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Abstract 

ZnO thin films were successfully deposited on fluorine-doped tin oxide substrates using a two-

electrode homemade electrochemical deposition system.  First, a zinc metal layer was deposited on 

the substrate via an electrochemical process, from aqueous solutions of zinc nitrate for various 

deposition times.  Afterward, the Zn metal layer was transformed into multiple ZnO thin films 

through thermal oxidation under ambient air.  Finally, a post-treatment was performed on the ZnO 

thin films by calcination.  The morphology of the ZnO thin films, when observed under a scanning 

electron microscope, exhibited rough surfaces and porous characteristics.  The X-ray diffraction 

patterns and the Raman shifts indicated hexagonal wurtzite structures.  Moreover, the Fourier-

transform infrared spectroscopy results confirmed the chemical structure of the films to be ZnO 

without a residue.  The average optical transmittance values in the visible region were greater than 

80%. The band gap energy was in the range of 3.13 to 3.43 eV.  The four-point probe measurement 

revealed various sheet resistance values in the range of 167.21 to 1,066.28 /sq.  Concerning the 

electro-optical property evaluation, the optical transmittance and sheet resistance values were 

considered for calculating the figure of merit.  It was found that the highest value reached 3.0810-3 

-1, indicating that ZnO thin films have a potential application in electro-optical devices.  
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Introduction 

ZnO thin films have been investigated for thin  

film-based devices because of their unique 

characteristics, including wide band gap energy 

(Eg), high exciton binding energy, and high mobility 

(Wongrat et al., 2021; Wongrerkdee et al., 2021). 

Furthermore, ZnO can be prepared in different 

nanostructures, such as nanoparticles, nanorods, 

nanowires, nanofilms, etc (Gonçalves et al., 2021; 

Shahzad et al., 2021).  The nanofilm structure is 

important for thin film-based electro-optical devices  

 
 

 

 

such as touch-screen monitors, light-emitting diodes 

(LEDs), solar cells, etc (Shahzad et al., 2021). Thus, 

the deposition of ZnO thin films was demonstrated 

using different techniques, including atomic layer 

deposition (ALD), sputtering, and electrochemical 

deposition (ECD)  (Pecharapa et al., 2019; Rong  

et al., 2019).  Among these, ECD is an interesting 

technique for thin film deposition because it can be 

operated at low temperatures and does not require  

a vacuum system.  The ECD technique is easily 
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operated by applying a voltage or current between 

electrodes that are immersed in electrolytes.  For 

ZnO thin film deposition, zinc compound materials, 

such as ZnCl2 (Rosas-Laverde et al., 2019), 

Zn(NO3)2. 5H2O (Salman et al., 2017), and 

Zn(NO3)2. 6H2O (Shirvani and Naji, 2021), are 

commonly used as electrolytes and transferred as 

metallic films during the deposition. 

For example, preparation of ZnO films on an 

indium- doped tin oxide (ITO)  substrate using 

constant current ECD has been reported by Timuda 

and Waki (Timuda and Waki, 2020). The preparation 

was performed using a standard three-electrode 

system at 60C for three different current densities 

of -1, -2, and -5 mA/cm2.  The ITO substrate was 

used as the working electrode, and a mixture of 

Zn(NO3)2. 6H2O and CH3COOH was used as  

the electrolyte.  Finally, the deposited sample was 

annealed at 400C. X-ray diffraction (XRD) patterns 

showed that the crystalline structures of all samples 

were hexagonal wurtzite structures.  Some 

composite structures, however, were obtained.  The 

deposited ZnO films featured nanosheet structures. 

The film’s thickness varied according to the current 

density and deposition time. Note that the deposited 

films were dense-like structures for a high applied 

current density and a long deposition time, which 

caused better attachment to the substrates.  This 

finding is an interesting result for thin film-based 

applications.  Battas et al.  presented the growth 

mechanism of ZnO and Al-doped ZnO (AZO) 

nanostructures using ECD (Battas et al., 2021).  

The ECD was performed in a three-electrode system 

on a fluorine-doped tin oxide (FTO)  substrate 

without seed layer preparation.  The ECD process 

was operated in an electrolyte of Zn(NO3)2.6H2O or 

a mixture (Zn( NO3)2. 6H2O and Al(NO3)3. 9H2O) 

under a constant voltage of -1.0 V and a temperature 

of 80°C.  After the ECD, the ZnO-coated FTO 

substrate was thermally treated at 350°C in air to 

ensure the complete ZnO transformation.  XRD 

patterns confirmed the hexagonal wurtzite structure 

for the ZnO and AZO samples.  However, lateral 

growth was observed for AZO due to the addition of 

Al3+ .  The nanorod structure was obtained for the 

ZnO sample, while the nanorod with large-size and 

nanosheet structures were observed for the AZO 

samples.  This investigation gives a better 

understanding of ZnO crystallization using ECD 

with and without Al3+ , which can be applied to 

control the shape or crystallization rate of ZnO-

based thin film. In a similar work, Shirvani and Naji 

presented a deposition of ZnO nanorod films using 

an electrochemical process for application as an 

electron transport layer in polymer solar cells 

(Shirvani and Naji, 2021).  The deposition was 

performed within two steps of the seed layer and 

nanorod preparation. The ZnO seed layer preparing 

step was carried out by spin-coating zinc acetate 

dihydrate solutions onto a cleaned ITO substrate. 

The ZnO nanorods were then grown using a three 

electrode ECD system in a zinc nitrate hexahydrate 

solution under a constant potential of -1.0 V.  The 

nanorod structures showed hexagonal shapes and  

a wide range of nanorod lengths of around 90 to  

250 nm.  The deposited ZnO nanorods exhibited 

excellent crystallization alignment in the preferred 

orientation of (002) planes. The Eg of the nanorods 

was reduced to 3.39 eV compared with the ZnO seed 

layer of 3.7 eV. Interestingly, the nanorod structures 

were successfully used as an electron-transporting 

layer in polymer solar cells with a power conversion 

efficiency of around 2.51 to 3.65%.  Therefore, 

ECDs can certainly be applied to prepare 

nanostructured ZnO thin films.  Although the three-

electrode system is frequently used for the ECD, it 

has some limitations for many users, including cost 

and complexity.  Salman et al.  demonstrated a two-

electrode ECD system as a low-cost and flexible 

system (Salman et al., 2017).  The ZnO thin films 

deposited by the two-electrode system showed 

hexagonal wurtzite structures and high Eg. The grain 

size and roughness increased as the deposition time 

increased. 

In this work, a two-electrode homemade ECD 

system was presented.  The demonstration aims to 

prepare ZnO thin films using the low-cost and 

flexible ECD system, investigate the film’s 

characteristics, and evaluate the film’s performance 

for electro-optical device applications. For the ECD 

of ZnO thin films, Zn2+  electrolytes were first 

deposited onto the FTO substrate and transformed 

into Zn films under a constant applied current. Then, 

the deposited Zn films were thermally oxidized in 

ambient air to ensure the ZnO transformation.  For 

characterization, the ZnO thin films were examined 

using various techniques, including scanning 

electron microscopy (SEM), Fourier-transform 

infrared (FT-IR)  spectroscopy, X-ray diffraction 

(XRD) spectroscopy, ultraviolet-visible (UV-VIS) 

spectroscopy, and four-point probe measurement. 

The electro-optical property was determined to 

evaluate the film’s performance for the electro-

optical device application. The low-cost and flexible 

production in this work might be beneficial because 

it demonstrates an alternative technique for thin 

film-based deposition. 

Materials and Methods 

Zn(NO3) 2. 6H2O was dissolved in de- ionized (DI) 

water at a concentration of 0.1 M followed by 

stirring for 1 h to form a zinc nitrate aqueous 
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solution for use as a Zn2 ion source.  Then, two 

pieces of FTO substrate were immersed in the zinc 

nitrate solution.  The distance between substrates 

was kept at around 1 mm. The ECD was performed 

by applying a constant current of 1 mA between the 

substrates to deposit Zn films on the cathode for 

various deposition times of 100, 200, 300, and 400 

s, followed by rinsing with DI water several times. 

Then, the Zn films were thermally oxidized at 450C 

on a hotplate under ambient air for 1 h to transform 

them into ZnO thin films.  Finally, a post-treatment 

was performed by calcination at 500C for 1 h. 

 ZnO thin films were characterized using 

several techniques.  The morphology was observed 

by a scanning electron microscope (SEM).  The 

chemical structure was examined by a Fourier-

transform infrared (FT-IR)  spectrometer.  The 

crystalline structure was investigated by an X-ray 

diffraction (XRD) spectrometer. Molecular vibration 

was investigated using Raman spectroscopy. Optical 

transmittance was monitored by an ultraviolet-

visible (UV-VIS) spectrophotometer. The sheet 

resistance was measured using a four-point probe 

measurement system.  

Results and Discussion 

Figure 1 shows the morphology of the ZnO 

thin films prepared for various deposition 

times.  The films exhibit rough surfaces with 

porous characteristics.  This formation might 

be due to non-homogeneous Zn films or the 

effect of rapid thermal oxidation.  Note that 

the films deposited for the deposition time of 

300 s present smoother surfaces than for the 

other conditions, according to comparative 

observation in lower porous surfaces and 

larger grain boundary.  It is believed that  

this effect is caused by the optimum 

accumulation of Zn2+ ions on FTO substrates 

during the chemical process.  The optimum 

Zn2+  ions can properly interact with oxygen 

during the thermal oxidation with low excess 

Zn2+ ions for smooth surface formation. This 

result indicates that the deposition time of 

300 s should be the appropriate condition for 

thin film-based device applications. 

Figure 2 reveals the chemical structures 

of the ZnO thin films deposited on the FTO 

substrate using an FT-IR spectrophotometer. 

All films are ZnO according to the presence  

 

of the Zn-O vibration at the wavenumber of 

474 to 502 cm- 1 (Rahman et al., 2021). 

Moreover, any vibration peaks of residues 

were not detected, indicating the high purity 

of the obtained ZnO films. 
 

 

 
 

 
 

 
 

 
 

Figure 1. Morphology of ZnO thin films prepared at 

various deposition times of (a) 100, (b) 200, 

(c) 300, and (d) 400 s. 
 

 

 



  

 

030085-4 Short Version of the Title (Running head): Investigation of ZnO thin Films for Electro-Optical Devices 

To investigate the crystalline structures of the 

ZnO thin films, the XRD patterns were recorded, as 

shown in Figure 3.  It was found that only the XRD 

patterns of FTO are primarily observed for the 

deposition times of 50, 100, and 200 s, while the 

XRD patterns that correspond to ZnO are not 

detected.  This behavior can be explained due to 

obscuring by FTO for the short deposition time, 

which was further investigation.  For the long 

deposition times of 300 and 400 s, the XRD patterns 

of the ZnO hexagonal wurtzite structure, in 

accordance with JCPDs card no.  36-1451 

(Krobthong et al., 2020; Krobthong and 

Wongrerkdee, 2020), were observed.  For the ZnO 

structure validation, the Raman shift of ZnO 

deposited on FTO at 400 s (FTO/ZnO)  was 

measured as a representative ZnO film in 

comparison with FTO as shown in Figure 4.  It was 

found that the hexagonal wurtzite structure of ZnO 

is observed according to the peak at 435 cm- 1.  The 

peak corresponds to the non-optical phonon E2H 

mode, attributable to the hexagonal wurtzite phase 

of ZnO (Krobthong et al., 2020).  These results 

indicate the crystallization of the ZnO thin films on 

the FTO substrates.  

Figure 5 shows the optical transmittance of 

ZnO thin films. The transmittance slightly decreases 

as the deposition time increases, which indicates  

the increase in the thickness of the ZnO thin films. 

To estimate the transmittance values, the average 

transmittance (Tavg)  in the visible region was 

calculated, as summarized in Table 1.  All ZnO thin 

 
 

Figure 4. Raman shifts of ZnO thin films deposited 

on FTO substrates at a deposition time of 

400 s (FTO/ZnO) in comparison with FTO 

 

 
 

Figure 5. Optical transmittance spectra of ZnO thin 

films deposited on FTO substrates at 

various deposition times 

 

Table 1. Average transmittance and energy gap of 

ZnO thin films 
 

Deposition time (s) Tavg (%) Eg (eV) 

100 98.67 3.30 

200 95.07 3.25 

300 93.59 3.18 
400 88.77 3.13 

 

 
 

Figure 2. FT-IR of ZnO thin films deposited on FTO 

substrates at various deposition times 

 

 
 

Figure 3. XRD patterns of ZnO thin films deposited 

on FTO substrates at various deposition 

times in comparison with FTO and JCPDS 

card no. 36-1451. 
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films have high transmittance values, which could 

be suitable for electro-optical device applications. 

For Eg estimation of the ZnO thin films, the 

Tauc plot was performed based on the transmittance 

following Equation (1).  (Rodwihok et al., 2019; 

Sujinnapram et al., 2021). 

 

(αhυ)2 =  A(hυ − Eg) (1) 

 

where α, A, h, and υ are the optical absorbance 

coefficient, constant, Planck’s constant, and 

frequency, respectively.  Figure 6 shows the Tauc 

plots of ZnO thin films, which depict (αhυ)2 versus 

hυ. The extrapolation of the straight line was drawn 

to the hυ-axis.  Then, the Eg can be estimated from 

the interception of the hυ-axis as listed in Table 1. 

The Eg slightly decreases as deposition time 

increases.  This behavior might occur due to 

numerous defects or disorders in the ZnO thin films 

for the long deposition time, which is in agreement 

with previous reports (Iqbal et al., 2016; 

Muchuweni et al., 2017).  This effect potentially 

leaves excess electrons in the ZnO films, which 

increases the density of states of electrons in the 

conduction band and thus pulls down the conduction 

band edge near to the valence band edge.  Thus, Eg 

is found to have a decreasing trend over a long 

deposition time (Tang et al., 2013). 

To investigate the electrical property, a four-

point probe measurement was used to measure the 

sheet resistance (Rs) of the ZnO thin films, as shown 

in Figure 7. The measurement was performed for at 

least three positions within a square area of 11 cm2 

for each sample. The measured Rs value of the FTO, 

7.590.03 /sq, is used as a reference. To estimate  

 

othe Rs of ZnO thin films, a calculation of Rs was 

performed using a parallel resistance model 

following Equation (2). (Liu et al., 2021). 

 
1

𝑅𝑡𝑜𝑡𝑎𝑙
=

1

𝑅𝐹𝑇𝑂
+

1

𝑅𝑍𝑛𝑂
 (2) 

 

where Rtotal is the total Rs measured from ZnO 

films coated on FTO substrates, RFTO is the Rs of 

FTO substrates, and RZnO is the Rs of ZnO films, 

respectively.  The Rs values of the ZnO thin films 

decrease as deposition time increases from 100 to 

300 s. However, the Rs reaches the maximum value 

at the deposition time of 400s. This effect is believed 

to be due to the non-uniformity of the films, which 

is caused by the over-accumulation of Zn metal for 

the long deposition time.  Thus, it can be assumed 

that the deposition time of 300 s is the optimum 

condition for minimizing Rs. 

In order to evaluate the ZnO thin film 

performance for the possible application in electro-

optical devices, the figure of merit (FOM)  is 

calculated, from the average transmittance and Rs 

values, according to Equation (2). (Liu et al., 2019). 
 

FOM =  
Tavg

10

Rs
 (2) 

 

The plot of FOM in Figure 8 shows that the 

FOM values are 2.9010-3 and 2.7010-3 -1 for 

deposition times of 100 and 200 s, respectively. The 

FOM reach the maximum value of 3.0810-3 -1 for 

the deposition time of 300 s.  After that, the FOM 

value decreases to 2.8510-4 -1 for the deposition 

time of 400 s. This result suggests that the ZnO thin 

films prepared with the optimum deposition time of 

300 s could be applied to electro-optical devices. 

 
 

Figure 6. The tauc’s plots of ZnO thin films 

deposited on FTO substrates at various 

deposition times 

 
 

 
 

Figure 7. Sheet resistance of ZnO thin films 

deposited on FTO substrates at various 

deposition times 
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Conclusions 

ZnO thin films were successfully deposited on FTO 

substrates using a two-electrode homemade ECD 

system.  The morphology of the ZnO thin films 

exhibited rough and porous surfaces. The crystalline 

structure features hexagonal wurtzite structures. The 

chemical structure of all the films was ZnO without 

residue. The average optical transmittance values in 

the visible region decrease from 98.67% to 88.77% 

as the deposition time increases.  The band gap 

energy slightly decreases for longer deposition 

times, which is caused by defects or disorders.  The 

sheet resistance values are 167.21 to 1,066.28 /sq. 

For evaluation of the electro-optical property of  

the ZnO thin films, the FOM was considered.  The 

highest FOM value of 3.0810-3 -1 is obtained for 

the appropriate deposition time of 300 s, which 

indicates that the ZnO thin films have a potential 

application for electro-optical devices. 
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