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The experimental investigations of the optical and structural properties of Ni-doped ZnO thin films produced by chemical 
bath depositions were carried out. While producing ZnO, ZnCl2, EDTA and NH3 were used. In this production method,  
Ni doping was made for the first time. The XRD results verified the formation of the Ni doped ZnO thin films with a hexagonal 
wurtzite structure. The increment of the Ni doping amount allowed a decrease in the average crystallite size. It was observed 
that the transmittance of the films increased significantly as the amount of additive increased. It was observed that the band 
gap increased significantly after the additive amount passed 0.6 mM. The surface roughness was calculated from the SEM 
images analyses of the Ni doped ZnO films by using Image J software. It was observed that the surface roughness increased 
as the amount of Ni increased.

INTRODUCTION

	 Zinc oxide (ZnO) is a versatile material with many 
implementation areas. It has been used in a large range 
of industries, from electronics to cosmetics and even  
as an antimicrobial agent [1-3]. ZnO’s unique properties 
make it ideal for use in various products and processes. 
Zinc oxide (ZnO) nanoparticles are of interest among 
II-VI semiconductor materials for nanotechnology  
and nanoscience due to their good electrical and optical 
properties such as transparency, broad band width  
of 3.37 [eV] and large exciton binding energy  
of 60 meV [4-6].
	 In the electronics industry, ZnO is used  
as an electrical insulator due to its high dielectric constant 
and low thermal conductivity [7]. Its ability to absorb 
UV radiation makes it useful for light-emitting diodes 
(LEDs) [8], gas sensors [9, 10], photodetectors [11], 
solar cells [12], thin film transistors (TFTs) [13], varistors 
[14, 15], photocatalysts [16] and electrochromic devices, 
such as smart windows or displays that can change their 
colour depending on the intensity of the sunlight they 
receive [17]. 
	 The production of ZnO can be undertaken  
in various ways depending on the desired application 
and properties. Some of the most common methods 
include hydrothermal synthesis [18,19], magnetron 
sputtering [20], sol-gel technique [21,22], chemical 
vapour deposition (CVD) [23], non-reactive electron 
beam evaporation technique [24], chemical precipitation 
[25], pulsed laser deposition [26], the SILAR method 
[27], electrochemical deposition [28-30], chemical spray 
pyrolysis [31–33]and chemical bath deposition[34,35].

	 The chemical bath deposition (CBD) method  
has some advantages over the other methods, making  
it an attractive choice for many applications. Firstly,  
the CBD method is much simpler and more cost-effective 
than the other techniques, such as physical vapour 
deposition or sputtering. Additionally, this process  
can be used to produce films with excellent optical 
properties due to its ability to control the film thickness 
and composition accurately during processing. Finally, 
due to its low temperature requirements compared  
to other methods like electrodeposition or CVD growth, 
the CBD technique can be used in a wide variety  
of substrates without damaging them in any way [36-38].
	 The morphology of ZnO has a significant impact  
on its properties, such as the surface area, surface 
energy, and crystal structure, which affect its perfor-
mance in different applications. ZnO exists in various 
morphologies, including nanowires, nanorods, nanobelts, 
nanosheets, nanoparticles, and hierarchical structures 
[39-43].
	 Nanoparticles of zinc oxide (ZnO) doped 
with nickel (Ni) are a promising material for many 
applications.  They have been used in the production  
of solar cells, gas sensors, and even anticorrosive coatings 
due to their wide band gap energy and high electrical 
conductivity [44-46]. Ni-doped ZnO has been used  
in the development of spintronics devices, which utilise 
the spin of electrons to store and process information 
[47]. It has also been explored as a photocatalyst  
for water splitting and hydrogen production [48]. 
	 In the literature, there is only one study on ob-
taining ZnO using ZnCl2, ethylenediaminetetraacetic 
acid (EDTA) and ammonia [49]. Besides, Ni doping  
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has not been made before in this mentioned production 
method. In our study, ZnCl2, EDTA, ammonia  
and NiCl2 were used together for the first time and effects  
of Ni doping were investigated in detail. Many remark-
able results have been obtained regarding Ni-doping,  
one of which was observed in the surface resistivity. 
The surface resistivity decreased approximately ten 
times with the doping. The surface roughness, which 
increases with the increase in the amount of Ni-doping, 
allows the produced materials to be used as gas sensors. 
In our study, it was also observed that the transmittance 
increased up to ten times depending on the Ni doping 
values. This result makes Ni-doped ZnO films attractive 
for use in solar cells.

EXPERIMENTAL

	 The CBD method was chosen for the production 
of ZnO on glass substrates. While producing ZnO, 
65 mM of ZnCl2, 16 mM of EDTA were used in 100 mL  
of deionised water. Also, NH3 was added until  
the pH was 10.1. Nickel 0, 1, 3 and 5 % were doped 
in the experiments and named as Ni0, Ni1, Ni2  
and Ni3, respectively. The glass bath container and glass 
substrates were cleaned before the experiments using  
a 10 % HCl acid solution and then rinsed with deionised 
water. The final solutions were heated up to 85 ± 2 °C, 
the temperatures were held and were stirred at 800 
rpm. The experiments were completed in 30 minutes.  
The experimental conditions are summarised and given 
in Table 1. After the deposition, the glass surface  
was covered with a white precipitate. The samples were 
rinsed with pressurised deionised water, and then at left 
room temperature to dry.
	 The film thicknesses were calculated by using  
the gravimetric method. The XRD results were 
obtained by an X-Ray Empyrean Pan Analytical model.  
To calculate the transmittance and band gap, an AE LAB 
UV-vis device was used. The morphologic characteristics 
were determined by using a NANO SEM 650 SEM 
model device. The surface roughness of the samples was 
determined by using image J software. Sample photos 
were taken for the visual analysis.

RESULTS AND DISCUSSION

Structural analysis of the Ni-doped ZnO films

	 The gravimetric method was used to calculate  
the film thicknesses and method is given in Equation 1. 

Where, W1 and W2 are the weights of the glass substrate 
before and after deposition, respectively. A is the area 
of the film deposition and ρ is the theoretical density  
of ZnO which is 5.6 g∙cm-3 [50]. The film thicknesses  
are an average of 750 nm for all the films. 
	 In Figure 1, the XRD patterns for all the samples  
are given. These patterns showed that all the films formed 
hexagonal grain structures. The plains (010), (002),  
and (011) have three dense peaks that match well with 
ASTM card number 98-002-6170. 
	 Samples were then analysed using XRD to under-
stand the reaction process of the silver and the silica. 
Figure 2 shows the XRD patterns of the rice husk 
silica and Ag/SiO2 composites with different Molar  
Ag concentrations at a sintering temperature of 850 °C. 
The XRD pattern of the rice husk silica (Figure 2) 
clearly reveals the most intense peak at 2θ = 21.67o  
and two small peaks at 31.3o and 36.4o indicating  
the formation of cristobalite (PDF-39-1425). 

Table 1.  The summarised experimental conditions.

	
Experiment	 ZnCl2	 EDTA	 pH	 NiCl2	 Temperature	 Deposition time

		  (mM)	 (mM)	 with ammonia	 (%)	 (°C) 	 (min)
	 Ni0	 65	 16	 10.1	 0	 85 ± 2	 30 
	 Ni1	 65	 16	 10.1	 1	 85 ± 2	 30
	 Ni2	 65	 16	 10.1	 3	 85 ± 2	 30
	 Ni3	 65	 16	 10.1	 5	 85 ± 2	 30

(1)

Figure 1.  XRD results for the Ni-doped ZnO films.
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	 The crystallite sizes were calculated by using 
Scherrer’s equation. This equation is given by Equation 2. 

Where λ is the wavelength of the X-Ray radiation 
(1.54056 Å), β is the FWHM (full width half maximum), 
and θC is the Bragg diffraction angle [51] . The crystal-
lite sizes were calculated and are given in Table 2.  
As the Ni doping amount increased, the crystallite sizes 
decreased. The average crystallite sizes are between  
41 and 34 nm.

Optical properties of Ni-doped ZnO films

	 The absorbance values were obtained by UV-vis 
spectroscopy. The transmittance values were calculated 
by the absorbance values. The transmittance plots 
are given in Figure 2. According to Figure 2, it can be 
observed that the transmittance increased up to ten times 
depending on the Ni doping values. This result makes 
Ni-doped ZnO films attractive for use in solar cells.

	 The energy band gap values were estimated via 
Tauc plots, and the plots are given in Figure 3. The Tauc 
relation is given in Equation 3. 

where α is the absorption coefficient, B is a constant,  
hv is the photon energy, Eg is the band gap  
and n equals 1/2 for a direct allowed transition [33,52]. 

When Figure  3 is investigated, it can be seen that  
the band gap increases from 3.25 to 3.85 eV when  
the doping amount is above 3 %.

The SEM analysis of the Ni-doped ZnO films

	 The SEM images are given in Figure 4. The SEM 
images of the films were taken at 50 × magnification. 
There are no cracks, voids, and pinholes visible on the 
film surfaces.

(2)

Table 2.  Crystallite sizes and band gaps.

	
Experiments	 cs (nm)	 cs (nm)	 cs (nm)	 cs (nm)	 Band gap
		  (010)	 (002)	 (011)	 Average	 (eV)
	 Ni0	 36	 45	 39	 40	 3.25
	 Ni1	 36	 42	 41	 41	 3.22
	 Ni2	 34	 41	 33	 36	 3.80
	 Ni3	 33	 38	 32	 34	 3.85

Figure 2.  Transmittance plots versus wavelength.

(3)

Figure 3.  Tauc plots and the band gap of the Ni-doped  
ZnO films.

a)

b)
	 continued
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	 The mean length and width of the films are 
given in Table 3. When Table 3 is analysed, the sizes  
of the nanorods decreased depending on the doping 
amounts.

	 The ImageJ software was employed to calculate  
the surface roughness and the images are shown  
in Figure 5. The roughness of the films is given  
in Table 4. 

	 As the doping ratio increased, the roughness  
of the films also increased. As the roughness increases, 
the surface area of the samples increases. The increased 
surface area makes this film suitable for gas sensors.

c)

d)

Figure 4.  The SEM images of the samples of the Ni-doped 
ZnO films. 

Table 3.  The sizes of the nanorods.

	 Samples	 Mean crystallite	 Mean crystallite
		  length (nm)	 width (nm)
	 Ni0	 2000	 400
	 Ni1	 1750	 300
	 Ni2	 1500	 250
	 Ni3	 1000	 210

Table 4.  Values of the surface roughness calculated with 
ImageJ software.

	
Experiments	 Ni doping	 Ra	 Rq
		  rate	 (nm)	 (nm)
	 Ni0	 0 %	 47	 42
	 Ni1	 1 %	 48	 40
	 Ni2	 3 %	 57	 47
	 Ni3	 5 %	 60	 51

a)

b)

c)

d)

Figure 5.  The surface roughness of the Ni-doped ZnO films. 
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Surface resistivity of Ni-doped ZnO films

	 The electrical properties of the films were chara- 
cterised using a surface resistivity meter. This method 
characterises the electrical properties of thin films 
for conductive and semi-conductive materials.  
For this method, the four-probe method was used.  
The surface resistivity of the samples is given  
in Figure  6. According to Figure 6, when Ni was not  
used, the surface resistivity was measured  
as 2.1659 kΩmm. On the other hand, when the Ni was 
doped in the ZnO films, the surface resistivity values 
decreased nearly ten times.

Visual analysis of the Ni-doped ZnO films

	 For the visual analysis, a photograph of the sam-
ples was taken and is shown in Figure 7. According  
to the photograph, it can be seen that all the films 
well adhered onto glass substrates. All the films have 
milky colours. There are no voids, pinholes, or cracks  
on the surface of the films.

CONCLUSIONS

	 In this study, ZnO films were produced,  
and the effects of Ni doping were investigated. 
Transparent semi-conductive thin films were produced 
with success by the chemical bath deposition technique 
using only ZnCl2, EDTA and ammonia on the glass 
substrates. The films produced with these three materials 
were doped with Ni for the first time. The films 
formed in a hexagonal structure. The crystallite sizes 
varied from 41 to 34 nm. The optical properties were 
analysed using absorbance measurements. The band gap  
was obtained from the Tauc plot and the band gap 
increased significantly with the Ni doping to the films. 
Moreover, the band gap increased from 3.25 to 3.85 eV. 
The surface roughness of the films was calculated by the 
ImageJ software from the SEM images. It was observed 
that as the amount of doping increased, the surface 
roughness increased.  The surface resistivities were 
measured by the four-probe method. It was observed 
that the surface resistivity was significantly reduced  
by the Ni doping. The surface resistivity decreased  
from 2.1659 up to 0.1956 kΩmm with the Ni doping. 
From the photographs of the samples, it was seen 
that ZnO adhered well to the surface, and no voids  
and cracks were formed. We believe that Ni-doped  
ZnO films could be used as light-emitting devices  
in nano-scale optoelectronic applications.
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