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Abstract—The characteristics of an overstressed, high-current nanosecond discharge in atmospheric air
between zinc, copper, and iron electrodes are given with a distance between the electrodes of 1–3 mm. It is
established that this discharge is a point source of ultraviolet radiation in the spectral range of 200–300 nm
and a nanoparticle stream of zinc, copper, and iron oxides. The optimization results of the UV emitter
depending on the pumping conditions and parameters of the discharge medium, as well as the optical char-
acteristics of the film nanostructures of transition metal oxides deposited on the surface of a glass substrate,
are presented.
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INTRODUCTION
The use in biomedical engineering of gas-discharge

sources of bactericidal ultraviolet (UV) radiation, such
as lamps on vapors or amalgams of mercury, xenon,
and inert gas halide molecules, has recently been sig-
nificantly developed [1–3]. In addition to the factor of
ultraviolet radiation for various applications in medi-
cine, biology, and agricultural technologies, other fac-
tors of gas discharge (radicals), which are effectively
formed in open plasma sources based on atmospheric
pressure air, are important. Thus, the characteristics
of a source based on a f lare corona are given in [4]. Its
use for plasma pretreatment of lettuce seeds showed
that the germination rate of treated seeds increases by
more than 25%. In [5], a barrier discharge with f lat
electrodes in atmospheric pressure air was successfully
applied to inactivate microorganisms.

The characteristics of an open, overstretched
nanosecond discharge in atmospheric pressure air
between copper electrodes with an ecton mechanism
for introducing copper vapor into the discharge gap
were studied [6]. This discharge is a point source of
ultraviolet radiation in the spectral range 200–230 nm.
A more detailed study of this discharge revealed that,
simultaneously with ultraviolet radiation, it is a source
of a stream of copper oxides in the form of individual
molecules or, more likely, clusters of different compo-
sitions that are deposited on a glass substrate in the

form of nanostructured films [7, 8]. Nanostructures
based on zinc and copper oxides are characterized by
a pronounced antimicrobial effect [9–11], and mag-
netic nanostructures of iron oxides are promising for
use as biological sensors [12] and a number of other
medical applications [13].

Therefore, the development of new methods for
the simultaneous production of bactericidal ultraviolet
radiation and flows of nano-particles of transition
metals, which will enhance the inactivation and anti-
microbial properties of gas-discharge air plasma, are
of considerable interest for applications in microbiol-
ogy, medicine, and agricultural technologies.

This article discusses the design of a pulsed plasma-
chemical reactor, provides the parameters and optical
characteristics of a plasma of an overstressed nanosecond
discharge between transition metal electrodes (Zn, Cu,
Fe), and gives the results of studying the characteristics
of transition metal oxide nanostructures.

DEVICE FOR DISCHARGE REACTOR. 
TECHNIQUE AND EXPERIMENTAL 

CONDITIONS
The design of a pulsed gas-discharge reactor based

on a bipolar overstressed nanosecond discharge in
atmospheric pressure air is shown in Fig. 1. Electrodes
with a diameter of 5 mm and a length of 30 mm made
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Fig. 1. Scheme of a pulsed plasma chemical reactor:
(1) housing dielectric discharge chamber; (2) substrate
fixation system for spraying thin films; (3) interelectrode
distance control system; (4) metal electrodes; (5) film
deposition zone; (6) glass substrate; (7) film.
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of zinc, copper, or stainless steel were installed in a
sealed chamber of a dielectric volume of 3 L. The
radius of curvature of the electrodes' working end part
was 3 mm. To reduce the influence of electromagnetic
interference on the system for recording the character-
istics of the discharge, a cell with a system of elec-
trodes was installed in a screen of a metal grid. The dis-
charge for all types of electrodes was studied at atmo-
spheric air pressure.

To ignite the discharge, high voltage bipolar pulses
with a total duration of 50–100 ns and an amplitude of
±(20–40) kV were applied to the metal electrodes. In
this case, a uniform discharge was ignited between the
tips of the electrodes with an amplitude of current
pulses of 50–170 A [14, 15]. The plasma volume did
not exceed 5–10 mm3. At an interelectrode distance of
1–3 mm, the discharge gap was overstressed. In this
mode of discharge ignition, favorable conditions were
created for the ecton introduction of metal vapors
from the surface of the electrodes, as in the article [6],
where copper electrodes were used.

The voltage pulses at the discharge gap and the dis-
charge current were measured using a broadband
capacitive divider, Rogowski belt, and a 6-LOR 04
broadband oscilloscope. The temporal resolution of
this recording system was 2–3 ns. The spatial charac-
teristics of the discharge were studied using a digital
camera. The pulse repetition rate varied in the range of
f = 35–1000 Hz. The plasma radiation spectra were
recorded using an MDR-2 monochromator, an FEU-
106 photomultiplier, a direct current amplifier, and an
electronic potentiometer. The radiation from the dis-
charge plasma was analyzed in the spectral range 200–
650 nm. The total relative power of the UV radiation of
the discharge was measured in the spectral range 200–
280 nm using an ultraviolet radiation power meter
SURFACE ENGINEERING AND APPLIED ELECTROCH
TKA-PKM. The radiation transmission spectra of
thin nanostructured films that were deposited on glass
substrates were recorded using an OCEAN OPTICS
USB 2000 spectrometer. The probe radiation was
applied to a film and a glass substrate using an optical
fiber system.

The films were sprayed for 30–60 min when a glass
substrate was installed at a distance of 30 mm from the
center of the discharge gap, with an interelectrode dis-
tance of 1–3 mm, voltage pulse amplitude of ±20 kV,
and pulse repetition rate of 40–100 Hz.

The surface image of thin nanostructured films was
recorded using a Cross Beam Workstation Auriga
scanning electron microscope (Carl Zeiss).

Raman scattering spectra were excited using an
argon ion laser, which generated radiation at a wave-
length of 514.5 nm. The Raman scattering spectra of
thin films of transition metal oxides were studied using
an nVia Renishaw spectrometer.

The photoluminescence spectra of the synthesized
films were studied by irradiating the film with radia-
tion from a high-pressure arc mercury lamp at differ-
ent wavelengths in the 270–600-nm spectral range. In
this case, the radiation of a mercury lamp in spectral
intervals of 5 nm was released within fixed wavelengths
using a separate monochromator and then sent to the
film surface. The photoluminescence spectrum of
nanostructures was recorded by a separate spectro-
photometer.

CHARACTERISTICS AND PARAMETERS
OF OVER-STRESSED NANOSECOND 

DISCHARGE
Let us consider the results of studying the charac-

teristics and plasma parameters of an overstressed
nanosecond discharge in air between electrodes of
zinc, copper, and iron under the condition of microp-
oint explosions on the surface of the electrodes and the
formation of the corresponding ectons. Photos of dis-
charges at a pulse frequency repetition rate (f = 40–
1000 Hz) for all types of electrodes (Zn, Cu, Fe) and
their combination, when the distance between them
was within 1–3 mm, were similar to those given for the
discharge between copper electrodes [6, 13]. At dis-
charge pulse repetition frequencies in the range of 35–
150 Hz, the discharge had a diffuse form. The plasma
diameter in the interelectrode gap was approximately
equal to the interelectrode distance. At frequencies in
the range of 400–1000 Hz, the diameter of the plasma
of an overstressed nanosecond discharge increased by
3–4 times and covered new areas of the working sur-
faces of the electrodes. The causes of ignition of a fairly
homogeneous diffuse discharge under the conditions of
these experiments were considered in [6, 16].

Figure 2 shows the waveforms of voltage and cur-
rent pulses for a discharge between electrodes made of
copper and stainless steel. Similar waveforms were also
EMISTRY  Vol. 56  No. 4  2020
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Fig. 2. Oscillograms of current and voltage of an over-
stressed nanosecond discharge in air between a copper
electrode and a stainless-steel electrode (interelectrode
distance d = 3 mm).
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Fig. 3. Portion of the spectrum of the plasma radiation of a
nanosecond discharge between zinc electrodes with the
most intense spectral lines of zinc atoms and ions (d =
2 mm; f = 100 Hz).
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obtained for discharges between electrodes of zinc,
copper, and stainless steel. The duration of the main
part of the train of voltage pulses reached 50–120 ns.
The bipolar spikes of the voltage pulse had an ampli-
tude of the positive and negative components up to
20–30 kV. The discharge current pulses consisted of a
sequence of current pulses with an amplitude of posi-
tive and negative pulses of 120–150 A. The total length
of a sequence of current pulses with an amplitude
decreasing in time reached 150–200 ns. By graphically
multiplying the waveforms of current pulses and volt-
age waveforms, the time distribution of the pulse con-
tribution of energy to the plasma of the discharge
under study was obtained. The maximum pulse dis-
charge power was observed in the initial stage of the
breakdown of the discharge gap and reached 2–4 MW.
Time integration of pulsed power made it possible to
determine the electrical energy that was introduced
into the plasma of a nanosecond discharge during one
sequence of voltage and current pulses. For the condi-
tions of our experiments, the amount of energy that
was deposited into the plasma in one pulse reached
E = 100 mJ.

The ultraviolet radiation spectra of the plasma of
the investigated discharge between the copper elec-
trodes and the results of their identification are given
in [6], and the emission spectra of discharges between
zinc and stainless-steel electrodes are presented in
Figs. 3 and 4. Approximately 90% of the plasma radi-
ation power in the spectral range of 200–1000 nm for
discharges between zinc and copper electrodes is con-
SURFACE ENGINEERING AND APP
centrated in the spectral range of 200–260 nm. For
overvoltage nanosecond discharge between copper
electrodes, the spectral lines of copper ions were the
main ones in the radiation spectrum; the spectral lines
of zinc atoms and ions were the main ones in the UV
emission spectra of the discharge between zinc elec-
trodes: 202.6, 206.2 nm Zn(II); 250.2, 255.8 nm Zn(I).
The results of the identification of the main spectral
lines of atoms and iron ions that were observed in the
discharge between stainless steel electrodes are given
in Table 1.

Deciphering the emission spectra of iron plasma
showed that the spectral lines of atoms and singly
charged iron ions dominate in the discharge between
stainless steel electrodes, and the spectral line of
249.6 nm Fe(I) was the most intense. Our results are in
good agreement with the corresponding emission
spectra of a high-voltage subnanosecond discharge in
air atmospheric pressure for a needle–plane electrode
system [17].

The plasma parameters of a nanosecond discharge
for a mixture of copper and air vapors at atmospheric
pressure (component ratio 30 Pa : 101 kPa, respec-
tively) were determined numerically and calculated as
full integrals of the electron energy distribution func-
tion (EEDF). EEDFs were found numerically by solv-
ing the Boltzmann kinetic equation in the binomial
approximation. EEDF calculations were performed
using the program [18]. Based on the obtained
EEDFs, the average electron energy and electron
mobility are determined. The ratio of the concentra-
tion of copper vapor and the gas concentration of a
standard atmosphere at a pressure of 101 kPa argon,
carbon dioxide, oxygen, and nitrogen was as follows:
0.3 : 7 : 0.27 : 159 : 599. The calculations were per-
formed depending on the plasma parameters on the
magnitude of the reduced electric field (the ratio of the
LIED ELECTROCHEMISTRY  Vol. 56  No. 4  2020
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Fig. 4. Emission spectrum of a nanosecond plasma discharge
in air between stainless steel electrodes (at f = 40 Hz).
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electric field strength (E) to the total concentration of
copper atoms, argon, and molecules of carbon diox-
ide, oxygen, and nitrogen (N)). Parameter change
range E/N = 1–1300 Td (1 × 10–17–1 × 10–15 V cm2)
included parameter values E/N, which were imple-
mented in the experiment.

In the integral of collisions of electrons with atoms
and molecules, the following processes are taken into
account: elastic scattering of electrons by copper
atoms; excitation of energy levels of copper atoms
(threshold energies of 1500, 3800, 5100 eV); ionization
of copper atoms (threshold energy 7.724 eV); elastic
scattering of electrons by copper atoms; excitation of
the energy level of argon atoms (threshold energy
11.50 eV); ionization of argon atoms (threshold energy
of 15.80 eV); elastic scattering and excitation of energy
levels of carbon dioxide molecules: vibrational
(threshold energies 0.083, 0.167, 0.252, 0.291, 0.339,
0.422, 0.505, 2.5 eV), electronic (threshold energies:
7.0, 10.5 eV); dissociative electron attachment (thresh-
old energy 3.85 eV); ionization (threshold energy
13.30 eV); elastic scattering and excitation of energy
levels of oxygen molecules: vibrational (threshold
SURFACE ENGINEERING AND APPLIED ELECTROCH

Table 1. Decoding results of the radiation spectrum of a nanose

λ, nm An object I, arb

208.41 Fe(I) 1

224.55 Fe(II) 3

241.78 Fe(II)

249.58 Fe(I) 100

253.68 Fe(II) 20

272.80 Fe(I) 40

309.15 Fe(I) 1
energies 0.190, 0.380, 0.570, 0.750 eV), electronic
(threshold energies 0.977, 1.627, 4.500, 6,000, 8.400,
9.970 eV); dissociative electron attachment (threshold
energy 4.40 eV), ionization (threshold energy
12.06 eV); elastic scattering and excitation of energy
levels of nitrogen molecules: rotational (threshold
energy 0.020 eV), vibrational (threshold energy 0.290,
0.291, 0.590, 0.880, 1.170, 1.470, 1.760, 2.060,
2.350 eV), electronic (threshold energy 6.170, 7.000,
7.350, 7.360, 7.800, 8.160, 8.400, 8.550, 8.890, 11.03,
11.87, 12.25, 13.00 eV), ionization (threshold energy
15.60 eV). Data on the absolute values of the effective
cross sections of these processes, as well as their depen-
dences on electron energies, were taken from the data-
base [18].

Electron concentration (Ne) was calculated
according to the well-known formula [19]:

where j is current density in the discharge, e is electron
charge, and Vdr is the electron drift velocity.

The electron drift velocity was determined from the
following expression:

where μe is the electron mobility and E is plasma field
strength.

Plasma field strength E is calculated according to
the following formula:

where Upl is voltage on the plasma and d is the value of
the discharge gap.

The average energy of the discharge electrons depends
most strongly on the parameter E/N = 1–400 Td, while it
linearly increases from 0.15 to 8.77 eV. In the parame-
ter range E/N = 400–1300 Td, the average electron
energy also increases from 8.77 to 29.26 eV but at a
lower rate. For the reduced electric field strength
range of 615–820 Td, at which experimental studies of
the electrical and optical characteristics of the dis-
charge were carried out, the average electron energies

dr ,eN j eV=

dr µ ,eV E=

pl ,E U d=
EMISTRY  Vol. 56  No. 4  2020

cond discharge between stainless-steel electrodes in air (Fig. 4)

. units Lower level Upper level

00 3d64s2 3d5(6S)4s24p
00 3d6(3H)4p 3d6(3H)4d
60 3d6(3F2)4s 3d6(3F2)4p
00 3d7(4F)4s 3d6(3H)4s4p (3P0)
00 3d6(3H)4s 3d6(3H)4p
00 3d7(4F)4s 3d6(3F2)4s4p(3P0)
20 3d7(4F)4s 3d6(5D)4s4p(1P0)
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Fig. 5. Surface structure of the film synthesized on a glass
substrate from the sputtering products of copper electrodes
in atmospheric air in 30 min under the influence of a high-
current nanosecond discharge (d = 1 mm and f = 100 Hz).
varied within 12.6–16.5 eV. And their highest energies
corresponded to values of 177–300 eV.

The results of calculating the average electron ener-
gies allow us to determine their temperature in the gas-
discharge plasma of the emitter according to the well-
known formula [19]:

where ε is the electron energy, k is the Boltzmann con-
stant, and T is the temperature in degrees Kelvin.

It increases from 146160 to 191400 K with a change
in the parameter E/N from 615 to 820 TD, respec-
tively.

The mobility of electrons, as follows from the data
of numerical calculation, varies within 1.1130 ×
1024N–1.03 × 11024N (1/m/V/s) when changing a
parameter E/N in the range of 615–820 Td, which
gives the electron drift velocity of 6.8 × 104 and 8.4 ×
104 m/s, respectively, for the plasma field strength of
15.0 × 106 and 20.06 V/m; the electron concentration
is 70.3 × 1021–56.9 × 1021 m–3 at a current density of
765 × 106 A/m2 on the surface of the electrode of the
radiation source (0.196 × 10–6 m2).

Under the conditions of this experiment, the main
mechanism for the entry of zinc, copper, and iron
vapors into the plasma is the ecton one (explosion of
micropoints on the surface of the electrodes), in which
the electron density in the discharge can reach 1016–
1017 cm–3 [20]. Therefore, an important contribution
to the mechanism of formation of excited atoms and
transition metal ions can be introduced by the pro-
cesses of excitation of metal ions in the ground state by
electrons as well as electron-ion recombination pro-
cesses. The effective cross sections of these processes,
for example, for zinc and cadmium ions, are quite
large and reach 10–16 cm2 [21].

CHARACTERISTICS OF THIN 
NANOSTRUCTURED FILMS BASED

ON ZINC, COPPER, AND IRON OXIDES
Let us consider the main results into the study of

the characteristics of nanostructures based on zinc,
copper, and iron oxides that were deposited on a glass
substrate near the discharge gap.

Figure 5 shows a photograph of the surface of a film
deposited on a glass substrate from the erosion prod-
ucts of copper electrodes and the products of dissoci-
ation of air molecules in an overstressed nanosecond
discharge. All studies of the synthesis and optical char-
acteristics of the films were carried out at an interelec-
trode distance of 1 mm. To determine the size of
nanostructures, a gel was applied on the film surface
based on standard spherical gold nanostructures with
a diameter of 20 nm (they are highlighted in yellow in
color photographs). Comparative analysis of the sizes
of spherical gold nanostructures and of nanostruc-

3 2 ,kTε =
SURFACE ENGINEERING AND APP
tures synthesized from products of an overstressed
nanosecond discharge between copper electrodes in
air showed that the sizes of synthesized nanostructures
are in the range of 2–20 nm. The transverse dimen-
sions of zinc oxide-based nanostructures were in the
range of 2–50 nm, but the formation of large zinc
agglomerates with sizes of 1–10 μm was also observed.
At increased air pressure and a high energy input into
the plasma (when nanosecond discharges are used in
the synthesis of nanostructures in a liquid or air), the
predominant formation of nanowhiskers or nano-
structures of transition metal oxides of a more com-
plex shape is observed [22]. This was confirmed by
studying the Raman spectra of laser radiation with a
wavelength of 514.5 nm by nanostructures of zinc and
copper oxides synthesized in the discharge under
study and comparing them with the corresponding
Raman spectra of nanowhiskers from other research-
ers. Thus, in [22], zinc oxide nanostubes were
obtained as a result of the action of a high-power, gas-
discharge laser based on KrF molecules, which emit-
ted at a wavelength of 248 nm on the surface of a
ceramic target made of ZnO.

It can be seen from [23] that the Raman spectrum
of radiation scattering of the Ar+ laser that we regis-
tered correlates well with the corresponding spectrum
obtained in [22], where Raman scattering of the radi-
ation of the same laser was studied on nanostubes of
zinc oxide with a diameter of 8–35 nm. Therefore, we
can assume that, under the conditions of the investi-
gated nanosecond discharge, the synthesis takes place
of zinc oxide nanostars, which are located perpendic-
ular to the surface of the glass substrate, without the
use of transition coatings with nuclei.

Figure 6 shows the transmission spectrum of cop-
per oxide nanostructures. The transmission of such
films increased with wave elongation in the visible
region of the spectrum and had the appearance of a
continuum without maxima and minima in the range
from 500 to 650 nm. The results obtained correlate
well with the transmission spectrum of copper oxide
LIED ELECTROCHEMISTRY  Vol. 56  No. 4  2020
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Fig. 6. Transmission spectrum of radiation in the center of
the film obtained by sputtering copper electrodes in air for
30 min (d = 1 mm and f = 100 Hz).
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Fig. 7. Photoluminescence spectra of a thin film synthe-
sized by sputtering zinc electrodes in a nanosecond dis-
charge in air, obtained by excitation by radiation of a mer-
cury lamp at wavelengths: (1) 270, (2) 330, and (3) 550 nm.
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(Cu2O) [23]. The absorption band of the film in the
wavelength range 550–580 nm corresponds to the
absorption band of copper nanostructures [24]. The
narrow bands of film clearing in the blue spectral
region (at wavelengths of 420 and 450 nm) are proba-
bly associated with the action of ultraviolet radiation
from the discharge in the spectral range 200–230 nm
on the film during its synthesis. The same bleaching
bands were observed for films based on zinc oxide.
The cause of the appearance of these enlightenment
bands may be radiation defects of copper and zinc
oxide films as well as the formation of new energy lev-
els in these compounds. The most intense were the
transmission bands of nanostructures based on zinc
and copper oxides, which correlated with selective and
intense plasma radiation of zinc and copper vapors in
the 200–230-nm spectral range. In a nanosecond dis-
SURFACE ENGINEERING AND APPLIED ELECTROCH
charge between stainless steel electrodes, the selectiv-
ity and intensity of plasma radiation decreased, which
led to a decrease in the intensity of the transmission
bands in the blue region of the spectrum for nano-
structures based on iron oxides [25, 26].

The photoluminescence spectra of zinc oxide-
based nanostructures at excitation wavelengths in the
range 270–550 nm are shown in Fig. 7. Photolumi-
nescence of the studied nanostructures was most
effective under the action of radiation with a wave-
length of 330 nm. Photoluminescence of nanostruc-
tures in the UV region was practically absent, and it
was characterized in the visible region by two broad
maxima in the wavelength ranges of 450–480 and
650–680 nm. According to [27], the main mechanism
of photoluminescence of zinc oxide nanostructures in
the green region is associated with neutral oxygen
vacancies, and photoluminescence is determined in
the red region by the residual lithium impurity. As the
luminescence excitation wavelength increased to the
visible spectral region (up to 550 nm), the photolumi-
nescence spectra also shifted to the long-wavelength
region, and the photoluminescence intensity
decreased significantly. With a decrease in the exci-
tation wavelength from 330 to 270 nm, the lumines-
cence intensity decreased most significantly for the
green and red bands.

CONCLUSIONS

It was established that an overstressed nanosecond
discharge in atmospheric pressure air between elec-
trodes of transition metals (Zn, Cu) is a selective
source of radiation of atoms and ions of zinc and cop-
per in the spectral range 200–230 nm, while plasma
radiation was observed for stainless steel electrodes in
the spectral range 200–250 nm; at the same time,
plasma is a source of f lows of molecules and clusters of
different compositions based on transition metal
oxides, which can be used in microbiology, medicine,
and agricultural technologies. When automatically
assisted by ultraviolet plasma radiation on glass sub-
strates, thin nanostructured films of zinc and copper
oxides are synthesized. They are characterized by
transparency windows in the blue spectral region and
can be used in optoelectronics.
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