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Abstract

Perovskite thin films have good power conversion efficiency because they have high carrier mobility and a long carrier lifetime.
As a result of the research, the yield of perovskite materials has recently reached a maximum efficiency of 31% in the laboratory
environment. To investigate the effects of doping on perovskite thin films' structural, surface, and electrical resistivity, structural
properties of undoped and 10% Cu-doped perovskite thin films were characterized with XRD, FESEM, EDX, and AFM. Their
electrical measurements are carried out using four-point probe method. The resistivity of undoped and 10% Cu-doped perovskite
thin films decreased asymptotically with voltage increase.
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1. Introduction

Gustav Rose discovered a mineral species with a different crystal structure in the Ural Mountains in 1839; this mineral was CaTiOs. It
is named "Perovskite" after the Russian mineralogist Lev Perovski, and this name is used for the structure instead of calling it mineral

(Gustav, 1840). The crystal structure of perovskite, which Victor Goldschmidt first defined, is represented by the formula ABX3, where

A and B represent cations and X the anion (Goldschmidt, 1926). Structures with different properties can be created with other elements;
therefore, each perovskite structure may exhibit different electrical, optical, and physical properties. Thanks to their high efficiency
and low cost, they have been widely used and applied in photovoltaic devices. As shown in Figure 1, in the perovskite compound
(ABX3), A, B, and X form the 3D structure (methylammonium (MA), lead (Pb), and iodide (1), respectively). In general, it has a cubic
structure and a phase, where Pb has six nearest neighbors | ions (octahedral), and MA has a twelve-fold coordination region. Of the
organic-inorganic hybrid lead perovskites, methylammonium lead halides (MAPbX3) (X=I, Br, Cl) are attention-grabbing with their
high absorption coefficients in a wide spectral range, high charge carrier mobility, and low exciton binding energies.

Fig. 1. Structure of MAPbI; perovskite (Soucase et al., 2016).

Perovskite films are produced using organic/inorganic materials via different methods such as spray pyrolysis, spin coating, and
chemical vapor deposition (Chen et al. 2014; Barrows et al. 2014; Chen et al. 2014; Docampo et al., 2014; Leyden et al., 2014). Various
techniques have been proposed, especially for the spin coating method. The most widely used method is the anti-solvent method (Jeon
et al., 2014; Xiao et al., 2014; Zhou et al., 2015; Liu et al., 2015; Sun et al., 2016).

Brenner et al. investigated the relationship between the crystal structure and synthesis conditions. They concluded that the two-step
method is more effective for synthesizing high-quality perovskites than one-step and multi-step perovskite film preparation methods
(Brenner et al.. 2016). Burschka et al. found that in MAPbI; solar cells, the perovskite morphology formed by the reaction of Pbl, with
MAI is determined by the morphology of the first Pbl, layer (Chen, 2017; Burschka et al., 2013; Chen et al., 2015). Perez et al. obtained
perovskite films with various crystal sizes using the simple and cost-effective method they developed to produce MAPDI; thin films.
They demonstrated the relationship between film morphologies, grain size, and high yield by controlling the transformation parameters
(Perez et al. 2020). H.Choi et al.'s objective were to increase heterojunction hybrid solar cells' efficiency by doping cesium into MAPDI;
perovskite thin films. They produced a high-performance hybrid solar cell by doping 10% cesium to the MAPbI; perovskite structure
via thermal evaporation under a high vacuum (Choi et al., 2014). J. Costa et al. described a physical vapor deposition method for
producing high-purity crystalline MAPDI; perovskite thin films under high vacuum conditions. Perovskite thin-film production via
optimized physical vapor deposition method provided a homogeneous, stable, and pure perovskite layer. Compared to other methods,
two or more components are deposited simultaneously, which offers advantages such as multilayer deposition, layer thickness control,
stoichiometry control, prevention of solvents, and potentially low production costs (Costa et al., 2018).

In this study, fluorine tin oxide (FTO) substrates were coated with undoped and 10% Cu-doped perovskite films. The films' structural
properties were determined by XRD, composition analysis by EDX, surface morphology by FESEM, and film thickness by AFM
analysis. Electrical resistivity measurements were performed using the four-point probe method, with a Keithley 2400 sourcemeter and
2100/220 Keithley multimeter.

2. Experimental

2.1. Preparation of Perovskite thin films

Two FTO (fluorine tin oxide) substrates of 70 mm x 50 mm were used. The cleaning process was done appropriately and systematically.
The substrates were first washed using detergent and distilled water, then rinsed with distilled water, dried in the oven, and then became
ready for use. Firstly, the solution for undoped perovskite thin film was prepared: 0.316 g (2x10-* mole) of CHsNH.I and 0.922 g (2x10
4 mole) of Pbl, were weighted and mixed with 20 ml of DMF (dimethylformamide) and 10 ml of methanol in a beaker, forming a
homogeneous solution. For 10% Cu-doped perovskite thin film, the same perovskite solution was prepared in a second beaker. 25 ml
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of distilled water and 0.1208 g Cu (NOs), (10% Cu doping) were added to the prepared solution. Substrates were immersed into the
prepared solutions, left for 1 hour, then placed in an oven at 70 C, and dried for 15 minutes.

2.2. Characterizations

X-ray patterns are examined by X-ray diffraction (XRD) with a CuKo. radiation source (BRUKER AXS D8 model, A=1.5406 A) over
the range of 10°<20<50°. 2D surface morphology of the thin films is examined by SEM (Carl Zeiss Ultra Plus Gemini FESEM); the
film thickness, surface roughness, and 3D surface morphology are studied by AFM (Veeco Multimode 8). I-V measurements were
taken with Keithley 2400 Sourcemeter device and 2100/220 Keithley multimeter, and resistivity of the films was calculated. 1-V and
p-V curves were obtained for each sample.

3. Results and Discussion

3.1. Structural and Surface Properties of Perovskite Thin Films

The doping process significantly affects the thin films' surface morphologies and compositions. The surface morphologies and
compositions of undoped and 10% Cu-doped thin films deposited on the FTO substrate were examined, and found that they exhibit
different physical properties. Figures 2 and 3 show SEM images and EDX analysis results of undoped and 10% Cu-doped thin films,
respectively. Compared to the undoped perovskite thin film in Figure 2a, in Figure 3a Cu adhered very well to the surface by showing
a homogeneous distribution. As can be better understood from the magnifications in Figures 3b and c, new formations were observed
in the CH3NH3Pbls superstructure after Cu doping. Cu spheres formed a homogeneous and tight structure without agglomeration on
the surface. EDX composition analyzes in Figure 2b, and Figure 3d showed the proportional distribution of Cu within the structure.

1um
Mag= B0OOKX p— 0

Fig. 3. 10% Cu-doped perovskite thin films (a,b,c) SEM images (d) EDX analysis.
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Fig. 3 (cont.). 10% Cu-doped perovskite thin films (a,b,c) SEM images (d) EDX analysis.

The structural properties of the thin films deposited on FTO were determined using XRD patterns. Figure 4 shows their XRD patterns.
In the XRD diffraction patterns of the films drawn in the 26=10°-50° range, the diffraction peaks of undoped and 10% Cu-doped
perovskite thin films at 26=12.64° and 26.32° are associated with the hexagonal crystal structure of Pbl, (Filho& Marques, 2018). As
can be seen from Figure 4, the 20 diffraction peaks of MAPbI3 at 14.08° (110), 28.5° (220), 32° (310) confirm the complete formation
of MAPDI; (Chiang et al., 2014; Im et al., 2011). A preferred growth orientation along the (110) direction was observed in the XRD
pattern of MAPDI; film, along with corresponding peaks in other directions. The peaks correspond to the pure tetragonal (B) phase of
the MAPbI3 perovskite (Guo et al., 2016; Zhou et al., 2015). The diffraction peaks of MAPDI; around 20=14°, 28°, and 32.4°, which
are apparent in the undoped perovskite thin film, disappeared in the 10% Cu-doped perovskite thin film (Basumatary&Agarwal, 2020).
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Fig. 4. XRD analysis of undoped and 10% Cu-doped perovskite thin films.
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AFM analyzes are performed to determine 3D surface morphologies and surface roughness of undoped and 10% Cu-doped thin films;
the results are shown in Figure 5. The surface roughness/coarseness was 236.01 nm and 114.11 nm for undoped (Figure 5a,b) and 10%
Cu-doped (Figure 5c,d) perovskite thin films. 10% Cu-doped perovskite thin films' surface roughness/coarseness is lower because the
crystallites are spherical and have a uniform distribution. The surface becomes more homogeneous and consists of densely packed
grains.

Fig. 5. AFM images (a,b) Undoped perovskite thin films (c,d) 10% Cu-doped perovskite thin films.

3.2. Electrical Resistivity Measurements

The electrical resistivity of undoped and 10% Cu-doped perovskite thin films was measured with the Keithley 2400 sourcemeter and
2100/220 Keithley multimeter using the four-point probe method. The probes' radius was 0.5 mm, and the distance between them was
1 mm. The contacts were made on the film surface with a silver paste (Ag), then the probes gently/softly touched them. All
measurements were made at room temperature and in the dark.
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Fig. 6. 1-V and p-V curves of Undoped Perovskite Thin Films.
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I-V values of the films were taken, and resistivities were computed using Equation (I). The thin films ' I-V and p-V curves are shown
in Fig. 6 and Fig.7. The resistivity was calculated for both thin films with the following equation (Tezel et al., 2019; Tezel et al., 2019;
Tezel etal., 2021).

Tt V

pP= n2 (I_) )

V, |, and t represent voltage, current, and film thickness. Accordingly, undoped and 10% Cu-doped perovskite thin films' electrical
resistivities decrease asymptotically as the applied voltage increases.
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Fig. 7. 1-V and p-V curves of 10% Cu-doped Perovskite Thin Films
4. Conclusion

Metal oxides are preferred as electron transport layers in perovskite thin films because of their thermal and chemical stability. Copper
has created a promising hall transfer layer with very high thermal and electrical conductivity in thin-film technology. It does not show
any signs of deterioration and does not lose its stability when stored in atmospheric conditions. In this study, undoped and 10% Cu-
doped perovskite thin films were produced on FTO. Their structural characterizations were carried out with XRD, FESEM, EDX, and
AFM, and the effects of doping were examined. Electrical resistivity values for Undoped and 10% Cu-doped perovskite thin films were
determined as 2.36x10°° Qm and 5.46x10% Qm, respectively. These effects show that introducing Cu doping to perovskit thin films
changes the electrical properties of the material significantly. Cu additives had a reducing effect on the crystallization in the thin film.
When undoped and 10% Cu-doped perovskite thin films were compared in SEM images, the homogeneous and densely packed grains
in 10% Cu-doped perovskite thin films reduced the resistivity. According to literature, flat crystalline structures don't form spaces. If
there are gaps between the particles, the resistance increases. This explains why the resistance in our study was lower than the literature
(Targhi et al., 2018; Basumatary & Agarwal, 2019). The use of Cu as a dopant is an effective method of improving the electrical
resistivity of perovskit thin films for device applications. As a way forward and due to prominent conductive nature of the synthesized
material, it could be suitable alternative material for multiple applications like solar cell and energy storage.
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