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ABSTRACT
In this study, the thermionic vacuum arc (TVA) method was employed to fabricate 
thin films of zinc oxide (ZnO) doped with copper oxide nanoparticles (CuONPs). 
The primary objective was to investigate the influence of the substrate on the 
characteristics of the CuONPs-doped ZnO thin films. CuONPs were synthesized 
using both the solution plasma process and the high-voltage liquid plasma gen-
eration method, resulting in particle sizes ranging from 20 to 40 nm. The X-ray 
diffraction (XRD) pattern confirmed the polycrystalline nature of the CuONPs. 
The prepared CuONPs in powder form were blended with ZnO powder and 
utilized as an anode material for TVA discharge and coating. The structural, 
optical, elemental, and topological properties of the resulting thin films were 
systematically examined. The findings revealed that the deposited thin films 
exhibited a polycrystalline structure, with transparent and electrically conductive 
layers. Similar reflection values were observed for films deposited on both glass 
and indium tin oxide (ITO)-coated glass substrates. Nanostructures on the film 
surfaces were elucidated through field emission scanning electron microscopy 
images. The atomic ratios of Cu/Zn were determined as 1/3 and 1/10 for films 
deposited on uncoated and ITO-coated glass substrates, respectively. The mean 
grain size of the nanoparticles on the film surface measured approximately 17 nm 
for films deposited on uncoated glass substrates and 35 nm for those deposited 
on ITO-coated glass substrates. The film resistance was measured at 20 kΩ, indi-
cating its suitability as a semiconductor. Analysis of the XRD pattern identified 
peaks corresponding to CuONPs and ZnO in the deposited films, affirming their 
polycrystalline nature. In conclusion, the deposited thin films exhibit favorable 
characteristics for semiconductor applications, and the coating method employed 
proves to be effective in producing high-quality thin films.
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1 Introduction

Metal oxide semiconductors have gained significant 
attention in gas sensing applications due to their ease 
of use, cost-effectiveness, and suitability for detecting 
and monitoring various gases. Therefore, they are cru-
cial in applications, such as environmental monitor-
ing, industrial safety, and healthcare.

ZnO is a compound semiconductor material with a 
wide band gap of 3.37 eV and a high binding energy 
of 60 meV at room temperature. It also exhibits high 
electron mobility and excellent thermal and mechani-
cal stability. Thanks to these properties, ZnO coat-
ings have become integral components in numerous 
recent device developments, spanning a wide range of 
applications, such as solar cells, supercapacitors, light-
emitting diodes, ultraviolet photodetectors, functional 
surface coatings, sensors, and biomedical applications 
[1, 2]. Recently, studies have focused on the effect of 
doping metal oxides in improving the electrical, opti-
cal, and magnetic properties of ZnO [3–8].

In the literature, several studies have been con-
ducted on composite metal oxide materials [4, 9–13]. 
These materials have shown dynamic potential, ease 
of synthesis, versatility in terms of size and shape, and 
the ability to incorporate various materials. As a result, 
composite materials are well suited for enhancing 
the properties of existing materials. CuO is a p-type 
semiconductor with a band gap of 1.21–1.1 eV. It has 
various applications, such as superconductors, gas 
sensors, solar cells, electronics, and semiconductors. 
The presence of interfacial connections between grains 
in multi-component semiconductor nanocomposites 
facilitates efficient charge interaction, allowing for 
easy modification of the optical and electrical prop-
erties of these systems to be easily modified. Among 
semiconductors with medium or narrow band gaps, 
CuO possesses advantages, such as chemical stability, 
the ability to form heterojunctions with ZnO, and a 
suitable band edge position that can be coupled with 
ZnO.

In this study, CuO nanoparticles (CuONPs)-doped 
ZnO thin films were deposited using TVA deposi-
tion technology, which is known for producing high-
quality and uniformly doped thin films and coatings. 
The TVA technique provides an opportunity to obtain 
unique properties or enhance semiconductors [14–19]. 
Nanoparticles and nanomaterials have changed all the 
properties of semiconductors or doped semiconduc-
tors, exhibiting unique properties compared to bulk 

materials and undoped semiconductors. Therefore, 
CuONPs have been selected for doping the ZnO semi-
conductor. Doped thin films have been analyzed using 
atomic force microscopy (AFM), field emission scan-
ning electron microscopy (FESEM) with an integrated 
energy-dispersive X-ray analysis device, and UV–Vis 
spectrophotometry. These techniques were employed 
to assess the morphological, optical, structural, and 
elemental properties of the thin films. Recent literature 
includes studies on Zn doping or Cu doping CuO or 
ZnO thin films as mentioned above. To the best of our 
knowledge, this work represents the first application 
of the TVA technique in the fabrication of CuO-doped 
ZnO thin films. In conclusion, a comprehensive inves-
tigation has been conducted to explore the optical and 
electrical properties of these films. It was found that 
TVA is a good technique for doping nanoparticles, and 
the samples exhibit semiconductor properties.

2 �Experimental

CuONPs have been prepared using the solution 
plasma process (SPP). After obtaining high-purity 
CuO particles, they were weighed in appropriate 
amounts for mixing. CuONPs-doped ZnO thin films 
are prepared using the TVA technique, while glass 
and ITO have been used as substrate materials. The 
chemicals and substrates were purchased from com-
mercial firms. The solvents and chemicals have been 
purchased from Sigma-Aldrich and Alfa Aesar com-
panies in high purity.

2.1 �Preparation of CuO nanoparticles 
(CuONPs) via solution plasma process 
(SPP)

SPP represents a distinctive approach in the fabrica-
tion of metal oxide nanoparticles [20–22]. The experi-
mental configuration employed for the synthesis of 
CuO nanoparticles is depicted in Fig. 1. The setup 
necessitates a bipolar DC power supply featuring a 
voltage range of 0–4 kV, a frequency span of 1–30 kHz, 
and a pulse width of 4 µs. Moreover, the distance 
between the tungsten electrodes has been precisely set 
to 1 mm, and their insertion into the system has been 
facilitated through ceramic holders. Throughout the 
SPP manufacturing procedure, the solution underwent 
continuous stirring at 400 rpm and was maintained 
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at room temperature using a magnetic stirrer. The 
detailed process parameters are outlined in Table 1.

To prepare the aqueous solution of Cu(NO3)2, 10 
mL of a 50-mM copper nitrate (Cu(NO3)2) solution 
was utilized. The solution was subjected to mix-
ing by applying a voltage of 1.5 kV at a frequency 
of 25 kHz and a pulse width of 2 µs, facilitated by a 
magnetic stirrer. A bipolar pulse DC power supply 
was employed to ensure the continuous generation of 
plasma within the solution. Subsequently, CuO nano-
particles (NPs) were filtered at room temperature and 
washed with distilled water.

In Fig. 2, the XRD pattern of CuONPs has been 
plotted. For the synthesis of CuONPs, the reflection 
plane peaks at different 2θ values have been obtained. 
These 2θ values represent the ( 1̄10), (002), (111), ( 2̄02), 
(020), (202), (11̄3), (311), (113), ( 2̄20), and (113) crystal 
planes at 32.49°, 35.49°, 38.96°, 48.73°, 53.62°, 58.33°, 

61.62°, 66.29°, 68.19°, 73.58°, and 75.31°, respectively. 
These results demonstrate a strong correlation with 
the data card from the international diffraction center 
(JCPDS-80-1916), confirming the presence of nano-
particles in both monoclinic and polycrystalline struc-
tures. According to the obtained XRD result, CuONPs 
show good crystallinity. The grain size of the obtained 
CuONPs is about 20–40 nm. The values have been cal-
culated from the XRD pattern using the Scherrer equa-
tion [23–27].

2.2 �Preparation of CuONPs‑doped ZnO thin 
films by TVA technique

The TVA technique is a method used for depositing 
thin films and coatings. It operates within a vacuum 
chamber to ensure high purity and precise control over 
the properties of the film. In the TVA technique, a low-
voltage power source is used to supply energy to a 
heated cathode filament. This heat causes the cathode 
filament to emit electrons through a process known as 
thermionic emission. These emitted electrons are then 
accelerated by applying a high voltage between the 
cathode and anode. The electrons are directed toward 
the anode, where the material to be deposited (often in 
the form of a pellet) is positioned. When the material 
reaches a certain vapor pressure, a vacuum arc dis-
charge is initiated between the heated cathode and the 
anode. During this arc discharge, a significant amount 
of the evaporated material ionizes, forming plasma. 

Fig. 1   CuO nanoparticle generation via solution plasma process-
ing (SPP) setup

Table 1   Parameters of solution plasma processing for CuO nan-
oparticle generation

Parameter Value Unit

Voltage 1500 Volt
Pulse 2.5 µs
Frequency 25 kHz
Distance between electrodes 1 mm
Duration 30 min
pH 4.58 (for Cu(NO3)2)

Fig. 2   XRD pattern of the synthesized CuO nanoparticles 
(CuONPs) using SPP
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This plasma contains both neutral atoms and ions of 
the material. The directed energy of these ions can be 
controlled, enabling precise manipulation of the film’s 
characteristics [27–34].

TVA is commonly used to produce high-purity and 
high-quality thin films. This technology is suitable for 
a wide range of applications, including optoelectronics 
and coatings in various industries [27–34]. Its opera-
tion under high vacuum conditions ensures that the 
resulting films are free from contamination, making it 
a valuable technique for both research and industrial 
applications.

The coating procedure took place inside a vacuum 
chamber with continuous monitoring of essential fac-
tors, such as pressure, current, and voltage. Detailed 
experimental parameters and their values can be 
found in Table 2. The substrate holder has been care-
fully positioned near the anode electrode. Upon 
applying the appropriate voltage to both the anode 
and cathode, the pellet inside the crucible undergoes 
a melting phase, followed by vaporization toward the 
substrate holder.

2.3 �Analysis methods

A Bruker D8 Advance model XRD diffractometer has 
been used to analyze the microstructural properties of 
the thin film. CuKa has been mounted onto the device, 
and XRD analyses have been conducted at room tem-
perature. Powder diffraction technique was used to 
analyze. The Scherrer equation relates to the full width 
at half maximum (FWHM) and q values. The equa-
tion is given in Eq. 1 [23–27]. The Scherrer equation 

provides information about the size of sub-micrometer 
crystallites in a solid material or thin film. Crystallite 
sizes (D) are calculated using the following equation. 

where K is the numeric shape factor and its value can 
range from 0.62 to 2.08 and for the ZnO material, K 
is generally taken 0.89. λ represents the X-ray wave-
length used, β is the breadth of the full width at half 
maximum (FWHM), and θ refers to the diffraction 
angle.

A Hitachi Regulus8230 field emission scanning 
electron microscopy (FESEM) device with an inte-
grated energy-dispersive X-ray spectrophotometer 
has been used to analyze the surface properties and 
chemical compositions of the coated samples. In the 
FESEM measurement, no coating has been applied to 
the samples. Additionally, EDX analyses have been 
used to determine the atomic and weight ratios of the 
deposited CuONPs-doped ZnO thin films.

The surface morphologies of the samples have 
also been analyzed using an Ambios Q-scope atomic 
force microscopy (AFM) device. AFM is a non-contact 
analysis device with high precision for investigating 
the properties of nanoscale materials and nanomate-
rials. The analyses have been applied directly using 
the wave mode analysis method. AFM analyses were 
performed at room temperature and a silicon cantile-
ver was used. The scanning frequency was adjusted to 
5 Hz, and the scanning area was set to 5 μm × 5 μm. In 
addition, roughness and surface analyses can be per-
formed using an AFM device and operating software.

To determine the optical constants, transmittance, 
absorbance, refractive index, and thickness of the 
coated samples, measurements were taken using a 
UV–Vis spectrophotometer and a Filmetrics thin film 
thickness measurement system. As a UV–Vis spectro-
photometer, the Unico UV 4802 double-beam spectro-
photometer was used to record the obtained spectra in 
the wavelength range of 200–1100 nm. To determine 
the band gap and transition type of the deposited 
films, the optical method has been used. The follow-
ing equation (Eq. 2) is a well-known equation used to 
determine the band gap value of a material. The result-
ing graph should exhibit exponential growth [35–40].

(1)D =
K�

�cos�
,

(2)(�h�)m = �
0
(h� − E

g
).

Table 2   Experimental deposition parameters were used for the 
synthesis of CuONPs-doped ZnO thin films on uncoated glass 
and indium tin oxide-coated glass

Material CuONPs-doped ZnO (ZnO: 0,07 g, 
CuO:0,01 g)

Coating pressure 8.10−5 torr
Discharge current 0 → 500 mA
Acceleration voltage 800 → 100 V
Coating time 75 s
Substrate Glass and ITO-coated glass
Thickness 320 nm for glass and 82 nm for ITO-

coated glass
Roughness 4 nm for glass and 10 nm for ITO-coated 

glass
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Herein, h� is the incident photon energy. m is an 
integer. h is the Planck constant. �

0
 is a constant. E

g
 is 

the band gap of the semiconductor. m provides key 
information about the nature of the optical transition 
[37–39]. The optical transition type defines the follow-
ing rules [35–40]:

–	 m = 2 for direct allowed transitions.
–	 m = 1∕

2
 for direct allowed transitions.

–	 m = 2∕
3
 for direct forbidden transitions.

–	 m = 1∕
3
 for indirect forbidden transitions.

� is the absorption coefficient of a semiconductor 
thin film. � can be calculated from Eqs. 3 and 4.

Or

where t represents the thickness of the semiconductor 
material or the coated film and T represents the trans-
mittance value measured from a UV–Vis spectropho-
tometer device. The plot of Eq. 2 should be exponen-
tial, and the tangent of the exponential graph extends 
to the x-axis of the band gap graph, which represents 
the incident photon energy (eV) scale.

Electric measurements were conducted using a 
Keithley 2450 SMU and a four-point method was 
employed to determine the resistance of the film.

3 �Results and discussion

CuONPs-doped ZnO thin films have been deposited 
onto uncoated glass and ITO-coated glass using a TVA 
deposition system. The optical and electrical proper-
ties of the deposited thin films have been determined. 
Additionally, the morphological and structural prop-
erties of the produced thin films have been presented. 
The optical properties of the produced thin films 
were determined using a UV–Vis spectrophotometer 
and the Filmetrics F20 thin film thickness measure-
ment system. The measurements were conducted 
at room temperature, covering a wavelength range 
of 300–1100 nm. Figure 3a and b presents the trans-
mittance and absorbance curves as a function of the 
film’s wavelength. The spectral analysis of CuONPs-
doped ZnO-coated glass revealed distinct optical 

(3)� =
1

t

ln ln(T),

(4)� = 2.303 × 10
7(1∕A)

(

cm
−1
)

,

characteristics across a broad range of wavelengths. 
The measured data, which includes absorbance and 
transmittance spectra, demonstrates the intricate 
interaction of this composite material with incident 
light. The absorbance spectrum displayed significant 
peaks at specific wavelengths, indicating the material’s 
ability to absorb light energy. In contrast, the trans-
mittance spectrum exhibited different levels of light 
transmission across the observed wavelengths. The 
recorded spectra indicate significant optical activity, 
primarily concentrated in the ultraviolet (UV) region. 
Notable peaks have been observed in the absorbance 
data in this region. This suggests the material’s abil-
ity to selectively absorb UV radiation, which presents 
a potential application for UV protection. The trans-
mittance spectrum revealed higher transmission rates 
within the visible light spectrum, indicating the mate-
rial’s potential to allow visible light to pass through. 
This characteristic could be valuable for applications 
that require controlled light transmission, such as in 
optical filters or photovoltaic devices. Furthermore, 
the distinct peaks and valleys observed in the spec-
tral data may be attributed to the specific composition 
and thickness of the CuONPs-doped ZnO coating. The 
diverse optical behavior across different wavelengths 
indicates the material’s potential for customized per-
formance in various applications. In Fig. 3c, optical 
band gap plots were provided, and the band gap val-
ues were determined to be 2.6 and 3.3 eV for the film 
deposited onto uncoated and ITO-coated glass sam-
ples, respectively. 2.6 eV is related to the CuONPs, and 
3.3 eV is related to the ZnO thin films. The band gap 
value of the ZnO thin film is slightly shifted to a lower 
value compared to the literature.

In conclusion, the observed optical behavior of the 
CuONPs-doped ZnO-coated glass presents an intrigu-
ing area for further research and development. This 
offers a pathway for leveraging its unique character-
istics in numerous practical applications within the 
fields of materials science and optics.

The reflectance (R) and refractive index (n) graphs 
as a function of wavelength are depicted in Fig. 4a 
and b. The refractive index value obtained for the 
CuONPs-doped ZnO thin film on ITO-coated glass 
remains constant across the entire range of measured 
wavelengths, approximately 2.1 (Fig. 4a). The data 
consistently shows a refractive index of approximately 
1.8 (Fig. 4b), indicating minimal variability over the 
specified wavelength range. This consistent refrac-
tive index suggests that the material has potential 
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for applications that require uniform optical behav-
ior within the specified range. The reliability of the 
refractive index across different wavelengths implies 

a consistent composition and thickness of the coating 
[41]. This uniformity can be advantageous in various 
optical applications that require consistent optical 

Fig. 3   Absorbance, transmittance, and band gap spectra of CuNPs-doped ZnO thin film onto uncoated glass and indium tin oxide-
coated glass substrates

Fig. 4   a Reflectance graph and b refractive index graphs of CuONPs-doped ZnO thin film onto uncoated glass and indium tin oxide-
coated glass substrates
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properties within the studied wavelength range. The 
findings suggest the potential use of CuONPs-doped 
ZnO-coated ITO in various devices, including anti-
reflective coatings, optical filters, and waveguides. 
This is due to the observed stable refractive index, 
which offers significant benefits. This constant refrac-
tive index emphasizes the material’s potential for 
applications that require predictable and uniform 
optical characteristics. Moreover, it is recommended 
to explore the behavior of the material under various 
environmental conditions in order to gain a com-
prehensive understanding and enhance its potential 
applications in the field of optics and photonics. In 
summary, the uniform and constant refractive index 
obtained across the spectrum indicates a promising 
application of CuONPs-doped ZnO-coated ITO in 
various optical devices. This also emphasizes the sta-
bility and reliability of its optical properties within the 
measured wavelength range. Further studies should 
explore the behavior of the material in various con-
ditions and its correlation with the properties of the 
material for optimized applications.

The microstructural properties of the deposited thin 
films are plotted in the XRD patterns. The XRD pattern 
in the 2θ range from 10° to 80° is shown in Fig. 5a and 
b and it belongs to CuONPs-doped ZnO thin films 
deposited onto uncoated glass and ITO-coated glass 
substrates, respectively. The XRD pattern of the film 
deposited onto uncoated glass is similar to amorphous 
structure, but small peaks are seen in XRD pattern. It 
must be related with the CuONPs and ZnO, because 
any material is not used to deposit in the TVA system. 
The XRD pattern is plotted in Fig. 5a. The XRD pattern 

given in Fig. 5b shows the poly crystalline form and 
it is related with the ITO, CuONPs and ZnO. The pat-
tern are very similar the ZnO’s XRD pattern. (100) at 
32°, (002) at 35° reflection planes and 2θ values were 
observed and determined peak and peak locations 
show good fit with published literature [42]. (111) at 
41° and (202) at 53° reflections are related with the 
CuONPs and these peaks were observed in the XRD 
pattern of the CuONPs (Fig. 2). According to the Scher-
rer equation (given in Eq. 1), crystallite size of the film 
deposited onto uncoated and ITO-coated glass was 
calculated as approximately 170 and 600 nm, respec-
tively. Substrate materials can change the XRD crys-
talline structure of the film. Peaks relate with the film 
deposited onto ITO-coated glass in the XRD pattern. 
So, XRD patterns are seen different. Uncoated glass 
has an amorphous structure on the country of ITO-
coated glass.

FESEM device was used to determine the surface 
properties of the CuNPs-doped ZnO thin film onto 
uncoated and ITO-coated glass substrates. The films 
were analyzed without any conductive layer coating 
and they are depicted in Fig. 6a and b, respectively. 
The film deposited onto uncoated glass has interesting 
image at the scale of 2 μm. Nano vertical rods are seen 
in Fig. 6a. Different aggregations were also observed 
onto surface. These structures are related with the 
CuONPs because, ZnO thin films do not show the 
similar structure compared the literature [43–47]. 
Unlike Fig. 6a, nanorod structures are seen in Fig. 6b 
in the scale of 2 μm. These structures are obtained and 
proved by the XRD patterns. For Fig. 6a, XRD patterns 
show the amorphous structures because nanovertical 

Fig. 5   XRD pattern of CuNPs-doped ZnO thin film onto a uncoated glass and b indium tin oxide-coated glass substrates
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rods are too far too each other. So, X-rays were not 
consolidate the electromagnetic waves. For Fig. 6b, 
plane reflections were recorded easily. The surface 
properties of the film deposited onto ITO-coated sub-
strate are similar to the related literature [48–50]. Addi-
tionally, EDX analyses spectra are illustrated in Fig. 6c 
and d. Cu and Zn atoms were detected in different 
atomic ratios. The films were coated in same coating 
route and ratios are different due to substrate effect to 
coated layers. These ratios are summarized in Table 3. 
Cu/Zn ratios are determined as to 1/3 and 1/10 for the 
uncoated glass and ITO-coated glass, respectively.

Another analysis of the deposited thin films is 
AFM measurements. AFM measurements were done 
at room temperature and non-contact mode. All AFM 
images were obtained at 5 μm × 5 μm scale. The AFM 
images of the film deposited onto uncoated glass and 
ITO-coated glass are depicted in Fig. 7a and b, respec-
tively. White points are showing the nanovertical rod 
in Fig. 7a. This was observed in FESEM image (Fig. 6a). 

Smaller aggregations are observed in Fig. 7b. Parti-
cles size distribution graphs of the deposited thin films 
are given in Fig. 7c. The mean sizes are 30 and 40 nm 
for the film deposited onto uncoated and ITO-coated 
glass substrates, respectively. Additionally, distribu-
tion graphs are closely similar to Gauss distribution 
function and standard deviation is too small. So, par-
ticle distributions are homogeny and symmetric on 
the film surfaces.

To determine the electrical properties of the films, a 
Keithley sourcemeter unit was used to measure resist-
ance. The resistance of the film has been measured as 
20 KΩ. This value is similar to the published values 
[51, 52]. For a high-quality transparent conductive 
oxide thin film, the resistance value should be lower 
than 1000 Ω. According to the results, the deposited 
sample is a good semiconductor.

Results indicate that TVA is a suitable technology 
for depositing CuONPs doping onto ZnO thin films, 
and the deposited thin films exhibit semiconductor 
properties. CuO doping changes the type of semicon-
ductor and converts it to p-type.

There are recent studies on Zn doping or Cu dop-
ing CuO or ZnO thin films in the literature [53–58]. 
To the best of our knowledge there are limited papers 
on CuO-doped ZnO thin films produced by different 
techniques [44, 59] but not using TVA technology. 
The potential for the occurrence of defects in thin 
films is increased by the presence of energetic oxygen, 

Table 3   EDX analyses results of the CuONPs-doped ZnO thin 
films deposited onto uncoated glass and indium tin oxide-coated 
glass

Element uncoated ITO coated Total

Cu 25 9 100
Zn 75 91 100
Cu/Zn 1/3 1/10

Fig. 6   XRD pattern of CuNPs-doped ZnO thin film onto a uncoated glass and b Indium tin oxide-coated glass substrates
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particularly oxygen with high ion energy, which can 
significantly alter optical flaws. In this context, we are 
able to decorate energetic oxygen through CuO dop-
ing within ZnO. The results in this study showed that 
TVA can present high-quality CuO-doped ZnO thin 
films.

4 �Conclusion

In this study, CuO nanoparticle (CuONPs)-doped 
ZnO thin films have been successfully produced 
using the TVA technique. In literature, various type 
materials were doped to ZnO thin film, but the prop-
erties of the CuONPs-doped ZnO need to be inves-
tigated. The effect of nanoparticle material on the 
optical and electrical properties of the ZnO thin film 
is the focus of this paper. The structural, optical, 
microstructural, and topological properties of depos-
ited thin films have been investigated. CuONPs have 

been synthesized using SPP. According to the XRD 
results, CuONPs have been successfully synthesized 
with a grain size of approximately 20–40 nm calcu-
lated using the Scherrer equation. To deposit a thin 
film, a pressed disk was prepared using CuONPs and 
ZnO powder. Deposited thin films on uncoated and 
ITO-coated glass samples are opaque and semi-trans-
parent in the visible region. According to the results 
of the thin films, the deposited films are opaque and 
semi-transparent when deposited onto uncoated and 
ITO-coated glass, respectively. In the XRD pattern of 
the deposited thin films, the peaks of CuONPs have 
been identified, indicating the polycrystalline nature 
of the thin films. The band gap plots of the thin films 
were determined using the optical method, and the 
calculated values for CuONPs and ZnO were 2.6 
and 3.3 eV, respectively. Finally, the deposited thin 
films exhibit semiconductor properties, and the TVA 
deposition technology is an appropriate method for 
depositing high-quality thin films.

Fig. 7   AFM images of CuNPs-doped ZnO thin film onto a uncoated glass and b Indium tin oxide-coated glass substrates. c Particle size 
distribution graphs of the deposited thin films
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