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Abstract – Fe-doped ZnO holds numerous potential uses in devices such as UV light emitters, 

piezoelectric transducers, transparent electronics in solar cells, and bright windows as an II-VI 

semiconductor material. This study looked into the band gap, surface characteristics, optical 

transmittance, and absorbance of ZnO thin films with Fe doping in different pH conditions such as 8, 9, 

and 10. The films were prepared using the chemical bath deposition (CBD) method at 350 °C on a glass 

substrate. The samples were characterized using UV-visible spectroscopy and scanning electron 

microscopy (SEM). The SEM images of the undoped samples exhibited a lack of cracks, but the doped 

samples displayed visible cracks due to the presence of Fe in the films. ZnO thin-film surface shape is 

altered by pH and Fe doping variations. There is a tendency for the films' visual transmission to decrease 

when the pH rises. The absorbance for all samples increases in the UV and declines in the visible. Fe 

doping causes the optical band gap Eg to drop. The band gap of both doped and undoped samples reduces 

when pH rises. 
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1. Introduction 

The field of thin solid films has recently evolved in response to the demand for enhanced electrical and 

optical devices in industrial and military sectors [1-2]. This field of study has moreover presented intriguing 

prospects for fundamental investigation. Thin film technology is a significant specialized field that focuses 

on studying the properties of various metals [3], semiconductors [4], and insulators when they are in the 

form of thin films [5]. The characteristics of thin films exhibit notable distinctions when compared to their 

corresponding bulk properties [6]. Thin film research has garnered significant relevance due to its wide-

ranging applications in the fields of electronics [7], optics [8], space science [9], and various industries.   

Semiconductor thin films hold significant importance in the field of materials science owing to their 

exceptional electrical and optical properties, which find utility in a wide range of optoelectronic devices 

[10]. The systematic investigation of semiconducting films has been ongoing for decades. In the early 

stages of research, there was a focus on investigating elemental semiconducting films such as silicon (Si) 

and germanium (Ge). In contemporary times, researchers have been notably interested in emerging 

semiconductors such as oxide and sulphide. Extensive investigation and experimentation in the field of 

thin films have yielded the finding that several categories of materials exhibit notable suitability for specific 

applications. 

Extensive research has been conducted on ZnO, a semiconductor material characterized by its broad 

energy band gap. The material exhibits a notable bonding energy of 60 MeV, leading to reduced carrier 

entrapment and enhanced luminescence efficiency [11]. The recent focus on ZnO diluted with transition 

metals has been driven by the growing interest in semiconductor spin-electronics that aims to utilize the 

spin degree of freedom of charge carriers in semiconductors [12-13]. There is a prevailing anticipation 

throughout the scientific community regarding the potential to extract innovative functions for electronics 

and photonics through the injection, transmission, and detection of carrier spin at ambient temperature.  

Various methods have been employed for the synthesis of ZnO films, including pulsed-laser deposition 

[14], molecular beam epitaxy [15], chemical bath deposition [16], chemical vapour deposition [17], 

physical vapour deposition [18] evaporation [19], casting [20], and sputtering [21].  
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The chemical bath deposition technique is a straightforward and cost-effective processing approach, 

particularly in terms of equipment expenses. This method provides a highly accessible approach to 

preparing films of varying compositions. The chemical bath deposition (CBD) technique for the deposition 

of metal oxides has garnered significant attention owing to its straightforward methodology and the 

comparatively low temperature required for the operation. Numerous researchers have employed the CBD 

technique to produce various metal oxides, including ZnO, CuO, CdO, TiO2, NiO, and others [22].   

Previous studies on ZnO have indicated that the enhancement of its optical and electrical properties for 

use in diverse optoelectronic devices necessitates the inclusion of appropriate impurities. [23] The study 

of doping using group-III [24] or Group-V [25] elements were conducted by scientists in the 1980s. The 

study by [26] presents an analysis of the characterization of high-quality ZnO thin films, highlighting the 

potential for quantum-size particle generation. The number of study fields in ZnO has significantly 

increased during the past two decades. 

 Suwanboon et al. [27] conducted a study on the impact of aluminum (Al) and manganese (Mn) dopants 

on the structural and optical properties of (ZnO) thin films prepared through the sol-gel route. The findings 

revealed a decrease in the average grain size, with Al ions playing a significant role in enhancing the 

alignment along the c-axis. Conversely, the presence of Mn ions hindered growth along the c-axis. In their 

study, Ilican et al. [28] employed the sol-gel spin coating technique to deposit a ZnO thin film onto glass 

substrates. By varying the chuck rotation rates, the researchers investigated the optical absorption data and 

observed a direct band gap energy transition. Based on their findings, they suggested that the resulting ZnO 

thin films hold potential for application as photovoltaic materials. B.P. Kafle et al. [29] conducted a study 

on the structural, morphological, and optical characteristics of transparent thin films of Fe-doped ZnO 

using spin coating techniques. Their research findings were the transmittance of the doped film experienced 

a reduction of approximately 10% and the band gap, for both doped and undoped samples, exhibited no 

dependence on the concentration of the dopant. 

In a study conducted by Rosari Saleh et al. [30], the researchers investigated the impact of varying Fe 

doping concentrations on the structural, magnetic, and optical characteristics of nanocrystalline ZnO 

particles using the sol-gel method and were deposited on both Si and glass substrates. It has been observed 

that the grain sizes of ZnO tend to shrink as the concentration of Fe-doping increases. The inclusion of Fe 

did not result in a substantial alteration of transmittance within the visible range and band-gaps of ZnO thin 

films exhibited a gradual increase as the concentration of Fe-doping improved. 

In this study, zinc oxide thin films were fabricated using the chemical bath approach, both with and 

without the incorporation of Fe doping. Considering the Fe doping, it is expected that the optical 

characteristics will be enhanced. Based on existing understanding, this represents a singular observation of 

ZnO thin film. This article presents an analysis of the film deposition process, surface morphology, and 

optical properties, providing valuable insights for many applications like transparent electrode displays and 

metal-insulator-semiconductor diodes [31].  

2. Materials and Methods 

Zinc oxide thin films were fabricated on glass substrates using the CBD technique. The trials were initially 

conducted at ambient temperature without any temperature regulation. The deposition process was initiated 

by combining 0.3 M solution of zinc nitrate (Zn(NO3)2), 35% ammonia solution (NH3), and ferric oxide 

(Fe2O3). To commence the experiment, solutions of zinc nitrate, ammonia were made and subsequently 

combined using a stirrer, with the mixing process lasting for a duration of 30 minutes. The beaker exhibits 

a distinct solution.  Subsequently, solutions of ammonia were gradually introduced in order to ascertain the 

buffer condition of the solution. The solution is divided equally into two separate beakers, with each beaker 

containing an equal volume of the solution. The pH of the both solution is regulated and maintained within 

the range of 8 to 10 with the addition of ammonia. 

The addition of ferric oxide in one beaker solution was performed gradually, accompanied by vigorous 

stirring for a duration of up to 30 minutes, until a stable solution was achieved and afterwards half both 

undoped and doped solutions is subjected to a temperature of 85 °C within a microwave oven for 30 

minutes. The substrates were immersed in the both hot and cold solution for a duration of 30 s alternatively. 

The process is repeated 30 times until the film is formed on the substrate. Following the deposition process, 

the created thin films underwent a thorough rinsing with an adequate amount of distilled water, after which 

they were left exposed to ambient air for the purpose of drying. Prior to the deposition process, the glass 

slides underwent thorough cleansing utilizing an ultrasonic cleaner and purified water. The vertical 
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orientation of the glass slides was observed within the reaction chamber. Subsequently, the ZnO samples 

that had been deposited were subjected to annealing at a temperature of 350 °C within an argon atmosphere, 

with the purpose of examining the impact of Fe doping on the films properties. Subsequently, the 

equipment conducted optical and morphological measurements, respectively. 

3. Result and Discussion  
3.1 Morphological characterization    

The microstructure images of the ZnO thin films were studied using scanning electron microscopy (SEM) 

in order to obtain microscopic details on the surface structure and roughness. Photographs were captured 

at varying levels of magnification, as depicted in Fig. 1, for each of the samples. All captured images 

showed prepared samples have the homogeneity all over the region with agglomerated components in its 

surface. The visual evidence indicated that  the substrate  exhibited no significant cracks  or  pinholes, but  

    
   

    
 

       

Figure 1. SEM micrograph of ZnO thin film annealed at 350 0C (a) undoped and (b) doped at pH 8, (c) undoped 

and (d) doped at pH 9, (e) undoped and (f) doped at pH 10. 
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changes its size with increasing tendency with pH at undoped condition for all undoped samples (Fig. 1a, 

Fig 1c, and Fig 1e). Also, at doping states it seems that the images of doped samples (Fig. 1b, Fig. 1d, and 

Fig. 1e) have significant crack holes and fracture with size increasing with increasing pH. This is suggesting 

that coating has significant effect on the deposited material. It is apparent that incorporation of Fe dopants 

in ZnO thin film changed the grain size and grain distribution which crakes the surface. The size of grain 

has increased after doping. The influence of pH has a positive correlation with a marginal increase in grain 

size also. However, it does not yield any improvement in surface roughness. 

3.2 Optical characterization of ZnO thin films 

The optical properties of the film deposited on glass substrate were determined from the absorbance and 

transmittance measurement in the range of 220 -1400 nm. 

3.2.1 Absorbance properties 

The figures presented in Fig. 2 illustrate the absorbance spectra of the deposited films within the 

wavelength range of the 220 nm region.  Figure 2 illustrate the relationship between absorbance (expressed 

in arbitrary units) and wavelength λ (measured in nanometers) for undoped and doped ZnO thin films with 

pH values of 8, 9, and 10, respectively. Based on the observed data, it can be observed that the absorbance 

of the ZnO thin film exhibits a rise beyond the wavelength of around 400 nm subsequent to the doping of 

the film. It was also observed that the absorbance reaches its maximum value at a wavelength of 288 nm 

for undoped thin films and 285 nm for doped thin films deposited at a pH of 8. Similarly, at a pH of 9, the 

absorbance is highest at a wavelength of 302 nm for undoped thin films and 288 nm for doped thin films. 

Lastly, at a pH of 10, the absorbance peaks at a wavelength of 300 nm for undoped thin films and 293 nm 

for doped thin films. The presence of a distinct absorption edge in the obtained data provides evidence for 

the favorable optical band edge characteristics shown by the ZnO thin film. The primary absorption 

phenomenon, which entails the transition of an electron from the valence band to the conduction band, can 

be employed for the determination of the characteristics and magnitude of the optical band gap.  
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Figure 2. Variation of absorbance (a.u.) with wavelength λ (nm) for (a) undoped and (b) doped ZnO thin film 

deposited at different pH. 

3.2.2 Transmittance properties 

Figure 3 depicts the transmittance spectra of the ZnO thin film at different pH values (8, 9, and 10) for both 

doped and undoped films. The data clearly indicates that the optical transmittance exhibits a rise within the 

visible area and a reduction within the ultraviolet region across all samples. The range of wavelengths used 

to measure transmittance is 220 -1400 nm. However, within the visible range, there is a progressive decline 

in the transmittance spectra of the samples as the pH increases, as depicted in Fig. 3. From both figures 

(Fig. 3a and 3b), it was seen that the transmittance of the film reduced following the process of doping.    
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Figure 3. Variation of transmittance (%) with wavelength λ (nm) for (a) undoped and (b) ZnO thin films annealed 

at 350 0C. 

3.3 Band gap measurement 

The determination of the optical band gap (Eg) was carried out by analyzing the plots of (αhv)2 to photon 

energy (hν) for the respective wavelength (λ) of both undoped and doped ZnO thin films. The symbol α 

represents the coefficient of absorption. The determination of α can be conducted by the utilization of either 

transmittance or absorbance measurement techniques. In this research, α was measured using transmittance 

[32] as the primary method of analysis. The absorption coefficient has been determined from the optical 

data by the analysis of the transmission spectra, employing the appropriate mathematical relationship [32]. 

𝛼 = −
𝑙𝑛𝑇

𝑡
                   (1) 

Where, T is the normalized transmittance and t is the thickness of the film estimated by the following 

formula [32]. 

 𝑡 =
(𝑤2−𝑤1)

𝐴𝜌
× 104 µm                 (2)  

Where w1 and w2 are the weights in (g) of the substrate before and after film deposition, A is the area of 

film deposition in cm2, and ρ is the theoretical density of ZnO (5.6 g/cm3). 

Extrapolating the straight line portion of the curve in the energy axis gives the values of band gap energy 

(Eg) as shown in Fig. 4. The band gap obtained from Fig. 4 is given in Table 1. It is evident that the band 

gap also decreases with increasing pH and increases after Fe doping. The optical band gap of the samples 

was higher than the 3.37 eV optical band gap of normal ZnO. Burstein-Moss effect [33] is responsible for 

this energy shift in the band gap [34]. 

3.4 Discussion 

The deposition of undoped and ferric-doped ZnO thin films onto a glass substrate with 350 °C annealing 

temperature was carried out utilizing the chemical bath deposition method, with the pH value being varied. 

The investigation is to check the impact of Fe doping on the thickness, morphological characteristics, and 

optical properties of the produced samples. Based on the optical analysis conducted on the deposited films, 

the subsequent results can be inferred. The bath temperature was around 350 °C, which is comparatively 

lower than the other related research [30]. 

Table 1: Band gap values of the ZnO thin films deposited at different pH. 

pH value Undoped film (eV) Doped  film (eV) 

8 3.9 4.0 

9 3.4 3.9 

10 3.7 3.8 
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 Figure 4. Variation of (αhν)2 with photon energy(hν) for (a) undoped and (b) ZnO with different pH. 

The morphological and optical characteristics of the prepared sample were dramatically altered by the 

ferric doping, which served as a modifying agent. The surface morphology of the prepared ZnO thin films 

is observed to be altered by the changing of pH and ferric doping, as evidenced by SEM micrographs 

represented in Fig. 1b, Fig. 1d, and Fig. 1f. The images indicated that the films have the expected 

morphology and homogeneity but grain agglomeration is observed in lower pH deposition as in Fig. 1a. 

The particle size has increasing tendency in undoped films. The Fe concentration is cracked on the surfaces 

of the films, keeping the size-increasing tendency unchanged, as represented in Fig. 1b, Fig. 1d, and Fig. 

1f. 

The optical transmittance spectra of the samples were analyzed, revealing that the visual transmission 

of the films tends to decrease as the pH increases. The absorbance spectra reveal a consistent pattern across 

all samples, wherein the absorbance values exhibit a drop within the visible range and an increase within 

the UV region. The decrease in the optical band gap Eg can be attributed to the exchange interaction that 

occurs between the localized d shell electrons of the magnetic ions and the delocalized band states. The 

band gap of both undoped and doped samples exhibits a reduction in response to changes in pH.  

The distinctive characteristic of ZnO films, especially the wide bandgap property presented in Table 1 

at Fe-doped conditions, can be effectively utilized for the production of transparent electrodes [31] in flat 

panel displays and metal-insulator-semiconductor diodes. These applications have the potential to 

substitute p-n junctions by harnessing the electroluminescence of ZnO, thereby circumventing the 

challenges associated with achieving consistent and dependable p-type ZnO.  
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4. Conclusion 

This study explains the optical characterization of ferric-doped ZnO thin film deposited by the CBD 

method. The results showed that CBD could be used to create ferric-doped ZnO thin films at a 

comparatively low bath temperature of about 350 0C. ZnO thin-film surface shape is altered by pH and Fe 

doping variations. There is a tendency for the films' visual transmission to decrease when the pH rises. The 

absorbance for all samples increases in the UV and declines in the visible. Fe doping causes the optical 

band gap Eg to drop. The band gap of both doped and undoped samples reduces when pH rises. ZnO films' 

special quality can be utilized to create transparent electrodes that are utilized for a variety of purposes, 

which could play a major role in solving the present difficulty of available ZnO. 
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