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ABSTRACT: Herein, we demonstrate a novel coating approach
to fabricate CsPbBr; perovskite nanoplatelet film with heat-free
process via electrospraying from precursor solution. A detailed
study is carried out to determine the effect of various parameters
such as ligand concentration, electric field, flow rate, etc. on the
optical properties. By controlling the volume ratios of the
oleylamine (OAm) and oleic acid (OA), the coalescing and
thickness of the resulting nanoplatelets can be readily tuned that
results in control over emission in the range of 100 nm without
any antisolvent crystallization or heating processes. The varying
electrical field and flow rate was found as inefficient on the
emission characteristics of the films. In addition, the crystal films
were obtained under ambient conditions on the ITO coated
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glass surfaces as in the desired pattern. As a result, we demonstrated a facile and reproducible way of synthesizing and coating of
CsPbBr; perovskite nanoplatelets which is suitable for large-scale production. In this method, the ability of tuning the degree of
quantum confinement for perovskite nanoplatelets is promising approach for the one-step fabrication of crystal films that may

enable the use in optoelectronics.
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I. INTRODUCTION

All-inorganic cesium lead halide perovskites (ILHPs) have
attracted tremendous attention in recent years. Due to their
extraordinary optical peculiarities, ILHPs are gaining wide
variety of roles as strong contenders in optoelectronic research
with tunable band gap, large absorption cross-section, long
carrier lifetime, and high carrier mobility.l_6 Therefore, the
fabrication of ILHP nanostructures with controllable compo-
sition, morphology, dimensionality, and orientation has
become important as the main focus, in order to employ the
perovskites’ superior properties in photovoltaics.7

Because of their applicability in photovoltaics, including
solar cells and light-emitting diodes (LEDs), the fabrication
methods of perovskite thin films with desired shape and size is
crucial. For instance, the large crystal size or grain boundaries
decrease the electroluminescence (EL) performance of perov-
skite light-emitting diodes (PeLEDs) because of trap
states.””'" The probability for nonradiative recombination in
large-sized crystals mostly increases, which results in a low EL
efficiency for PeLEDs.'"'? Similarly, PeLEDs performance
suffers from trap state-induced nonradiative energy transfer,
leading to low photoluminescence (PL), quantum yields (QY),
and short PL lifetimes.'> Therefore, attaining ultralow
defective and impurity-free materials is necessary to achieve
high performance for conventional semiconductors.'*
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In order to reduce the nonradiative energy transfer and
obtain perovskites with high crystal quality, controllable (e.g,
morphology and crystallinity) and low cost synthesis
techniques have been examined by scientific area. To date, a
number of synthesis methods have been reported such as
ligand-mediated crystallization, hot injection,1 and antisolvent
crystallization.'™'® In addition to their synthesis, the require-
ment of coating process to fabricate perovskite-based devices
poses an additional step. In this context, single step strategies
such as antisolvent vapor treatment, polymer additive assisted
film growth, precursor solution composition optimization,"” >’
hand spray coating,”** and electrospraying has been
developed to simultaneously fabricate the crystal and its thin
layer. Among these methods, electrospraying offers an
opportunity to achieve high purity, size, and shape control
and to lower the excessive usage of volatile chemical
compounds.

Electrospraying is an all-purpose technique in which under
an electric field between the tip and a grounded collector, fine
liquid droplets are repelled from a sharp tip onto a metal or
metal-supported substrate for coating.”” Naphade et al.
reported an approach for the synthesis of low-dimensional
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MAPDX;-based perovskite colloidal nanostructures in a single
step by combining antisolvent solvent extraction technique
with the electrospraying process.”* The handicap of this
process is that the antisolvent bath in a metal electrode
container is used as a collector instead of a solid substrate.
Therefore, one can be required to perform some further steps
such as centrifugation, dispersing, and spin-coating or drop-
cast, etc. in order to apply perovskites on the desired substrate
for device application. In another study, Hong et al. proposed a
technique that enables uniform perovskite coatings on hot
substrates by electrospray coating system.”> However, heating
the collector requires extra energy and increases the cost of
fabrication.

In this study, we report a room temperature direct synthesis
and coating approach of perovskite nanoplatelet film by using
electrospray system. With a simple setup, this system can
consistently provide stable conditions and a uniform coating
process, which leads to the fabrication of nanoplatelets.
Furthermore, the rate of coalescing of nanoplatelets can be
easily controlled in the desired degree of quantum confinement
by adjusting surfactant fraction and viability of this technique
for lithography applications are also discussed.

Il. RESULTS AND DISCUSSION

The solidified nanocrystals were grown on an ITO substrate by
the electrospraying method. Spraying of the solution can be
achieved only above particular electrical bias since the applied
potential is required to overcome the surface tension of the
precursor droplets. Eventually, the solution reaches to the
needle head and directly wells out as a jet to grounded
substrate, namely ITO (Figure 1(a) and (b)). The accelerated
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Figure 1. (a) Schematic representation and (b) photographic image
of electrospraying setup.

droplets through the electric field transforms from liquid state
into solid state forming crystals due to evaporation.
Consequently, the crystals were deposit onto ITO when they
reach the substrate. In this wise, the crystallization can be
readily controlled by changing ligand fraction or electro-
spraying experimental parameters such as solvent ratio, applied
voltage and flow rate. Huang et al. reported that the geometric
packing of the varying amount of oleylamine who bonded to
the PbBr, octahedra enables the control of morphologies from
varying thicknesses nanoplatelets to nanoparticles.”® In order
to achieve full control over crystal geometry, in various amount
of OAm was employed all of the electrospraying processes due
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to its ability of intercalation between the thin layers of PbBrg
octahedra. Therefore, OAm intercalation can lead to isolation
of 2D perovskite nanoplatelets. The effect of OAm was
investigated in the presence of OA.

In order to observe the effect of OAm, various amount of
OAm was mixed to the precursor solution having 500 uL of
OA. The precursor solution was electrosprayed onto the ITO
substrate under electric potential (20 kV). As a result of the
processes, the perovskite films were obtained with a various
optical properties. Appearance of the films under both daylight
and UV light (254 nm) is presented in Figure 2(a). A long-
range control on emission characteristics from green to dark
blue is achieved as a function of OAm in the precursor
solution. The images reveal that the lack of OAm leads to form
nonemissive larger crystals showing intense orange color (first
images from right). As the perovskite crystal grows, it becomes
more defect tolerant.” Due to formation of highly defective
crystals, emission lifetime increases which results in non-
emissive behavior. Therefore, it is observed that the opacity of
the films gradually decreases as OAm fraction increases. On
the other hand, excessive amount of OAm causes lack of
emission due to passivation of crystal growth. The optical
properties (PL, absorption) of corresponding films are
presented in Figure 2(b) and (c). By decreasing the amount
of OAm, sharp absorption peak at 430 nm that is attributed to
the thin nanoplatelets, gradually fades away (Figure 2(b)).””**
Moreover, it is also observed that according to the amount of
intercalation agent (amount of OAm), the photoluminescence
characteristics of the films distinctly varies. The use of OAm
with 375 uL leads to sharp signals at 436 and 464 nm and
broad ones at 482, 493, and 525 nm nm in PL spectrum. As
the amount of OAm decreases, the weak signals start to emerge
toward 525 nm and intensity of high energetical peaks
decrease. The PLQY of the films varies between 30 and
40%. The behavior of relative intensities of PL peaks and
absorption spectra hint about the thickening of the nano-
platelets by coalescing of nearby counterparts.””~** PL spectra
suggest that the majority of PL intensities switch between high
energetical (blue) and low energetical (green) regions by
changing the OAm volume in the precursor solution.

The OAm molecules act as intercalation agent that binds to
desired surface and creates a barrier against the coalescing of
nanoplatelets. Hence, it results in 2D nanoplatelets and
preservation of quantum confinement.”*** The experimental
results point out that OAm has a dramatic effect on emission
characteristics, namely quantum size effect, by probably
mitigating crystal growth.

Further structural investigation was performed via X-ray
diffraction (XRD) measurements, as shown in Figure 3. Since
the crystal films are collected on ITO substrate, its diffraction
pattern is barely recorded and presented in Figure 3(a). The
20 reflections at 15° and 30° refer to (001) and (002) planes
of CsPbBr; crystal structure, respectively, (JPDCS no. 01—
075—0412) as seen in Figure 3(b) and (c). Therefore, the
diffraction patterns of greenemitting and nonemissive films
correspond to the cubic phase of CsPbBrj crystal structure. On
the other hand, it is observed that these characteristic
reflections are disappeared and the new 2 reflections gradually
emerge at 11.5°, 12.6° and 25° as the fraction of OAm
increases (Figure 3(d) and (e)). These new peaks at small
angles may hint about the presence of perovskite nano-
platelet.***°
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Figure 2. (a) Photographic image under daylight and under 254 nm UV light, (b) photoluminescence, and (c) absorption spectra of perovskite
films according to the amount of OAm in the presence of oleic acid (500 uL).
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Figure 3. XRD diffractograms of (a) bare ITO substrate, (b)
nonemissive, (c) green emitting, (d) cyan emitting, and (e) blue
emitting perovskite films on ITO.

Additionally, thickness and morphological investigations of
the perovskite films were done by surface and cross-section
SEM images as seen in Figure 4(a) and (b). Perovskite film
thickness distribution is obtained as approximately 2.53 ym
from cross-section SEM image with a fwhm of 110 nm(Figure
4(c)). These results prove the homogeneity of perovskite film
thickness and quality on ITO/glass substrate. For device
applications, ability of homogeneously coating process is very

crucial and electrospraying method promises a good quality
perovskite films.

For further structural examination, layered morphology of
the crystals was investigated using STEM for dominantly blue,
cyan, and green emitting perovskite film as seen in Figure 5(a)
and (b), respectively. STEM images were compared depending
on the changing OAm fraction. Regional contrast differences
are observed in the images, which indicate that the vertically
stacked nanoplatelets vary in terms of thickness. Therefore, the
stacking can influence the confinement, particularly. Note that
the resulting perovskite films exhibit discrete emission peaks
depending on the OAm fraction. In Figure 2(c), the energy
difference between discrete PL maxima decreases as the layer
thickness increases since the perovskite layer thickening causes
a reduction in the degree of quantum confinement. On the
other hand, the particle size distributions fluctuate between
200 and 500 nm for all cases. Since the size of the crystals
seems to larger for the contribution of quantum confinement,
it hints about the 2D structure of the materials. As a result,
these agreements also support the peak assignment of the
resulting perovskite films. In general, nanoplatelets tend to
form bulk crystals that can be prevented by using intercalation
agent, namely OAm. Nevertheless, the use of a moderate
amount of OAm cannot completely stabilize the crystals so
that the nanoplatelets thicken, however, they cannot align on
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Figure 4. SEM images of (a) surface, (b) cross-section of the perovskite films, and (c) perovskite film thickness distribution on ITO/Glass

substrate.
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Figure 5. STEM images of (a) blue-, (b) cyan-, (c) green-emitting perovskite crystals, and (d) the particle size distributions.
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Figure 6. (a) Time dependent PL evolution of blue emitting perovskite film and (b) the time interval evolution of PL spectra for the signals

appeared at 436, 464, 482, and 515 nm.

each other, perfectly. Hence, it results in nonhomogeneous
confinement, which leads to a number of discrete PL energy
levels.

Furthermore, photoluminescence evolution was monitored
in time for blue emitting perovskite film and given as a
function of time (Figure 6). It is observed that intense PL peak
at 436 nm decreases in time and the relative intensities of 462,
480, and 515 nm PL peaks increase, respectively, in 24 h. This
result indicates that the nanoplatelets are slowly getting
thicker. For the thickening of the nanoplatelets in time, one
can proposed that the detachment of OAm due to environ-
mental conditions result in coalescence of the crystals. Since
the decreasing OAm on the lateral surface leads to instability,
the ionic character of the surfaces causes the integration of the
individual nanoplatelets, therefore thickening.”” On the other
hand, it also proves that the presence of perovskite nano-
platelets which are isolated from each other.

Furthermore, optoelectronic properties of the perovskite
films were studied by changing electrospraying parameters
such as voltage, flow rate, and solvent (DMF) fraction in
precursor. In Figure 7, the evolution of PL characteristics of
2D nanoplatelets is presented upon different parameters of

electrospraying system with the 400 uL control precursor
solution (OA-500 uL, OAm-250 uL).

In Figure 7(a) the PL spectra of the crystals that are
obtained using different flow rates are presented. Varying the
flow rate results in no change for PL peak positions. However,
in the case of 0.25 mL/h flow, the change in PL peak intensity
is observed. The relative PL shifts toward low energetic region.
Note that the process time increases as the flow rate decreases.
Therefore, the coating process takes 96, 24, and 16 min,
respectively, by using the same amount of precursor solution.
Hence, the origin of the red shift in the relative PL of 0.25 mL/
h is the exposure of crystals to ambient conditions for a longer
time. It can be concluded that the optical properties of the
films are unchanged as a function of flow rate. On the other
hand, in Figure 7(b), PL spectra of the resulting crystals are
given for various potential differences. The potential difference
controls the speed of electrosprayed droplets, therefore,
evaporation rate of DMF. It is observed that the most of
droplets are unable to lose their liquid phase to form
nanocrystals, in the case of 10 and 15 kV. The evaporation
of the droplets is finished on ITO, which leads to formation of
relatively larger crystals. Therefore, the peak at 493 nm appears
more intensive. As the potential difference increases to 20 kV,
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Figure 7. PL spectra of control sample with different (a) flow rate,
(b) applied potential, and (c) reagent concentration.

the free-fly crystallization is achieved that results in more
quantum confined perovskite film on the ITO. Furthermore, as
seen in Figure 7(c), relative PL behavior is examined
depending on the reagent concentration of precursor for
normal (0.4 M CsBr + PbBr,) and 33% lower one. Resulting
films show no any significant PL peak shifts or change due to
number of ions per droplet. Therefore, it is observed that
electrospraying parameters and reagent concentration have no
any effect on optoelectronic properties of perovskite nano-
platelets. However, it is achieved by only varying ligand ratios.

For the manufacturing of integrated optoelectronic devices
without losing functionality of the material, large area
patterning is a crucial process. Due to their unique properties,
a numerous techniques are used to fabricate optoelectronic
devices using perovskites have been given a great deal of
attention. Patterning is a big challenge for mass-production
applications with perovskites which are solution-based soft
materials. To fabricate the film in exact shape and pattern,
polyethylene terephthalate (PET) made logo mask, obtained
by laser cutting, was used. The mask was placed on ITO coated
glass, and patterned perovskite film was coated onto substrate
via electrospraying. As seen in Figure 8, it is confirmed that the
electrospraying method enables the direct patterning and
synthesizing of perovskite films with tunable optoelectronic
properties in minutes. Additionally, it minimizes the
fabrication-induced loss of the device.

lll. CONCLUSION

In a conclusion, one pot synthesis and coating of CsPbBr;
nanoplatelets by electrospraying is investigated as a facile and
low cost process. Without using antisolvent or heating for
crystallization, simply prepared precursor solution was sprayed
under electric field onto the ITO. It is found that the proposed
method leads to formation of CsPbBr; nanoplatelets. By
increasing the OAm fraction in precursor solution, the degree
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Figure 8. Patterned perovskite film on ITO, under daylight and UV
light (254 nm).

of quantum confinement of nanoplatelets goes up as OAm acts
as intercalation agent between nanoplatelets. In addition, the
great potential of electrospraying method for various
applications was introduced by millimeter sized patterning.
In summary, the electrospraying method offers an alternative
and one-step route for the mass production of perovskite-based
applications such as photodetectors, solar cells, light-emitting
diodes, etc. with its low cost, facile, and fast perovskite film
coating opportunities and enables a successful bridge between
lab scale and industrial scale device fabrication with tunable
degree of quantum confinement from a fundamental point of
view. Last, but not least, this method may enable the formation
of other phases of cesium lead halide perovskites and organic—
inorganic hybrid perovskites.

IV. EXPERIMENTAL SECTION

Materials. Cesium Bromide (CsBr, 99.99%, Sigma-Aldrich),
lead(II) bromide (PbBr,, >98%, Sigma-Aldrich), oleic acid (OA,
90%, Alfa Aesar), oleylamine (OAm, 90%, Sigma- Aldrich), N,N-
dimethylformamide (DMF, >99.9%, Tekkim) were purchased and
used as received without any further purification.

Preparation of Precursor Solution. The precursor solution was
prepared by following the method proposed by Li et al.*® CsBr (0.4
M), PbBr, (0.4 M) and DMF (10 mL) are loaded into a 20 mL glass
vial and mixed via magnetic stirrer. After full dissolution of the salts,
desired amount of OA and OAm are added to the solution under
vigorous stirring.

Fabrication of CsPbBr; Thin Films. An aliquot of the precursor
solution (0.4 mL) was loaded into a plastic syringe with an inner
diameter of 1.3 mm. For electrospraying by electric field between
stainless-steel needle (21Gx1 1/2, Interlab) and ITO coated glass
(Rs<10 Q/sq., Teknoma), the electric voltage was applied from 10 to
20 kV by DC power supply (Gamma H. V. Research Ormand Beach,
FL). The flow rate was controlled between 0.25 and 1.5 mL/h by a
programmable syringe pump (SyringePump, NE-1000). The distance
between the needle and ITO substrate was fixed to 16 cm.

Characterization. Optical characterizations including photo-
luminescence and absorption were obtained by USB2000+ Spec-
trometer (Ocean Optics Inc., Dunedin, FL, USA) via a premium fiber
cable. The diffraction profile of the CsPbBr; structures was recorded
with an X-ray diffractometer (XRD, XPert Pro, Philips, Eindhoven,
The Netherlands). Scanning transmission electron microscopy
(STEM; Quanta 250, FEI, Hillsboro, OR) was used to determine
the morphology of crystals via STEM detectors. In the case of STEM
characterization, the samples are dispersed in the hexane and the
colloidal dispersion in hexane was drop-casted on Formvar reinforced
copper grids and dried in a vacuum.
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