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Abstract

The characteristics of a plasma-chemical reactor based on an
overstressed nanosecond discharge in atmospheric pressure gas-
es (air, nitrogen, helium, argon) between electrodes of zinc, copper
and iron, as well as of chalcopyrite (CulnSe2) at a distance between
the electrodes of 1-3 mm are given. It was established that this dis-
charge is a point source of ultraviolet radiation in the spectral range
of 200-300 nm and a flow of transition metal oxide nanoparticles
(Zn, Cu, Fe), as well as chalcopyrite nanoparticles. The results of
the optimization of a UV emitter depending on the pumping condi-
tions and parameters of the discharge medium, as well as the optical
characteristics of film nanostructures of transition metal oxides and
chalcopyrite deposited on the surface of a glass substrate, are pre-
sented.

Keywords: Air; Chalcopyrite; Copper; Helium; Iron; Overstressed
nanosecond discharge; Radiation and Transmission spectrum; Zinc

Introduction

Currently, the use of gas-discharge lamps of ultraviolet radiation
in biotechnology, medicine, micro-nanoelectronics and photochem-
istry is becoming increasingly widespread [1-3]. But other equally
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important factors of modern biomedical technologies, for example,
flows of metal nanoparticles, are also becoming more and more often
in demand in modern Technologies of medicine, biology [4,5] and
for agricultural production it is important to develop new effective
emitters of the visible range of the spectrum to stimulate plant growth
in greenhouses [6,7].

The characteristics of a high-current, overstressed nanosecond
discharge in the air between copper electrodes and semiconductor
electrodes based on the CulnSe, compound, which are sources of
both bactericidal UV radiation in the spectral range 200-230 nm, and
the flow of copper oxide and chalcopyrite nanoparticles are given in
[8-11]. Nanostructures of metal oxides were deposited from this dis-
charge onto a glass substrate and their optical characteristics were
subsequently determined by electron microscopy, absorption-trans-
mission spectroscopy, Raman spectroscopy, and photoluminescence.

Nanostructures based on zinc and copper oxides are characterized
by a pronounced antimicrobial effect [12-14].

On this basis, the development of new methods for the simultane-
ous production of bactericidal ultraviolet radiation and flows of tran-
sition metal nanoparticles and chalcopyrite, which will enhance the
inactivation and antimicrobial properties of gas-discharge plasma, are
of considerable interest for applications in biomedical engineering,
including microbiology, medicine, as well as agricultural technolo-
gies.

This article presents the main parameters of a high-pressure plas-
ma chemical reactor with an overstressed nanosecond discharge be-
tween electrodes of transition metals (Zn, Cu, Fe) and chalcopyrite,
its electrical and optical characteristics, the results of modeling plas-
ma parameters, and also the results of a study of the characteristics of
nanostructures of transition metal oxides and chalcopyrite films that
have been deposited on a glass substrate mounted near an electrode
system. The promising areas of application of a plasma reactor in bio-
medical engineering are briefly reviewed.

Methodology
Technique and experimental conditions

A schematic diagram of a gas-discharge reactor pumped by a
nanosecond overstressed discharge of nanosecond duration in atmo-
spheric pressure air, nitrogen, and inert gases (He, Ar) and a device
for the synthesis of film nanostructures are presented in figure 1. The
cylindrical electrodes of the discharge device had a diameter of 5 mm
and a length of 30 mm and were made of zinc, copper, stainless steel
and polycrystalline chalcopyrite (CulnSe,). The electrodes were in-
stalled in a sealed chamber of a dielectric, which had a volume of 3 li-
ters. The radius of curvature of the working end part of the electrodes
was 3 mm. To reduce the influence of electromagnetic interference on
the recording system of discharge characteristics, a cell with a system
of electrodes was installed in a screen of metal mesh. The discharge
for all types of electrodes was studied mainly at buffer gas pressures
of 101-202 kPa.
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Figure 1: The scheme of the discharge device for the synthesis of chalcopyrite thin
films on the surface of glass or quartz: 1:A plexiglas discharge chamber, 2: An upper
flange, 3: Hermetic metal leads, 4: A fitting for connecting to a vacuum gas mixing

system, 5: Electrodes with chalcopyrite, 6: Glass substrate with a film based on sput-
tered electrodes, 7: Plate fixing system.

To ignite the discharge, high voltage pulses of positive and neg-
ative polarity (bipolar pulses) with a duration of 50-100 ns and an
amplitude of up to + (20-40) kV were applied to the electrodes. In
this case, between the tips of the electrodes, a uniform discharge was
ignited with amplitude of current pulses of 50-170 A [15]. The vol-
ume of the discharge plasma did not exceed 5-10 mm?. With an in-
terelectrode distance of 1-3 mm, the discharge gap was overstressed.
Under such a regime of ignition of the discharge, favorable conditions
were created for ecton introduction of vapor of the material of the
electrodes from electrodes, as was observed in [16], where copper
electrodes were used.

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

The transmission spectra of chalcopyrite films were studied using
a spectral complex based on an MDR-23 monochromator at room
temperature in the wavelength range of 200-850 nm. The technique
of such studies is given in [3].

The films were sputtered for 30-60 minutes when a glass substrate
was installed at a distance of 30 mm from the center of the discharge
gap, an interelectrode distance of 1-3 mm, a voltage pulse amplitude
of + (20-40) kV, and a pulse repetition rate of 40-100 Hz.

The surface image of thin nanostructured films was recorded

using a Cross Beam Workstation Auriga scanning electron micro-
scope (Carl Zeis).

The photoluminescence spectra of the synthesized films were
studied by irradiating the film with radiation from a high-pressure
arc mercury lamp at different wavelengths in the spectral range: 270-
600 nm. In this case, the radiation of a mercury lamp in the spectral
intervals of 5 nm was allocated within the fixed wavelengths using a
separate monochromator and then directed to the film surface. The
photoluminescence spectrum of nanostructures was recorded by a
separate spectrophotometer.

Results and Discussion

Characteristics and parameters of an overstressed nano-
second discharge

In figure 2 images of an overstressed nanosecond discharge be-
tween copper electrodes in atmospheric pressure air at voltage pulse
repetition rates of 40-1000 Hz.

a) <)

Figure 2: Images of a nanosecond discharge in atmospheric pressure air at a distance
between copper electrodes d = 1 mm and pulse repetition rates of 40 (a), 150 (b) and
1000 (c) Hz.

A nanosecond discharge was formed under conditions of a strong
overstress of the discharge gap (at d = 1 mm) and with a slightly in-
homogeneous distribution of the electric field strength between elec-
trodes with a spherical working surface with rather large round radii
(r =3 mm). The diffuse form and shape of the investigated discharge
was close to spherical. At low repetition rates of voltage pulses (f =
40-150 Hz), the diameter of spherical plasma formation was approx-
imately equal to the interelectrode distance, and when the repetition
rate increased to 1000 Hz, its diameter increased by 3-4 times. In this
case, the Plasma spread to new areas of the surface of the spherical
part of the metal electrodes. In such a regime of ignition of the dis-
charge and in the presence of natural micro protrusions on the work-
ing surfaces of the electrodes, the latter explode in a strong electric
field, which leads to the injection of the electrode material into the
plasma and the formation of ectons [16]. Preservation of the spherical
form of plasma formation at elevated repetition rates of voltage pulses
can be associated with the action of ultraviolet and X-ray radiation,
which illuminates the entire discharge gap isotropically [17,18]. The
spatial characteristics of the discharge did not change significantly
when replacing copper electrodes with electrodes of zinc, stainless
steel, and chalcopyrite.

In figure 3 shows characteristic waveforms of the voltage and
current of an overstressed nanosecond discharge in air using copper
electrodes as an example.
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Figure 3: Voltage and current pulses of a bipolar nanosecond discharge at an air
pressure of p = 101 kPa (copper electrodes at d = 1 mm).

t. ns

Similar oscillograms were also obtained for discharges between
electrodes of zinc, copper, stainless steel, and chalcopyrite. The dura-
tion of the main part of the train of voltage pulses reached 50-120 ns.
The bipolar spikes of the voltage pulse had amplitude of the positive
and negative component up to 20-40 kV. The discharge current pulses
were a sequence of current pulses with amplitude of positive and neg-
ative pulses of 120-150 A. The total length of a sequence of current
pulses with decreasing amplitude in time reached 150-200 ns.

By graphically multiplying the waveform of the current pulses and
the voltage waveform, the time distribution of the pulsed energy con-
tribution to the plasma was obtained. The maximum pulse discharge
power was observed in the initial stage of the breakdown of the dis-
charge gap and reached 2-4 MW. Time integration of the pulsed
power made it possible to determine the electrical energy that was
introduced into the discharge plasma during one sequence of voltage
and current pulses. For the conditions of our experiments with metal
electrodes in atmospheric pressure air, the maximum energy that was
deposited into the plasma in one pulse reached E = 105 mJ (Figure 4).

P, MW

E=105 mJ

50 150 250 350

L. ns
Figure 4: The pulsed power of a nanosecond discharge and the energy of an indi-
vidual pulse (E) deposited in the discharge plasma (copper electrodes at d = 1 mm;
atmospheric pressure air).

The electrical characteristics of the discharge between copper and
electrodes in helium are shown in figures 5 and 6. In this case, the
maximum amplitude of the negative voltage spike reached 35 kV,
and the positive amplitude reached 60 kV, but they were separated by

approximately 20-30 ns in time figure 5. The maximum amplitude of
the negative part of the current pulses reached 175 A, and the positive
- 150 A figure 5. The maximum value of the pulsed discharge power
in helium was observed at a time t = 70-80 ns from the start of the
discharge ignition and reached 5.5 MW (Figure 6). The energy that
was introduced into the plasma in one discharge pulse was 230 mJ.
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Figure 5: Oscillograms of voltage and current for a discharge between electrodes

from copper in helium (p (He) = 150 kPa).
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Figure 6: The pulsed power of an overstressed nanosecond discharge between cop-
per electrodes at p (He) = 150 kPa).

The main results of a study of the electrical characteristics of an
overstressed nanosecond discharge between chalcopyrite electrodes
in argon and nitrogen are shown in figure 7. In this case, the maxi-
mum energy input to the plasma per pulse increased significantly: for
example, in nitrogen-based mixtures, the energy input reached 375
mJ, and in steam-gas mixtures based on argon, it increased to 440 mJ.
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Figure 7: The pulsed power of the overstressed nanosecond discharge at: p (Ar) =
101 (1), p (Ar) =202 (2) and p (N2) = 202 (3) kPa.

About 90% of the plasma radiation power of an overstressed nano-
second discharge between electrodes of copper, zinc, iron or chalco-
pyrite, which was emitted in the spectral range of 200-1000 nm, was
concentrated in the wavelength range of 200-260 nm.
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Figure 8: A region of the plasma emission spectrum with the most intense spectral
emission lines of copper ions at air pressures of 101 and 303 kPa.

In figure 8 the emission spectrum of an overstressed nanosecond
discharge between copper electrodes in air is shown. The results of
identifying the most intense spectral lines in the radiation spectrum
are presented in [19]. An increase in air pressure from 101 to 303 kPa
led to an increase in the intensity of all spectral lines in the wave-
length range of 200-230 nm. The radiation from copper plasma was
dominated by transitions from energy levels of singly charged ions of
8.23-9.12 eV when the electronic configuration of 4p-4s was changed,

1, nm Object Tau Lower level Upper level

208,41 Fel 100 3d°4s? 3d°(°S)4s24p

224,55 Fell 300 3d°CH)4p 3d(3H)4d

241,78 Fe Il 60 3d°(F2)4s 3d°(’F2)4p

249,58 Fel 10000 3d(*F)4s 3d°(*H)4s4p(°P°)

253,68 Fell 2000 3d°CH)4s 3dCH)4p

272,80 Fel 4000 3d7(*F)4s 3dCF2)4s4p(*P°)

309,15 Fel 120 3d7(*F)ds 3d°(D)4s4p(1P°)
Table 1: Results of decoding the spectrum of the radiation of nanosecond discharge
between stainless steel electrodes in air.

The interpretation of the emission spectra of the discharge between
the stainless steel electrodes showed that the spectral lines of atoms
and singly charged iron ions dominate in such a plasma, and the most
intense was the spectral line of 249.6 nm Fe L.

The ultraviolet emission spectra of a plasma of an overstressed
nanosecond discharge between chalcopyriteelectrodes in an argon
and nitrogen medium are presented in figure 10 and the results of
identification of the most intense spectral lines are shown in Tables 2
and 3.

as well as spectral lines of atoms arising from transitions from highly L 2w, (at
excited states with energies of 5.68-7.02 eV. Ne | donm | p(Ar)= | Object | E, eB | “w- | Lower,, | Upper,,
101 kPa)

The region with the most intense spectral lines of copper in the 1 | 218172 2.26 Cul 0.00 | 5.68 4578 4p' 2p
wavelength range of 200-230 nm was observed in plasma on a mix- 2 | 21995 2.26 cul 139 | 702 | 48D 4p"2D°
ture of helium and copper vapor even more pronounced in the emis- 3 | 22557 0.34 Inll 1268 | 18.17 | 5s5d°D, | Ss4fF°
sion spectrum of the plasma of an overstressed nanosecond discharge 4 | 22637 0.4 Cull 892 | 1439 | 4p Fe 443G
(Figure 9). This region was the main one in the entire UV range of the 5 | 246.018 03 Inll 1268 | 17.72 | 5s5d°D | 5s7PF°
plasma radiation spectrum: 200-400 nm. Basically, the same spectral 6 | 307379 132 Cul 139 | 542 48D 4
lines of copper ions and atoms were observed as in plasma based on a 7 | 32827 213 Cul 515 | 893 | 4p'Fe 4d"°G
copper-air vapor-gas mixture. 8 | 32005 2.74 cul | 507 |ss4 | 4peE 4d'F

9 | 33079 1.56 Cul 507 | 882 | 4p'Fe 4G
10 | 410.17 1.65 Inl - 3.02 | 5525p2P° | 55%6s S
1.04 03] cul@sen Com@1362) ! = 2
> : : 1 (219.22) 11| 417.83 0.58 Arll | 1664 | 19.61 | 4s*P 4p*D
0.84 02 || Culr(224.72) 12 | 422.26 0.57 Arll 19.87 | 22.80 | 4p?P° 5P
» =
a bl | 13 | 42775 0.50 Arll | 1845 | 2135 | 45D 4p'2pe
5 0,61 o1 it 1 ( 14 | 43620 0.32 Arll 18.66 | 2150 | 3dD 4p' D0
he 044 o0f ah 15 | 451.13 3.1 Inl 027 |3.02 |595pPe | 55%6s°S,
R 2 120 230 He 1(587,59) Table 2: The results of the identification of the most intense spectral lines of the
0,24 | | o | products of the destruction of chalcopyrite in an overstressed nanosecond discharge
Hel{447.14) a: p(Ar)=101 kPa.
0.04 L. VR | "W S Y It
200 300 400 500 600 700 As can be seen from figure 10 The main radiation energy of the
o A, nm ) studied plasma is concentrated in the spectral range of 200-230 nm.
Figure 9: The emission spectrum of a plasma of an overstressed nanosecond dis-
charge in helium at a helium pressure of 150 kPa. The ultraviolet radiation of chalcopyrite plasma is concentrated

In the ultraviolet radiation spectra of plasma of an overstressed
nanosecond discharge between zinc electrodes [20], the most intense
were the spectral lines of zinc atoms and ions: 202.6; 206.2 nm Zn
1I; 250.2; 255.8 nm Zn 1. The results of the identification of the main
spectral lines of atoms and iron ions that were observed in the dis-
charge between stainless steel electrodes are presented in table 1. The
emission spectra of iron plasma are given in [20-22].

mainly on transitions of atoms and ions of copper and indium [10,23].
When studying the optical characteristics of a plasma in the UV re-
gion of the spectrum, which was excited by a high-voltage multi-elec-
trode discharge in air (at a pressure p = 101 kPa) between copper elec-
trodes (interelectrode distance d = 1.5 mm), the spectrum of plasma
radiation is determined by individual spectral lines [24,25] of atoms
and singly charged copper and indium ions, as for a laser plasma,
which was formed on the surface of a polycrystalline target from chal-
copyrite under vacuum [26,27].
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1, a.u. (at E
Ne A,nm P(N)= Object | E_ eB e“]';’ Lower, | Upper,
101 kPa)
1 218.172 2.26 Cul 0.00 5.68 4s°S 4p' 2P°
2 219.95 2.26 Cul 1.39 7.02 4s? D 4p" 2D°
3 225.57 0.34 InII 12.68 18.17 5s5d°D, 5s4f°F°
4 226.37 0.4 Cull 8.92 14.39 4p' 'F° 4d°G
5 246.018 0.3 Inll 12.68 17.72 5s5d°D 5s7fF°
6 | 307.379 1.32 Cul 1.39 5.42 452D 4p' 2F°
7 328.27 2.13 Cul 5.15 8.93 4p' 4F° 4d'°G
8 329.05 2.74 Cul 5.07 8.84 4p' “F° 4d' *F
9 330.79 1.56 Cul 5.07 8.82 4p' 4F° 4d' ‘G

Table 3: The results of the identification of the most intense spectral lines of the
products of the destruction of chalcopyrite in an overstressed nanosecond discharge
b: p(N,) = 101 kPa.
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Figure 10: The emission spectrum of an overstressed nanosecond discharge between
chalcopyrite electrodes at p (Ar) = 101 kPa (limit the spectrum to 200-470 nm, P (N,)
=101 kPa (spectrum limited to 200-400 nm).

Figure 11 presents the dependences of the average radiation power
of an overstressed nanosecond discharge in the spectral range 200-
280 nm via the frequency of the voltage pulses and the magnitude
of the charging voltage of the working capacitor of the high-voltage
modulator. The frequency dependency of the plasma UV radiation
was nonlinear, and the highest growth rate was observed in the fre-
quency range f= 40-350 Hz. With increasing f from 35 to 1000 Hz,
the average UV radiation power of an overstressed nanosecond dis-
charge increased by about an order of magnitude. An increase in the
charging voltage of the working capacitor from 13 to 20 kV (at f =
35 Hz) led to a twofold increase in the plasma UV radiation power.
From the obtained results it is seen that to increase the average power
of the UV radiation of the discharge plasma, the most promising is to
increase the repetition rate of the exciting voltage pulses.

In pulsed nanosecond discharges in the presence of additives of
easily ionized impurities in the form of metal vapors from the mate-
rial of the electrodes, the plasma electron density can reach 10'*-10"
cm 3 [28]. Therefore, the mechanism of formation of excited metal
ions can be determined by the processes of excitation of metal ions in
the ground state by electrons, as well as by processes of electron-ion
recombination. For these processes involving zinc ions, the effective
cross sections are quite large and reach 107! cm? [29,30]. Therefore,
it is likely that the excited transition metal ions are formed as a result
of the excitation of singly charged metal ions in the ground energy
state by electrons and during the dielectronic recombination of doubly
charged metal ions with discharge electrons.
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Figure 11: Dependence of the average UV radiation power of nanosecond discharge
plasma in atmospheric pressure air between copper electrodes in the spectral range
200-280 nm on the current pulse repetition rate at the charging voltage of the work-
ing capacitor of the high-voltage modulator Uz = 13 kV (1) and on the value of the
charging voltage working capacity of the high-voltage modulator (2) (at =35 Hz).

Numerical simulation of plasma parameters

Estimated calculations of some plasma parameters were per-
formed for a low average density of copper vapor (approximately 30
Pa), which is typical for the working medium of low-pressure ion gas
discharge lasers using transition metal vapor [31]. The data of Ref.
[32] were also taken into account, where the results of studying atmo-
spheric pressure air plasma with a small admixture of copper vapor
are also presented at about 30 Pa, which entered the plasma due to
erosion of copper electrodes.

At atmospheric pressures of Argon and Helium (p = 152 kPa), a
relatively large duration of the leading edge of the voltage pulse (5-7
ns), as well as for a system of electrodes with a weak in homogeneity
of the distribution of the electric field strength in the discharge gap,
data on the threshold values of the parameter E/N, when runaway of
electrons becomes significant, are absent in the literature known to us.
Under such experimental conditions, the most probable factor in the
preionization of the interelectrode gap is x-ray radiation [33]. In this
experiment, a small pulse repetition rate (40-100 Hz) and small-sized
autographs on the working surface of the electrodes indicate small
average partial discharge pressures of copper vapor in the present
experiment. As in [34], traces of erosion had the form of individual
points with a diameter of up to 100-200 um, which relatively even-
ly filled the working surface of the electrodes. Under the conditions
of the present experiment, the maximum value of the E/N parameter
reached (at Argon pressure p = 1.5 Atm and d = 1 mm) approximately
1081 Td, and for Helium at the same pressure 811 Td, which is less
than the critical value E/N for nitrogen, according to the local crite-
rion for runaway electrons - 1787.7 Td [18,35]. The latest results of
numerical simulation of runaway electron generation in atmospheric
pressure nitrogen in a needle — plane electrode system showed that
this threshold is even higher and is equal to 12120Td [36].

Therefore, for evaluating calculations of atmospheric pressure
plasma parameters, we chose the standard software for solving the
Boltzmann kinetic equation for the electron energy distribution func-
tion (EEDF).

The use of this software assumes a constant electric field in time
and space [37]. Under the conditions of our experiment the duration

Volume 3+ Issue1 » 100005



Biotech Res Biochem
ISSN: HBRB, Open Access Journal

Citation: Shuaibov AK, Minya AY, Gomoki ZT, Malinina AA, Malinin AN, et al. (2020) Plasma Reactor Generating Synchronous Flows of Bactericidal UV Ra-
diation and Nanostructures of Zinc, Copper, Iron Oxides and Chalcopyrite, ] Biotech Res Biochem 3: 005.

e Page 6 of 11 e

of a voltage oscillation in the gap with a half-period of ~ 10 ns and a
diffuse discharge, the plasma medium is in an electric field that changes
more slowly than the time of establishing the electron distribution
function. It is known that the time to establish a quasistationary
electron distribution is approximately equal to the relaxation time of
the mean electron energy [38,39]

r=mve/e'E’

Where m - the electron mass, e- the electron charge, E -electric
field strength, v, - frequency of elastic collisions of electrons with
mixture atoms (argon and copper) Estimation of the value of t for
our experiment gives a value of ~ 1 - 10-*s, which is much less than
the duration of 10 ns. Therefore, we believe that for our experiment
we can use the standard software for solving the Boltzmann kinetic
equation for the electron energy distribution function, namely Bolsig.

The parameters of the discharge plasma in mixtures of argon and
helium with a small addition of copper vapor at atmospheric pres-
sures (component ratio 152 kPa: 30 Pa) were determined numerically
and were calculated as total integrals from the EEDF. EEDFs were
found numerically by solving the Boltzmann kinetic equation in the
two-term approximation. EEDF calculations were performed using
the program [22]. Which also includes the effective cross sections
for the interaction of electrons with copper atoms in the database of
effective cross sections. Based on the EEDFs obtained, a number of
plasma parameters are determined depending on the magnitude of the
reduced electric field (the ratio of the electric field strength (E) to the
total concentration of argon or helium atoms and a small impurity of
copper vapor (N)). The parameter variation range E / N = 1-1300 Td
(1-107-1.3 - 105V - cm?) for a mixture of copper and argon vapor
and E / N = 1-1000 Td for a mixture of copper and helium vapor
included the values of the parameter E / N, which were implemented
in the experiment. For the vapor-gas mixture Cu: Ar = 30: 152000 at
a total pressure of 152.030 kPa, these E / N parameters were equal
to 1081 Td and 540 Td Td in the range 0-100 ns and 100 -480 ns,
respectively, and for the gas-vapor mixture Cu: He = 30: 152000 at a
total pressure of 152.030 kPa, these E / N parameters were equal to
811 Td and 405 Td in the range 0-100 ns and 100-300 ns, respective-
ly (Figure 5). The following processes are taken into account in the
integral of collisions of electrons with atoms and molecules: elastic
scattering of electrons by copper, argon and helium atoms, excitation
of energy levels of copper atoms (threshold energy 1.500 eV, 3.800
eV, 5.100 eV), ionization of copper atoms (threshold energy 7.724
eV); excitation of the energy level of argon atoms (threshold energy
11.50 eV), ionization of argon atoms (threshold energy, 15.80 eV);
excitation of the energy level of helium atoms (threshold energy 19.8
eV), ionization of helium atoms (threshold energy, 24.58 eV).

In figure 12 show the dependences of the average electron energy
in the plasma of the vapor-gas mixture Cu: Ar = 30: 152000 and Cu:
He = 30: 152000 at a total pressure p = 152.030 kPa on the reduced
electric field strength.

Mean energy of the discharge electrons for the argon-copper va-
por-gas mixture = 152 kPa - 30 Pa increased from 1.583 to 18.45 eV
with an increase in the reduced electric field strength from 1 to 1300
Td figure 12 and for the helium-copper mixture = 152 kPa - 30 Pa,
it also increased from 0.3818 to 136.3 eV with an increase in the re-
duced electric field strength from 1 to 1000 Td figure 12 At the same

time, a regularity was observed in the increased rate of its change in
the ranges of 1-50 and 1-40 Td for mixtures of the first and second,
respectively.
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Figure 12: Dependences of the average electron energy in the plasma of the vapor
- gas mixture Cu: Ar = 30: 152000 and Cu: He = 30: 152000 at a total pressure p =
152.030 kPa on the reduced electric field strength, respectively.

Tables 4 and 5 show the results of calculating the transport charac-
teristics of electrons: Mean energies €, temperature T K, drift velocity
V., and electron concentration for two mixtures of copper vapor with
argon and copper vapor with helium.

Mixture: Cu - Ar=30 Pa — 152 kPa
E/N, Td
g, eV T°K V. m/s N,m?
1 1.583 18362 3.8-10° 1.0 -10"
45 5.786 67118 6.0-10° 6.3:1072!
539 10.66 123656 3.510° 1.1-10%
1076 15.90 184440 6.3-10° 8.1-10%!

kPa.

Table 4: Transport characteristics of electrons for the mixture Cu - Ar=30 Pa — 152

Mixture: Cu - He=30 Pa — 152 kPa
E/N, Td
g, eV T°K vV, m/s N,m?
1 0.382 4431 1.7-10° 7.0 -107%°
35 8.085 93786 9.0-10° 1.4-10%
414 43.51 504716 1.2-10° 1.3-10"
828 104.2 1208720 2.4-10° 2.6:10"

Table 5: Transport characteristics of electrons for the mixture Cu - He=30 Pa — 152
kPa.

For the Cu - Ar mixture = 30 Pa - 152 kPa, the transport charac-
teristics of the electrons are shown in table 4 for the reduced electric
field strengths of 1076 Td and 539 Td in the range 0-100 ns and 100
-480 ns, respectively and for the vapor-gas mixture Cu - He = 30
Pa - 152 kPa table 5 they have values for the reduced electric field
strengths of 828Td and 414Td in the range 0-100 ns and 100 -300
ns, respectively figure 3 In the second mixture, the mean energies,
temperature, and electron drift velocities are much higher than in the
first, and the concentration of electrons have higher values in the first
mixture table 4.

Figure 13 shows the dependence of specific power losses of the
discharge on the processes of collisions of argon and copper atoms
with the electrons via the parameter E / N in plasma for the mixture
Cu: Ar =30: 152000 at a total pressure P = 152.030 kPa.

For the reduced field strength E / N = 1076 Td of the mixture
of copper vapor with argon, which took place in the range from the
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beginning of the breakdown of the interelectrode gap to 100 ns in
the first mixture, they did not exceed 23.3% and 38.1%, respectively,
and for the reduced field strength E/N = 539 Td, which occurred in
the range 100 -480 ns, they had values of 35.7% and 38.2%, respec-
tively. For the second mixture in the time range of 0 -100 ns, 5.3%
and 18% for E/N = 828 Td, respectively, and for the reduced field
strength E/N = 414 Td, which took place in the range of 100 -300 ns,
they had 12.2% and 31.5%, respectively. For copper atoms, they did
not exceed 0.09% (for excitation of the resonance state P, o1 ,,) for the
first mixture at E/N = 1076 Td and 0.28% at E/N = 539 Td, and for
the second mixture they did not exceed 0.03% at E/N = 828Td and
0.13% at E/N = 414Td.
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Figure 13: The dependence of the specific losses of the discharge power on the pro-
cesses of collisions of electrons with copper and argon atoms on the E/N parameter
in a plasma for a Cu: Ar = 30: 152000 mixture at a total pressure of P=152.030 kPa:
1 - excitation of the state of a copper atom (threshold energy 1.5 eV), 2 - elastic scat-
tering on argon atoms by excitation of the state of a copper atom (threshold energy
1.5 eV), 3 - excitation of the resonance state of a copper atom by *P,, |, (threshold
energy 3.8 eV), 4 -excitation of the energy level of argon atoms (threshold energy
11.5 eV), 5 - excitation of the resonance state of a copper atom °P,, . (threshold
energy 3.8 ¢V), 5- ionization of argon atoms (threshold energy 15.8 eV).

The specific loss of discharge power in a mixture of copper vapor
with argon (Argon-Copper = 152 kPa - 30 Pa) for inelastic collisions
of electrons with mixture components is maximal for excitation of
an energy level with a threshold energy of 11.5 eV argon atoms for a
reduced electric field strength of 45.8 Td figure 13 and for ionizing
it with a threshold energy of 15.80 eV for a reduced electric field
strength of 807 Td figure 13 they reach 79 % and 39%, respectively.
For copper atoms, the specific loss of discharge power in this mixture
reaches a maximum value of 64.7% for excitation of the resonance
state *P, .18t a reduced electric field strength of 1 Td. For the second
mixture (He-Copper = 152 kPa - 30 Pa), the specific losses of the
discharge power for inelastic collisions of electrons with the mixture
components are maximal for excitation of the energy level with a
threshold energy of 19.80 eV of helium atoms at a reduced electric
field strength of 35.4 Td and for its ionization With a threshold energy
of 24.58 eV for a reduced electric field strength of 173 Td and reach
59 % and 40%, respectively. For copper atoms, the specific loss of
discharge power in this mixture reaches a maximum value of 13.2%
for excitation of the resonance state *P,,  , at a reduced electric field
strength of 35.4 Td.

For the reduced field strength E / N = 1076 Td of the mixture
of copper vapor with argon, which took place in the range from the
beginning of the breakdown of the interelectrode gap to 100 ns in

the first mixture, they did not exceed 23.3% and 38.1%, respectively,
and for the reduced field strength E/N = 539 Td, which occurred in
the range 100 -480 ns, they had values of 35.7% and 38.2%, respec-
tively. For the second mixture in the time range of 0 -100 ns, 5.3%
and 18% for E/N = 828 Td, respectively, and for the reduced field
strength E/N = 414 Td, which took place in the range of 100 -300 ns,
they had 12.2% and 31.5%, respectively. For copper atoms, they did
not exceed 0.09% (for excitation of the resonance state °P; , , ) for the
first mixture at E/N = 1076 Td and 0.28% at E/N = 539 Td, and for
the second mixture they did not exceed 0.03% at E/N = 828Td and
0.13% at E/N = 414Td.

The rate of increase and fall of discharge power losses on the pro-
cesses of excitation of electronic states and ionization and its values
figure 13 is related to the nature of the dependence of the effective
cross sections of inelastic collisions of electrons with mixture compo-
nents on electron energies, their absolute values, and also on the de-
pendence of the electron distribution function on the magnitude of the
reduced field strength and threshold energy of the process. The losses
in the discharge power due to the excitation and ionization of copper
atoms in the range of the reduced electric field strength at which our
plasma sources (1076-539 Td) and (828 - 414 Td) operated are small,
due to the low content of copper vapor in the mixture.

Tables 6 and 7 shows the highest values of the rate constants of
collisions of electrons with copper and argon atoms for the reduced
electric field strength, which are a measure of the process efficiency
for a mixture of Cu: Ar = 30Pa: 152 kPa, the total pressure of 152030
Pa and a mixture of Cu: He = 30 Pa - 152 kPa, total pressure 152030
Pa. They vary in the range 0.2166-10% - 0.1167 - 10-"' m*/s for charac-
teristic values of the reduced electric field strength. The rate constant
of elastic scattering of electrons by copper atoms is maximal and with
decreasing values of the reduced electric field strength it decreases
1.99 times for the first mixture, and for the second 1.2 times. The ex-
citation rate constant of the resonance state of copper for the second
mixture is higher and has values of 0.9415 - 10> and 0.7146 - 102
m?/s for the reduced electric field strength at which the plasma source
of film deposition works (E/N =414 Td and E / N = 828 Td).

k, _ _ _ E/
N Process mls E/N=1Td | E/N=45Td | E/N=539Td N=1076Td
1 Cu Elastic kl 0'58152“3- 0.8009E-12 0.1109E-11 0.1167E-11
o | Ar Effective |, OI947E- | o 1hsgE12 | 0.2081E-12 | 0.236SE-12
(momentum) 13
Cu  Excitation 0.6046E-
3 380 eV k3 14 0.2987E-12 | 0.6848E-12 | 0.8569E-12
Ar  Excitation 0.1893E-
4 11.50 &V k4 19 0.1501E-15 | 0.5766E-14 | 0.1371E-13
Ar Ionization 0.2166E-
5 15.80 oV kS 23 0.7494E-17 | 0.4492E-14 | 0.1634E-13
Table 6: Values of the rate constants of electron collisions with copper and argon
atoms for the a: mixture: Cu - Ar = 30 Pa - 152 kPa.

Characteristics of thin films based on nanostructures of
transition metal oxides and chalcopyrite

The most characteristic results of the study of the optical charac-
teristics of nanostructures based on transition metal oxides and chal-
copyrite, which were deposited on a glass substrate installed near the
discharge gap, are shown in figures 14-17.
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nanostructures are in the range of 2-20 nm. The transverse sizes of

N Process % | E/N=1Td | E/N=45Td | E/N=539Td E/ nanostructures based on zinc and iron oxides were in the range of
m’/s N=1076Td
2-50 nm.
1 Cu Elastic k1 0‘843813_ 0.9477E-12 | 0.1139E-11 0.1022E-11
o | He Effective )y, O2181E- 1) 2008 15 | 06115813 | 0.5188E-13
(momentum) 13
=
Cu Excitation 0.2198E- a
3 3.80 oV k3 19 0.4941E-12 | 0.9415E-12 | 0.7146E-12 g—
4 | M Exciation | )1 000 | 08347E-16 | 0.3250E-14 | 0.5316E-14 £
19.80 eV @
He Ionization g
- - - b
5 24.58 cV k5 0.000 0.1679E-16 | 0.6732E-14 | 0.1469E-13 ;
Table 7: Values of the rate constants of electron collisions with copper and argon =
. @
atoms for the b: mixture: Cu - He =30 Pa - 152 kPa. =
S
200 250 300 350 400 450 500
Ay nm
Figure 16: Transmission spectra of samples of chalcopyrite films deposited on quartz
] l substrates depending on pressure and type of gas medium: 0 - without sample;1 - pure
- 2 quartz glass;2 - electrodes with CulnSe, at p (Ar) = 13.3 kPa;3 - CulnSe, at p (Ar)
=101 kPa.
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Figure 14: The surface structure of the film obtained from the sputtering products of
copper electrodes in atmospheric pressure air for 30 minutes under the influence of
an overstressed nanosecond discharge (f= 100 Hz).
0 T T r T :
400 500 600 700 800
A, nm
IC::U Figure 17: Photoluminescence spectra of a thin film synthesized by sputtering zinc
o Zi electrodes in a nanosecond discharge in atmospheric pressure air, obtained upon ex-
1 citation by radiation with a mercury lamp at wavelengths of 270 (1) and 330 (2) nm.
704 J
60 Figure 15 presents the transmission spectra in the visible region
S by film nanostructures of transition metal oxides. The transmission of
these films increased with increasing wavelength. The transmission
40
spectra had the form of continua with narrow enlightenment bands.
7 The transmission spectrum of the film of copper oxide correlates well
20 : : : : : with the spectrum of the transmission of copper oxide (Cu,0O) nano-
400 500 600 700 800
A structures [23,40]. Narrow bands of enlightenment of films in the blue
Figure 15: Radiation transmission spectrum of thlr{ films synthesqed by sputtering region of the spectrum (at wavelengths of 420 and 450 nm) can be
electrodes of copper, stainless steel and zinc in the air of atmospheric pressure for 30 K i K . o 1
minutes (center of the substrate, f= 100 Hz). 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 enlightenment bands were observed for films based on zinc
oxide. The cause of the appearance of such enlightenment bands may
be radiation defects of films of copper and zinc oxides, as well as the
formation of new energy levels in these compounds. The most intense
were the transmission bands of films based on zinc and copper oxides,
which correlated with selective and intense plasma radiation of zinc
and copper vapors in the spectral range of 200-230 nm. For a nanosec-

Figure 14 presents an image of the surface of a film obtained from
the erosion products of copper electrodes and the products of dis-
sociation of air molecules in an overstressed nanosecond discharge.
The optical characteristics of nanostructured films were studied at
an interelectrode distance of 1 mm. To determine the sizes of nano-
structures, a gel was applied on the film surface based on standard
spherical gold nanostructures with a diameter of 20 nm (which are
highlighted in yellow in image) (Figure 14). A comparative analysis ond discharge between stainless steel electrodes, the selectivity and
of the sizes of spherical gold nanostructures and transition metal ox-  intensity of plasma radiation decreases, which leads to a decrease in
ide nanostructures showed that the sizes of synthesized copper oxide the intensity of the transmission bands for films of iron oxides.
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In figure 16 the radiation transmission spectrum of chalcopyrite  microbiology, medicine and agricultural technologies, as well as in
films, synthesized in plasma based on argon, and obtained by tran- micro-nanotechnologies and optoelectronics.
sillumination of films by deuterium lamp radiation. The strongest
absorption of radiation of the deuterium lamp by chalcopyrite films References
was observed during their synthesis in the high-pressure argon and
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