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Abstract 
Transparent electrodes are a special class of materials that have high elec-
trical conductivity and transparency in the visible wavelength range. These 
are key elements of various devices, such as solar batteries, touch screens, 

etc. Previously, transparent electrodes were made of a fragile and non-eco-
logical material – indium tin oxide (ITO). ITO has a low surface resistance of 
10–25 Ohm/sq and a transmittance of more than 90%. However, the com-

plexity of the production technology and high cost pushes researchers to find 
a replacement for indium tin oxide. In this paper, ZnO/NiFs films obtained 
by introducing an oriented network of nickel fibers (NiFs) into a thin layer 

of zinc oxide ZnO while maintaining its transparency in the optical range are 
considered an alternative to ITO. In the course of the work, a comparative 

analysis of the optical properties of zinc oxide films and ZnO/NiFs films with 
different numbers of ZnO layers was carried out. The results obtained by 
optical spectroscopy show that the transparency coefficient T550 of ZnO films, 

depending on the number of layers, lies in the range of 90–92%. Compared 
with a pure ZnO film, the value of the transparency coefficient T550 of the 
developed ZnO/NiFs system is 85%. Also, for ZnO and ZnO/NiFs films, the 

absorption spectra in the region of the intrinsic absorption edge were ana-
lyzed, and the band gap Eg was estimated. It was shown that the value of the 

band gap for zinc oxide films lies in the range of 3.23–3.26 eV. For ZnO/NiFs 
films, an insignificant decrease in the integral value of the band gap is ob-
served, which lies in the range of 3.18–3.25 eV. 
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Key findings 
● The incorporation of an oriented Ni fiber network into ZnO films preserves optical

transparency.

● The transparency coefficient T550 of the developed ZnO/NiFs system is only 5–10%

lower than that of a pure ZnO film.

● Compared to ZnO films, a slight decrease in the integral value of the band gap is

observed for ZnO/NiFs, which lies in the range of 3.18–3.25 eV.
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1. Introduction

Transparent electrodes are a special group of materials that 

have high electrical conductivity and optical transparency 

in the visible wavelength range. The combination of these 

properties makes transparent electrodes indispensable for 

many devices, such as touch panels, displays based on or-

ganic light-emitting diodes (OLED) and liquid crystals 

(LCD) [1]. Historically, the first materials for creating 

transparent electrodes are wide-band gap oxides [2]. Thin 

films of transparent conducting oxide were discovered at 

the beginning of the 20th century [3], as a result of which 

their research began, and in 1954 the first transparent elec-

trode based on the system of indium oxide doped with tin 

In2O3–SnO2 (ITO) was patented [4]. ITO has a low surface 

resistance of 10–25 Ohm/sq and a transmittance of more 

than 90%. The combination of these parameters makes ITO 

a sought-after transparent conductive material for opto- 

and photoelectronic applications [5, 6]. However, due to the 

growth in demand and prices for the rare material, indium, 

the high cost of ITO production and the impossibility of its 
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use in flexible devices, active research is underway into al-

ternative materials for use as transparent electrodes [7]. 

Among the variety of alternative materials [8], the most in-

teresting are conducting polymers, such as poly-3,4-eth-

ylenedioxythiophene: polystyrene sulfonate (PEDOT:PSS) 

[9], carbon nanotubes (CNTs) [10, 11], metal meshes [12], 

graphene [13, 14], and wide-gap oxides [15]. For example, 

the authors of [16] used inkjet printing to obtain a highly 

transparent electrode based on PEDOT:PSS with a conduc-

tivity of 1213 S/cm, a surface resistance of 97 Ohm/m2, and 

a transmittance of 86.8%. W. Jang et al. [17] studied the 

use of carbon nanotubes as transparent electrodes. As a re-

sult, an electrode based on CNTs with an average transmit-

tance of 90% in the visible range was obtained. X. Feng et 

al. [18] studied flexible transparent electrodes based on a 

micro-lattice of uniformly aligned silver nanowire (AgNW) 

fabricated by electron printing. The resulting transparent 

electrode has a transmittance of 89% and a surface re-

sistance of 5.4–91 Ohm/sq. L. Lancellotti [19] considered 

the use of graphene as a transparent conducting electrode. 

Graphene was synthesized by chemical vapour deposition 

with subsequent layer-by-layer deposition on substrates. It 

was noted that a coating of five graphene layers is charac-

terized by a transmittance of more than 85% and a surface 

resistance of 100 Ohm/sq. There are also studies using a 

smaller amount of rare indium, which reduces the cost of 

transparent electrodes. T. Jantzen and his colleagues pre-

sented a material consisting of a ternary oxide system – 

In2O3/SnO2/ZnO (ZITO) as a replacement for ITO [20]. 

One of the key drawbacks of ITO alternative materials is 

the impossibility of achieving low surface resistance values 

while maintaining transparency since many highly conduc-

tive materials have high absorption capacity in the optical 

wavelength range. This problem can be solved by combin-

ing conductive wide-bandgap oxides with various dopants, 

which will provide an optimal combination of optical, elec-

trophysical and mechanical properties [21]. 

Among transparent conductive oxides, ZnO is of partic-

ular interest in terms of its parameters [22-24]. ZnO has a 

wide band gap of 3.3 eV, is widespread, is non-toxic, and 

the methods for its production are quite diverse. This de-

termines the potential possibility of using ZnO in both inor-

ganic and organic optoelectronic devices, sensors and pho-

toelectronic applications, as well as in catalysis and medi-

cine [25]. The main methods of zinc oxide synthesis in-

clude: vapour deposition [26], molecular beam epitaxy 

[27], sol-gel method [28], hydrothermal method [29], spray 

pyrolysis [30], magnetron sputtering [31], vapour deposi-

tion with pulsed laser and thermal spraying [32], electro-

chemical deposition [33], annealing of zinc salts [34]. 

Among them, the sol-gel method is one of the most univer-

sal, due to its economic availability and the possibility of 

producing films with high scalability [35–37]. 

The method for increasing the conductivity of zinc ox-

ide-based sol-gel films is doping with metallic or non-me-

tallic elements (aluminium, calcium) [38–42]. L. Che et al. 

[43] studied transparent conducting zinc oxide films 

doped with fluorine (F), chlorine (Cl) and gallium (Ga). To 

obtain a sol-gel film, the authors used the technology of 

layer-by-layer deposition followed by annealing. As a re-

sult, a ZnO film containing F, Cl, and Ga atoms was ob-

tained. The thickness of the obtained film was 380 nm. 

The specific resistance of the film was 1.64∙10–3 Ohm∙cm, 

and the transparency was 90%. The authors of [44, 45] 

studied the possibility of improving the electrical proper-

ties of transparent conductive films based on zinc oxide by 

forming a composite with silver nanowires (AgNW) with-

out reducing the transmittance. It was noted that when 

placing an AgNW network on a ZnO film, an electric bridge 

effect is observed, which provides additional electron 

paths, which significantly reduces the electrical re-

sistance. S. Aghazadehchors et al. [45] proposed a two-

layer coating of a silver nanowire network AgNW with 

zinc oxides ZnO and aluminium Al2O3. AgNW networks 

coated with ZnO demonstrated an average transmittance 

of 64.9% in the visible range (380–700 nm), while the ap-

plication of a second layer of Al2O3 led to an increase in 

the transmittance to a value of 73.5%. D. Tigan et al. [46] 

presented copper nanowires CuNW as a cheap alternative 

to silver nanowires. However, due to the easy oxidation of 

CuNW even at room temperature, it is necessary to use a 

protective shell for them. In the work, the authors used 

two oxides ZnO and Al2O3 as protection. Chemically stable 

transparent conductive coatings can be obtained based on 

highly oriented nanowire networks of metals such as plat-

inum and palladium [47, 48], which are not susceptible to 

oxidation. However, the high cost of noble metals encour-

ages researchers to search for inexpensive but effective 

materials. 

A good alternative to noble metals can be a network of 

nickel submicron wires due to its cost. Nickel has good elec-

trical conductivity and chemical resistance. This paper pre-

sents a method for introducing a continuous and oriented 

network of nickel fibers into a thin layer of zinc oxide while 

maintaining its transparency in the optical range. Nickel 

and zinc oxide are available, easily synthesized and quite 

resistant to atmospheric influences. Many contact areas of 

individual particles arise when creating a layer of nanopar-

ticles, which affects the total resistance of the material [49, 

50]. To reduce this effect, it is proposed to use an oriented 

network of nickel fibers covered with a layer of zinc oxide. 

The simplicity of the production method and the low cost of 

the materials used will ensure that the developed material 

can be applied to modern devices. The synthesis method, 

involving chemical reduction and magnetic alignment, is 

relevant for industrial scalability. Synthesis in the array of 

small cells is assumed in the developed method since 

achieving magnetic field homogeneity in large areas is 

much more difficult than in individual small cells. This 

method is easily scalable. 

https://doi.org/10.15826/chimtech.2025.12.2.11
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2. Experimental 

2.1. Synthesis 

The sol-gel method was used to synthesize zinc oxide ZnO. 

0.75 M zinc acetate dihydrate Zn (CH3COO)2∙2H2O in mo-

noethanolamine (MEA) were used as starting reagents for 

the sol synthesis. 460 μl 2-methoxyethanol (2-ME) was 

used as a solvent. The synthesis was carried out with con-

stant stirring at a temperature of 60 °C for 5 h. 

The synthesis of submicron nickel fibers NiFs was car-

ried out by the method of chemical deposition of nickel from 

the liquid phase. For this purpose, a 0.1 M solution of nickel 

chloride hexahydrate (NiCl2∙6H2O) and a 1.5 M solution of 

NaOH in ethylene glycol (EG) was prepared. After that, 13 

M hydrazine hydrate (N2H4∙H2O) in EG was added to the re-

sulting solution containing NiCl2∙6H2O and NaOH. The fin-

ished reaction system was placed in a uniform magnetic 

field. The synthesis was carried out for 6 hours at a tem-

perature of 70 °C. 

2.2. Preparation of ZnO and ZnO/NiFs films 

The synthesized sol was applied by centrifugation onto the 

surface of glass substrates with dimensions of 

25×20×1 mm. To obtain ZnO films (film 1), each applied sol 

layer was annealed at a temperature of 350 °C for 20 min. 

The substrates were preliminarily prepared by mechanical 

fine cleaning and degreasing. Cleaning and degreasing were 

carried out using distilled water, acetone and isopropanol, 

which can be replaced with ethanol. The final cleaning pro-

cess consisted of immersing the substrate in isopropanol 

and rinsing due to translational movements in the volume 

of liquid. After that, the surface of the glass substrate was 

washed with distilled water. The surface was dried with a 

stream of air. Particular attention was paid to the prelimi-

nary preparation since proper preparation of the surface of 

glass substrates is the key to obtaining high-quality coat-

ings. The surface roughness Ra of the glass substrates pre-

pared in this way was approximately 3.24 nm. 

During the work, 5 samples were prepared with differ-

ent numbers of ZnO layers on the glass surface: 1, 5, 10, 15 

and 20 layers. 

The ZnO/NiFs films were prepared as follows: the syn-

thesized sol was applied to the surface of a pre-cleaned 

glass substrate layer by layer by centrifugation and an-

nealed at a temperature of 350 °C for 20 min. The synthe-

sized nickel fibers were applied to the surface of a ZnO sub-

layer in the form of a network. A magnetic field was used 

to obtain a network of fibers [51–53]. In this method, nickel 

fibers are introduced between zinc oxide layers. The ZnO-

NiFs system resembles a sandwich structure. The layer of 

the oriented network of Ni fibers is located as close as pos-

sible to the top of the film, which helps improve the electri-

cal conductivity of its surface layer as a whole. As a result, 

composite film based on ZnO and NiFs were obtained, 

which will be further designated as ZnO/NiFs (film 2). 

2.3. Measurements 

The transmission spectra of ZnO and ZnO/NiFs films were 

obtained on a Shimadzu UV-3600 spectrophotometer in the 

wavelength range λ = 350–1000 nm. The film thickness was 

determined from the transmission spectra using the enve-

lope method, and the band gap was estimated. 

SEM images of ZnO and ZnO/NiFs films were obtained 

on a Carl Zeiss EVO 50 XVP (HV = 20 kV, WD = 9 mm) scan-

ning electron microscope. The surface morphology, particle 

size distribution and roughness of ZnO films were studied 

on a Veeco MultiMode V atomic force microscope (AFM) in 

intermittent contact mode. 

The elemental composition of ZnO and ZnO/NiFs films 

was studied by X-ray fluorescence analysis (XRF) using a 

Thermo Scientific energy-dispersive X-ray (EDX) attach-

ment of a Hitachi HT7700 transmission electron micro-

scope. The accelerating voltage was 80 kV, and the accumu-

lation time per spectrum was 300 s.  

3. Results and Discussion 

The first stage of this work was to obtain a pure zinc oxide 

film using a simple and inexpensive sol-gel method.  During 

the AFM studies, it was established that the ZnO film has a 

granular structure (Figure 1). 

The grain sizes are up to 90 nm. In addition, the film 

surface roughness, which is an important parameter deter-

mining the optical properties of transparent coatings, was 

determined from the AFM results. According to the results, 

the surface roughness Ra for the ZnO film is 5 nm. The 

roughness value is close to the roughness of the glass sub-

strate (Ra = 3.24 nm). This indicates a homogeneous com-

position and high quality of the manufactured zinc oxide 

films. To confirm the elemental composition of the synthe-

sized ZnO films, energy-dispersive X-ray analysis (point 

XRF) was performed. Figure 2 shows the EDX spectrum of 

the ZnO film. The spectrum clearly shows the lines of zinc 

(Lα = 1.01 keV, Kα = 8.64 keV, Kβ = 9.57 keV) and oxygen  

(Kα = 0.53 keV). The spectrum also contains lines corre-

sponding to the substrate on which the studies were carried 

out: lines of carbon (Kα1 = 0.28 keV) and copper 

(Lα1 = 0.93 keV, Kα1 = 8.05 keV, Kβ1 = 8.90 keV). 

Transparent conductive coatings are of applied interest 

on the surface of a glass substrate. The transmission spec-

tra of ZnO films with different numbers of layers deposited 

on a glass substrate are shown in Figure 3. 

 
Figure 1 AFM image of ZnO film: left – topography, right – topo-

graphic histogram. 
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Figure 2 EDX spectrum for. film 1. 

Figure 3 Transmission spectra of glass substrate and ZnO films 

with different number of layers: full range (the top image) and se-

lected area (the bottom image). 

The figure shows that the glass substrate remains trans-

parent in the wavelength range λ = 380–720 nm. The trans-

mittance of the glass substrate at a wavelength of 550 nm 

(T550) is 92.3%. The transmission spectra of the ZnO films 

differ from the transmission spectra of the clean substrate 

and have a wave-like (oscillating) character. This behaviour 

is due to interference phenomena that occur in thin films 

when the film thickness is much smaller than the substrate 

thickness and is commensurate with the wavelength of the 

radiation in question (in this case, optical radiation). The 

presence of interference maxima and minima in the pre-

sented transmission spectra makes it possible to determine 

the film thickness as well as the band gap Eg using the en-

velope method (the method of two envelopes Tmax(λ) and 

Tmin(λ)) [54,55]. The envelope curves Tmax(λ) and Tmin(λ), 

which are the basis of the envelope method, were con-

structed for ZnO samples with 15 and 20 layers. For clarity, 

Figure 4 shows the transmission spectrum of a ZnO film 

(20 layers) together with the envelope curves Tmax(λ) and 

Tmin(λ). 

After constructing the envelope curves, the spectral de-

pendence of the refractive index n of ZnO films on the wave-

length λ was determined (equation 1). This made it possible 

to calculate the thickness d of films with 15 and 20 ZnO lay-

ers using equation 4: 

𝑛 = [𝑁 + (𝑁2 − 𝑛S
2)

1

2]

1

2
, (1) 

where 

𝑁 = 2𝑛S
𝑇M − 𝑇m
𝑇M𝑇m

+
𝑛s
2 + 1

2
(2) 

and 

𝑛S =
1

𝑇S
+√

1

𝑇S
2 − 1 (3) 

where 𝑛𝑆 is the refractive index of the substrate, 𝑇𝑆 is the 

transmittance of the substrate; 

𝑑 =
𝐴λ1λ2

2(𝑛1λ2 − 𝑛2λ1),
(4) 

where λ1 and λ2 are the wavelengths that correspond to ad-

jacent extreme points on the transmission spectrum, n1 

and n2 are the refractive indices of the films at λ1 and λ2,    
A = 1 for two adjacent extrema of the same type (max

−max, min−min) and A = 0.5 for two adjacent extrema of 

the op-posite type (max−min, min−max). 

Figure 4 Transmission spectrum of ZnO film (20 layers) together 

with Tmax(λ) and Tmin(λ) envelopes. 
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The average film thickness values d are presented in Ta-

ble 1. The table also shows the values of the transparency 

coefficient T (%) for ZnO films with different numbers of 

layers. As expected, with an increase in the thickness of the 

ZnO films, a decrease in the transparency coefficient T (%) 

is observed over the entire optical range. 

For samples with 1, and 5 ZnO layers, the construction 

of Tmax(λ) and Tmin(λ) curves is not possible due to the ab-

sence and insufficient number of extrema in the considered 

wavelength range. Due to the impossibility of determining 

the thickness of a single-layer ZnO film from transmission 

spectra, an attempt was made to determine the film thick-

ness by probe lithography using an atomic force micro-

scope. The AFM image of a ZnO surface with an area of 

5x5 μm and the cross-section profile along the specified line 

are shown in Figure 5. It was found that the thickness of 

one film layer is 65±10 nm. This value is in good agreement 

with the results of the envelope method (Table 1). 

An important parameter characterizing the applicability 

of films as optically transparent electrodes, in addition to 

transparency, is the band gap Eg. From the transmission 

spectra of the samples (Figure 3), it is evident that the edge 

of the absorption band is proportional to the thickness of 

the ZnO films and shifts toward longer waves with its in-

crease. Accordingly, the band gap Eg of thin zinc oxide films 

can be determined using the Tauc equation: 

𝛼ℎ𝜈𝑥 = ℎ𝜈 − 𝐸g, (5) 

where α is the absorption coefficient of the sample, h is 

Planck's constant, ν is the frequency, х is the coefficient de-

pending on the nature of the electronic transition. In this 

work, the value of х was taken to be equal to ½, since ZnO 

is characterized by direct allowed optical transitions. 

For zinc oxide films with different numbers of layers, 

the dependences of αhν1/2 on the photon energy E were con-

structed (Figure 6). 

Table 1 Thickness d and transparency coefficient T550 of ZnO films 

depending on the number of layers. 

Number of 

layers 

Thickness d, 

nm 

1 layer thick-

ness, nm 

T550, 

% 

1 – 92.3 

5 – 91.2 

10 695 69.5 91.5 

15 997±110 66.5 91.7 

20 1309±140 65.6 90.3 

Figure 5 AFM image of ZnO film: topography (left), cross-section 

profile along the indicated line (right). 

Figure 6 Dependence of αhν1/2 on E for ZnO films. 

For the obtained curves, the straight section was deter-

mined and extrapolated to the point of intersection with the 

abscissa axis, which corresponds to the value of the band 

gap. According to the obtained data, the band gap for the 

studied ZnO films lies in the range of 3.23–3.26 eV, which 

is in good agreement with the literature data [56, 57]. 

It is known that pure zinc oxide films do not have high 

electrical conductivity. In order to reduce the electrical re-

sistance of the material while maintaining transparency in 

the optical range, nickel fibers were introduced into ZnO 

films with different numbers of layers. The peculiarity of 

this work is that the fibers were introduced into the ZnO 

matrix not randomly, but in the form of an oriented net-

work. It is assumed that the use of a system of oriented 

nickel fibers will reduce the percolation threshold at which 

a conductivity channel arises inside the ZnO film. The SEM 

image of the zinc oxide film on the surface of a glass sub-

strate decorated with nickel fibers ZnO/NiFs is shown in 

Figure 7. The nickel fibers in the zinc oxide film are located 

in the form of a highly oriented network. As can be seen 

from the figure, the density of the fiber packing is low, and 

there are large gaps between the fibers, which will ensure 

the transparency of the film. 

The elemental composition of the synthesized ZnO/NiFs 

film was studied by the point XRD method. Figure 8 shows 

the spectrum of ZnO/NiFs. The spectrum contains lines of 

zinc (Lα = 1.01 keV, Kα = 8.64 keV, Kβ = 9.57 keV), oxygen 

(Kα = 0.53 keV), and nickel lines (Kα = 7.48 keV, 

Kβ = 8.27 keV) are also clearly visible. The spectra also con-

tain lines corresponding to the substrate: lines of carbon 

(Kα1 = 0.28 keV) and copper (Lα1 = 0.93 keV, 

Kα1 = 8.05 keV, Kβ1 = 8.90 keV). 

Figure 9 shows the transmission spectra of ZnO/NiFs 

films. Table 2 shows the transmittance coefficients T of 

ZnO/NiFs coatings consisting of 1, 5, 10, 15, and 20 ZnO lay-

ers at a wavelength of 550 nm. According to the data pre-

sented in Table 2, the coefficient T550 for ZnO/NiFs compo-

site films is in the range of 84–92%, which meets the re-

quirements for optoelectronic elements (transparency not 

less than 80%). 

https://doi.org/10.15826/chimtech.2025.12.2.11
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Figure 7 SEM images of ZnO/NiFs films on a glass substrate sur-

face. 

 
Figure 8 EDX spectrum for film 2. 

 
Figure 9 Transmission spectra of ZnO/NiFs coatings on the surface 

of a glass substrate. 

Table 2 Transparency coefficients of T550 ZnO/NiFs coatings. 

Number of 
layers 

Thickness d, 
nm 

1 layer thick-
ness, nm 

Т550, 
% 

1   92.3 

5   89 

10 833±70 83.3 88 

15 1204±110 80.2 86.7 

20 1646±150 82.3 84.3 

The AFM image of a film 2 surface and the cross-section 

profile along the specified line are shown in Figure 10. It 

was found that the thickness of one film layer is 80 nm. This 

value is in good agreement with the results of the envelope 

method (Table 2). 

Next, the absorption spectra of ZnO/NiFs films in the 

region of the intrinsic absorption edge were analyzed and 

the band gap Eg was estimated using the Tauc method (Fig-

ure 11). Taking into account direct allowed optical transi-

tions, the band gap for ZnO/NiFs films lies in the range of 

3.18−3.25 eV. 

Pure nickel is a chemically active metal and tends to 

form a very thin shell of its oxide on its surface. This shell 

protects the metal from further oxidation processes. Even 

though the nickel oxide shell is very thin when nickel fibers 

are introduced into the zinc oxide film, a Ni-NiO-ZnO tran-

sition region is formed. This leads to the formation of a het-

erojunction at the interface [56–58]. The positions of the 

valence band and conduction band edges of ZnO and NiO on 

the energy diagram are slightly shifted relative to each 

other [57]. This may lead to a slight decrease in the band 

gap of the system. This may probably explain the changes 

in Eg when introducing nickel fibers into the ZnO film.  

The investigations showed that it is possible to maintain 

transparency of the zinc oxide layer in the optical range by 

introducing the continuous and oriented network of nickel 

fibers into the layer. Comparing the transmission spectra 

for pure ZnO films and modified ZnO-NiFs (Figure 3 and 

Figure 9), it can be seen that with an increase in the number 

of layers for the film 1, a shift in the transmission band to-

wards longer wavelengths (420 nm) is observed. For the 

modified film 2, the left boundary of the transmission band 

remains in the region of 405 nm. This may be due to a slight 

decrease of the bang gap Eg with the preservation of good 

transparency in the optical range. 

 
Figure 10 AFM image of ZnO/NiFs (film 2): topography (left), 

cross-section profile along the indicated line (right). 

 
Figure 11 Dependence of αhν1/2 on E for ZnO/NiFs films. 
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An essential part of the search for new materials in the 

field of transparent electrodes is the measurement of the 

conductivity. Within the framework of this work, it was 

planned to study the suitability of the proposed concept for 

the future creation of an electrically conductive coating (in 

terms of transparency in the optical range). Therefore, the 

detailed investigations of electrical conductivity were not 

included in this work. At the moment, we have only carried 

out preliminary sheet resistance measurements. It has been 

established that by introducing a network of nickel fibers it 

is possible to reduce the surface resistance (RS) of zinc ox-

ide by approximately 40 times while maintaining the trans-

parency T550 in the range of 80–85% (Table 3). By increas-

ing the amount of introduced nickel fibers (surface density 

of the network) it is possible to reduce RS to a value of ap-

proximately 500 Ohm/sq. However, the transparency T550 

in this case falls below 55% (Figure 12). 

Table 3 compares the properties of the transparent con-

ductive films prepared via different processes. 

 
Figure 12 Transmittance at 550 nm versus the surface density of 

the Ni network. 

4. Limitations 

For a more complete and systematic analysis of the proper-

ties of the obtained material as an optically transparent 

conductive coating, it is necessary to carry out investiga-

tions to determine the effect of the nickel amount intro-

duced into the zinc oxide film on the optical and electrical 

properties. It is also necessary to determine the optimal 

amount of nickel (the density of the oriented network), at 

which transparency is preserved and high electrical con-

ductivity of the material is created. However, this is beyond 

the scope of this study, in which we primarily wanted to 

demonstrate that the effect of nickel nanofibers on the op-

tical properties is insignificant. 

5. Conclusions 

As a result of the work performed, it was shown that the 

introduction of a continuous and oriented network of nickel 

fibers into a thin layer of zinc oxide allows retaining its 

transparency in the optical range. It was shown that for the 

developed ZnO/NiFs system, the transparency coefficient 

T550 decreased by only 5–10% compared to a pure ZnO film. 

For the ZnO/NiFs film, an insignificant decrease in the in-

tegral value of the band gap is observed compared to ZnO, 

which in this case can be characterized as an insignificant 

shift of the transmission spectrum towards the UV region 

with the preservation of good transparency in the optical 

range. Surface resistance studies demonstrated that by in-

troducing a network of nickel fibers it is possible to reduce 

the surface resistance (RS) of zinc oxide by approximately 

40 times while maintaining the transparency T550 in the 

range of 80–85%. It was established that by increasing the 

amount of introduced nickel fibers (surface density of the 

network) it is possible to reduce RS to a value of approxi-

mately 500 Ohm/sq. However, the transparency T550 in this 

case falls below 55%. 

 

Table 3 Properties of the transparent conductive films prepared via different processes. 

TCE film Deposition processes T (%) at 550 nm Rs (Ohm/sq) Ref. 

ITO Spin coating of the sol-gel solution 90.2 30 59 

ITO magnetron sputtering >90 10–25 5 

Graphene CVD 85 100 19 

Carbon nanotubes CVD 90 41 60 

Ag nanowires 
network 

Electrohydrodynamic printing 99 91 18 

Ag nanowires / ZnO Spin coating of the sol-gel solution 84 40 61 

Ni fibers / 

PEDOT:PSS 
chemical deposition and magnetic alignment 75 35 52 

Ni fibers / ZnO 

(10 g/cm2) 

chemical precipitation and magnetic alignment / spin 

coating of the sol-gel solution 
85 106 

this 

work 
Ni fibers / ZnO 

(70 g/cm2) 

chemical precipitation and magnetic alignment / spin 

coating of the sol-gel solution 
55 500 

this 

work 
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