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The results of the study of the characteristics of a pulsed source of time-synchronous UV radiation streams of
silver atoms and ions and micro-nanostructures of silver sulfide are given. An overvoltage nanosecond discharge
was ignited in nitrogen between electrodes made of silver sulfide (Ag2S) at a distance between electrodes of 2 mm.
Silver sulfide vapors were introduced into the gas-vapor mixture "Nitrogen - AgzS" due to the ectonic mechanism.
The voltage and current pulses, the pulsed power of the discharge, the energy contribution to the plasma for one
pulse at pulse repetition frequencies of 40 - 1000 Hz were studied. The spectral characteristics of the discharge and
the spatial characteristics of the microstructures deposited from the discharge plasma on a quartz substrate installed

near the electrode system were studied.

The discharge can be used as a source of bactericidal radiation and a source of microstructures based on silver
sulfide, as well as a plasma chemical reactor for the synthesis of thin microstructured films of silver sulfide.
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Introduction

Gas-discharge sources of bactericidal UV radiation at
transitions of atoms and ions of transition metals (Cu, Zn,
Fe) were successfully developed by pumping an
overvoltage nanosecond discharge in atmospheric
pressure air between electrodes with Cu, Zn, Fe [1]. To
increase the bactericidal effect, they also used a flow of
transition metal oxide nanostructures. During the
deposition of such a flow on a solid substrate installed near
the electrode system, the synthesis of thin nanostructured
films of transition metal oxides was carried out.
Introduction of vapors of the electrode material occurred
due to microexplosions of inhomogeneities of the
electrode surface in the form of nanopoints in a strong
electric field (formation of ectons [2]). The plasma of the
overvoltage  nanosecond  discharge was  quite
homogeneous even without preliminary ionization of the
interelectrode gap, since the role of preliminary ionization
here was performed by a beam of runaway electrons and
accompanying X-ray radiation [3, 4].
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In addition to transition metals, silver and sulfur
atoms also have a strong bactericidal effect, so it is
promising to obtain a plasma flow based on silver and
sulfur, which is synchronized with the UV flow of silver
plasma. On the basis of a vapor-gas mixture of "air - silver
sulfide (Ag2S)", a similar source was implemented on the
basis of an overvoltage nanosecond discharge between
electrodes made of a polycrystalline Ag.S compound in
air at atmospheric pressure [5-7]. In this work, the
possibility of synthesizing thin films of the superionic
conductor - silver sulfide [8], which is promising for their
use in completely solid-state lithium - ion batteries [9,10]
was also established by the method of micro-Raman
spectroscopy.

Since the buffer gas - air in [7] contained a significant
amount of oxygen, oxygen atoms and ions were present in
the plasma flow, and impurities of oxygen-containing
compounds were detected in the synthesized thin films.
Therefore, it is also important to conduct similar studies
with a buffer gas that does not contain oxygen. Such a
buffer gas can be nitrogen at atmospheric pressure, which
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is inexpensive, allowing nitrogen to flow through the
discharge gap at subsonic speeds. Currently, there are no
characteristics of an overvoltage nanosecond discharge
between silver sulfide electrodes in nitrogen, which
prevents the use of such a source in electrical engineering,
microelectronics, and medicine.

The article presents the results of the study of the
electrical and optical characteristics of the source of UV
radiation flows and microstructures of silver sulfide,
which was excited with the help of an overvoltage
nanosecond discharge between silver sulfide electrodes in
nitrogen.

I. Conditions of the experiment

A high-voltage discharge with a duration of
100 — 450 ns was ignited between two electrodes, which
were made of a polycrystalline Ag.S compound. The
distance between the electrodes was 2 mm. The radius of
rounding of the end parts of the cylindrical electrodes is
10 mm. The diameter of the electrodes is 5 mm.

The scheme of the installation, the structure of the
discharge device and other conditions for studying the
characteristics of an overvoltage nanosecond discharge
are given in [1].

The discharge was ignited by overvoltage of the
discharge gap, when a beam of runaway electrons is
formed in it [3]. Under the action of such a beam, the
discharge in Nitrogen at a pressure of p = 101 kPa was
uniform and had an aperture area of 4 mm?2. In a strong
electric field on the working surface of an electrode made
of a superionic conductor (Ag2S), micro-explosions of
inhomogeneities occur on the surface of the electrodes [2],
which contributed to the introduction of vapors of the
polycrystalline compound Ag-S into the plasma and the
formation of a flow of UV radiation and a synchronous
flow of microparticles based on the compound AgsS,
which were deposited on a quartz substrate.

Il. Characteristics of discharge and
synthesized microstructures

In Fig. 1. oscillograms of voltage and current pulses,
pulsed power of the discharge and energy contribution to
the plasma of the gas-vapor mixture "Nitrogen - silver
sulfide” for one discharge pulse are given.

The total duration of voltage pulses reached 450 ns.
The voltage pulse was characterized by the presence of
oscillations lasting 40 - 50 ns, which were caused by the
mismatch between the output resistance of the high-
voltage voltage pulse modulator and the plasma
resistance. The largest values of voltage drop and
discharge current were obtained at p(N,) = 101 kPa. The
maximum pulsed power of the overvoltage nanosecond
discharge was observed at p(N2) = 101 kPa in the first
125 ns from the moment of its ignition and reached
1.0 MW.

When the nitrogen pressure was reduced to 13.3 kPa,
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Fig. 1. Oscillograms of current pulses, voltages, pulsed
power, and energy contribution to the plasma of an
overvoltage nanosecond discharge for one discharge pulse
(p(N2) = 101 kPa, (A); 13.3 kPa (B)).

two pulse power maxima were observed in the time range
of 120 — 150 ns. The energy of a single electric pulse at
nitrogen atmospheric pressure reached 51.6 mJ, and at
p(N2) = 13.3 kPa it was equal to 42.3 mJ.

Dependencies of the discharge radiation density in
nitrogen-silver sulfide gas-vapor mixtures on the pressure
of nitrogen and the main parameters of its excitation
system: the frequency of pulse tracking and the value of
the charging voltage of the working capacitor of the high-
voltage modulator of nanosecond pulses was carried out at
a distance of 15 cm from the center of the interelectrode
gap at an angle of 4n steradians. They are shown in
Fig. 2 - 4.

The discharge emitted most effectively in the UV-C
(bactericidal ultraviolet) and UV-A ranges. The maximum
value of the average power of UV - plasma radiation at the
atmospheric pressure of Nitrogen was obtained at the
frequency f = 1000 Hz and the charging voltage of 20 kV
(Fig. 2.-3). It reached 1 W in the wavelength range of
200 - 400 nm in the region of the installed substrate, on
which a thin film of plasma was deposited.

The radiation spectrum of a nanosecond discharge in the
gas-vapor mixture "Nj- Ag,S" at the atmospheric
pressure of Nitrogen and the repetition frequency of
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Fig. 2. Dependencies of UV power density — radiation in
the UV-C, UV-B, UV-A ranges for the discharge plasma
on the frequency of repetition of voltage pulses at a
charging voltage of U = 13 kV in Nitrogen between
electrodes with Ag.S at a pressure of p(N.) = 101 kPa.
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Fig. 3. Dependencies of UV power density - UV-C, UV-
B, UV-A radiation - discharge ranges on the voltage on
the electrodes at f = 80 Hz in atmospheric pressure
nitrogen between Ag,S electrodes.
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Fig. 4. Dependencies of UV power density — UV-A
radiation — discharge range on the frequency of repetition
of current pulses at a charging voltage of U = 13 kV in
atmospheric pressure nitrogen between electrodes with
AQ>S at pressures: 1 — 101 kPa and 2 — 13.3 kPa.

Table 1
Maximum values of the power density of nanosecond
UV radiation in vapor-gas mixtures "Nitrogen - silver
sulfide™ at different pressures of Nitrogen
(Uen, = 20 kV, £=1000 Hz).

p(Nitrogen)= p(Nitrogen) =
Spectral range 13.3 kPa 101 kPa
W, mJ/cm? W, mJ/cm?

UVv-C

(200 - 280 nm) 79 336
UV-B

(280 - 315 nm) 2:5 129
UV-A

(315 - 400 nm) /3 28.1

voltage pulses - 1000 Hz is shown in Fig. 5. The results of
the identification of spectral lines are shown in Table 2 for
the spectrum from Fig. 5. The reference book [11] was
used to decode the spectrum.
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Fig. 5. The radiation spectrum of a hanosecond discharge
between the electrodes of the Ag.S compound at the
atmospheric pressure of Nitrogen and the frequency
f=1000 Hz.

As can be seen from Table 2, the ultraviolet part of the
spectrum was dominated by radiation at the transitions of
an atom and a singly charged silver ion. The most intense
were the resonance spectral lines of the silver atom at
328.06 nm Ag | and 338.28 nm Ag |. The 224.64 spectral
lines stood out from the ion spectral lines by intensity;
232.02 nm. No signs of the presence of characteristic
molecular bands of the nitrogen molecule in the spectral
range of 280 - 390 nm were found, which is characteristic
of a spark discharge in air at atmospheric pressure, which
is characterized by large values of the E/N parameter.

When reducing the frequency to 80 Hz and the
nitrogen pressure to 13.3 kPa, a decrease in the intensity
of all spectral lines was observed, which is due to a
decrease in the energy contribution to the plasma and a
decrease in the concentration of the electrode material in
the plasma.

The formation of excited silver atoms and ions can
occur during the excitation of a silver atom by electrons,
in the processes of excitation of a singly charged silver ion
by electrons with subsequent recombination of silver ions

(Ag I1).
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Table 2

The results of the identification of the spectra of nanosecond discharge plasma radiation between the electrodes
from the Ag»S compound at atmospheric pressure of Nitrogen (d = 2 mm; f = 1000 Hz).

Ne | X, NM I ea" a Object Eelivlv Eup. eV Lowerterm Upper term
9(2
1 211.38 1630 Ag Il 485 | 10.71 4d°(2Ds12)5s 2[2]s 4d 2([5523’223)5'0
9(2
2 224.64 7753 Ag Il 485 | 10.37 4d°(®Ds12)5s [°2]s g‘g §[7[/);]’§z
3 227.99 3538 Ag Il 570 | 11.05 4d%(2D312)55 2[¥a]2 4d°(2D312)5p 2[7]°
4 232.02 10134 | Agll 505 | 10.36 4d9(?Dsy,) 55°/-]; 4d°(%Dsp2) 5p ] 1
5 238.62 4326 Agll | 11.14 | 16.34 | 4d°CDsp)5p  2[3/2]° | 4d°(Da)5d  ?[3/2];
4d9(2D3/2)5S 4d9(2D5/2)5p
6 241.13 6153 Ag Il 5.42 | 10.56 20312, 205/21°s
9(2
7 243.77 3941 Ag Il 4.85 9.94 4d°(®Ds12)5s [°2]s g‘g §[5;]’§z
8 244.78 6661 Ag Il 570 | 10.77 4d°(Dap)55 2[3/2], | 4d°(Da)5p  [5/2]°%
9 260.59 1342 Agll | 10.18 | 14.94 4d°(Dsp) 5p {7213 4d°(Ds1)65 2[7:]5
12 | 27117 1178 Agll | 10.37 | 14.94 4d°(2Dsy2) 5p ['2]° 4d°(%Dsp2) 65 2[%/] 3
13 | 276.75 1281 Ag Il 570 | 10.18 4d°(D3)5s 2[3/2], 4d°(Ds2)5p 2[7/2]°
14 | 293.83 1631 Agll | 10.77 | 14.99 4d°(2Da12)5p 2[5/2]°2 4dg(*Ds12)6s 2[5/2],
15 | 328.06 13923 Ag | 0.00 3.77 401955 25, 4d195p 2P
4d105s 4d%p
16 | 338.28 11421 Ag | 0.00 3.66 s, 2P
4d195p 4d%d
17 | 40554 1807 Ag | 3.66 6.72 2po 2D 4
18 | 464.30 1706 NIl 18.47 | 21.15 35 3p0 3p 3P
19 | 500.515 3651 NIl 20.66 | 23.14 2522p°p D3 2522p3d 3F°,
20 | 520.90 6217 Ag | 3.66 6.04 4d195p 2p°y;, 4d195d 2Dy,
21 | 54654 9052 Ag | 3.77 6.04 4d195p 2Py, 4d195d 2Dy,
657.07
22 | T 3?28)'06 8748 Ag | 0.00 3.77 401955 25, 4d195p 2P
679.2 10 10
23 | - 33828 | 6384 | Agl | 000 | 3.66 4d>5s 4d75p
@) S1/2 P an
24 | 800.51 904 Agll | 14.94 | 16.49 4d°(°Ds12)6s 2[5/2] 4d°(°Dsy2) 6p 2[5/2]°%
25 | 869.47 631 S 7.86 9.29 3s23p3 (*S°) 4p 5P; 3523p3(“S°)4d °D°,

When the quartz substrate was installed at a distance
of 2 —3 cm from the center of the discharge gap and the
discharge burning time was 30-40 minutes, the deposition
of microstructures from the products of sputtering of the
electrode material in nitrogen of atmospheric pressure was
recorded on the substrate. The characteristic sizes of
surface microstructures are 10 - 20 um.

Conclusions

The study of the characteristics of the source of
synchronous streams of UV radiation and silver sulfide
nanostructures with pumping by an overvoltage
nanosecond discharge between the electrodes from the
polycrystalline compound Ag.S in nitrogen revealed the
following:

- with the total duration of the voltage pulses up to
450 ns, the largest value of the impulse electric power of
the discharge reached - 1.0 MW with the energy in a
separate pulse - 51.6 mJ; a decrease in nitrogen pressure
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to 13.3 kPa led to a decrease in the amplitudes of voltage,
current, and pulse power, and the energy in the pulse
decreased to 42.3 mJ;

- discharge plasma in the UV range of wavelengths
radiated at the transitions of an atom and a singly charged
silver ion; resonance spectral lines of the silver atom
(328.06; and 338.28 nm Ag | ) were distinguished by
intensity; the discharge plasma is the source of the flow of
UV radiation and the flow of silver sulfide nanostructures,
which is promising for applications in micro-
nanotechnology, medicine, and microbiology; the highest
power density of ultraviolet radiation at the transitions of
atoms and singly charged silver ions was obtained at the
atmospheric pressure of Nitrogen at the repetition
frequency of voltage pulses f = 1000 Hz;

- surface microstructures with dimensions of
10-20 um were synthesized during deposition of
electrode erosion products on a quartz substrate installed
near the electrode system.
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I'azopo3psiiHe q:Kepeso CHHXPOHHUX MOTOKIB Y @-BUNIPOMIHIOBAHHS
i MikpocTpyKTYp cyabdiny cpidJia

JIBH3 «Yaiccopoocvxuii nayionansnuii ynisepcumemy, Yoczopoo, Yrpaina, alexsander.shuaibov@uzhnu.edu.ua

IIpuBOAATHCS PE3YNbTATH JOCITIIKEHHS XapaKTEePUCTHK IMITYJIbCHOTO [PKepesia CHHXPOHHHX B Yaci IIOTOKIB
Y®-BunpoMiHOBaHHS aTOMIB Ta i0OHIB cpiOia i MIKpO-HAHOCTPYKTYp cynedimy cpibma. IlepeHanpyxeHuit
HAHOCCKYHIIHUI pO3psiJ 3alalioBaBcs B a30Ti MK elleKTpojamu 3 cynbdiny cpibma (AgzS) mpu Bigmami mix
enektpogamu — 2 MM. [lapu cynbdigy cpibna BHOCHIHCH B ra30mapoBy cyMiml «A30T - Ag2S» 3a paxyHOK
€KTOHHOTO MeXaHi3My. JI0CiIiIXKEeHO IMITyJIbCH HAIIPYTH, CTPYMY, IMITyJIbCHA OTYXHICTb PO3PSY, €HEPreTUYHHUIT
BHECOK B IUIa3My 32 OJIMH iMITyJIbC IPH YacTOTax MOBTOpeHHs iMmynbeiB 40 - 1000 ['n. BuByanuck cniekTpanbHi
XapaKTepUCTUKK PO3PSAY Ta MPOCTOPOBI XapaKTEPHCTHUKHM MIKPOCTPYKTYP, OCa/PKEHHX 3 IUIa3MH PO3psiay Ha
KBapIIOBY IiIKJIAJIKy, BCTAHOBJICHY OiJIs1 CHCTEMH €JIEKTPO/IiB.

Po3psia Moxxe GYTH BUKOPUCTAHHI SIK [PKEPEIo OaKTEePHIHIHOTO BUIIPOMIHIOBAHHS 1 JUKEPEIIO MIKPOCTPYKTYD
Ha OCHOBI CyJb(iqy cpibiia, a TAKOXK SK ITa3MOXIMIYHHI PEaKTOpP 3 CHHTE3y TOHKUX MIKPOCTPYKTYPOBaHHX ILTIBOK
cynbdiny cpibia.

KuarouoBi cioBa: cysnbdin cpibna, nepeHanpyKeHHH HAHOCEKYHIHHUI PO3psiji, CHEKTP BHIIPOMIHIOBAHHS,
ia3Ma, iMIyJbCHe JUKEpPeo.
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