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Abstract 

The effect of electrochemical deposition duration and the heat treatment at 450 °С within 1 hour 

on the microstructure of ZnO thin films, including their phase composition, lattice parameters, 

microstrain, grain size and surface morphology is investigated. The empirical relationships 

allowing to predict the molar composition and the ZnO/FTO thickness ratio depending on the 

specific charge passing through the substrate during the film formation process have been 

obtained. According to scanning electron microscopy, there is a consolidation of the film 

crystallites after the heat treatment leading to formation of hexagonal nanorods. An average size 

of the crystallites before the heat treatment is 0.727 μm, and after the heat treatment it is 

0.455 μm. 
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1. Introduction 

A large band-gap semiconductor ZnO in the thin-film form is widely used as a 

transparent contact in optoelectronic and microelectronic devices, including solar cells, liquid-

crystal display, etc. The main advantage of ZnO in comparison with similar transparent 

conducting materials, such as In2O3:Sn (ITO) and SnO2:F (FTO), is wide abundance of zinc in 

nature and, as a result, its low cost. The electrical resistivity, conductivity type and other 

important electrophysical properties of ZnO can be controlled by variation of preparation 

conditions and also by introduction special doping additives (for example, aluminum) to material 

composition. 

Nanostructured polycrystalline ZnO thin films are of particular interest, because the 

hybrid organic-inorganic dye photosensitized solar cells with space heterojunction are made on 

their basis (including so-called "perovskite" solar cells). Hybrid organic-inorganic perovskites 

consist of inexpensive and available components and allow using low-temperature "wet" 

technologies, including press methods to form solar cell. The choice of the optimum material for 

buffer layers and estimation of the optimum modes for their producing remains an open problem. 

In perovskite-based DSSC solar cells with bulk heterojunction titanium and zirconium dioxides 

TiO2 and ZrO2 are traditionally used. The emergence of perovskite solar cells with the planar 

scheme raised an interest on the possibility to use zinc oxide ZnO as the anode material, as it was 

widely used in the second-generation solar cells based on Cu(In,Ga)(S,Se)2 with the chalcopyrite 

structure (CIGS). In the chalcopyrite solar cells the traditional scheme is "back contact (Mo) / 

CIGS / CdS / ZnO / transparent front contact (ITO)”, dictated by the technology of CIGS 

producing. In this case, the ZnO layer is formed by magnetron sputtering on the buffer layer of 

CdS. In case of organic and hybrid organic-inorganic solar cells, including perovskite, reverse 

scheme "glass/transparent back contact/photoanode (ZnO, TiO2 or ZrO2)/pervskite/buffer layer / 

upper nontransparent contact" is applied. Thus, the perovskite layer is formed directly on the 

surface of ZnO sublayer grown on the back transparent contact, eliminating toxic buffer layer 
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CdS from the circuit and appling «wet» technology for the ZnO formation. Concerning this, the 

actual problem is the development of the optimal technology for wet chemical deposition of ZnO 

thin films suitable for use in perovskite solar cells.  

ZnO films are usually prepared by vacuum techniques, including molecular beam epitaxy 

[1], magnetron sputtering [2, 3], etc., and non-vacuum, including sol-gel [4, 5], spray pyrolysis 

[6], anodizing [7], chemical [8] and electrochemical deposition [9-13]. Electrochemical 

deposition presents several advantages over the above techniques, such as technical simplicity of 

implementation, low cost and high quality of the obtained films. This method is widely used in 

production of organic-inorganic hybrid solar cells with perovskite structure. The efficiency of 

solar cells based on electrochemically deposited ZnO films is about 9% [14]. In comparison, for 

perovskite elements based on ZnO films obtained by sol-gel, the efficiency of photoconversion is 

11% [15], but the formation of ZnO films takes 9 steps, including 5 annealing stages at different 

temperatures from 150 to 450 °C, while the films with similar physical properties and 

morphology may be produced by electrodeposition in 1-2 steps. 

The process of electrochemical deposition of ZnO films is well developed. However, 

several problems are still open. Thus, in the majority of papers on the ZnO electrodeposition the 

process is carried out without electrolyte mixing (mechanical or compressed air), which may 

adversely affect the film formation rate. Furthermore, practically in all works simple electrolytes 

without surfactants (SAS) and buffers are use. Finally, there are no results on the heat-treated 

electrochemically deposited ZnO films presented in literature. Since, unlike TiO2, ZnO is formed 

by electrochemical deposition directly in polycrystalline form (not amorphous), heat treatment is 

not a necessary step in the preparation of ZnO films. However, this type of treatment may have a 

significant effect on the optical and electrical properties of ZnO films and the stability of the 

characteristics of photosensitive structures based on this material. Therefore, the heat treatment 

step can be meaningful in case of electrodeposited ZnO films. Thus, the questions of influence of 
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mixing conditions, electrolyte composition and subsequent heat treatment of ZnO films on its 

physical properties require further study. 

The purpose of this work is a complex study of the influence of preparation conditions on 

the microstructure of ZnO thin films to be used in perovskite-based solar cells.  

 

2. Experimental details 

The Sigma-Aldrich 735256-5EA glass plates with conductive subcoat of FTO were used 

as substrates. The substrates were previously cleaned with acetone, rinsed with distilled water 

and dried with hot air. Preparation of ZnO films was carried out by electrochemical deposition in 

galvanostatic mode in two-electrode cell with a planar arrangement of the electrodes. Zinc sheet 

was used as an anode. Aqueous solution of 500 cm3 containing 0.05 M of ZnNO3 was used as 

electrolyte (pH=5.5). The deposition was carried out at electrolyte temperature of 85 °C and 

cathodic current density of 0.2 mA/cm2 with the continuous intensive mixing of electrolyte by a 

magnetic stirrer. The deposition time was varied from 5 to 25 minutes to obtain the film samples 

with different thicknesses. The calculated film growth rate was about 12 nm / min. The surface 

area of the films was about 5 cm2. After the electrochemical deposition the films were heat 

treated at 450 °C within 1 hour.  

The crystal structure and phase composition of the materials were examined by X-ray 

diffraction (XRD) using DRON-3M and on Rigaku Ultima IV CuKα radiation (λ = 1.5418 Å) in 

2θ range  from 10 to 100 degrees with 0.01 degree step. Phase analysis was performed using the 

Crystallography Open Database (COD). After the determination of the phases in the samples 

fitting of the lattice parameters and other structural parameters of the material, including grain 

size and microstrains, was carried out. For this purpose we used «Material Analysis Using 

Diffraction (MAUD)» software package [16] based on the full-profile analysis of X-ray patterns 

by the Rietveld method. 
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The surface morphology of the films was investigated by SEM using LEO1455VP 

microscope with a magnifying power in range of 5000-20000x at the accelerating voltage of 

20 kV. The surface morphology was studied using secondary electron detector (SE). Phase 

contrast was observed in the backscattered electrons using four-section back scattered electron 

detector (QBSD). 

 

3. Results and discussion 

Typical X-ray patterns of ZnO films before and after the heat treatment are shown in 

Figures 1 and 2.  

According to XRD results, the film composition contains only ZnO (hexagonal system, 

wurtzite structure type, sp. gr. P63mc) and FTO (tetragonal system, cassiterite structure type. sp. 

gr. P42 / mnm) phases. The XRD patterns show ZnO reflexes 100, 002, 101, 102, 110, 103 and 

FTO reflexes 110, 101, 200, 211, 310, 221, 301. According to the results, the heat treatment does 

not lead to essential change in intensity and width of the diffraction lines nor to emergence of the 

side phases. 

The values of ZnO lattice parameter a are 3.251 ± 0.001 Å before and up to 3.249 ± 

0.001 Å after the heat treatment, close to reference values (3.249308 (18) Å [17]). The 

deposition duration has no effect on the value of the lattice parameter a, while the parameter c 

decreases with the deposition duration increase from 5.211 ± 0.003 Å and 5.221 ± 0.004 Å for 

annealed and as-deposited films, respectively, to 5.205 ± 0.002 Å and 5.200 ± 0.002 Å. The 

reference value of the parameter c is up to 5.206-5.207 Å [17]. High values of the lattice 

parameter c for the films produced at short deposition duration may be due to the mismatch of 

ZnO and FTO crystal lattices, which effects more pronounced in case of the films with the 

smallest thickness. The sublayer FTO lattice parameters a and c are 4.760 ± 0.001 Å, 3.202 ± 

0.002 Å. The heat treatment and the presence/absence of the ZnO layer on FTO surface have no 

effect on the lattice parameters of the FTO sublayer. 
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The values of the grain size and microstrain were identified from XRD using algorithms 

embedded within the MAUD software package [16]. The grain size values are 270 nm and 

73 nm for ZnO and FTO layers respectively. The microstran value is about 0.2% for both phases. 

The FTO phase exhibit a pronounced preferred orientation in the [100] direction. The 

Marsh-Dollase parameter [18-20] calculated from the X-ray patterns for this direction is 

r = 0.286, which corresponds to preferred orientation of η = 61%. The ZnO phase in the films 

obtained in deposition duration range form 5 to 25 minutes has polycrystalline nature without 

any preferred orientation. Weakly expressed preferred orientation in the [001] direction appears 

in some cases with increased deposition duration up to 50 minutes. The Marsh-Dollase 

parameter in these cases is 0.460, which corresponds to the preferred orientation of η = 42%. 

The mole fractions of FTO and ZnO calculated basing on XRD data depending on the 

specific charge during the electrodeposition are presented in Figure 3.  

According to Faraday's law, the number of ZnO moles is proportional to the charge 

passed through the substrate during the electrochemical deposition, whence it follows that the 

mole fractions ω ZnO and ω FTO, expressed as functions of the specific charge of the Q, must have 

the form 
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The data analysis (Figure 3) showed that the ratio of (1) and (2) are carried out with good 
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where MZnO = 81.4 g/mol, MFTO = 150.7 g/mol, ρZnO = 5.61 g/cm3, ρFTO = 7.00 g/cm3 are the 

molar mass and density of ZnO and FTO, respectively. 

The ratio of ZnO and FTO thicknesses calculated by (3) depending on the specific charge 

passed through the substrate during the ZnO electrodeposition shown in Figure 4. 

According to the results, this ratio is directly proportional to the specific charge 

aQ
d

d

FTO

ZnO                                                                (4), 

where a is an empirical coefficient equal to (1.98 ± 0.03) · 10-3 cm2 / mC. 

Proportionality factor a can also be obtained by comparing the formulas (1) and (2) with 

the formula (3). From (1) and (2) we have: 
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Substituting (5) in (3) we obtain 

aQkQ
d
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where a = 0.674 · (3.12 ± 0.02) · 10-3 cm2 / C = (2.10 ± 0.01) 10-3 cm2 /C, that the margin of error 

equal to the value calculated according to Figure 3. 

Thus, the obtained empirical quantitative ratios allow to predict the molar composition 

and the ratio of ZnO/FTO thicknesses depending on the specific charge passed through the 

substrate during the film formation process. 

The SEM-images of the ZnO films before and after the heat treatment are presented in 

Figure 5. The observed morphology is typical for the films in the whole thickness range. 

The images of the as-deposited films show that the crystallites are formed by the flattened 

hexagonal petals. After the heat treatment consolidation of the petals occurs leading to the 

formation of hexagonal nanorods. The average size of the crystallites is 0.727 μm and 0.455 μm 

for the as-deposited and annealed films, respectively. Morphologically, the as-deposited ZnO 
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films obtained in the current study are similar to the films obtained in [10]. As well as in that 

case, the films are presented by chaotically oriented hexagonal crystallites, which size is about 

1 μm. However, unlike [10], in this work the crystal grains represent double hexagonal plates 

while in [10] these plates are single. In a number of studies, for example in [11], the 

electrodeposited ZnO films had a pronounced porous morphology. However, the films obtained 

in this study are morphologically much more compact and dense than in the other reports. 

 

4. Conclusion 

The effect of the electrochemical deposition duration and the heat treatment at 450 °С for 

1 hour on the microstructure of ZnO thin films, including their phase composition, lattice 

parameters, value of microtension, grain size and surface morphology is discussed. 

It is found, that the ZnO lattice parameter a values are 3.251 ± 0/001 Å and 3.249 ± 

0.001 Å for the as-deposited and annealed films respectively. The deposition duration has no 

effect on the value of the ZnO lattice parameter a. However, parameter c increases form 5.211 ± 

0.003 Å and 5.221 ± 0.004 Å for annealed and as-deposited films, respectively, to 5.205 ± 0.002 

Å and 5.200 ± 0.002 Å with the deposition time decreases. High values of the lattice parameter c 

for the films produced at short deposition duration may be due to the mismatch of ZnO and FTO 

crystal lattices, which effects more pronounced in case of the films with the smallest thickness. 

The grain size is 270 nm and 73 nm for ZnO and FTO respectively. The value of microstrain is 

0.2% for both phases. According to the quantitative X-ray phase analysis, the empirical ratios 

predicting molar composition and the FTO/ZnO thickness ratio depending on the specific charge 

passed through the substrate during the film formation are established. The heat treatment leads 

to consolidation of the crystallites forming hexagonal nanorods. The average crystallite size is 

0.727 and 0.455 μm for the as-deposited and annealed films respectively . 

The obtained results will be used to improve the technology of ZnO thin films for their 

subsequent implementation as photoanodes in the new generation perovskite solar cells. 
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Figure captions 

 

Figure 1. XRD patterns of the as-deposited ZnO films depending on the deposition duration. 

Figure 2. XRD patterns of the annealed ZnO films depending on the deposition duration. 

Figure 3. The fractions of FTO and ZnO in the mole composition of films, depending on the 

specific charge Q. Lines derived by fitting the parameter k from equations (1) and (2). 

Figure 4. ZnO/FTO thickness ratio depending on the specific charge. 

Figure 5. Surface morphology of the electrochemically deposited ZnO films. 
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Fig. 1 



 13 

 

Fig. 2 
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Fig. 3 
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Fig. 4 
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As-deposited Annealed  

  

  

Fig. 5  

 

 


