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Abstract: Methylammonium lead iodide (MAPbIs) perovskite thin films, which were pure and
ZnBr;-added at different rates (1, 3, and 5 wt%), were deposited on fluorine-doped tin
oxide/titanium dioxide (FTO/TiO,) substrates by the spin coating method. X-ray diffraction
(XRD) analysis showed that the peak at ~14° was the main peak for all thin films. A shift was
observed with the addition of ZnBr; at the main peak position. As the ZnBr, addition rate
increased, Pbl, peaks occurred at ~12.5°. It was seen in the scanning electron microscope
(SEM) surface image that the grain sizes were larger than the others on the MAPbI; perovskite
thin film with 5 wt% ZnBr; added. For MAPDI; perovskite thin films with 5 wt% ZnBr, added,
the absorbance value in the visible region (from 390 to 780 nm) was higher than the others. It
was observed that the band gap value (Eg) of MAPbI; perovskite thin films can be adjusted by
adding ZnBrs.
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1. Introduction

It is predicted that global energy consumption will reach 30 TW by 2050, and this
situation reminds humanity once again of the importance of sustainable energy sources
[1]. Solar energy is a sustainable and renewable energy source. Solar cells are devices
that convert solar energy into electricity. The chemical formula of perovskite materials is
ABXj3 (A and B are different—sized cations, and X is an anion), and these materials are
used in solar cells as an active absorber layer to absorb sunlight [1, 2]. Perovskite
materials have excellent optoelectronic properties, including high absorption coefficients
(10*-10° cm'Y), tunable band gaps (1.4-2.0 eV), long carrier diffusion lengths (=175 pm),
and low exciton binding energies (<50 meV) [3-6]. Perovskite solar cells, which have a
power conversion efficiency of 26.1%, are still an issue where scientists continue to work
on their production and development [7].

Perovskites can easily be produced as a thin film using low—temperature solution
processing methods. Methods such as dip coating, spray pyrolysis, ultrasonic spray
pyrolysis, and spin coating are widely used to obtain solution—based thin films [8-13].
Although each method has advantages, researchers may prefer the spin coating method
because it involves fewer complex processes and is less expensive compared to other
processes. The spin coating method is a process in which the surface to be coated is
covered with a thin liquid film by rotating rapidly. The liquid spreads over the substrate
and forms a relatively homogeneous thin film. The viscosity and density of the fluid,
rotation speed, and time have an effect on the quality, performance, and thickness of the
coating. Crystallization of the structure can be achieved by applying the annealing process
after the coating [14-16].
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It has been reported in the literature that the crystal structure and band structure of
perovskites are changed by replacing a component of ABX3 with another ion [2]. One
way to improve photovoltaic performance by reducing crystal defects and main ion
migration channels at grain boundaries could be perovskite doping [17-20]. Jing et al.
reported that by adding ZnBr2 to Cso.05(FA0.83MA0.17)0.95Pb1-xZNx(l0.83Bro.17)3 perovskite,
grain size increased and grain boundary defects decreased. They said that with a ZnBr>
additive, the perovskite film showed excellent crystallization, and the solar cell had a
champion power conversion efficiency of 15.64% [17]. Zhu et al. added Zn?* to MAPDI3
and stated that perovskite grains increased and grain boundary defects decreased [21].

In this study, it is expected to improve both the crystal structure and grain size of the
perovskite by adding ZnBr, as an additive to the MAPDI3 perovskite. For this purpose,
ZnBr2 (1, 3, and 5 wt%) was added to MAPDIs and deposited on fluorine-doped tin
oxide/titanium dioxide (FTO/TiO2) substrates using the spin coating method. X-ray
diffraction (XRD), scanning electron microscopy (SEM), and ultraviolet-visible
(UV/Vis) spectrophotometer were used to examine the effect of ZnBr, addition on the
structural, morphological, and optical properties of MAPbI3 perovskite thin films. There
Is no known study in the literature on the examination of the structural, morphological,
and optical properties of MAPDI3 perovskites added with ZnBr..

2. Material and Method

FTO coated substrates are commercially available. FTO substrates with dimensions of
2.0 cm x 2.0 cm x 0.2 cm were ultrasonically cleaned with detergent, distilled water, and
ethanol before being coated with TiO>. The solution prepared for the TiO> layer contains
2.5 mL of titanium tetraisopropoxide (TTIP), 2 mL of acetyl acetone, and 11 mL of
ethanol. The solution was stirred for 30 minutes at room temperature in a glovebox on a
magnetic stirrer. TiO, surfaces were coated with hand spray. The spray process was
repeated 15 times at 30 second intervals from a height of ~15 cm. The substrate
temperature was 475 °C, and the substrates were annealed at 525 °C for 1 hour on a
magnetic heater after coating. Thus, the production of FTO/TiO2 substrates has been
completed. The perovskite layers were deposited on the FTO/TiO2 substrates because
they had higher adherence than the bare soda lime glass.

Methylammonium iodide (MAI, Luminescence Technology) and lead iodide (Pbl.,
Sigma-Aldrich) (1:1 M) were dissolved using dimethyl sulfoxide (DMSO) and n,n-
dimethylformamide (DMF) (1:4). ZnBr, was added to the solution in certain proportions
(1, 3, and 5 wt%). The perovskite solutions were stirred for 40 minutes at 50 °C in a
glovebox by using a magnetic stirrer. After the solutions were cooled to room
temperature, 80 pL of the solution were dropped on the substrate. The perovskite solution
was coated on the substrates by the spin coating method by rotating at 4000 rpm for 30
seconds. 100 mL of chlorobenzene (CB) anti-solvent was dropped at the 15" second of
the coating. It is known that the key to producing efficient solar cells is the crystallization
quality of the perovskite film. The crystallinity of perovskites in solar cells plays an
important role in efficient carrier photo-generation, charge separation at contact, and the
transfer of separated charges. During spin coating, anti-solvent can be dripped onto the
perovskite film to precipitate salts in solution. Thus, smooth and compact thin films can
be obtained [22]. It has been seen that CB is used as an anti-solvent in many studies in
the literature in the production of MAPbDIz perovskite films [12, 23-25]. Then, the
substrates were annealed at 120 °C in a nitrogen environment for 20 minutes. The
schematic representation for spin coating is given in Figure 1.
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XRD measurements of the thin films were taken in the range of 10° <26 < 60° using the
Cu Ko radiation (A=1.5418 A) of a Bruker D8 Advance Twin—Twin diffractometer (40
kV, 40 mA). The surface morphologies of the films were observed by SEM (FEI Quanta
FEG 250). The thickness of all thin films was determined by using cross-section SEM
images. The optical absorption studies of thin films were carried out with a UV-Vis-NIR
Spectrophotometer (JASCO V-770 UV-Vis-NIR) operated at room temperature.
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Figure 1. Schematic illustration for spin coating

3. Results

The XRD patterns of MAPbI3 perovskite thin films in the ranges of 10° < 26 < 60° and
12° <260 < 15° are given in Figures 2(a) and (b), respectively. According to prior research,
the principle MAPbDI3 peaks at 26 of ~14° (110), ~28° (220), and ~32° (310) (black line
in Figure 2(a)) confirmed the production of the MAPbIs perovskite film [26, 27].
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Figure 2. XRD patterns of pure, and 1, 3, and 5 wt% ZnBr, additive MAPbI; perovskite thin films
(a) 10° <26 <60° (b) 12°<20 < 15°
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It was observed that the peak intensities of pure MAPDI3 perovskites changed with the
addition of ZnBr> to the perovskite structure. The peak intensity of ~14° (110) in 20 is
higher than the others and is considered the main peak. The average crystallite size (D)
of perovskite thin films can be calculated using the Scherrer equation, given below [28]:

0.941
- pcosé (1)

In this equation, @ is the diffraction angle of the maximum intensity peak, £ is the half
peak width (in radians) of the maximum intensity peak, and A is the X-ray wavelength.
The crystal sizes of perovskite thin films were calculated using EVA software on Bruker's
D8 Advance Twin-Twin device from the FWHM (full width at half maximum) values of
the main peak (given in Table 1). It was observed that the crystal sizes of perovskite thin
films added with 3 wt% and 5 wt% ZnBr, were almost the same and had higher values
than the others. The (110) peak of these perovskites has a higher density and a smaller
peak width than the others (given in Figure 2(b)). It has also been reported in the literature
that this will cause a high degree of crystallinity [26]. With the addition of ZnBr; to
MAPDI3 perovskite thin films, peak formation is observed at approximately 12.5° (given
in Figures 2(a) and (b)). This peak belongs to Pblz [27]. The number of positive metal
cations increases with ZnBr». doping. This situation causes deviations in stoichiometry.
While Zn ions enter the perovskite structure, Pb ions remain outside. These Pb ions appear
as Pbl, peaks in the XRD pattern. Similar situations were observed when MAPbIs was
doped with Li, Sn, and Mg [29-31].

Table 1. Crystal size of pure, and 1, 3, and 5 wt% ZnBr, additive MAPDI; perovskite thin films

Perovskites | Crystallite size (A)
MAPDI; 315

1 wt% ZnBr, 300

3 wWt% ZnBr, 328

5 wt% ZnBr, 326

The addition of ZnBr» did not modify the original crystal phase of the MAPDI3 perovskite,
according to XRD measurements (given in Figures 2(a) and (b)). The XRD peak intensity
of the perovskite film additive with 5 wt% ZnBr; is the highest. This may be due to the
fact that the amount of material deposited on the surface is higher than the others. As
shown in Figure 2(b), the XRD peak of ZnBr, additive perovskite (especially for 3 wt%
and 5 wt%) shifted to the right when compared to perovskite without ZnBr; additive. The
ionic radius of Zn*2 (~74 pm) is smaller than Pb*? (~119 pm). The Pb substitution of Zn
ions can reduce the interplanar spacing of the perovskite crystals. In this case, the Bragg
angle shifts with the ZnBr, doping [17, 21]. Similar results have been reported in the
literature [17, 21, 32].

Figures 3(a)—(d) show surface-SEM images of pure, 1, 3, and 5 wt% ZnBr; additive
MAPbDI3 perovskite thin films (at 50.000x magnification). It can be seen from surface-
SEM images that the substrate surfaces are covered with reticulated structures. Figure 3
shows that the grain size increases with the addition of ZnBr, to MAPDIs perovskites.
Especially in MAPDI3 perovskites with 5 wt% ZnBr; added, it is clearly seen that the
grain sizes are larger than the others. It is known that by doping a small-radius metal into
the perovskite lattice (e.g., In®, Sb®", Ca?*, and Sr?*), the crystal structure can be adjusted
and its optoelectronic properties can be improved [17, 32, 33]. For thiourea and caffeine-
additive MAPDI3, the increase in grain size has been reported in previous studies [19, 20].
Moreover, it has been found in the literature that Zn*? is doped with MAPDIs in order to
reduce grain boundary defects and obtain high-quality and high-performance MAPDI3
[21].

111



DOI: 10.29233/sdufeffd.1421322 2024, 19(2): 108-116

Figures 4(a)—(d) illustrated cross-section SEM images of pure, and 1, 3, and 5 wt% ZnBr»
additive MAPDI3 perovskite thin films (at 100.000x magnification), respectively. The
average thickness of commercial FTO coated substrates was determined as ~ 385 nm
from the cross-section SEM image. The boundaries of the layers were drawn from the
color contrasts in the cross-section SEM images. However, there is no clear boundary
separating the TiO, layer and all the MAPbI3 perovskite layers in Figures 4(a)—(d). The
total thicknesses of pure, and 1, 3, and 5 wt% ZnBr, additive MAPDI3 thin films and TiO>
layers were found to be 254, 227, 343, and 402 nm, respectively.
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Optical transmittance measurements of pure MAPDbIz and ZnBr, added MAPbDI;
perovskite thin films were performed in the wavelength range of 290-1100 nm. The
relationship between optical transmittance (T) and absorption (A) is given in the following
equation [34]:

A =2 —1og(%T) (2

The wavelength dependent curves of the absorbance (in the visible range (from 390 to
780 nm) of all perovskite thin films are shown in Figure 5(a). 5 wt% ZnBr, additive
MAPDI3 thin films show the highest absorbance value. The increase in crystal and grain
size may cause an increase in light absorption.

The relationship between the optical band gap and the absorption coefficient is given in
the following equation [35]:

ahv=B(hv — E,)" 3)

Here, « is the absorption coefficient, h is the Planck’s constant, v is the frequency of the
incident photon, B is an energy independent constant, and Eg is the semiconductor’s
forbidden band gap. The n is equal to 1/2 for semiconductors with a direct band gap. The
Tauc curve is obtained by plotting (ahv)? versus hv, and the Eq value can be calculated
from the point where this curve intersects the x-axis. The Tauc curves of all produced
perovskite thin films are shown in Figure 5(b).
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Figure 5. (a) Transmittance — wavelength plots (b) Tauc curves for pure, and 1, 3, and 5 wt% ZnBr;
additive MAPbI; perovskite thin films
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For MAPDI3 perovskite thin films, Eq was obtained as 1.58 eV. This value is in agreement
with the literature [36-39]. The Eq values of 1, 3, and 5 wt% ZnBr, added MAPDbI3
perovskite thin films were calculated as 1.59 eV, 1.60 eV, and 1.61 eV, respectively. It is
seen that the band gap of MAPbIs perovskite thin films can be slightly changed by the
addition of ZnBr.. Such tunability of the band gap is advantageous for the development
of a new material platform for optoelectronic applications of perovskite materials.
However, it is not expected to observe an increase in efficiency due to the band gap
alteration in applications containing ZnBr.-additive MAPDI.

4. Conclusion

The spin coating method was used to deposit pure MAPbI3 and ZnBrz-added (1, 3, and 5
wt%) MAPDI3 perovskite thin films on FTO/TiO; substrates. Thin films exhibited the
characteristic XRD peaks belonging to MAPDIs perovskite. As the ZnBr, addition rate
increased, a Pbl, peak was observed at ~12.5°. The presence of these peaks was attributed
to Pblz, which is not included in the MAPDIs perovskite structure with the addition of
ZnBr,. The main peak position at 26=14° in the XRD pattern changed with the addition
of ZnBr,. The grain sizes of MAPbIs perovskites grew as the ZnBr, addition rate
increased, as seen on the surface SEM images. It was observed that both pure and ZnBr»-
added MAPDI3 perovskites exhibited high crystal size and large grains compared to the
literature [19, 20]. The Eq of MAPbDIz perovskite thin films can be changed with the
addition of ZnBr (from 1.58 eV to 1.61 eV). The addition of ZnBr, to MAPbI3 perovskite
thin films is effective in increasing the crystal and grain sizes as well as changing the
band gap. Increasing the crystal and grain sizes may be advantageous for increasing
efficiency in solar cell applications. Thus, ZnBr; additive MAPbIs perovskite thin films
may be preferred as the active layer for absorbing sunlight in solar cells. However, it is
predicted that a small change in the band gap due to the ZnBr» additive will not contribute
to efficiency. The emergence of the Pbl> peak is an undesirable situation. The presence
of unreacted Pbl> negatively affects the stability of the perovskite material. In further
studies, the stoichiometry can be achieved by reducing the Pbl; ratio.
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