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The spectroscopic characteristics of a bipolar, overstressed discharge of nanosecond duration between zinc
electrodes in oxygen at a pressure p (O2) = 13.3 kPa are presented. In the process of microexplosions of
inhomogeneities on the working surfaces of the electrodes in a strong electric field, zinc vapor is introduced into
the discharge gap. This creates the prerequisites for the formation of zinc oxide molecules and clusters in the
plasma and the synthesis of thin island zinc oxide films, which can be deposited on a dielectric substrate installed

near the center of the discharge gap.

The spectral characteristics of the discharge were investigated from the central part of the discharge gap 2
mm in size. The main excited components of the plasma of a vapor-gas mixture based on zinc and oxygen were
established at high values of the parameter E/N (where E is the electric field strength; N is the total concentration
of particles in the plasma), which, when deposited outside the discharge plasma, can lead to the formation of fine

nanostructured films based on zinc oxide.
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Introduction

The optical characteristics of a nanosecond discharge
in air at atmospheric pressure at a distance between the
metal electrodes d = 1-2 cm are determined in the UV
range of the emission spectrum of the bands of the
second positive system of the nitrogen molecule (280-
390 nm), hydroxyl radicals (OH), nitrogen oxides (NO),
bands of carbon nitride (CN), as well as individual
spectral lines of atoms and singly charged ions of
nitrogen and oxygen [1]. When the distance between the
electrodes decreases to 0.5 — 2.0 mm, spectral lines of
atoms and ions of the electrode material (copper, iron,
zinc and others) appear in the plasma radiation spectra of
such nanosecond discharges [2]. When operating in the
mode of overvoltage of the interelectrode gap, runaway
electrons are recorded in such a plasma, which pass into
the mode of continuous acceleration with energies at the
level of the amplitude of the voltage pulse applied to the
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discharge gap [3, 4]. Under the action of a beam of
runaway electrons and the accompanying X-ray
radiation, which play the role of preionization, a spatial
homogeneous discharge is formed in the discharge gaps
of the "sphere - sphere" type with an inhomogeneous
distribution of the electric field strength, which can be
used to develop new UV lamps with a small volume
plasma medium (V <10 mm?). Such short pulse UV
"spot" lamps are necessary for spectroscopy,
photochemistry and photobiology applications.

Some optical and energy characteristics of "point"
UV lamps on metal vapors, from which the electrodes of
an overstressed unipolar nanosecond discharge are made,
are given in [5], and for the corresponding bipolar
discharge in [6]. The use of a bipolar discharge makes it
possible to decrease the impulse voltage relative to the
grounded parts of the discharge device, as well as to use
the electrode material more evenly, which is spent on the
formation of ectons and is accompanied by the emission
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of vapors of the electrode material into the plasma [7].

Since this discharge occurred in the vapors of the
electrode material and the degradation products of air
molecules, the synthesis of island film nanostructures
based on copper and zinc oxides was observed, which
can be synthesized (outside the plasma) on a dielectric
substrate [8-10].

Synthesis of such nanostructures in the field of UV
radiation deserves special attention. Thus, in [11], during
the synthesis of film nanostructures of zinc oxide in the
form of a set of nanopillars with continuous illumination
of the substrate during synthesis by UV radiation from a
mercury lamp, a decrease in the resistance of film
nanostructures was obtained. A study of the emission
characteristics of an overstressed bipolar discharge in air
and helium at atmospheric pressure between two zinc
electrodes showed that it is a selective source of radiation
in the spectral range 200-230 [12, 13], which can be used
for automatic illumination of a film of zinc oxide
nanostructures in the process its synthesis.

When an overstressed nanosecond discharge is
ignited between copper or zinc electrodes, its plasma acts
not only as a source of bactericidal UV radiation (AL =
200-280 nm) [14], but also a stream of copper or zinc
oxide nanoparticles, which have strong antibacterial
properties [15].

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 other oxygen-
containing gases, especially with a decrease in the
working gas pressure, which will increase the degree of
overvoltage of the discharge gap.

The article presents the results of a spectroscopic
study of an overstressed bipolar discharge of nanosecond

amplifier

duration between zinc electrodes in medium pressure
oxygen, which can be used both as UV bactericidal
radiation and for the synthesis of film nanostructures of
zinc oxide upon automatic irradiation of a substrate with
a film with UV radiation.

I. Methods and experimental technique

The study of the characteristics of an overstressed
nanosecond discharge was carried out on the
experimental stand described in [13]. The block diagram
of the discharge module is shown in Fig. 1. A diagram of
the discharge cell is given in [16]. An intense
nanosecond discharge between zinc electrodes was
ignited in a sealed Plexiglas chamber. The distance
between the electrodes was d = 2 or 7 mm.

To ignite the discharge, high voltage bipolar pulses
with a duration of 50-150 ns and an amplitude of + (20—
40) kV were applied to the electrodes of the discharge
cell. The voltage pulse repetition rate was chosen equal
to 80-150 Hz, since at high frequencies there was a
significant heating of the electrode system and the
discharge chamber. Oscillograms of voltage pulses
across the discharge gap and oscillograms of current
pulses were recorded using a broadband capacitive
voltage divider, a Rogowski coil, and a 6LOR-04
broadband oscilloscope.

The discharge gap was overstressed, which created
favorable conditions for the formation of a high-energy
“runaway" electron beam and accompanying X-ray
radiation [3, 4].

Plasma radiation, which was recorded in the spectral
range A = 196-663 nm, entered the entrance slit of a
spectrometer with a diffraction grating 1200 line/mm. A
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Fig.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 belt; VD - voltage divider to determine the voltage drop in the circuit; G5-15 -
pulse generator; 6LOR is a broadband oscilloscope.
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FEU-106 photomultiplier tube connected to a dc
amplifier was used at the output of the spectrometer to
detect radiation. The signal from the amplifier was fed to
an analog-to-digital converter and then fed to a personal
computer for processing.

The discharge chamber was evacuated by a foreline
pump to a residual pressure of 10 Pa, and then oxygen
was filled in the chamber to a pressure of 13.3 kPa. The
diameter of the cylindrical metal electrodes was 5 mm,
and the radius of curvature of their working end surface
was the same and equal to 3 mm. The discharge volume
depended on the voltage pulse repetition rate. The "point
discharge" mode was achieved only at voltage pulse
repetition rates in the range f = 40-150 Hz.

Il. Spatial, electrical and spectral
characteristics

Fig. 2 presents the time-averaged images of a bipolar
overstressed nanosecond discharge in oxygen at different
distances between the electrodes, which were obtained
with a time delay of =1 s.

5)

a)

Fig. 2. Time-averaged (t = 1 s) images of an
overstressed nanosecond discharge in oxygen (p = 13.3
kPa) at a distance between the electrodes d =2 (a) and 7

(b) mm.

At an oxygen pressure of 13.3 kPa and d =2 mm, the
discharge that was investigated looked like a bright
central part with a diameter of about 2 mm, which was
equal to the interelectrode distance and a series of weaker
plasma jets that escaped from the central part. With an
increase in the distance between the electrodes to 7 mm,
the brightest part of the discharge plasma was
concentrated at the rounded working surface of the zinc
electrodes, which were covered by a thin, less bright
plasma channel. The main reasons for the appearance of
the diffuse glow of the discharge between the electrodes
(d = 2 mm) and at the surface of the electrodes at a
considerable distance between them (d = 7 mm) can be
beams of "runaway electrons" and the accompanying X-
ray radiation [3,4].

Oscillograms of voltage, current, and pulsed power
for an overstressed nanosecond discharge between zinc
or copper electrodes (at p (O2) = 13.3 kPa; d = 2 mm)
had the same form as in the same discharge in air
between zinc electrodes, copper or chalcopyrite [13,16].

Oscillograms of voltage and current were in the form
of oscillations decaying in time with a duration of about
7-10 ns, which is due to the mismatch of the output
resistance of the high-voltage modulator with the load
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resistance. The total duration of the voltage oscillations
across the gap and the discharge current reached 400 ns
with the duration of individual voltage oscillations 7-10
ns, and the current oscillations had a duration of = 70 ns.
For a nanosecond discharge, it was investigated that the
amplitude of the largest voltage drop at the electrodes
was achieved at the initial stage of the discharge and was
+ 7- 8 kV, and the current was £ 140-160 A. By
graphically multiplying the oscillograms of the current
and voltage pulse, the pulsed power of the discharge was
obtained, the integral from which in time within the
duration of a nanosecond discharge made it possible to
establish the energy contribution to the plasma in one
discharge pulse. The magnitude of the pulse discharge
power reached (0.5-0.6) MW, which ensured an energy
contribution to the plasma in one discharge pulse at a
level of up to 30 mJ. With an increase in the
interelectrode distance to 7 mm, the voltage drop across
the electrodes and the current value were, respectively,
up to + (0.7-0.8) kV and + (90-100) A. The pulsed power
atd =7 mm reached 0.15 MW, which ensured the energy
contribution to the plasma in one discharge pulse at a
level of up to 20 mJ.

The emission spectrum of an overstressed
nanosecond discharge in oxygen is shown in Fig. 3, and
the results of identification of spectral lines and bands are
summarized in the table. When decoding the radiation
spectrum, reference books were used [17, 18].
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Fig. 3. The emission spectrum of the plasma of a
bipolar, overstressed discharge in oxygen of nanosecond
duration (p (O,) = 13.33 kPa; d = 2 mm).

The main spectral lines of the plasma radiation were
the spectral lines of the atom and the singly charged zinc
ion, which are located in the spectral range of 206 - 280
nm. The most intense from the ionic spectral lines of zinc
were: 206.20; 209.99 nm Zn Il, and from atomic lines -
213.85 nm Zn |, which correlates with the spectral
characteristics of the lamp [19]. Compared with the data
of [19], the UV radiation spectrum in these regions
included significantly more intense spectral lines of the
atom and singly charged zinc ion.
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Table 1
Results of spectrum identification (Fig. 3) of plasma radiation of an overstressed nanosecond discharge in oxygen.
Ne A tab., NM I exp., Object Eiow.eV | Eup., eV Lowerterm Upperterm
a.u.
1 206.20 34.23 Znll 0 6.01 3d%%4s 25y, 3d%4p?P%y,
2 209.99 35.78 Znll 6.11 12.02 3d%4p%P%, 3d%°4d?Ds,
3 213.85 23.93 Zn | 0 5.79 3d'%4s? 1S, 3d%%4s4p?P%;
4 250.19 10.57 Zn | 6.01 10.96 3d%4p?P%y, 3d1%55%Sy
5 255.79 18.40 Znll 6.11 10.96 3d%%4p 2P%, 3d1%55%Sy
6 258.24 2.47 Zn | 4.02 8.82 3d'%4s4pP%; 3d%4s6d°D;
7 267.05 0.81 Zn | 4.00 8.64 3d'%4s4p3P% 3d%4s75°S,
8 273.32 1.36 Oll 25.28 29.82 | 2s?2p*(°P)3p®S°ue2 2522p?(°P)4s %P3
9 277.09 2.4 Zn | 4.02 8.50 3d'%4s4pP%; 3d'%4s5d°D,
10 280.08 3.4 Zn | 4.07 8.50 3d'%4s4p3P°, 3d%4s5d°D;
11 298.04 3.31 oll 28.82 32.98 2522p?(3P)3d 2522p?(3P)5f
*Ps/ F 2[4]%2
12 302.01 2.26 oll 28.83 32.93 2522p?(3P)3d 2522p?(3P) 5f D
*Paj ’[3]°ss2
13 304.71 2.82 oll 28.88 32.95 | 2s22p%(’P)3d%F7p 2522p?(3P)5f
D?[2]%2
14 307.206 1.42 Zn | 4.07 8.11 3d%4s4p3P°, 3d%4s65°S,
15 313.60 4.71 N, Second positive system C3I1,*-B3I1g* (2;1)
16 327.75 5.62 oll 25.83 29.61 2522p?(°P) 2522p?(3P)4s 4Psp,
3p 4P03/2
17 329.49 12.89 Ooll 25.83 29.59 | 2s%2p*(’P)3p*P°se 2522p?(°P)4s *Pap
18 334.50 15.89 Znl 4.07 7.78 3d*%4s4p 3P°, 3d*%4s4d°Ds
19 339.02 3.57 oll 25.28 28.94 2522p?(°P) 3p 2522p%(°P)
25%, 3d 2P3,
20 340.72 1.95 oll 28.50 32.14 2522p?(*D) 3p 2522p?(*D) 4s D3,
2D%,
21 347.49 2.40 oll 25.28 28.85 | 2s%2p%(°P)3p°S°1e 2522p?(°P)3d D12
22 371.27 2.98 oll 22.96 26.30 | 2s%2p%(°P)3s “P1; 2522p*(°P)3p *S°sp
23 374.94 7.90 oll 23.00 26.30 3s *Pspo 3p “So
24 386.34 2.21 oll 25.64 28.85 2522p?(°P) 3p 2s22p*(°P)3d 4D7p,
4D%,
25 388.21 4.07 oll 25.66 28.85 2522p?(°P) 3p 2s22p%(°P)  3d “Die
4D%,
26 391.21 3.93 oll 25.66 28.82 2522p?(*D) 2522p?(*D)  3p 2PY%p,
3s 2D3/2
27 395.46 3.97 ol 10.98 14.12 2522p3(*S°) 2s22p%(?P°) 3s°P°,
3p 3p 2
28 397.32 8.22 oll 23.44 26.56 3s %P3 3p 2PY%y,
29 407.58 16.84 oll 25.65 28.69 3p “D%2 3d *Fz2
30 411.92 14.9 oll 25.85 28.86 3p “PY%p 3d “D
31 413.28 5.83 oll 25.83 28.83 3p POy 3d *Pap2
32 418.97 10.96 oll 28.36 31.32 3p’ 2F° 3d'°G
33 431.98 11.70 oll 28.82 31.69 2522p%(*D)3p 2522p(*D) 3d Sy
POy,
34 433.68 17.92 Ooll 22.98 25.84 3s *Pap 3p *P%;,
35 436.92 10.57 Ooll 26.22 29.06 3p ?D%y, 3d?D
36 441.48 17.58 oll 23.44 26.24 2522p?(®P) 3s 2522p?(°P)
2P3p 3p 2D%;
37 444.81 3.27 oll 28.36 31.14 2522p?(*D) 3p 2s22p%('D) 3d 2F7p,
2F°rp
38 446.62 7.03 Oll 28.94 31.73 3d %P3 4f D%,
39 459.09 10.39 Oll 25.66 28.36 3s’ 2Dsp 3p’' ?F°
40 464.18 15.43 Oll 22.98 25.65 35 *Pap 3p “D%y,
41 464.91 21.13 Oll 23.00 25.66 3s 4Psp 3p D%
42 468.01 9.06 Zn | 4.00 6.65 3d%%4s4p °P°, 3d'%s 55 35,
43 470.53 14.54 Oll 26.25 28.88 3p D% 3d %Fz
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Continuation of Table 1.

44 47221 | 18.28 Znl 4.02 6.65 3d4s4p°P°, 3d1%4s5s°S,
45 481.05 | 21.35 Znl 4.07 6.65 3d4s4p°P°, 3d1%4s5s°S,
46 49116 | 560 Znll 1201 | 1453 3d4d 2Dy 3d14f 2F°g;,
47 492.40 10 Znll 12.02 | 1453 3d°4d?Ds, 3d%4”2F0 7,
48 51311 | 3.64 ol 10.98 | 13.40 | 2522p%(*S°) 3p°P; | 2522p°(*S°) 8d°D°,

In the plasma emission spectra of a bipolar,
overstressed nanosecond discharge in air and a mixture
of air with a small admixture of water vapor at a total
pressure of the mixtures p = 103.3 kPa (d = 1 mm), the
main groups in the UV spectral range were two groups of
intense lines of the atom and ion of zinc in the spectral
range 200-280 nm. The most intense in the first group of
spectral lines were ion lines: 202.6; 206.2 nm Zn II, and
in the second group the lines of the zinc atom - 250.2;
255.8 nm Zn 1 [13], which does not correspond to the
data for the discharge in oxygen at its pressure p =
13.3 kPa (Fig. 3. and the table).

This is probably due to a change in the type and
pressure of the buffer gas, as well as the conditions for
the formation of ectons in these discharges.

For an overstressed nanosecond discharge in oxygen
in the spectral range 273-465, singly charged oxygen
ions were the main source of radiation. On more intense
spectral lines of the oxygen ion there were lines: 407.58;
411.92; 433.68; 441.48; 464.18; 464.91 and 470.53 nm O
Il. The energies of the upper energy levels for these
spectral lines are in the range of 25-29 eV, which
indicates a high temperature of electrons in the plasma,
which was studied.

Comparison of the ratio of the effective cross
sections of the spectral lines of the zinc atom: A = 258.24
and 267.05 nm, taken from [20], with the experimental
data showed that the ratio of the cross sections of direct
electronic excitation of these lines at an electron energy
E = 30 eV was - 5.6, and the ratio of the intensity of
these spectral lines from our experiment was - 3.0. For
the ratios of the corresponding cross sections of the
spectral lines of the zinc atom at 481.05 and 472.21 nm,
1.8 was obtained, and for the ratio of the intensities of
these lines from the plasma of an overstressed
nanosecond discharge, 1.1. As these relations do not
coincide, it follows that 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.

The main part of the energy of an overstressed
nanosecond discharge is introduced into the cathode spot
in the plasma phase, therefore, in the plasma bunch, it
scatters, the energy is first introduced into the electronic
component with the subsequent transfer of this energy
from electrons to ions. Therefore, the possible
mechanisms of the formation of excited zinc atoms, zinc
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and oxygen ions in the studied plasma can be determined
by the processes of their excitation and ionization by
electrons from metastable states, from the ground state of
the corresponding ion and by the processes of
dielectronic recombination [21]. The effective cross
sections for the excitation of transition metal ions by
electron impact are large and, for example, for zinc ions
they reach - 1016 cm? [22]. The reason for the occurrence
of such processes is the high concentration of electrons in
the plasma of overstressed discharges of nanosecond
duration with an ectonic mechanism of electrode
sputtering, which reaches 107 cm 2 [23].

Conclusions

Thus, it was found that at an oxygen pressure of
13.3 kPa between zinc electrodes, at interelectrode
distances of 2 and 7 mm, a sufficiently uniform in space
intense nanosecond discharge with a pulsed electric
power of up to 0.6 MW and an energy contribution to the
plasma in one pulse was ignited.

The study of the spectral characteristics of plasma
based on vapor-gas mixtures "zinc - oxygen" showed that
the most intense were the spectral lines of singly charged
ions of zinc and oxygen. The most probable processes of
the formation of excited atoms and ions in a given
discharge can be the reactions of excitation of zinc and
oxygen ions by electrons and the processes of
dielectronic recombination. Automatic irradiation of the
substrate and film nuclei on the substrate by intense UV
radiation of zinc and oxygen atoms and ions from a
nanosecond discharge plasma is promising for
influencing the electrical characteristics of synthesized
films based on zinc oxide.
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Study of conditions of gas- discharge synthesis of Zinc oxide nanostructures under automatic UV-irradiation ...
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JocJiizxeHHs yMOB ra3opo3psiIHOT0 CHUHTEe3y HAHOCTPYKTYP OKCHIY
HMHKY IPH aBTOMATHYHOMY Y@ - onpoMiHeHHI MiAKJIAAKH
IJIa3MOI0

JBH3 «Yaceopoocwruil nayionanshuil ynisepcumemy, Yoczopoo, Yrpaina, alexsander.shuaibov@uzhnu.edu.ua

[IpuBeneHo CHEeKTPOCKOIIYHI XapaKTePUCTUKH OIIOJISIPHOTO, MEepeHaNpy>KeHOT0 PO3psiay HaHOCEKYHIHOL
TPHUBAJIOCTI MDK €JIEKTpOAaMH 3 IMHKY B KHcHI 1pu THCKy p(O2)=13.3 xIla. B mpomeci MikpoBHOYyXiB
HEOJHOPITHOCTEH Ha POOOYHNX HMOBEPXHAX €JIEKTPO/IB B CHIGHOMY €JICKTPHYHOMY IOJI B PO3PSIIHUI IPOMIXKOK
BHOCATBHCS Iapu LIMHKY. Lle cTBOpIO€E mepeyMOBH ULl YTBOPEHHS MOJICKYJI i KJ1acTepiB OKCHIY LIMHKY B IIa3Mi
Ta CHHTE3Y TOHKHX OCTPiBKOBHX ILTIBOK OKCHUAY IIMHKY, SIKi MOXYTb OCa/KYBaJIMCh HA NiCICKTPUIHIHN i JKIAILI,
BCTaHOBJICHIN TOOJH3Y BiJ LIEHTPY PO3PSIIHOTO MPOMIKKY.

CriekTpanbHi XapaKTepUCTUKU PO3PAAY AOCTIKYBAIUCH 3 IEHTPAIBHOI YaCTHHU PO3PSTHOTO MPOMIKKY
BEJINYMHOIO 2 MM. BCcTaHOBIEHO OCHOBHI 30y/PKEHI CKJIQIOBI IUIa3MH MApora3oBoi CyMilli Ha OCHOBI IIMHKY i
KHCHIO TIpU BUCOKHMX 3Ha4yeHHsAX mnapamerpa E/N (me E — HanpyxeHicth enmekrpuuHoro moussi; N- cymapHa
KOHIIHTpALlisl YacTOK B IUIa3Mi), SKi IPH OCA/UKEHHI 3a MEXaMH PO3PSAIHOI IUIa3MH MOXYTH IPHBOIHUTH 0
YTBOPEHHS TOHKHX HAHOCTPYKTYPOBAHUX ILTIBOK HA OCHOBI OKCHTY IIMHKY.

KirouoBi cnoBa: nepeHanpy>KeHHil HAHOCEKYyHIHMIl pO3psA, KHCEHb, LMHK, CIEKTP BHIPOMIHIOBaHHS,
ia3ma.
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