Applied Surface Science 538 (2021) 148143

Contents lists available at ScienceDirect

Applied

Surface Science

Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

Laser writing of CsPbBr; nanocrystals mediated by closely-packed Au R

Check for

nanoislands

Weijie Zhuang®, Shulei Li”, Fu Deng”, Guangcan Li”, Shaolong Tie", Sheng Lan™"

@ Guangdong Provincial Key Laboratory of Nanophotonic Functional Materials and Devices, School of Information and Optoelectronic Science and Engineering, South China
Normal University, Guangzhou 510006, China
Y School of Chemistry and Environment, South China Normal University, Guangzhou 510006, China

ARTICLE INFO ABSTRACT

Metal halide perovskites have attracted great interest in recent years owing to their excellent luminescence
properties. The low formation energy makes it possible to synthesize perovskites of different types via direct
laser writing. Here, we report on the formation of metal halide perovskite (CsPbBr3) nanocrystals coupled to the
surface plasmon resonances of gold (Au) nanoparticles by irradiating a polymer film doped with the precursors
(CsBr and PbBr3) and coated on a thin Au film. The Au film, which is composed of closely-packed Au nanoislands
deposited on a silica substrate, act as not only the absorber of 800-nm femtosecond laser pulses but also the heat
source for synthesizing and annealing of CsPbBr; nanocrystals. The formation of CsPbBrz nanocrystals in the
area of laser irradiation was confirmed by Raman scattering spectra measurements. In addition, closely-packed
Au nanoislands are transformed into isolated Au nanoparticles which exhibit surface plasmon resonances at
~530 nm. The CsPbBr3 nanocrystals coupled to isolated Au nanoparticles emit two-photon-induced lumines-
cence at ~513 nm, which is enhanced by the surface plasmon resonances through the Purcell effect. An optimal
laser power for direct laser writing was determined and the decomposition of CsPbBr; nanocrystals was observed
if a large laser power was employed. Our results indicate the possibility for the formation and annealing of
perovskite nanocrystals coupled to surface plasmon resonances by one-step laser writing and open new horizon
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for their practical applications in color display and optical memory.

1. Introduction

Metal halide perovskites have attracted great interest in recent years
owing to their excellent electronic and optical properties, which have
been widely applied in the fabrication of a variety of optoelectronic
devices with high-performance, such as solar cells [1,2], light-emitting
diodes [3-5], lasers [6,7], and optical sensors [8,9]. The simplicity of
preparation and the low formation energy requirement [10,11] make it
possible to prepare such perovskites with different compositions,
morphologies, and sizes through colloidal chemical route for practical
applications in various graphical scenes [12-15].

Recently, it was found that ultrashort pulse laser is a powerful tool
to induce crystallization of functional micro- and nanocrystals in
transparent materials [16,17]. It has been proved that the nonlinear
absorption process induced by femtosecond laser pulses in a hybrid
glass matrix can be employed to redistribute atoms in the laser focus
region [18], leading to the migration of ions and local crystallization of
perovskite nanocrystals in the glass matrix [14,15]. Although thermal
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accumulation effect can be realized by using femtosecond laser pulses
with a high repetition rate [19,20], an additional heat treatment (or
annealing) is necessary in order to produce luminescent perovskite
nanocrystals. Therefore, generation of luminescent perovskite nano-
crystals via one-step direct laser writing remains a challenge.

In this article, we proposed a novel strategy to produce luminescent
CsPbBr3; nanocrystals in a polymer film doped with the precursors via
direct laser writing. A rough Au film composed of closely-packed Au
nanoislands was employed to absorb effectively the photon energy of
femtosecond laser light at 800 nm. The heat released from the melting
of Au nanoislands was exploited for synthesizing and annealing CsPbBr3
nanocrystals. The formation of CsPbBr; nanocrystals was confirmed by
Raman scattering spectra measurements and they could emit efficiently
two-photon-induced luminescence (TPL) under the excitation of fem-
tosecond laser pulses. The emission of CsPbBr; nanocrystals was en-
hanced by the surface plasmon resonances of the thermally reshaped Au
nanoparticles [21]. The decomposition of CsPbBr; nanocrystals was
observed if the laser power was larger than the optimum value for laser
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Fig. 1. Schematic illustrating the two-layer structure used for laser printing of CsPbBr; nanocrystals with focused femtosecond laser light. The morphology of the Au
film, which is characterized by transmission electron microscope, is shown in the inset.

writing.

2. Materials and methods
2.1. Preparation of hybrid PVP film

CsBr and PbBr; powders with a molar ratio of 1:1 were weighed and
dissolved into dimethyl sulfoxide (DMSO) uniformly with the help of a
magnetic agitator. The solution was mixed with 100 mg/ml PVP and
spin-coated on an Au film. The Au film was deposited on a silica (SiO,)
substrate by sputtering. The morphology of the Au film was controlled
by the sputtering time. Based on the observation of transmission elec-
tron microscope, Au film composed of closely-packed Au nanoislands
could be obtained by using a sputtering time of ~20 s. The PVP film
doped with CsBr and PbBr; was dried under an infrared lamp.

2.2. Optical characterization

The femtosecond laser light with a wavelength of 800 nm, a re-
petition rate of 76 MHz and a duration of 130 fs (Mira 900S, Coherent)
was employed for the laser writing of CsPbBrs nanocrystals. It was fo-
cused on the Au film beneath the hybrid PVP film by using the 60 X
objective lens (NA = 0.85) of a two-photon laser scanning confocal
microscope (A1MP, Nikon) or an inverted luminescence microscope
(Observer Al, Zeiss). The generated optical signals were collected by
using the same objective lens and directed to a charge coupled device
(DU970N, Andor) for imaging or to a spectrometer (SR-500i-B1, Andor)
for analysis. The Raman scattering spectroscopy measurements were
carried out with a Renishaw inVia instrument by using a 633-nm laser
source.

2.3. Numerical modeling

The electric field distributions in two-dimensional closely-packed
Au nanoislands and the temperature distributions in the array of

randomly distributed Au nanoparticles were calculated numerically
based on the finite element method (FEM) by using a commercially
developed software (COMSOL Multiphysics v5.4). The smallest mesh
size was chosen to be 1.0 nm. A perfectly matched layer boundary
condition was employed to ensure the absorption of all the outgoing
radiations. The temperature inside each Au nanoparticle was assumed
to be uniform owing to the small size of nanoparticles and good con-
ductivity of Au.

3. Results and discussion
3.1. Principle for laser writing of CsPbBrs nanocrystals

Although the formation energy of CsPbBrj is low, we still need to
rise the temperature of the polymer film above a threshold in order to
trigger the chemical reaction. For this reason, we intentionally chose a
rough Au film instead of a flat one as the heat source for the polymer
film. In addition, annealing of CsPbBr; nanocrystals needs to be com-
pleted at ambient temperature above 350 °C, which is also the key to
realize laser writing of luminescent CsPbBr; nanocrystals [14]. There-
fore, we need to find a way to increase the temperature of the polymer
film, which facilitates the formation and annealing of CsPbBr; nano-
crystals.

In Fig. 1, we show schematically the strategy employed to realize
the laser writing of CsPbBr; nanocrystals. The polymer (PVP) film
doped with CsBr and PbBr, was spin-coated on a thin Au film, which
was beforehand deposited on a silica (SiO,) substrate via sputtering.
The Au film was composed of two-dimensional closely-packed Au na-
noislands (see the inset of Fig. 1). Direct laser writing was performed by
using a laser scanning confocal microscope equipped with a femtose-
cond laser light. The Au film was employed to absorb the photon energy
of the femtosecond laser light. The heat released from the Au film was
utilized to create CsPbBrz nanocrystals, which generate two-photon-
induced luminescence (TPL) under the excitation of femtosecond laser
pulses. Meanwhile, the Au nanoislands on the Au film were thermally
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Fig. 2. Reflection and transmission spectra calculated (a) and measured (c) for the flat and rough Au films. The absorption spectra calculated and measured for the
flat and rough Au films are shown in (b) and (d), respectively. The temperature distributions simulated for the flat and rough Au films are shown in (e) and (f), with

an area of 500 X 500 nm?.

reshaped by the femtosecond laser light and transformed into isolated
Au nanoparticles. The surface plasmon resonances of the Au nano-
particles, which appear at ~530 nm, were exploited to enhance the
emission rate of CsPbBr3 nanocrystals.

3.2. Comparison of the absorptions and temperatures of flat and rough Au
films

In Fig. 2a, we compare the reflection and transmission spectra si-
mulated for a rough Au film and a flat one with the same thickness of
20 nm. The rough Au film was composed of two-dimensional closely-
packed Au nanoislands and the transmission electron microscope (TEM)
image of the film (see the inset of Fig. 1) was used to build the physical
model for the numerical simulation. The absorption spectra of the
rough and flat Au films derived from their reflection and transmission

spectra are shown in Fig. 2b. In Fig. 2¢ and d, we compare the reflec-
tion/transmission and absorption spectra measured for the rough and
flat Au films, respectively. It is remarkable that the absorption of the
flat Au film at the wavelength of the femtosecond laser light (800 nm) is
quite small (~5.0%). In sharp contrast, the absorption of the rough Au
film, which was composed of closely-packed Au nanoislands, is in-
creased by almost one order of magnitude (~40.0%). It implies that the
photon energy of the femtosecond laser light can be efficiently absorbed
by the rough Au film. In order to further confirm this point, we also
simulated the temperature distributions in the polymer film induced by
the two types of Au films irradiated by femtosecond laser light at
800 nm, as shown in Fig. 2e and f, respectively. It is found that the
temperature rise induced by the rough Au film is much higher than that
induced by the flat one, in good agreement with the absorption spectra
calculated and measured for the two types of Au films.
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Fig. 3. Images obtained by scanning TPL of different structures with a laser scanning confocal microscope operating at 800 nm and 1 mW. In each case, a pattern
(letter A) was beforehand recorded in the structure by using the laser scanning microscope with a larger laser power of 3 mW. (a) A polymer film doped with the
precursors on a silica substrate. (b) A pure polymer film coated on a rough Au film. (c) A polymer film doped with the precursors and coated on a rough Au film. The

length of the scale bars is 5 um.
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Fig. 4. (a) Image obtained by exciting and detecting the TPL of CsPbBr; nanoscrystals with a laser scanning confocal microscope operating at 800 nm and 1 mW. The
school logo was beforehand recorded in the polymer film by using the laser scanning confocal microscope with a larger power of 3 mW. The length of the scale bar is
5.0 um. (b) Raman scattering spectra measured for the areas without and with laser irradiation. (c) Luminescence spectra measured for CsPbBr; at different laser
powers. (d) Dependence of the luminescence intensity on the excitation power plotted in a logarithmic coordinate.

3.3. Laser writing of CsPbBrs; nanocrystals

In Fig. 3, we compare the images recorded in and extracted from
different structures by using a laser scanning confocal microscope. For
the polymer film doped with CsBr and PbBr, and coated on a SiO,
substrate (without an Au film), only a dark background was observed,
as shown in Fig. 3a. In this case, there is no heat supply necessary for

the formation of CsPbBr3; nanocrystals. In the pure polymer film coated
on a rough Au film (see Fig. 3b), the recorded pattern (letter A) was
observed because of the reduced TPL of the irradiated area as compared
with the area without laser irradiation. However, the TPL in this case
originates from Au nanoislands, which was reduced dramatically when
Au nanoislands were thermally reshaped into isolated Au nanoparticles
by femtosecond laser light. As a result, the surface plasmon resonances
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Fig. 5. (a) SEM image of the recorded pattern (letter A). (b) Magnified image of (a) in which Au nanoparticles with irregular shapes (red) and small diameters
(yellow) are indicated by color arrows. (c) Dark-field microscope image of the recorded pattern. (d) Luminescent image of the recorded pattern excited by using a
mercury lamp. (e) Energy dispersive X-ray spectrum measured for an Au nanoparticle. (f) Absorption spectrum measured for the rough Au film and the scattering
spectrum measured for an isolated Au nanoparticle. The luminescence spectrum of CsPbBrj is also provided for reference.

were blueshifted to ~530 nm [22], leading to a weaker two-photon-
induced absorption of the femtosecond laser light at 800 nm. In Fig. 3c,
we show the pattern recorded in and extracted from a polymer film
doped with the precursors and coated on a rough Au film. In contrast to
the dark “A” observed in Fig. 3b, a bright “A” was revealed in this case,
implying the formation of CsPbBrs nanocrystals. In addition, it in-
dicates that the TPL emitted from CsPbBr; nanocrystals is much
stronger than that from Au nanoislands.

3.4. Optical characterization of CsPbBr; nanocrystals

We have demonstrated that the formation of CsPbBr; nanocrystals
can be realized by irradiating a polymer film doped with the precursors
and coated on a rough Au film. The TPL of CsPbBr; nanocrystals ap-
pears to be much stronger than that of Au nanoislands under the ex-
citation of femtosecond laser light. In Fig. 4a, we show a more com-
plicated pattern (the logo of our school) recorded and extracted by
using this method. It further confirms that the idea proposed in this
work can be applied in optical color display and data storage. In order
to confirm the formation of CsPbBr3 nanocrystals, we also performed
Raman spectroscopy characterization for the areas with and without
laser irradiation, as shown in Fig. 4b. As compared with the area
without laser irradiation, two strong Raman characteristic peaks lo-
cated at 73 and 135 cm ™! were clearly resolved in the area with laser
irradiation. These two scattering peaks can be attributed to the vibra-
tion modes of [PbBr6]*~ octahedron and Cs * cation movement
[23,24], respectively. In comparison, the intensities of these two peaks
are much weaker in the area of without laser irradiation. This result
indicates undoubtedly that CsPbBr; nanocrystals were indeed created
in the area irradiated by femtosecond laser light. In Fig. 4c, we show the
luminescence spectra measured for CsPbBrs nanocrystals at different
laser powers. As expected, the TPL of CsPbBr; nanocrystals appears as a
single peak located at ~513 nm. A rapid increase of the luminescence is
observed with increasing laser power. The linewidth of the emission
band is estimated to be 15 nm, which is close to the value reported for

bulk CsPbBr3 [25]. It implies that the size of CsPbBr; nanocrystals is
large and quantum confinement effect [26] is negligible in our case. A
slope of ~1.96 is derived if we plot the luminescence intensity as a
function of laser power in a logarithmic coordinate, as shown in Fig. 4d.
The quadratic dependence of the luminescence intensity on laser power
verifies the nature of the luminescence of CsPbBr; nanocrystals excited
by femtosecond laser light at 800 nm [27,28].

3.5. CsPbBr3; nanocrystals coupled to surface plasmon resonances

We examined the area with laser irradiation by using scanning
electron microscope (SEM) observation, as shown in Fig. 5a. A mag-
nified SEM image is presented in Fig. 5b. Many spherical nanoparticles
can be found in the area with laser irradiation. It means that most Au
nanoislands have been thermally melted and transformed into Au na-
noparticles after absorbing the photon energy of femtosecond laser
light. The formation of isolated Au nanoparticles in the area with laser
irradiation can be clearly identified by using a dark-field microscope, as
shown in Fig. 5¢. Such Au nanoparticles appear as bright spots in the
image owing to the stronger scattering of the white light used for il-
lumination. Accordingly, such Au nanoparticles can also be resolved in
the luminescence image excited by using the 365-nm line of a mercury
lamp, as shown in Fig. 5d. It is because that the luminescence of
CsPbBr3 nanocrystals adjacent to Au nanoparticles is enhanced sig-
nificantly by the surface plasmon resonances of Au nanoparticles,
which are usually located at ~530 nm. Apart from large Au nano-
spheres, there are still some Au nanoparticles with irregular shapes and
many small Au nanoparticles (as marked by arrows of different colors in
Fig. 5b). Although the luminescence enhancement achieved for per-
ovskite nanocrystals around these Au nanoparticles is not significant as
compared with those around large Au nanospheres, the luminescence is
still strong enough to clearly display the recorded pattern (see Fig. 5d).
Based on energy dispersive X-ray spectroscopy (EDS), these nano-
particles were identified to be Au nanoparticles, as shown in Fig. Se. In
Fig. 5f, we present the scattering spectrum measured for an isolated Au
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(b)

(d)

Fig. 6. Images obtained by exciting and detecting the TPL of CsPbBr; nanoscrystals with a laser scanning confocal microscope operating at 800 nm and 1 mW. The
school logo was beforehand recorded in the polymer film with different laser powers. (a) P = 1.0 mW, (b) P = 3.0 mW, (¢c) P = 6.0 mW, and (d) P = 10.0 mW. In

each case, the length of the scale bar is 50 pm.

nanoparticle. It appears as a broad band with a peak at ~530 nm. For
comparison, we also present the absorption spectrum of the rough Au
film, which shows a broad band with a large absorption at ~800 nm.
Upon laser irradiation, the absorption peak is blue shifted to ~530 nm,
providing luminescence enhancement for the generated CsPbBr; na-
nocrystals.

3.6. Photon-induced decomposition of CsPbBrs nanocrystals

In the laser writing of CsPbBrs nanocrystals demonstrated in this
work, the laser power (P) used for direct writing is a key parameter
because it determines the heat generation for the formation and an-
nealing of CsPbBr; nanocrystals and also for the reshaping of Au na-
noislands. In Fig. 6, we show the experimental results obtained by using
different laser powers. The laser wavelength was fixed at 800 nm and
the laser power used for readout was chosen to be 1 mW. For P = 1.0
mW, no luminescence contrast was detected and the recorded pattern
was not successfully retrieved, as shown in Fig. 6a. It is thought that the
heat generated by laser irradiation is not enough for the synthesis and
annealing of CsPbBr; nanocrystals. When the laser power was increased
to P = 3.0 mW, the heat generated by laser irradiation is sufficient for
the formation of luminescent CsPbBr; nanocrystals. As a result, the
recorded pattern can be extracted by detecting the TPL of CsPbBrs
nanocrystals. As the laser power was further raised to P = 6.0 mW, the
extracted pattern was deteriorated. In this case, the details become
blurred and the area without laser irradiation also exhibits fluorescence

response, as shown in Fig. 6¢c. This phenomenon arises from the diffu-
sion of the heat, which has a significant impact on the integrity and
clarity of the extracted pattern. Surprisingly, the extracted pattern was
reversed when a large laser power of P = 10.0 mW was employed, as
shown in Fig. 6d. In this case, the extracted pattern appeared to be dark,
similar to that observed in Fig. 3b. This behavior was also observed in
the laser writing of CsPbBr3 quantum dots in glass matrix [14]. It can be
attributed to the decomposition of CsPbBr; nanoscrystals induced by
photon excitation, which quenches the luminescence.

The generation of luminescent perovskite nanocrystals includes the
synthesis and annealing processes which need the heat released by Au
nanoislands after absorbing the femtosecond laser light. Therefore, we
think that luminescent perovskite nanocrystals are preferentially cre-
ated around the hot spots formed by closely-packed Au nanoislands
through plasmonic coupling. At low laser powers, only the Au nanois-
lands around the hot spots are melted because of the larger absorption
efficiencies. In comparison, all the Au nanoislands will be melted and
reshaped at high laser powers. In addition, the photon-induced de-
composition of CsPbBrs, which leads to the quenching of the lumines-
cence, needs to be taken into account. Thus, it is difficult to estimate the
concentration of the luminescent perovskite nanocrystals, which de-
pends strongly on the laser power. Basically, the enhancement of the
luminescence depends strongly on the distance between perovskite
nanocrystals and Au nanoparticles. Based on previous studies, it has
been known that the luminescence of a photon emitter (e.g., molecules
or quantum dots) will be enhanced by a plasmonic nanoparticle
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provided that the distance between them is larger than ~5 nm.
Otherwise, the luminescence will be quenched. The enhancement factor
decreases rapidly with increasing distance and it almost disappears for
distances larger than ~25 nm. Therefore, we think that the enhance-
ment of luminescence can only be achieved for perovskite nanocrystals
whose distances to Au nanoparticles range from ~5 to ~25 nm.

4. Conclusion

In summary, we have successfully demonstrated that the laser
writing of CsPbBrs; nanocrystals can be realized by irradiating a
polymer film doped with the precursors with femtosecond laser light.
The polymer film was supported by using a rough Au film composed of
Au nanoislands, which absorb efficiently the photon energy of femto-
second laser light. It was found that the heat released by the Au film is
sufficient for synthesis and annealing of CsPbBr3; nanocrystals and thus
the generation of luminescent CsPbBr; nanocrystals can be completed
via one-step direct laser writing. The formation of CsPbBr; nanocrystals
in the area of laser irradiation was confirmed by Raman scattering
spectroscopy measurements and the luminescence emitted from
CsPbBr3 nanocrystals was verified to be TPL. It was revealed that Au
nanoislands were reshaped into isolated Au nanonarptices with surface
plasmon resonances at ~530 nm. As a result, the luminescence of
CsPbBr; nanocrystals adjacent to Au nanoparticles was greatly en-
hanced. Finally, an optimal laser power for laser writing was de-
termined and the decomposition of CsPbBr3 nanocrystals was observed
if a large laser power was employed in laser writing. Our findings
provide an effective way of synthesizing luminescent CsPbBrz nano-
crystals for practical applications in color display and optical memory.
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