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Abstract: The investigation of crystal growth is crucial for us to improve the film quality and
photophysical properties of CH3NH;3Pblz (MAPbI;). In the two-step spin-coating process, the crystal
structure could be modulated by controlling the growth conditions of Pbl, and CH3;NH3I (MAI)
layers. In this paper, the Pbl, layer was treated with annealing under different times. A liquid-liquid
diffusion (LLD) mechanism is proposed to modify the deposition of MAI precursor solution and
enhance the flatness of organic-inorganic hybrid perovskite film. Furthermore, the perovskite films
are prepared using different concentrations of MAI. The evolution process of perovskite structure is
observed by modulating the concentration of MAI The spin-coating of moderate MAI tends to form
high quality MAPbI; films with enhanced absorption and carrier extraction capabilities. The high
concentration of MAI would cause the perovskite phase transition, which provides a novel perspective
to modulate the structure of organic-inorganic hybrid perovskite in the two-step spin-coating process,
although it deteriorates the device performance.

Keywords: two-step spin-coating process; anneal; liquid-liquid diffusion; solution concentration;
phase transition

1. Introduction

The past ten years have witnessed the rapid development of perovskite solar cells (PSCs) [1-4].
The perovskite material, as the light absorption layer of the solar cells, has received tremendous
attention, due to its suitable band gap [5-7], long charge carrier diffusion lengths [8-10], and good
light absorption capability [11]. Therefore, the preparation process for the perovskite layer plays a
crucial role in the performance of solar cell devices [12].
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Optimizing the process for the perovskite layer includes adopting a deposition method, changing
annealing conditions, and adjusting solution concentration. The one-step method and two-step
methods are the conventional solution-processed deposition methods for preparing CH3;NH;3Pbl;
film [13,14]. The devices obtained using the two methods both exhibit high conversion efficiency.
However, it is easier to control deposition conditions and obtain films with uniform coverage when the
two-step method is used. [12,15-17].

In recent years, the optimization of the preparation process for the perovskite layer and its
photonic applications have been rapidly developed [18-20]. In 2016, researchers achieved the
dispersion and intimate passivation of crystalline organic-inorganic perovskite (OIP) nanoparticles
through a swelling-deswelling microencapsulation process for ultra-stable and highly luminescent
polymer composite films [18]. In 2018, Dong et al. reported an in-situ catalyst-free method to prepare
inorganic CsPbBrj perovskite nanorods, and the obtained polymer matrix (NRs-PM) exhibits excellent
dimensional controllability, outstanding optical properties, and ultrahigh environmental stability [19].
Recently, Wu et al. evaluated the performance of solid-state lighting (SSL) and liquid-crystal displays
(LCDs) through calculations and optimizations [20]. The optimization for the deposition process of the
Pbl; layer is the foundation for the preparation of high-quality organic-inorganic hybrid perovskite
film in a two-step process. Therefore, the nucleation state and crystallization quality of the Pbl,
layer have a direct impact on the growth of the perovskite film. The effects of annealing time and
temperature for Pbl, on crystallinity and film quality of perovskite were investigated [21]. It was
reported that formation of the porous structure was obtained due to the time-delay thermal annealing
of the Pbl, layer, which was conducive to its conversion to perovskite layer [22]. Moreover, the coated
Pbl, layer was soaked in MAI solution for different times, and the impact on perovskite morphology
could be observed [23]. In these articles, the long delay or annealing time of Pbl; layer were adopted
to generate Pbl, crystals with high crystallinity, which was conducive to improving the penetration of
MAI solution and forming high quality perovskite films. However, our team found residual solvent
of the Pbl, layer was beneficial to the liquid-liquid diffusion of the MAI solution and Pbl, solution,
resulting in a high crystalline film [24].

The growth of CH3NH3PbI3 crystals is also strongly related to the concentration of CH3NH3I in
the two-step method [25]. Im et al. observed that the cuboid size of perovskite decreased exponentially
with the increase in trace MAI (from 6 mg/mL to 10 mg/mL). Similar research was also investigated by
Sun et al. [26]. However, a different trend for the change of grain size was observed, which might be
ascribed to the different annealing and deposition conditions. The next year, 10 mg/mL and 40 mg/mL
MAI were compared in the fabrication of a perovskite layer [27]. Denser and more uniform film was
obtained with high concentration of MAI, and the grain size became larger, obviously, similar to our
sample with 53 mg/mL. The cubic structure was shown in the above-mentioned perovskite layers,
prepared with two-step spin-coating method. Unlike the spin-coating method, the substrate coated with
PbI2 was placed in an MAI solution with the dipping method, and the effects of different concentration
and dipping time of MAI solution on crystalline structure and morphology were investigated [28].
A higher MAI concentration (70 mg/mL) was used in the dipping method, and the tetragonal crystal
structure of perovskite was obtained. In addition, the longer reaction time of Pbl, and MAI was
adopted and the perovskite showed tetragonal crystal structure, indicating that the different deposition
process would impact the structure of perovskite, which would provide a meaningful reference for our
work [29].

In this article, the effect of annealing time for the PbI2 layer in the two-step spin-coating process
on the quality of organic-inorganic hybrid perovskite film was investigated. We found the LLD of MAI
solution and unannealed Pbl; layer was conducive to forming films with flat coverage, and the rough
film was obtained with liquid—-solid diffusion (LSD). Then, concentration of the MAI solution was
adjusted to investigate the morphology and the photophysical properties of various organic-inorganic
hybrid perovskite layers. Different from previous researches, the high concentration of MAI was
adopted. It could be observed that the Pbl, grain crystals formed at the interface between the perovskite
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layer and hole transport layer with a low concentration of precursor solution (53 mg/mL), while a
high concentration (93 mg/mL) would result in phase transition of perovskite structure. Larger grain
size and more uniform film were obtained with a moderate concentration of MAI (73 mg/mL), which
would be helpful to optimize the preparation process for the perovskite layer.

2. Materials and Methods

2.1. Materials

Fluorine-doped tin dioxide (FTO, 8-9 ()/square, 2.1 mm in thickness, 1.5 X 1.5 cm? in area, light
transmittance >80%) conductive transparent glass was purchased from Yingkou OPV Tech New Energy
Co., Ltd. (Yingkou, China). Acetone, ethanol, and isopropanol were purchased from Sinopharm
Chemical Reagent Beijing Co., Ltd. (Beijing, China). Nickel oxide (NiO) solution was acquired from
Shanghai MaterWin New Materials Co., Ltd. (Shanghai, China). The N,N-dimethyl formamide (DMF,
>99.8%) and dimethyl sulfoxide (DMSO, >99.8%) were acquired from Alfa Aesar (China) Co., Ltd.
(Shanghai, China). Methylammonium iodide (CH3NH3I/MAI, white powder, >99%) and lead (II)
iodide (Pbl,, yellow crystalline powder, >99%) were obtained from Xi’an Polymer Light Technology
Corp. (Xi’an, China).

2.2. Device Fabrication

2.2.1. Cleaning of FTO Conductive Glass

First, a mixture solution of detergent and deionized water was added to the Petri dish, and the
FTO glass substrate was dipped in the solution for ten min. The purpose is to remove impurities
and grease on the surface of the substrate, which would improve the conductivity of the substrate.
Then we placed the cleaned FTO substrate glass in a Petri dish with the conductive surface facing up.
Detergent solution (volume ratio: acetone:isopropanol:deionized water = 1:1:1) was added to the Petri
dish. Then, the Petri dish was placed in an ultrasonic cleaner to clean for 20 min. Ethanol was used to
clean the FTO, according to the above method. Lastly, the dried FTO glass substrate was placed in the
drawer type UV light cleaning machine, and treated with ultraviolet ozone for 15 min to eliminate
organic impurities and improve its hydrophilicity.

2.2.2. Preparation of NiOy Hole Transport Layer

NiO solution was stirred by temperature-control magnetic stirrer for 8 h. Then, the filtered
solution was spin-coated on an FTO substrate at 4000 rpm for 30 s. Finally, the FTO/NiOy substrate
was annealed on a hot plate at 150 °C for 10 min, and the as-annealed NiOy film was sintered at 350 °C
for 1 h in a ceramic fiber muffle furnace (the rising time was set to be half an hour).

2.2.3. Preparation of Perovskite Thin Film

The experiment was divided into two sections. In the first part of the experiment, 0.5993 g
(1.3 mmol) Pbl, powder was dissolved into a mixture solution of DMSO and DMF (1 mL, volume
ratio: 0.05:0.95) completely, and spin-coated on an FTO/NiOy substrate at 1500 rpm for 30 s. Then,
the FTO/NiOy/Pbl, samples were annealed on a hot plate at different times (0 s, 10 s, and 20 s), and
the annealing temperature was 150 °C. Finally, 73 mg of MAI powder was dissolved in isopropanol
solution (1 mL) completely, and spin-coated onto the Pbl, film at 1500 rpm for 30 s. The formed films
were annealed on a hot plate at 150 °C for 150 min. The annealing time of the Pbl, layer (0 s) was
selected in Section 2 of our experiment. The different weights of MAI powder (53 mg, 73 mg, and
93 mg) were dissolved in isopropanol solution (1 mL) completely, and spin-coated onto the Pbl, film at
1500 rpm for 30 s. Then, the films were annealed on a hot plate at 150 °C for 15 min. All experiments
were performed at room temperature in ambient condition.
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2.3. Characterization

The morphology of organic-inorganic hybrid perovskite film was measured with a scanning
electron microscope (SEM) (SIGMA, Zeiss, Jena, Germany). X-ray diffraction (XRD) data of perovskite
layers deposited on FTO/NiOx bottoms were measured with an X-ray diffractometer (D8 Focus, Bruker,
Dresden, Germany). Absorption spectra of the perovskite films on FTO/NiOx bottoms were measured
with an ultraviolet—visible (UV-Vis) absorption spectrometer (Avantes, Apeldoom, The Netherlands),
and a LabRAW HR800 photoluminescence (PL) testing system (HORIBA Jobin Yvon, Paris, France)
was employed to obtain the photoluminescence (PL) spectroscopy data.

3. Results and Discussion

In the two-step preparation process, the various annealing times of the Pbl; layer are investigated
firstly. In our work, the coated Pbl, layers were annealed for 0's, 10 s, and 20 s, respectively. To ensure
the reliability of the experiment, the MAI concentration of 73 mg/mL was selected. SEM images
and enlarged images of perovskite films with different Pbl, annealing times are shown in Figure 1.
The unannealed condition of coated Pbl, results in the retention of DMSO and DMF solution, which is
conducive to the diffusion of MAI precursor solution. Therefore, the perovskite films with high surface
flatness and denseness are obtained through liquid-liquid diffusion (Figure 1a,d). The increase in
annealing time leads to the growth of Pbl, solid, which reacts with deposited MAI solution to form
organic—inorganic hybrid perovskite film with loose structure in the surface. Thin films with rough
surface and a few voids are formed through two diffusion mechanisms (liquid-liquid and liquid—solid),
as shown in Figure 1b,c,e f.

Figure 1. Top views of organic-inorganic hybrid perovskite films with different Pbl, annealing time.
(a—c) are top views of perovskite films annealed at 0 s, 10 s, and 20 s, and (d—f) are enlarged views of
(a—c), respectively.

SEM cross-section views of organic-inorganic hybrid perovskite thin films prepared with 0's, 10's,
and 20 s annealing time of Pbl, layers are shown in Figure 2. With 0 s annealing of Pbl,, the interface
of perovskite film and hole transport layer is flat with even coverage (Figure 2a). As the annealing
time increases, the growth of irregular crystals can be observed at the interface (Figure 2b), resulting
in the decrease in film flatness and thickness. More serious deterioration at the interface is shown in
Figure 2¢, which would lead to the increase in defect density. Overall, the poor interfaces of 10 s and
20 s annealing samples are due to the growth of Pbl; crystals and loose structure formed through
liquid-solid diffusion. Through the analysis of the morphology, it can be found that the annealing time
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of the Pbl; layer has an effect on the surface flatness of the perovskite film. The result is similar to the
previous report of our group.
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Figure 2. (a—c) Cross-sectional views of organic-inorganic hybrid perovskite films with different Pbl,
annealing times.

To illustrate the growth of perovskite films in detail, the evolution process of organic-inorganic
hybrid perovskite films with different annealing conditions is shown in Figure 3. With 0 s annealing,
DMF and DMSO solution is not completely volatilized. The contact between the MAI precursor
solution (73 mg/mL) and the Pbl, solution belongs to a liquid-liquid diffusion. It is easier for MAI
solution to diffuse into the bottom layer, which is conducive to growing flat film. However, part
of a solid Pbl; crystal is formed on the topmost layer of the Pbl, film with the annealing condition.
With the deposition of MAI precursor solution, loose and uneven perovskite film is partially formed
through liquid-solid diffusion (LSD) between precursor solution and the solid topmost layer of Pbl,.
Therefore, the rough film is obtained, as shown in Figure 3, which is ascribed to the different contact
mechanism and crystal growth rate of LLD and LSD between the MAI precursor solution and the
Pbl; layer. The adjustment of annealing mainly depends on the time and temperature. Studies have
demonstrated that Pbl, film with high crystallinity can be obtained under annealing conditions of
high temperature for several minutes, and the MAPbI3 film retains a similar trend. However, in our
optimized processing, the compact and flat perovskite film is formed on the liquid Pbl, bottom layer.

Pbl, without
annealing Flat film
MAI Solution
—— I
—_—
Pbl, Solution
NiO, Layer
Cha Pbl, with
annealing Rough film

| Pbl, Solid LSD
e— &
I Perovskite LLD

Figure 3. Evolution schematic diagram of organic-inorganic hybrid perovskite morphology with
different annealing conditions.

In the two-step method, the morphology and photophysical properties of the light-absorbing
layer can be controlled by the MAI concentration [25]. It is pointed out that the grain size and surface
roughness of the perovskite layer are related to the concentration of MAL In this part of the experiment,
different concentrations of MAI are introduced, and the Pbl; layer is not annealed, employing the
previous optimization strategy. SEM top views and enlarged views of organic-inorganic hybrid
perovskite films deposited with various concentration of MAI are shown in Figure 4a—f. The compact
and smooth grains could be observed from Figure 4a,b, which is similar to the perovskite morphology
reported in previous literature [27]; and there are small particles at the boundaries of cubic grains,
which may be the residual Pbl, crystals [30]. Large grain size and decrease in grain boundaries can
be observed with the MAI concentration of 73 mg/mL (corresponding to Figure 4b,e). The grain
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boundaries, as the recombination center of perovskite film, would reduce the device performance.
As the concentration of the MAI solution increases to 93 mg/mL, the rough surface of the perovskite
film is obtained, which is caused by the large area coverage of the dendritic structure grains and a
lot of voids. A gradual process structural transition is demonstrated in Figure 4, indicating that the
concentration of MAI precursor solution has a great impact on the growth of perovskite. The dendritic
structure grains of Figure 4c are different to other samples significantly, which demonstrates the
structural deterioration under excessively high concentrations of MAL

Figure 4. SEM top views of organic-inorganic hybrid perovskite films with different concentrations of
CH;3NH;3I (MAI). The concentrations of (a—c) are 53 mg/mL, 73 mg/mL, and 93 mg/mL, respectively;
(d—f) are enlarged views of (a—c).

The significant changes in the surface morphology (size and shape of grains) of perovskite films
with different concentrations of MAI could be observed in SEM top views, which may be attributed
to the growth state at the interface between the organic—inorganic hybrid perovskite layer and HTL.
To explore the influence of the interface on the growth of perovskite, SEM cross-sectional views of
light absorption layers prepared with different concentrations of MAI precursor solutions are shown
in Figure 5a—c. Some bright spots (corresponding to the yellow circles) at the interface between the
perovskite layer and NiOy hole transport layer can be observed in Figure 5a, which may be the Pbl,
grains reacting incompletely [31]. A small amount of Pbl, can act as an electron blocking layer, but huge
grains may hinder the transport of holes [30]. When the concentration of MAI precursor solution is
increased to 73 mg/mL, Pbl, grains no longer exist at the interface, due to the complete reaction of MAI
precursor solution and Pbl, solution, which is conducive to transport of charge carrier. In Figure 5c,
huge cracks in the perovskite layer and a significant transition of perovskite structure can be observed,
indicating the deterioration of the morphology. In addition, the different thickness of perovskite films
is observed with the increase in MAI concentration, which can affect not only the XRD peak intensity,
but also the absorption and photoluminescence of the films.

By observing the SEM views, we find that the concentration of MAI precursor solution has a great
influence on the surface morphology and structure of the organic-inorganic hybrid perovskite. Figure 6
shows the XRD pattern of perovskite with different concentrations of MAI precursor solution, and the
annealing time of Pbl; is 0 s. The diffraction peaks of (110), (211), and (220), appearing at 26 = 14.17°,
23.6°, and 28.24°, can be found in the XRD pattern of MAI-53, corresponding to the cubic structure of
perovskite shown in Figure 4d. The peak of (001) marked by diamond indicates the residual of Pbl,,
which is consistent with SEM views. The enhanced intensity of the perovskite peaks can be seen from
the pattern of MAI-73, which is owing to the increase in grain crystallinity and film thickness. As the
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concentration increases, the Pbl, peak disappears, and the splits of (002), (110), (004), and (220) peaks
indicate the phase transition to a perfect tetragonal phase, corresponding to the morphology transition
to tetragonal structure [31,32].

(a)

Figure 5. SEM cross-sectional views of organic-inorganic hybrid perovskite films with different
concentrations of MAI precursor solution. (a-c) show the films with MAI concentrations of 53 mg/mL,
73 mg/mL, and 93 mg/mL, respectively.

= Tetragonal Perovskite

——  MAI93
¢ PBL ——  MALT3
(002) (110) — MALS53
- - — FTO
\ (004) (220)
- .
(112) (200) (211) (202) \ / (310)
- -

[
¢ W | ]

Intensity (a.u.)

| ..J\_ O
15 20 25 30 35
2Theta (Degree)

Figure 6. XRD patterns of perovskite films with different concentrations of MAI precursor solution.

In our work, the evolution of the organic-inorganic hybrid perovskite structure with the change of
MAI concentration is observed. The cubic structure of perovskite is obtained with a low concentration
of MAI, and the presence of residual Pbl; at the interface can be found. When the concentration of
precursor solution is 73 mg/mL, there is no significant change in perovskite composition. However,
the decrease in Pbl, peak proves the higher purity of perovskite formation. The grain size becomes
larger and grain boundaries are not obvious, which indicates a transition trend of perovskite structure.
With the increase in MAI solution, the growth of dendritic structure delivers the phase transition,
deviating the perovskite toward tetragonal structure, which is also proved by the XRD patterns.
In addition, there are no peaks of Pbl; (corresponding to ~13°) and MAI (corresponding to ~19°) in the
93-MAI pattern, indicating the pure composition of perovskite, and the split of peaks (corresponding
to ~14°and 28°) shows the perfect tetragonal phase of perovskite. The evolution processes of different
samples are shown in Figure 7.
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Figure 7. Evolution schematic diagram of organic-inorganic hybrid perovskite structure with different
concentrations of MAI precursor solution.

The concentration of MAI also has great impact on the photophysical properties of the perovskite
layer, which is reflected in the absorption and photoluminescence. Figure 8 shows the UV-Vis
absorption spectra for organic-inorganic hybrid perovskite films with various concentrations of MAI
precursor solutions, and the annealing time of Pbl, is 0 s. The strong light absorption of all samples
in the range of 450 nm to 750 nm can be observed from Figure 8, indicating the high crystallization
quality of films deposited on unannealed Pbl; bottom film. Moreover, the perovskite film of 73-MAI
shows the strongest light absorption in the range of 650 nm to 750 nm, which is attributed to the
improvement of perovskite crystallinity and increase in film thickness. As the concentration of the
precursor solution increases, the red shift of the absorption edge can be observed from 790 nm to 806
nm, indicating the reduction of the band gap. It is speculated that the phase transition of perovskite
structure with various concentration results in the narrower band gap of perovskite, which is beneficial
to long wavelength absorption [33]. It is worth noting that the enhanced Urbach tail of absorption can
be observed with the high degree of MAI concentration (corresponding to the orange circle in Figure 8).
The result is similar to previous literature, which is ascribed to structural disorder with high degree of
MAI solution [29]. The Urbach energy and steepness parameters are calculated, and listed in Table 1.

— MAI-33
— MAI-73
— MAI-93

Absorbance (%)

1]
400 500 600 700 800 900
Wavelength (nm)

Figure 8. UV-Vis spectra of organic-inorganic hybrid perovskite films with different concentrations of
MAI precursor solution.
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Table 1. The Urbach energy and steepness parameters of absorption data.

MALI Concentration Urbach Energy (meV) Steepness Parameters
53 mg/mL 58.7 0.44
73 mg/mL 71.4 0.36
93 mg/mL 88.3 0.29

Organic-inorganic hybrid perovskite films are prepared on FTO/NiOy substrates to measure the
PL property. Figure 9 shows the PL spectra of perovskite films prepared by different concentrations of
MAI precursor solution, and the annealing time of Pbl, is 0 s. It can be seen that the emission peak of
MAPDbI; perovskite is located on around 770 nm. The reason for the high emission peak of sample
MAI-53 is the blocking effect of Pbl, grains on the transport of holes at the interface. The growth
of perovskite crystals with moderate concentration of MAI results in less residual Pbl, crystals and
high-flatness perovskite film at the interface, which improves the capability of carrier extraction,
and leads to the low emission peak intensity of MAI-73 sample. In addition, the inevitable photon
re-absorption may occur in the lager thickness of perovskite film [26]. As the concentration increases,
the intensity of the emission peak increases significantly. This abnormal enhancement is due to the
phase transition of the perovskite structure. In addition, the full width at half maximum (FWHM) and
emission peak center are measured, and listed in Table 2.

— MAI-33
— MAI-73
— MAI-93

PL intensity(a.u.)

650 700 750 800 830 900
Wavelength (nm)

Figure 9. Photoluminescence spectra of organic-inorganic hybrid perovskite films with different
concentrations of MAI precursor solution.

Table 2. The full width at half maximum (FWHM) and emission peak center of
photoluminescence spectra.

Sample FWHM (nm) Emission Peak Center (nm)
MAI-53 47.3 675.6
MAI-73 45.3 677.9
MAI-93 46.9 674.4

The perovskite layer prepared with moderate concentration (73 mg/mL) of precursor solution has
a transition trend to tetragonal structure. There is no remnant Pbl; at the interface between the light
absorbing layer and hole transport layer. In addition, the annealing time of the Pbl, layer in this part
of the experiment is the previously optimized processing time (0 s), ensuring the formed perovskite
films are flat. The excellent morphology of perovskite films can be observed. Therefore, the better
photophysical properties of the perovskite layer are obtained, which has laid the foundation for the
preparation of high-performance perovskite solar cells and photodetectors.
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4. Conclusions

In summary, the optimization of the preparing process (two-step method) for organic-inorganic
hybrid perovskite film was investigated in our work. Firstly, the effect of Pbl, annealing time on the
film flatness of the perovskite was investigated. The deposition of MAI solution through liquid-liquid
diffusion was more conducive to growing high-flatness perovskite film. In addition, various MAI
concentrations were introduced to the preparation of the perovskite film. The enhanced absorption
and carrier extraction capability of perovskite film were obtained with moderate MAI (73 mg/mL).
A high degree of MAI concentration led to the transition of perovskite to typical tetragonal structure,
resulting in the deterioration of film morphology.

The suitable annealing time of Pbl, and concentration of MAI were determined in our experiments.
Moreover, the optimization process for controlling the morphology and structure of perovskite was
investigated. These results provide novel ideas to modulate the growth of MAPbI; crystal under the
two-step method.

For the preparation of the inverted device, we just made a preliminary attempt by using
processing techniques for the perovskite absorption layer. We will apply the optimization process for
perovskite layer to the fabrication of device, and optimize the overall device to improve the power
conversion efficiency.
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