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Introduction 
Zinc oxide is a direct-gap semiconductor 

with a band gap of about 3.37 eV and an 
exciton binding energy of ~60 meV. It 
is promising for use as a material for the 
manufacture of transparent contacts and 
some other important applications [1–3], 
photodetectors [4], LEDs [5], in particular, 
the suitability of nanostructured zinc oxide 
films for protection was established in [2], 
from the terrestrial ultraviolet part of the solar 
spectrum, obtained by a chemical method on 
inexpensive flexible substrates, and the work 
presents the results of a study of zinc oxide 
nanoparticles activated by gamma radiation, 
which showed that there are no significant 
changes in the structure of ZnO and they can 
be used in the treatment of cancer.

In addition to chemical methods for the 
synthesis of thin nanostructured zinc oxide 
films, various methods for obtaining such 

materials are also widely used. For example, 
in [6], ZnO:Al thin films were deposited on 
solid substrates by layer-by-layer deposition 
in a high-frequency magnetron, and in [7], the 
results of a study of the structure, morphology, 
and luminescence of ZnO nanostructures, 
which were synthesized by electrothermal 
and electric discharge sputtering, are 
presented. In a significant number of cases, 
the method of pulsed laser deposition is also 
used [8]. Recently, interest has also increased 
significantly in one-dimensional zinc oxide 
nanostructures (nanorods, nanowires), since 
they exhibit size quantum effects, they have 
a high surface area, which is important for 
realizing a large absorption capacity of the 
material, and they are also promising for the 
development of lasers [9 ].

A currently less studied method for the 
synthesis of nanostructured thin films of 
zinc oxide, when they are deposited from the 
products of sputtering of zinc electrodes in a 

Abstract
The characteristics and parameters of the plasma of an overvoltage nanosecond discharge in 
oxygen, which was ignited between zinc electrodes in oxygen, are presented. Zinc vapors 
were introduced into the discharge due to microexplosions of natural inhomogeneities on 
the surfaces of zinc electrodes in a strong electric field. This creates the prerequisites for the 
synthesis of thin nanostructured zinc oxide films, which can be deposited on a rigid dielectric 
substrate placed near the electrode system.
The results of a study of the optical characteristics of an overvoltage nanosecond discharge 
with a discharge gap of d=2mm are presented. The identification of the plasma radiation 
spectra made it possible to establish the main excited plasma products that form the plasma 
UV radiation spectrum and simultaneously act as a pulsed source of clusters and small 
particles of zinc oxide. 
The characteristics of an overvoltage nanosecond discharge in air between polycrystalline 
electrodes made of a supericonic conductor Ag2S are presented. In the process of 
microexplosions of inhomogeneities on the working surfaces of electrodes in a strong electric 
field, vapors of the Ag2S compound and its dissociation products in plasma are introduced 
into the interelectrode space. This creates prerequisites for the synthesis of thin structured 
films that have the properties of superionic conductors and can be deposited on a dielectric 
substrate placed near the discharge gap. The spatial, electrical, and spectral characteristics of 
the discharge, the Raman scattering spectra of the synthesized films, and the homogeneity of 
their surface are studied.
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conductive films with lower resistance, which can be used in 
biomedical engineering and medicine.

The article presents the results of a study of the emission 
characteristics of an overvoltage nanosecond discharge between 
zinc electrodes in oxygen; As a result of the sputtering of zinc 
electrodes and the destruction of oxygen molecules in the 
plasma, such discharges act as both a source of UV radiation 
and a flux of zinc oxide clusters and nanoparticles, which can 
be deposited on a solid substrate installed near the electrode 
system, which is promising for the synthesis of oxygen oxide 
films in field of UV radiation. The results of a study of the main 
characteristics of an overvoltage nanosecond discharge between 
electrodes based on a polycrystalline superionic conductor 
Ag2S in air at atmospheric pressure, as well as the results of 
a study of the spectra of Raman light scattering by a thin film 
synthesized from the products of destruction of electrodes in 
plasma and the surface, are presented. 

Technique and conditions of the experiment
An overvoltage nanosecond discharge was ignited between 

cylindrical zinc electrodes installed in a dielectric chamber. 
The block diagram of the experimental device and system for 
deposition of thin films from the discharge plasma is shown in 
Figure 1. The distance between the electrodes was 2 mm. The 
discharge chamber was evacuated with a fore-vacuum pump to 
a residual pressure of 10 Pa, and then oxygen was admitted into 
the chamber. The diameter of the cylindrical electrodes was 5 
mm; the radius of curvature of their working end surface for 
both electrodes was 3 mm. 

The electrodes were made from zinc or a polycrystalline 
superionic conductor - silver sulfide (Ag2S). The discharge 
between silver sulfide electrodes was ignited in air at a pressure 
of 103 kPa.

pulsed discharge of atmospheric pressure and the products of 
dissociation of a buffer gas (mainly air) [10]. The formation of 
electrode material vapor occurs at a low average temperature 
of the discharge device (T ≤ 100 C) due to microexplosions 
of natural electrode inhomogeneities in a strong electric 
field (ectonic mechanism) [11]. Film synthesis, under these 
conditions, occurs with automatic assistance of UV radiation 
from a pulsed discharge plasma [12]. A similar synthesis method 
using a substrate with a film for UV illumination in the process 
of its deposition with a separate mercury lamp was used in [13] 
in the synthesis of zinc oxide nanostructures in the form of a set 
of nanopillars, which made it possible to reduce the resistance 
of film nanostructures, in relation to those that were precipitated 
by UV rays.

Experimental results and characteristics of nanostructured 
zinc oxide films in air at atmospheric pressure and a mixture of 
air with water vapor are given in [14–16]. The results of studying 
the emission characteristics of the plasma of an overvoltage 
nanosecond discharge in oxygen (at pressure p=13.3 kPa) are 
given in [17].

To optimize the synthesis of film nanostructures based on 
zinc oxide, it is important to optimize the operation of such a 
gas-discharge reactor using not only air at atmospheric pressure, 
but also oxygen at various pressures. The characteristics of an 
overvoltage nanosecond discharge between zinc electrodes in 
oxygen at atmospheric pressure under conditions close to those 
realized in the experiment have not been previously studied.

The advantage of the pulsed gas-discharge synthesis of 
zinc oxide nanostructures is that it occurs practically at room 
temperature of the discharge chamber and makes it possible 
to deposit films on various biomaterials, fabrics, rubber, and 
plastics. The use of automatic UV illumination directly from 
the plasma makes it possible to hope for obtaining transparent 

Figure 1 Diagram of an experimental setup for studying overstressed nanosecond discharge in gases: PSD - discharge power supply; FMT 106 
- photoelectric multiplier tube; PS- power supply unit; ADC - analog-to-digital signal converter; RC - Rogovsky coil; VD - voltage divider to 

determine the voltage drop in the circuit; G5-15 - pulse generator; 6LOR is a broadband oscilloscope. 
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An overvoltage nanosecond discharge in oxygen was ignited 
using a high-voltage modulator of bipolar voltage pulses with a 
total duration of voltage pulses of 50–150 ns at an amplitude 
of positive and negative components of ±20–40 kV. The 
frequency of repetition of voltage pulses is 100 Hz. To record 
the ranges of plasma radiation, an MDR-2 monochromator 
and a photomultiplier (FEU-106) were used. The signal from 
the photomultiplier was fed to an amplifier and recorded using 
an amplitude-to-digital converter in an automated system for 
measuring spectra on a personal computer display. The discharge 
radiation was studied in the spectral region 200–650 nm.
Characteristics of an overvoltage nanosecond 
discharge

At oxygen pressures in the range of 13.3 and 101.3 kPa, the 
nanosecond discharge was homogeneous, which is due to the 
overionization of the gaseous medium from the accompanying 
X-ray radiation and from the runaway electron beam [19]. The 
"point discharge" mode was achieved only at voltage pulse 
repetition frequencies in the range f = 40–150 Hz, and as the 
frequency increased to 1000 Hz, the plasma volume of the gas-
discharge emitter increased to 100 mm3.

 The characteristic oscillograms of voltage and current 
pulses for overvoltage nanosecond discharges between 

electrodes in oxygen at atmospheric pressure were close to a 
similar discharge in air between zinc or copper electrodes [14–
16]. The voltage and current oscillograms were in the form of 
oscillations damped in time with a duration of about 7–10 ns, 
which is due to a mismatch between the output resistance of the 
high-voltage modulator and the load resistance. The oscillations 
of the electrical characteristics were most pronounced on the 
voltage oscillograms, since the discharge current oscillograms 
were substantially integrated over time due to the large time 
constant of the Rogowski coil. The maximum voltage drop 
across the discharge gap was 30–50 kV, taking into account the 
positive and negative voltage amplitude. The maximum current 
amplitude reached 350 A. The highest value of the discharge 
pulse power was achieved in the first 100–120 ns from the 
moment of its ignition and reached 4–5 MW. The maximum 
energy of an individual electric pulse was 100 mJ. 

For an overvoltage nanosecond discharge between silver 
sufid electrodes in air, the maximum voltage drop across the 
discharge gap was 40–45 kV. The highest amplitude of the 
current pulse reached 100 A. The highest value of the discharge 
pulse power was reached in the first 100 ns from the moment of 
its ignition and amounted to about 3 MW. The energy of a single 
electrical impulse was about 77 mJ (Figure 2.).

Figure 2. Pulsed power of overvoltage nanosecond discharge in air at pressure p=101 kPa and f=1000 Hz.

 
Figure 3. Emission spectrum of an overvoltage nanosecond discharge between zinc electrodes at an oxygen pressure of 101.3 kPa.
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№ λ tab., nm
І exp., r.u.

р(О2) – 13,3 
kPa

І exp., r.u.
р(О2) – 

101,3 kPa
Object Еlow., eV Еup., eV Lowerterm Upperterm

1 206.20 34.23 72.52 Zn II 0 6.01 3d104s 
2S1/2

3d104p
2P0

1/2

2 209.99 35.78 55.72 Zn II 6.11 12.02 3d104p
2P0

3/2

3d104d
2D5/2

3 213.85 23.93 39.54 Zn I 0 5.79 3d104s2  

1S0

3d104s4p
2P0

1

4 250.19 10.57 14.38 Zn I 6.01 10.96 3d104p
2P0

1/2

3d105s
2S1/2

5 255.79 18.40 22.59 Zn II 6.11 10.96 3d104p 
2P0

3/2

3d105s
2S1/2

6 258.24 2.47 5.22 Zn I 4.02 8.82 3d104s4p
3P0

1

3d104s6d
3D2

7 267.05 0.81 3.33 Zn I 4.00 8.64 3d104s4p
3P0

0

3d104s7s
3S1

8 273.32 1.36 4.19 O II 25.28 29.82 2s22p2(3P)3p 
 2S°1/2

2s22p2(3P)4s
2P3/2

9 277.09 2.4 4.54 Zn I 4.02 8.50 3d104s4p
3P0

1

3d104s5d
3D1

10 280.08 3.4 6.46 Zn I 4.07 8.50 3d104s4p
3P0

2

3d104s5d
3D3

11 298.04 3.31 6.13 O II 28.82 32.98 2s22p2(3P)3d
4P5/2

2s22p2(3P)5f 
F 2[4]0

7/2

12 302.01 2.26 5.33 O II 28.83 32.93 2s22p2(3P)3d
4P3/2

2s22p2(3P) 5f 
D 2[3]0 

5/2

13 304.71 2.82 5.67 O II 28.88 32.95 2s22p2(3P)3d
2F7/2

2s22p2(3P)5f  D 
2[2]°5/2

14 307.206 1.42 5.22 Zn I 4.07 8.11 3d104s4p
3P0

2

3d104s6s
3S1

15 313.60 4.71 7.36 N2 The second positive system C3Πu+-B3Πg+ (2;1)

16 327.75 5.62 13.49 O II 25.83 29.61 2s22p2(3P)
3p 4P0

3/2

2s22p2(3P)4s
4P5/2

17 329.49 12.89 18.12 O II 25.83 29.59 2s22p2(3P)3p
4P°3/2

2s22p2(3P)4s 
4P3/2

18 334.50 15.89 18.01 Zn I 4.07 7.78 3d104s4p 
3P°2

3d104s4d
3D3

19 339.02 3.57 6.13 O II 25.28 28.94 2s22p2(3P) 3p
2S0

1/2

2s22p2(3P)
3d 2P3/2

20 340.72 1.95 4.65 O II 28.50 32.14 2s22p2(1D) 3p 
2D0

5/2

2s22p2(1D)
4s 2D3/2

21 347.49 2.40 2.40 O II 25.28 28.85 2s22p2(3P)3p 
2S°1/2

2s22p2(3P)3d
 4D1/2

22 371.27 2.98 3.18 O II 22.96 26.30 2s22p2(3P)3s 
4P1/2

2s22p2(3P)3p
 4S°3/2

23 374.94 7.90 9.86 O II 23.00 26.30 3s 4P5/2 3p 4S0

24 386.34 2.21 4.88 O II 25.64 28.85 2s22p2(3P) 3p 
4D0

5/2

2s22p2(3P)3d 
4D7/2

25 388.21 4.07 6.13 O II 25.66 28.85 2s22p2(3P) 3p 
4D0

7/2

2s22p2(3P) 
3d 4D7/2

Table 1. The results of deciphering the emission spectra of an overvoltage nanosecond discharge between zinc electrodes at oxygen pressures of 
13.3 and 101.3 kPa.
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In figure 3. the emission spectrum of an overvoltage 
transverse discharge between zinc electrodes at an oxygen 
pressure of 101.3 kPa is given, and the emission spectrum of 
such a discharge at an oxygen pressure of 13.3 kPa at d = 2 mm 
is given in [17]. The results of the identification of the plasma 
radiation spectra are given in Table 1. Reference books [20,21] 
were used to identify individual spectral lines and bands in the 
discharge radiation spectra.

In the spectral range 206 - 280 nm of radiation from an 
overvoltage nanosecond discharge based on the Oxygen-Zinc 
gas-vapor mixture, mainly the spectral lines of zinc (Zn I, Zn 
II) were recorded. Zn I was distinguished from ionic lines by 
intensity: 206,20; 209.99, and from atomic spectral lines - 
213.85 nm Zn I. A similar intensity distribution of zinc vapor 
plasma radiation was observed in a gas-discharge lamp [22].

In the emission spectra of plasma of an overvoltage 
nanosecond discharge between zinc electrodes (at d = 1 mm) in 
air with a small admixture of water vapor at a mixture pressure 
of 103.3 kPa, the main ion lines in the UV range of the spectrum 
were: 202.6; 206.2 nm Zn II, and in the second group the lines 
of the zinc atom - 250.2; 255.8 nm Zn I [15], which does not 
correlate with the corresponding results for the discharge in 

oxygen (Figure 2 and Table 1). This can be caused by a change 
in the type of the buffer gas, as well as by the conditions for the 
formation of ectons under these conditions.

In the spectral region 300 – 500 nm, oxygen ions were the 
main source of plasma radiation. The most intense spectral lines 
of a singly charged oxygen ion were the lines: 407.58; 411.92; 
433.68; 441.48; 464.18; 464.91 and 470.53 nm O II. The 
energies of the upper energy states in these oxygen ions reached 
25–29 eV, which indicates a high temperature of electrons in an 
overvoltage nanosecond discharge.

Comparison of the ratio of the effective cross sections 
of the spectral lines of the zinc atom: λ = 258.24 and 267.05 
nm, taken from [23], with the experimental data for both gas-
vapor mixtures "Oxygen - Zinc" showed that the ratio of the 
cross sections of the direct electronic excitation of these lines 
at an electron energy of E = 3 eV was not corresponding to 
the intensity ratios of these spectral lines obtained in the 
experiment. It follows from this that the direct electron impact 
in this experiment is not the main mechanism for populating 
the upper energy levels for the spectral lines of the zinc atom. 
Therefore, the most probable mechanisms for the formation 
of excited zinc atoms, zinc and oxygen ions in an overvoltage 

26 391.21 3.93 6.58 O II 25.66 28.82 2s22p2(1D)
3s 2D3/2

2s22p2(1D)
3p 2P0

3/2

27 395.46 3.97 6.69 O I 10.98 14.12 2s22p3(4S°) 
3p 3P 2

2s22p3(2P°) 
3s3P°2

28 397.32 8.22 9.29 O II 23.44 26.56 3s 2P3/2 3p 2P0
1/2

29 407.58 16.84 16.93 O II 25.65 28.69 3p 4D0
5/2 3d 4F7/2

30 411.92 14.9 12.15 O II 25.85 28.86 3p 4P0
5/2 3d 4D7/2

31 413.28 5.83 9.59 O II 25.83 28.83 3p 4P0
1/2 3d 4P3/2

32 418.97 10.96 14.18 O II 28.36 31.32 3p′ 2F0 3d′ 2G

33 431.98 11.70 10.97 O II 28.82 31.69 2s22p2(1D)
3p 2P°1/2

2s22p2(1D) 
 3d 2S1/2

34 433.68 17.92 17.14 O II 22.98 25.84 3s 4P3/2 3p 4P0
3/2

35 436.92 10.57 13.13 O II 26.22 29.06 3p 2D0
5/2 3d 2D

36 441.48 17.58 18.36 O II 23.44 26.24 2s22p2(3P) 
3s 2P3/2

2s22p2(3P) 
3p 2D0

5/2

37 444.81 3.27 8.80 O II 28.36 31.14 2s22p2(1D) 
3p  2F°7/2

2s22p2(1D) 
3d  2F7/2

38 446.62 7.03 10.37 O II 28.94 31.73 3d 2P3/2 4f  4D0
3/2

39 459.09 10.39 13.13 O II 25.66 28.36 3s′ 2D5/2 3p′ 2F0

40 464.18 15.43 18.89 O II 22.98 25.65 3s 4P3/2 3p 4D0
5/2

41 464.91 21.13 22.17 O II 23.00 25.66 3s 4P5/2 3p 4D
0
7/2

42 468.01 9.06 16.40 Zn I 4.00 6.65 3d104s4p
 3P°0

3d104s 5s 3S1

43 470.53 14.54 17.19 O II 26.25 28.88 3p 2D0
5/2 3d 2F7/2

44 472.21 18.28 26.10 Zn I 4.02 6.65 3d104s4p
3P°1

3d104s5s
3S1

45 481.05 21.35 29.12 Zn I 4.07 6.65 3d104s4p
3P°2

3d104s5s
3S1

46 491.16 5.60 14. 05 Zn II 12.01 14.53 3d104d 2D3/2 3d104f 2F°5/2

47 492.40 10 18.61 Zn II 12.02 14.53 3d104d
2D5/2

3d104f
2F0 

7/2

48 513.11 3.64 8.48 O I 10.98 13.40 2s22p3(4S°) 
3p3P1

2s22p3(4S°) 
8d3D°2
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nanosecond discharge are due to the processes of their excitation 
and ionization by electrons from metastable levels, the ground 
state of the corresponding ion, and dielectronic recombination 
processes [16]. 

In Figure 4. The radiation spectrum of a discharge in air 
between electrodes made of a superionic conductor is shown in 
the UV region of wavelengths, where the main radiation power 
of the plasma of this discharge was concentrated.

  The investigated plasma radiated intensely in the spectral 
range 200–350 nm. The main sources of radiation in the short-
wavelength spectral range of 200–350 nm were singly charged 
silver ions (spectral lines 1–16; Figure 3) and silver atoms (lines 
17–19) under automatic assistance with UV radiation, which 
may have a number of advantages in characteristics (lower 
resistance, etc.) [13].

 
Figure 4. Emission spectrum of an overvoltage nanosecond discharge in air at atmospheric pressure.

 

Figure 5. Raman emission spectra: 1, 3 - Raman spectra obtained from different parts of the synthesized thin film based on the Ag2S superionic 
conductor, 2 - Raman spectrum of a massive polycrystalline sample from the Ag2S compound, from which the electrodes are made, 4 - Raman 

spectrum of the glass substrate.

The Raman spectrum of light scattering by a film 
synthesized from the products of destruction of electrodes of 
an overvoltage nanosecond discharge between electrodes from 
a superionic conductor at atmospheric air pressure is shown in 
Fig.5. It follows from this figure that the Raman spectra of a 
thin film are identical with the spectrum of the initial material 
from which the electrodes are made. Thus, the synthesized thin 
film should be characterized by the properties of a superionic 
conductor.

Since the film was synthesized with automatic assistance 
from plasma UV radiation, it should have a lower resistance 
compared to the typical synthesis of such films by magnetron 
sputtering.

Photographs of the surface of thin films based on the Ag2S 
compound using an optical microscope showed that their surface 
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is fairly uniform. Only individual inhomogeneities with sizes of 
the order of several micrometers were observed on it, which 
may be due to the destruction of polycrystalline electrodes in an 
overvoltage nanosecond discharge. To improve the uniformity 
of the synthesized films and reduce their synthesis time, it is 
necessary to reduce the energy in the electric pulse, which can 
be achieved by reducing the duration of the energy contribution 
to the plasma, increasing the pulse repetition rate, and also 
switching to other buffer gases at lower pressures than air at 
atmospheric pressure.

Conclusions
Thus, it has been established that an overvoltage 

nanosecond discharge in oxygen (p = 13.3 – 101.3 kPa) between 
zinc electrodes (d = 2 mm) is a fairly homogeneous plasma 
formation with a pulsed electric power up to 5 MW and an 
energy contribution to the plasma up to 100 mJ.

The study of discharge radiation in gas-vapor mixtures 
"oxygen-zinc" showed that in the emission spectra of plasma 
in the wavelength range of 200-650 nm radiation of singly 
charged zinc and oxygen ions prevailed, and the most intense 
were the resonant spectral lines of the atom (213.85 nm) and 
singly charged zinc ion (λ = 206.20 nm), as well as a line from 
λ = 209.99 nm Zn I; The emission intensity of the spectral lines 
of zinc and oxygen increased with an increase in the oxygen 
pressure; therefore, a discharge at atmospheric oxygen pressures 
will be most promising for use in automatic assistance in the 
synthesis of thin films based on zinc oxide nanostructures, which 
is promising for influencing the electrical characteristics of the 
synthesized films. Based on the obtained spectral distribution of 
plasma radiation, the most probable processes for the formation 
of excited atoms and singly charged ions in this discharge can 
be reactions of excitation of zinc and oxygen ions by electrons 
and processes of dielectronic recombination. 

The study of the synthesis of thin films of a superionic 
conductor (Ag2S) from the destruction products of electrodes 
of an overvoltage nanosecond discharge in air at atmospheric 
pressure revealed the following:
• at a distance between the electrodes of 2 mm, a spatially 

uniform discharge was ignited, the shape of which was 
determined by the energy contribution to the plasma and the 
pulse repetition frequency, which is presumably due to the 
formation of “runaway electrons” and accompanying X-ray 
radiation in the discharge, which served as an automatic 
system of discharge preionization. ;

• he magnitude of the pulsed electric power of the discharge 
reached 3 MW with an energy in a single pulse of 77 mJ;

• radiation of singly charged silver ions in the spectral range 
of 200–300 nm and silver atoms in the spectral range of 
300–340 nm dominated in the emission spectrum of the 
discharge plasma, which is promising for the development 
of a point UV lamp on vapors of the Ag2S compound for 
application;

• the study of the spectra of Raman light scattering by thin 
films synthesized in the experiment showed that they are 
identical to the corresponding spectra for macroscopic 
polycrystalline samples from which the electrodes are 
made; The study of the surface of the synthesized films 
using an optical microscope revealed their rather high 
homogeneity.
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