 nm. A perfectly matched layer boundary condition was
used to ensure the absorption of all outgoing radiation. Due to the small size of the nanoparticles
and the good electrical conductivity of Au, it was assumed that the temperature inside each Au
nanoparticle is uniform.

3. Results and discussion

As mentioned at the beginning, the rapid growth of MAPbBr3 single crystal can be realized by
using the ITC method by properly selecting solvent and deliberately controlling temperature. In
previous studies, high-quality perovskites were obtained by heating the solution of precursors
in an oil bath [26,45,46]. In this case, the location of the perovskite crystal formed in solution
is random and its size is difficult to control. Among many factors that affect the position and
growth rate of the perovskite crystal, temperature is no doubt the most important one. For this
reason, we employ laser irradiation of metallic nanoparticles as the method for controlling the
temperature in the solution. The major advantage of this method is the introduction of spatially
localized temperature field in the solution in a simple, efficient, fast, dynamical, and reversible
way. This feature offers us the opportunity for selecting the position for inducing crystallization
and controlling the size of the formed perovskite crystal. In addition, it enables the formation of
high-quality perovskite crystals from a solution.

In Fig. 1, we present a schematic illustrating the growth of a MAPbBr3; crystal in a thin
layer of DMF solution containing MABr and PbBr; induced by laser irradiation. The substrate
used to support the thin layer of DMF solution is obtained by depositing densely-packed Au
nanoislands on a SiO; slide by sputtering. The morphologies of Au nanoislands can be controlled
by adjusting the sputtering time. The spatially localized temperature field, which is used for
realizing the crystallization of MAPbBTr3, is generated by irradiating Au nanoislands with 800-nm
femtosecond laser pulses. Meanwhile, TPL is generated from the as-prepared MAPbBr3 crystal
under the excitation of femtosecond laser pulses. The MAPbBr3; crystal will be dissolved back
into the solution once the laser light is switched off. During this process, Au nanoislands are
thermally shaped by laser irradiation and transformed into isolated Au nanoparticles. Finally, Au
nanoparticles encapsulated by reduced precipitated reactants are left due to the reducibility of the
DMF solution [47].

We first compared the absorption spectra simulated and measured for densely-packed Au
nanoislands obtained by using different sputtering times (7' =20, 30, and 40 s), as shown in
Fig. 2(a). The transmission electron microscopy (TEM) images of the Au nanoislands were
used to build the physical models for the numerical simulations. Previously, closely-packed Au
nanoislands prepared by the same method have been employed to realize high-density optical
data storage [31]. The morphology of Au nanoislands was analyzed based on the TEM images.
It was found that the size and filling ratio of Au nanoislands increase with increasing sputtering
time. In the physical model used to simulate the absorption spectra of different samples, the
height of all Au nanoislands is assumed to be the same (10 nm) because only the top view of Au
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Fig. 1. Schematic illustrating the controllable and reversible crystallization of MAPbBr3
induced in a transparent solution by irradiating densely-packed Au nanoislands with
femtosecond laser light.

nanoislands can be obtained from the TEM images. Since the morphology of Au nanoislands
plays an important role in determining the hot spots induced by the plasmonic coupling between
Au islands, the discrepancy between the simulated and measured results is caused mainly by the
inaccuracy in the morphology of Au nanoislands, especially their heights. It is noteworthy that
the Au nanoislands with 7' =30 s possess the largest absorption at ~800 nm, implying the most
efficient absorption of the 800-nm femtosecond laser pulses. To further confirm this, we also
simulated the temperature distributions in the Au nanoislands induced by the irradiation of a
800-nm laser beam with a Gaussian intensity distribution, as shown in Fig. 2(b-d). The diameter
of the laser beam is assumed to be 1.0 um. In all cases, a localized temperature distribution is
observed. As expected, the highest temperature is achieved in the Au nanoislands with 7' =30 s.
With increasing sputtering time, the average size of Au nanoislands is increased. As a result, the
plasmonic coupling between neighboring Au nanoislands is enhanced, leading to the increase in
the number of plasmonic hot spots and thus the optical absorption. However, a further increase in
the sputtering time leads to the merge of small nanoislands into large ones and the disappearance
of plasmonic hot spots. Consequently, the optical absorption is reduced when a long sputtering
time is used [42].

We examined the crystallization of MAPbBr3; from the DMF solution induced by irradiating
Au nanoislands prepared with different sputtering times (7 = 20, 30, and 40 s) by using 800-nm
femtosecond laser pulses. The transmission spectra of the irradiation area measured at different
laser powers are shown in Fig. 3(a-c) for the three samples, respectively. The bright-field images
of the MAPbBr; observed at different laser powers are also presented. The threshold laser
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Fig. 2. (a) Measured and calculated absorption spectra for densely-packed Au nanoislands
prepared by different sputtering times. The corresponding temperature distributions simulated
for densely-packed Au nanoislands are shown in (b), (c) and (d), respectively. In all cases,
the size of the simulation region is chosen to be 500 x 500 nm?. The TEM images for Au
nanoislands are shown in the insets. The length of the scale bar is 100 nm.

powers for creating a stable MAPbBr3 crystal were found to be P =12, 10, and 18 mW when
Au nanoislands with T =20, 30, 40 s were employed. This observation is anticipated from the
larger optical absorption of the Au nanoislands with 7=30 s. It is noticed that a small dip
appears at ~525 nm in the transmission spectra once the MAPbBr; is created. It is caused by
the absorption of MAPbBr3; crystal. For Au nanoislands with 7 =10 and 50 s, no MAPbBr3
crystal was formed even if the laser power was raised to P =30 mW. Therefore, it is confirmed
that the most efficient crystallization of MAPbBr3 can be achieved by using Au nanoislands with
T =30s. In Fig. 3(e), we present the dependences of the optical absorption of the Au film and the
corresponding threshold laser power for the crystallization of MAPbBr3 crystal on the sputtering
time. It shows clearly that the largest optical absorption and the lowest threshold laser power are
achieved in the sample with T =30 s.

Since MAPDbBTr; crystal was induced by a laser beam in a microscope, it remains a big challenge
to measure the X-ray diffraction spectrum of such a MAPbBr3; crystal. As an alternative, we
firstly used 325-nm laser light to induce a MAPbBr3 crystal with a small size. Then, we employed
633-nm laser light to measure the Raman spectrum of the MAPbBr3 crystal, as shown in Fig. 3(e)
(purple curve). By comparing the Raman peaks appearing in the spectrum with those reported in
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Fig. 3. Transmission spectra measured for Au nanoislands irradiated by laser beam at
different powers. The Au nanoislands are prepared by different sputtering times of (a) 7=20
s, (b) T =30 s and (c) T =40 s. The bright-field images of the irradiation areas recorded by
using a CCD are shown as insets. The length of the scale bar is 10 um. (d) Dependences of
the optical absorption of the Au film and the threshold laser power for the crystallization of
MAPDBBrj; crystal on the sputtering time. (¢) Raman spectra measured for the MAPbBr3
crystals fabricated under different conditions (colored curves). The Raman spectrum of the
MAPbBTr3 crystal prepared by using a heating table is also provided for comparison (black
curve).

the literature [48], it was confirmed that the synthesized material is a MAPbBr3 crystal. We also
measured the Raman spectra of the MAPbBr3 crystals with larger sizes fabricated under different
conditions (see black, red, blue, and green curves in Fig. 3(e)). Similarly, we observed all the
Raman peaks reported for MAPbBr3 crystal.

In Fig. 4(a), we show the transmission spectra of the irradiated area obtained at different
laser powers for Au nanoislands with 7=20 s. One can see a reduction of the transmittance
at P=12mW when the MAPbBr; crystal emerges from the solution. In particular, a small
dip is found at ~525 nm, corresponding to the absorption peak of MAPbBr3. In order to show
more clearly the change of transmittance at ~525 nm, we normalized the transmission spectra
in the presence of the laser light with respect to that in the absence of the laser light, as shown
in Fig. 4(b). In this way, the formation of MAPbBr3 is clearly reflected in the reduction of
the transmittance at ~525 nm, which induces a transmission valley. When the laser power is
further increased, the transmission valley becomes shallow due mainly to the decomposition
of MAPDBr3 at high laser powers [49,50]. In Fig. 4(c-j), we show the optical images of the
irradiated area recorded at P = 10 mW. One can see the formation of a MAPbBr3 crystal with a
diameter of ~ 1.82 um around the focal point (marked as a blue spot) at t=1.0 s. The TPL from
the MAPDbBr3 crystal, which appears as bright yellow light, is also observed. The diameter of the
crystal is increased to ~8.10 um at =2.0 and 3.0 s. At t=4.0 s, the size of the MAPbBr3 crystal
begins to decrease. It means that the heat generated by laser irradiation of Au nanoislands and
the MAPDbBr; crystal itself is not enough to maintain the stable existence of the MAPbBr3 crystal.
In this case, the MAPbBr; crystal is dissolved back into the solution. At#=5.0s, one can see the
brightest TPL from the crystal. It is probably caused by the resonant excitation or emission from
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the crystal. In this case, a strongly enhanced electric field at the excitation wavelength (800 nm)
or the emission wavelength (~535 nm) is expected. For # > 6.0 s, the MAPbBr3 crystal disappears
completely, leaving some residues on the surface of Au nanoislands. For P = 12 mW, the formed
MAPDBT3 crystal can be stably maintained around the focal point with a diameter of ~ 11.57 um,
as shown in Fig. 4(k-r). In this case, the TPL from the MAPbBr3 crystal is very weak. For
P <3.0mW, no MAPbBr; crystal can be induced due to the low temperature at the focal point.
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Fig. 4. (a) Transmission spectra measured for MAPbBrj crystals induced by laser light with
different powers on Au nanoislands. (b) Normalized transmission spectra shown in (a) with
respect to that in the absence of laser light. The bright-field images of MAPbBr3 crystals
induced by laser light with P=10mW (c —j) and P =12mW (k —r) on Au nanoislands at
different irradiation times. The length of the scale bar is 10 um.

To gain a deep insight into the growth process of the perovskite, we chose Au nanoislands with
T =30 s as the substrate for the DMF solution and varied the laser power from 0 to 20 mW. Upon
the excitation of Au nanoislands with 800-nm femtosecond laser light, a MAPbBr3 crystal is
created around the focal point. Such a crystal can be stably maintained when the laser power
exceeds P=10mW.

In order to reveal the dynamics for the crystallization of perovskite, we examined the evolution
of the luminescence spectrum of the perovskite with increasing irradiation time. In Fig. 5(a), we
present the luminescence spectra observed at different irradiation times when the laser power
was chosen to be P =14 mW. For #=0.5 s, the luminescence of the MAPbBrj crystal appears
at ~535nm with a linewidth of ~26.76 nm. It is blueshifted to ~520 nm and broadened to
~45.71 nm at t = 1.0 s. The intensity remains nearly unchanged. However, a dramatic reduction
in the luminescence intensity is observed at t=1.5 s. Meanwhile, the luminescence peak is
further shifted to ~515nm. In this case, the perovskite is completely decomposed [49]. The
crystallization and decomposition processes of the MAPbBr3 crystal are accelerated at high laser
powers, as shown in Fig. 5(b), where the luminescence spectra recorded at different times are
presented for P =20 mW. In this case, the luminescence peak at ~520 nm appears even at t =0.5
s and its intensity is similar to that at ~535 nm. The coexistence of the two phases leads to the
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two peaks in the luminescence spectrum. At 7= 1.0 s, the luminescence peak at ~535 disappears
and that at ~525 nm decreases. Only the luminescence peak at ~515nm is leftatr=1.5s.
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Fig. 5. Evolutions of the PL spectra of the MAPbBr3 crystals induced by laser light with
P=14mW (a) and P=20mW (b). The bright-field images of MAPbBrj crystals induced
by laser light with P =10mW (c —j) and P =12 mW (k —r) on Au nanoislands at different
irradiation times. The length of the scale bar is 10 um.

Upon the irradiation of femtosecond laser light, crystallization of perovskite occurs at the focal
point of the laser beam. As a result, one can see the TPL from the perovskite. However, the
heat generated from nonradiative recombination of carriers leads to the rapid decomposition
of the perovskite [49,50]. The residue left at the beam center results in the reduction in the
transmittance, similar to that shown in Fig. 4(a). For Au nanoislands with T =30 s, the perovskite
can be stably maintained around the laser spot at P=10mW, as shown in Fig. 5(c-j). This
behavior was not observed for Au nanoislands with 7'=20 s. Thus, a lower threshold laser power
required for introducing and maintaining a perovskite around the laser beam. With increasing
laser power, the size of the perovskite created around the laser beam was also increased, as shown
in Fig. 5(k-r) where the dynamical crystallization of perovskite induced by a laser beam with
P =12mW is presented.

By using Au nanoislands with 7'=30 s, the MAPbBr3 crystal at the beam center will be
completely decomposed under the continuous irradiation of the laser light. However, the
MAPDBr3 crystal around the laser spot can be stably maintained for a long time. This behavior
offers us the opportunity for controllably and reversibly inducing the crystallization of perovskites
by using laser irradiation. In Fig. 6(a), we show the luminescence spectra measured for the
irradiated area at different time by using a laser beam with P =20 mW. The corresponding optical
images recorded by using a charge coupled device (CCD) are presented in Fig. 6(b-i). In this
experiment, the laser light was switched off at =30 s. For t = 10 s, it can be seen that a MAPbBr3
crystal with a diameter of ~14.96 um was created around the laser spot at which the luminescence
of the perovskite (green light) was clearly observed. This situation is stably maintained at =30
s. During this period, it is expected that the crystallization and dissolution of the perovskite
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occur simultaneously at the periphery of the perovskite. These two processes lead eventually
to an equilibrium state and the size of the perovskite remains almost unchanged. The time for
establishing such an equilibrium is less than =10 s. The continuous irradiation will lead to the
decomposition of the perovskite, as shown in Fig. 5(a). We turned off the laser light at #=30's,
the MAPbBr;3 crystal was dissolved rapidly into the solution, as shown Fig. 6(f-i). During this
period, one can see the gradual increase of the transmission at the long wavelengths, as shown in
Fig. 6(a).

(a) ~ mmm;:::'ﬂ (b) 0s (c) 1._03 {d@ (e) 30s

() 32s(g) 34s (h) 1s50s (i) 230s

SN

PL intensity (a. u.)

% 50 50 600 650
Wavelength (nm)

Fig. 6. (a) PL spectra measured for MAPbBr3 crystals induced by laser light with P =20 mW
at different monitoring times. (b-i) Bright-field images of MAPbBr3 crystals induced by
laser light with P =20mW at different monitoring times. The length of the scale bar is
10 um.

Actually, the concentration of the precursors plays a crucial role in determining the crystalliza-
tion dynamics of the perovskite. In this work, we increased the concentration of the precursors
from 1.0 to 1.8 M and examined the crystallization behavior by using laser powers ranging from
0 to 12 mW. It was found that the saturated concentration of the solution is ~1.8 M. For solutions
with concentrations smaller than 1.8 M, the crystallization behavior remained almost unchanged.
However, the time for dissolving the crystal back into the solution was increased rapidly with
increasing concentration. Interestingly, a different crystallization behavior was observed for the
solution with a concentration of ~1.8 M. The continuous growth of the crystal was observed
upon the irradiation of the laser light, as shown in Fig. 7(a-e). Surprisingly, the perovskite was
not dissolved back into the solution after switching off the laser light. Instead, a few microrods
came out from the crystal and became longer and longer with time, as shown in Fig. 7(f-j).

‘We monitored the growth of a microrod, as shown in Fig. 8(a-c). It was found that the growth
rate of the rod-like crystal along the long side is much faster than that along the short side. Within
half an hour, a perovskite microrod with a width of a few microns and a length up to hundreds of
microns was obtained. It was found that the morphologies of the perovskites prepared by using
the ITC method were influenced by the concentration of the precursors [46]. It was reported
previously that supersaturated solution induced by volatilization leads to the gradual precipitation
of organic-inorganic hybrid perovskite nanowires in the solution [51-54]. For organic-inorganic
hybrid halide perovskites, there is a strict stoichiometric ratio between the organic and inorganic
components. The lattice structure of an organic-inorganic hybrid perovskite closely is related
to the tolerance factor of the perovskite capacity [55]. Since the structure of the perovskite
crystallized in solution is influenced by the sizes of the constituent ions, organic-inorganic hybrid
perovskite nanowires can precipitate from a supersaturated solution. Here, the laser-induced
perovskite acts as the seed for the further precipitation of the perovskite from the supersaturated
solution. Consequently, a continuous growth of the perovskite into a microrod is achieved even
after turning off the laser light.
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Fig. 7. (a-e) Bright-field images of MAPbBr3 crystals induced by laser light with P =4 mW
Au nanoislands at different irradiation times. (f-j) Time-dependent bright-field images of
MAPDBBr3 crystals after switching off the laser light. The length of the scale bar is 30 pm.

Fig. 8. (a-c) Time-dependent bright-field images of a MAPbBr3 microrod after switching
off the laser light. The length of the scale bar is 5.0 um.

We examined the scattering and luminescence spectra of a MAPbBr3 microrod prepared by
using the method describe above, as shown in Fig. 9(a). The scattering spectrum is quite similar
to that shown in Fig. 4(a). The scattering intensities at short wavelengths are greatly attenuated
due to the absorption of the perovskite. The optical image of the perovskite microrod under a
dark-field microscope is shown in the inset of Fig. 9(a). The luminescence peak of the perovskite
was observed at ~535 nm under the excitation of 800-nm femtosecond laser light. It was found
that the quality of the MAPbBr3; microrods was improved by using laser-induced crystallization
due to the reduction of polycrystalline. The image of the perovskite microrod excited by using
femtosecond laser light is shown in the inset of Fig. 9(a). One can see the radiation from the end
of the microrod when it was excited in the middle because the microrod serves as a waveguide
for the luminescence [51]. No scattering light was observed during the propagation of the
luminescence, indicating the MAPbBr3; microrod possesses a smooth surface. In Fig. 9(b), we
show the luminescence spectra measured for a MAPbBr3; microrod at different laser powers. A
slope of ~2.08 was derived if we plot the luminescence intensity as a function of laser power in a
logarithmic coordinate, as shown in Fig. 9(c). The quadratic dependence of the luminescence
intensity on laser power verifies the TPL nature of the luminescence from the MAPbBr3 microrod
excited by femtosecond laser light.
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Fig. 9. (a) Scattering and PL spectra measured for a MAPbBr3 microrod. Dark-field imgage
(left) and luminescence image (right) of the MAPbBr3 microrod recorded by using a CCD
are shown as insets. The length of the scale bar is 2.0 um. (b) PL spectra measured for
the MAPbBr3 microrod grown by laser irradiation. (c) Dependence of the luminescence
intensity of the MAPbBr3 microrod on the laser power plotted in a logarithmic coordinate.

In this work, we utilized the so-called ITC (inverse-temperature crystallization) method to
induce the crystallization of MAPbBr3. Physically, the synthesis of MAPbBrj3 crystal is caused by
the local heating of Au nanoislands induced by laser irradiation. Therefore, it can be realized by
not only femtosecond laser light but also continuous wave (CW) laser light. The only difference
is the heating efficiency which determines the threshold laser power for the crystallization of
MAPDBBr3;. Physically, the heating efficiency is governed by the absorption of Au nanoislands.
In fact, we have used CW laser light at 325 nm to do the same experiment. The threshold
laser power was found to be ~150 pW. Apart from MAPbBr3; microrods, MAPbBr3 thin films
were also obtained by using solutions with higher concentrations. Based on scanning electron
microscopy (SEM) observation, the thickness of such a MAPbBr; thin film was found to be a
few micrometers.

4. Conclusions

In summary, we successfully demonstrated controllable and reversible crystallization of MAPbBr3
by using laser irradiation assisted by densely-packed Au nanoislands. It was found that MAPbBr;3
crystals with finite sizes can be stably maintained at the focal point of the laser beam with a
sufficiently large laser power. The threshold laser power for inducing the crystallization of
MAPDBBr3; crystal depends on the morphology of Au nanoislands. High-quality MAPbBr3
microrods can be obtained by simply increasing the concentration of the precursors in the
laser-induced crystallization. Our findings open a new avenue for studying the crystallization
dynamics of perovskites and pave the way for construct photonic functional devices based on
perovskites.
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