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of ultraviolet radiation fluxes and microstructures of
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The use of an overvoltage nanosecond discharge (OND) in inert gases at atmosphenc pressure may be
promismmg for the synthesis of surface structures based on supenome conductors such as Ag:5, Aga(eS:, and
others. Such compounds are synthesized by vanous chemical methods, mbally m the form of macroscopic
polverystalline elements. However, their use in mucronanotechnology requires the synthesis of such compounds=
in the form of than films.

Physical methods for the synthesis of thin films based on supenemic conductors were nsed o [1]. where the
synthesis of thin films from Ag:5 compound in 2 magnetron discharge was reperted, and the results of the
synthesis of films from Ag>S compound excited as a vapor by a low-voltage electron beam (E = 800-1600 V)
are grven m [2].

To optimize the process of gas-discharge synthesis of supenonic conductor films, it 1s necessary to study the
charzctenstics and parameters of the plasma of an overvoltage nanosecond discharge in mert gases between
elactrodes made of supenomic conductors mm the form of polvervstalline samples. Such charactenshes and
parameters of the plasma are cwrently not available. This hinders the development of new supercapacitors,
battenes, photovoltaic devices, and sensiive The resultz of an expermmental study of electnical and optical
charactenstics in atmospheric pressure helmm between silver sulfide electrodes are presented m the abstract.
Thn films of elactrode destuction products in plasma were synthesized and their qualitative composition was
determmed. Expermmental measurements were performed using the techmaue of spectral analv=is of hght souwres
radiztion. A bipolar hgh-voltage discharge with a2 duration of 100-24530 ns was 1zmited between two electrodes
made of polyerystallme Ag:5 compound. The distance between the electrodes was 2 mm. The radius of
curvature of the end parts of the cylindnical electrodes was 10 mm. The diameter of the slectrodes was 5 mm.

Silver sulfide 15 a supencmic conductor, and thin films based on it are promusing for use in high-voltage
pulse technology (supercapacitors, etc.). Smee such films contain silver, thev mav have bactericidal properties
along with high 1ome conduchaty.

The mstallahon scheme, the structure of the discharge dewvice, and other condihons for studwing the
charactenstics of the surge protector are given mn [3].

The dizcharge was 1gmited when the discharge gap was overvoltage, when a beam of electrons was formed m
it [4). Under the action of such a beam, the discharge in atmospheric pressure helium was homogeneous and had
a cloze-to-square aperture with an area of 4 mm?. In a strong electnc field on the working swface of the
electrode bazed on the supeniome conductor Ags:S, mucroexplosions of mhomeogeneities ocowred on the
elactrode surface [3], which contmbuted to the miroduction of vapors of supenomc conductor Ag:S products and
their decay (Ag, Ag+. 5 ... ) into the plasma and the formation of a stream of clusters and nanoparficles based
on Ag:S compound and its dissocizhion products in the plasma, which were subsegquently deposited on the
quartz substrate in the form of thin films. The power dens=ity of the UV radiation of the discharge was measured
wsing a TEA-PEM UV meter at a distance of 15 cm from the dizcharge center.

The surface of the svnthesized thin fibm samples was examuned usng a macroscope with a 30x
magmfication. The polverystallme silver sulfide (Ag:5) compound used to make the electrodes was synthesized
in the technological laboratory of the Uzhhored Mational University.

The study of Ag:S thin films in helium at atmesphenc pressure was camed out under the following
conditions: the voltage at the anode of the thyratron medulator of lugh-voltage nanesecond pulses was 13 kV,
the pulse rate of the voltage pulses was 30 Hz, the distance from the center of the discharge to the glass plate
was 10 mm and the sputtering time was five cyeles of 30 munutes. The thin films were analyzed using three
available laser wavelengths - 532, 633, and 785 nm on a Renishaw InVia confocal Raman mecroscope, at 100%
power, respectrvely, 60.6, 9.2, and 32 mW. The diameter of the lazer beam was 1-2 um.

The study of electnical characteristics showed that the total duration of the veltage pulses reached 450 ns.
The voltage pulse mcluded fime-decaying oscillations with a duration of 40-50 ns. The maximum values of the
elactrical charactenishes of the OND were observed at atmosphenc helum pressure. Thus, the largest drop in the
vahie of the positive polanty veltage over the discharge interval was 17 kV, and the maximum amphiude of the
positive polanty corent pulse reached 150 A The maximum pulse discharge power was observed at piHe) =
101 kPa 1n the first 110 s after 1ts 1gmhion and reached 2.3 MW (at t = 110 ns).
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The energy of a single electric pulse at p{He) = 101 kPa was 9] ml, and at p{He) = 13.3 kPa 1t decreazed to
356 ml. Lat us consider the dependence of the mten=ity of discharge radiation in He-Az25 gas-vapor mixires
on the value of helium pressure and the main parameters of s excitation system: pulse repefihon rate and the
value of the charging voltage of the working capacitor of the high-voltage nanosecond pulse modulator. The
hghest value of the average plasma UV radiation power was observed at a belium pressure of 101 kPa at a
maxmmum frequency of £= 1000 Hz and 2 charging voltage of 19 V.

The radiation spectra of the OND m the He-Ag:S gas-vapor muxture at different hehum pressures and
different repetifion rates of voltage pulses are shown mm Fiz. 1. The results of the 1dentification of spectral hnes
are given in Table 1 for the spectrum from Fig. 1. Refarence [3] was used to decipher the spectrum.

In the ultraviclet part of the spectum of the PEN plasma, the radiation at the transihions of the atom and the
single-charged silver ton prevailed. The most mmtense were the resonant spectral lines of the silver atom 328.06
om Ag]and 33828 nm Ap I The most intense iome spectral lines were 224 64 and 23202 nm.

The most infense spectral bnes melude the hnes 388 86; 447 14; 501 56; 587.59; 667 81; 70651 nm He L
These lnes of the He atom in a pulsed plasma of atmosphenc pressure are observed when the process of ensrzy
transfer from the lower metastable levels of He I to some 1mpurity ( silver sulfide molecules and 1ts dissocianon
product=) 15 effectve.

When the frequency of the voltage pulses was reduced to 80 Hz and the He pressure to 13.3 kPa, a decrease
in the mten=ity of all silver spectral lines was observed, which was due to a decrease in the concentration of the
electrode material in the discharge plasma.

The formation of excited zilver atoms and 10ns can oceur during the excitation of a silver atom by electrons,
in the processes of excitation of a single-charged silver 1on by electrons wath subsequent recombination of silver

1ons (Ag IT; Ag IIT).

L.,

A, Tm

Figurs 1 Fadiation spectra of the OND plasma betwesn clactoedes of Ag-5 compound at: p(He) = 101 kPa; f= 1000 Hz.

Table 1. The results of 1dentification of the plasma radiation spectra of the supervoltage nanosecond dizcharze
between the electrodes of Az,5 compound at atmospheric helmm pressure (f=1000 Hz).
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When the quartz substrate was installed at 2 distance of 2-3 cm from the center of the discharge gap and the
discharge burning time was 30-60 minutes, the deposition of a thin film from the products of electrode material
spuftening in atmospheric pressure helmm was recorded on the substrate. As can be seen from this photo. the
surface of the synthesized thin film 1= gmte homogeneous. Against the background of a2 homogeneous swrface,
one can see some surface microstructhures with charactenstic dimensions of 10-20 pm (in the photo they are dark
zray in color and ellipsoidal m shape).

Figs. 2-4 show the Kaman spectra of a thin film synthesized from the products of the OND between silver
sulfide electrodes at atmospheric helivm pressure using laser radiation at wavelengths & = 785 mm, L = 532 nm
and 4 = 633 pm, respectively. The wuse of different wavelengths of lazer radiaton provides additiomal
mformation about the properties of Ag:5 nanoparticles, since the intensity and posinon of the bands m the
Faman spectra depend on the wavelength of the excitation radiation. The wavelength affects the depth of
radizfion penstration info the sample and the efficiency of the induced vibrations o the crvstals. This can lead to
differences in the infensity and position of the spectral bands of the scattered hight

The identification of Faman spectra was camed out using [6].

When studying the samples using laser radiation at A = 785 onm. the spectra mn Fig. 2 ((a). (b), (c}) are
characterized by bands in the range of 100-300 cm!, in particular at 228 em! (Fig. 2 (a)), 235 em™ (Fig. 2 ().
lazer at & = 532 nm spectmum m Fig. 4 (z). (characterized by bands in the ranze of 100-300 cm™’', m particular at
242 em? (Fig 3 (3)), laser at & = 633 nm specira are characterized by hands in the range of 100-300 cm™', in
particular at 238 em™ (Fig. 4 (a)). 242 cm™ (Fig. 4 (b)). The broad bands in the ranse of 210-230 em™!, in
particular, the above maxima m this range, which are caused by Az.5 nanopariicles, are azsociated with
symmetrical longitudinal vibrational modes of Ag-5-Ag bonds. The bands with a maximum of 604 cm™! (5935
em! (Fiz. 3z}, 602 cm (Fig. 4(b)) can be athibuted to 0-5-0 bonds (asymmetric bending). The bands with a
maxmmum of 360 cm™! (Fig. 3(c)), 957 em™ (Fig. 4(a)-Fig. 4(k)) are related to the symmetne stretching of 5-0
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bonds. In Fig. 3 (b), Fig. 4 (b). broad bands m the range of 1460-1600 cm™! are associated with vibrations of
silver and sulfur oxide compounds formed during the photoinduced decompositon of Ag:5.
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Figure I Faman scatening spectra of light by a thin film deposited from the OWD plasma at atmospheric helium pressure obtained using
laser radiation at & = 7E5 mm ([a), (). ().
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Figure 3 Baman specima of light scartening by a thin film depesited from the plasma of the OWD at ammospheric pressure of heliom . obtamed
using lazer radiation at & = 332 nm ([ab)).
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Figure 4 Raman spectra of light scattering by a thin film depesited from the OND plasma at atmospheric helium presaore obfamed using
laser radiation at & = 633 nm (7).

Thus, the results showed that the Raman spectra reflect the charactenshe features of Ag.5 films and thewr
oxides. In particular, bands comresponding to chemical bonds n the composihon of Ag:S compounds were
observed. Thas indicates the swecessful synthesiz and formaton of films with the desired properfies.
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