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DISCHARGE CHARACTERISTICS OF THE MAGNETRON SYSTEM
FOR SPUTTERING, DEPOSITION, AND NANOTECHNOLOGY APPLICATIONS

Magnetron sputtering is known for years as a powerful tool for coating deposition of cutting tools and machine
parts. However the experimental measurements of the magnetron discharge parameters are still necessary to
provide a consumer of the magnetron system with the reliable characteristics. A voltage-current relation is the
most applied characteristic of the discharge, and it is described as the power low of a type U = Up + al",
where U and | are the voltage drop and the discharge current, respectively, and Up and n are constant. First
part of the research is dedicated to the experiments conducted in the magnetron setup provided with the titani-
um cathode in a vacuum chamber filled with argon or argon-nitrogen mixture, and the constants are deter-
mined for the particular geometry of the magnetron sputtering system. The obtained results can be used to
choose the operation modes for the traditional applications of the magnetron discharge such as ion cleaning
and heating of the non-magnetic workpieces arranged on the cathode, as well as for the sputtering deposition
of the titanium and titanium nitride coatings on the surfaces of the workpieces located above the magnetron
cathode. In the next part of the research the novel application of the magnetron for production of carbon
nanostructures is considered. For the purpose, a layer of expanded graphite is arranged on the magnetron
cathode, and the discharge is initiated in oxygen atmosphere. It was found that for the time interval of a few
hours the discharge is described as a superposition of the typical magnetron glow with arc spot generation,
and the intensity of the arcs is not decreased with time. At that, the arc initiation was accompanied with the
formation of clusters of the graphite cathode. The process is explained in terms of the cathode spot generation
at the interaction of the arc plasma with the non-melting material. This process can be beneficial for the devel-
opment of the plasma reactors for the large-scale production of the carbon species at the low gas pressures
suitable for the magnetron discharge operation. Thus, the magnetron sputtering systems provided with the ex-
panded graphite cathode can be considered as the tool to grow carbon nanospecies in the arc discharge cath-
ode spots.
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Introduction

Magnetron sputtering systems and vacuum arc
guns are considered as the main technological plasma
sources used to generate flows of plasmas of conducting
materials [1, 2]. Magnetron discharge is widely applied
in science and technology for decades, while investiga-
tion of its operational principles is still a problem [3, 4],
and large number of theoretical and experimental re-
searches is dedicated to it [5, 6].

Magnetron discharge is considered as glow dis-
charge sustained by the secondary electrons emitted
from the cathode surface at the interaction of the cath-
ode with plasma ions [7, 8]. Magnetic field applied
above the cathode, is the distinguishing feature of the
magnetron discharge; the topography of the field is es-
sential for the discharge operation. Usually, the magnet-
ic field is between 102...102 T, and cannot affect the
motion of the relatively heavy ions, while the motion of
the electrons is affected greatly by the field. Thus, the
electron component of plasma is considered as “magnet-
ized” in the magnetron discharge, while the ion compo-

nent — as “not magnetized”. The magnetic field lines are
considered as equipotential under the condition of the
limited mobility of the plasma electrons across the mag-
netic field, and relatively strong electric field can be
generated in plasma to accelerate plasma ions toward
the cathode [9].

The magnetic field directed perpendicular to the
electric field, significantly increases the electron path
between the cathode and anode of the discharge system,
thus providing the effective ionization of the back-
ground gas to obtain the high density plasma [10]. The
electron mobility across the magnetic field is the discus-
sion issue at the development of the magnetron sputter-
ing devices [11], thus making it difficult to theoretically
predict the conductivity of the discharge gap. The dis-
cussed conductivity mechanisms include classical [12],
Bohm [13], and near-wall conductivities [14], to men-
tion a few.

Nowadays, radiofrequency (RF) [15] and pulsed
system [16] technology are implemented in industry to
overcome the limitations implied by the basic direct
current (DC) approach: arcing, small fraction of ions in
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the gas-plasma mixture (the ionization degree of the
background gas is usually of a few percent), low energy
of the ions, as well as limitations implied by the cooling
system of the magnetrons. However, DC setups are still
widely applied for coating deposition or for surface
cleaning and heating by use of flows of energetic ions.
In this paper we describe the application perspectives
not only in traditional coating industry but also in nano-
science technology.

Formulation of the problem

Due to the problems in the theoretical description
of the magnetron discharge, the prediction of the dis-
charge operation based just on the knowledge of the
discharge gap geometry, gas flows, partial pressures,
and characteristics of the electrical power supply, is
difficult. The configuration of the arced magnetic field
with negatively-biased surface is widely applied for the
ion treatment, and is equivalent to the configuration of
to the magnetron sputtering systems. The control of the
operation parameters in such systems means the neces-
sity of studying the current-voltage relations of the dis-
charge. With respect to the surface treatment, three op-
eration modes can be distinguished: with the negative
rate of the surface geometry change (i.e. the surface
sputtering); with zero rates (i.e. the surface modifica-
tion), and with the positive rate (i.e. the coating deposi-
tion). The temperature mode of the surface is important
as well. To control the surface treatment parameters,
two characteristics of the ion flow should be precisely
controlled, namely, ion energy, and density of the ion
current extracted from plasma to the substrate. The for-
mer depends on the drop of the electric potential across
the discharge gap, while the latter are determined by the
electric supply power adsorbed by the discharge gap.
Unfortunately, in spite of the progress in the magnetron
researches, each system requires the experimentally
established dependencies, because large number of pa-
rameters affects them, such as strength of the magnetic
field, its topography, a configuration of a vacuum
chamber, gas supply rate etc. At that, the discharge volt-
age is usually estimated as a dependence U = &/,
where & is the energy loss for generation of one ion-
electron pair, and s is considered as the “effective”
coefficient of the secondary electron emission [17]. The
ionization and conductivity processes specify the volt-
age-current relations of the magnetron discharge, which
are very important from the practical considerations,
since the energy of the plasma ions and the current of
the ions extracted from the plasma to the cathode, are
dependent on the parameters [18]. For DC magnetrons
the discharge current is usually described by the follow-
ing power law: | =aU", where U is the discharge volt-
age and n is considered as a parameter describing the

effectiveness of the electron confinement by the mag-
netic field. At that, n can be varied from 1 to above 20
at the dependence on the cathode material, applied
magnetic field, and gas pressure [19]. Unfortunately,
this approach is not fruitful for the description of the
newly-tested configurations of the magnetron sputtering
systems.

To overcome the obstacle, the experimentally
measured characteristics of the discharge obtained for a
specified vacuum setup arrangement are used. Since the
surface coating is often conducted through two-step
process, when the ion cleaning and heating are per-
formed during the first stage, and the reactive coating
deposition is carried out on the second stage, both of the
stages are studied in the research. Argon is the main gas
for the preparatory (cleaning and heating) stage, while
number of gases are applied for the second stage. The
gases should match the magnetron cathode which is a
source of the metal atoms sputtered at the interaction of
the ion flux with the cathode material. Titanium nitride
is the most used coating material which requires titani-
um cathode and nitrogen as the reactive gas, and this
composition is the main subject of our study. In this
paper, the current-voltage characteristics of the magne-
tron discharge over titanium cathode are investigated at
the different gas pressures and rates.

In addition to the traditional implementation of the
magnetron sputtering system, a novel application in the
field of nanotechnology is also studied in the paper. As
it is known, arc spots initiated above the graphite cath-
ode, are powerful tool in generation various nano-
species of graphite, such as nanoclusters, nanotubes, and
nanosheets [20, 21]. Usually, the process is conducted
under the high-pressure conditions; however, here the
magnetron cathode made of expanded graphite, is treat-
ed at low pressure, and the discharge parameters suited
for the nanomaterial production, are studied.

Experimental part

A schematic of the experimental setup is shown in
Fig. 1. The vacuum chamber is a vessel of a cylindrical
shape with the outer diameter 310 mm, inner diameter
300 mm, and height of 350 mm. A planar magnetron
with a titanium cathode with a diameter of 236 mm was
mounted in the chamber, and the chamber was filled
with argon, or argon-nitrogen mixture at a certain gas
flow ratio. When measuring the voltage-current rela-
tions in the configuration with the titanium cathode, ten
measurements were made for each experimental point.

In the experiments where the discharge character-
istics of the system with the graphite cathode were per-
formed, the relations were obtained by use of the cus-
tomary-designed data acquisition system, which is able
to write the discharge parameters such as voltage, cur-



ABIAIIITHO-KOCMIYHA TEXHIKA I TEXHOJIOT'I51, 2020, Ne 6(166)

ISSN 1727-7337 (print)
ISSN 2663-2217 (online)

rent, and gas pressure at the frequency of 25 Hz. When
carrying out the research, the atmosphere at 25 Pa of
0Xygen pressure was maintained.

Vacuum chamber
-

Plasma

by —~

\ Cooling water

Turbomolecular pump
Forevacuum pump

Fig. 1. A schematic of the experimental setup

A photograph of the setup is shown in Fig. 2. The
experiments showed quite different behavior of the dis-
charge for the setups with titanium and expanded graph-
ite cathodes.

Fig. 2. Photograph of the experimental setup

When treating the titanium cathode, plasma ap-
peared as a bright torus above the cathode surface at the
discharge ignition, thus forming the classical shape of
the magnetron plasma discharge where the brightest part

corresponds to the region where the magnetic field lines
are parallel to the cathode surface. A sputtered trench
known as ‘race track’ was formed on the cathode under
the plasma. In general, the observed phenomenon corre-
sponded to the appearance of the magnetron discharge
in both of the operation modes — as for the sputtering in
the argon atmosphere as for the deposition in the nitro-
gen environment. A photograph of the discharge opera-
tion is shown in Fig. 3.

Fig. 3. Photograph of the magnetron plasma discharge

Results and discussion

When investigating the parameters of the system
with respect to the sputtering a range of the discharge
currents up to 1.3 A for the discharge voltage drop of
370 to 900 V, and the argon pressure range of 4.6 to 5
Pa was studied. The pressure range is conditioned by the
rational operation of the magnetron plasma source with
respect to the discharge ignition and sustaining, as well
as to get the widest range of the process control. The
voltage-current relations obtained in the experiment are
shown in Fig. 4.

As it can be seen, the higher argon pressure of 5 Pa
results in the characteristics with the low regulation
ability because of the saturation on the voltage drop,
when the big change in the current does not lead to the
significant change in the voltage drop and the ion ener-
gy, respectively. Since the ion energy is approximately
equal to the voltage drop, it can be concluded that the
energy does not exceed 600 eV in this case. This value
is useful for heating the samples mounted on the cath-
ode, when the cathode serves as the sample holder, yet
the effectiveness with respect to the sputtering is not
high. Unlike this, the decreased argon pressure of 4.6 Pa
allows regulating the ion energy up to 900 eV with the
current change, thus making the operation mode suitable
for the effective sputtering.
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Fig. 4. Voltage-current relations of the magnetron
discharge with the titanium cathode
in argon environment

The measurements of the voltage-current relations
confirmed the power law described in the previous sec-
tion. In the experiment, the following dependencies of
the voltage drop U (V) on the discharge current | (A)
and gas pressure P (Pa) were obtained:

U(1, 4.6 Pa)=370 +5001%8, (€
U(1, 4.85 Pa) =370 +3501%42, @)
U(1,5.0Pa)=370+2201°%2. 3)

For the deposition stage, the current-voltage rela-
tions of the magnetron discharge with titanium cathode
in argon and nitrogen gas mixture at the different total
gas pressures and argon-to-nitrogen ratio are shown in
Fig. 5. As it can be seen, presence of nitrogen decreases
the voltage drop with respect to the values shown in
Fig. 5 at the same currents; thus, the less energy is re-
quired to get the same ion current. This fact correlates
with the decrease in the ionization potential of nitrogen
(14.53 eV) with respect to argon (15.76 eV).
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Fig. 5. Voltage-current relations of the magnetron
discharge with titanium cathode in argon and nitrogen
gas mixture at the different total gas pressures
and argon-to-nitrogen ratio

The following dependencies of the voltage drop on
the discharge current and gas pressure were obtained:

U(I, 4.6 Pa) =340 +3701%3, (4)
U(1,6.0Pa)=395+2201°3. (5)

The discharge behavior changes drastically, when
the discharge is ignited above the expanded graphite
cathode under condition of oxygen atmosphere in the
chamber. At that, the stable glow is not reached for the
time intervals comparable with the whole time of the
ion treatment, and the discharge appearance is a set of
arc discharge breakdowns superimposed with the glow
discharge. A typical fragment of the time dependence of
the discharge voltage U and current | on time t is shown
in Fig. 6.
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Fig. 6. Characteristics of the magnetron discharge
at oxygen pressure of 25 Pa

A photograph of the discharge is shown in Fig. 7.
It can be seen that the arc initiation is followed by the
formation of the clusters of the cathode material, which
can be associated with the bright beams protruding from
the arc spot. This process is defined by the graphite
properties that quite differ from the characteristics of
titanium. When the arc discharge spot is generated
above the titanium cathode, its generation is promoted
by the microprotrusions on the cathode surface, because
the electric field is greatly enhanced above the sharp
features of the negatively biased surface of the cathode.
As a result of the arc generation, the titanium protrusion
melts, and the electric field weakens, thus unable to
sustain the arc.

After the arc distinguishes, the surface of the cath-
ode made of melting material (titanium) is smoother,
thus preventing the generation of a new arc. Opposite to
that, the arc generation above the expanded graphite
surface does not melt the protrusion yet generates the
significant elastic stress, which is released then at the
formation of the solid cluster ejected from the surface
with the formation of a crater with sharp edges. Thus,
the surface of the cathode made of non-melting material
does not become smoother after the arc generation, and
the number of the protrusions, which are the concentra-
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tors of the electric field, is not decreased with time. This
process is beneficial for the formation of the nanoparti-
cles and growth of the nanostructures of different di-
mensionality.

Fig. 7. Photograph of the process of the formation
of the clusters of the cathode material
in the arc discharge spot

Application perspectives

The results obtained in the research can be directly
connected to the needs of the modern industry, as well
as for theoretical work. The former application implies
the use of the obtained voltage-current relations for the
deposition of TiN coatings on the surfaces of the ma-
chine parts or cutting tools by use of the developed
magnetron sputtering system. For that, the traditional
pattern should be introduced, when the voltage-current
relations for the setup with argon atmosphere are ap-
plied when a titanium sub-layer is formed on the parts
or tools before the deposition of the metal ceramics. The
cleaning and heating of the sheet part installed in the
setup and used as the magnetron cathode is also the way
of the implementation of the results.

The results of the oxygen treatment of the expand-
ed graphite cathode in oxygen plasma are promising
with respect to the nanotechnology yet the number of
the applications is a topic for the separate researches.
Up to now, it can be stated that the stable generation of
clusters is possible with the proposed technique, and the
next stage of the research should imply the collection of
the graphite species generated in the arcs and ejected to
the volume of the processing reactor.

Conclusions

In this paper the characteristics of the magnetron
sputtering system were investigated with respect to the
traditional applications such as ion cleaning, heating,
and coating deposition, as well as for the prospective
use in the field of nanotechnology, namely, generation
of carbon nanostructures of various dimensionality. The
power law was established for the specific configuration

of the magnetron setup with titanium cathode operating
in argon or argon-nitrogen environment at the low pres-
sure, were stable magnetron glow discharge was devel-
oped. For the generation of carbon species in the mag-
netron discharge ignited above the expanded graphite
cathode, the transient operation mode where the arc
generation is superimposed on the glow discharge mode
is the appropriate option. Thus, the magnetron system
can be considered as the tool to grow carbon nanospe-
cies.
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XAPAKTEPUCTHUKH PO3PSTY MATHETPOHHOI CUCTEMM JIJ151 PO3NIUJIEHHS,
OCAJIKEHHS ITIOKPUTTIB TA 3ACTOCYBAHHS Y HAHOTEXHOJIOT'TI

A. 0. bpeyc, O.JI. Cepowk, B. I. Pyzaiikin, O. O. bapanoes

MarHeTpoHHe PO3IHJICHHsSI POKaMH BIJIOMO K TOTY)XHHH 1HCTPYMEHT JUIsi HAHECEHHS TOKPUTTIB Ha PiKY4HI
IHCTpYMEHT Ta jaeTtaii MamuH. OJHaK eKCIIEpUMEHTAIbHI BUMIPIOBAHHS MapaMeTPiB PO3psly MarHETPOHA BCe Ie
HeoOXiHI /st 3a0e3NeyYeHHs CIIOKMBaya HaIiHHUMU XapaKTepPUCTUKAMHM MarHeTPOHHOI CHUCTEeMH. BigHomeHHsS
HANpyru 70 CTPYMY € HalOUIbIl 3aCTOCOBYBAHOIO XapaKTEPHCTHKOI PO3PSIY, 1 BOHO OIHUCYETHCS SIK CTYIEHEBa
3anexHicth Tury U = Up + al", ne U i | — maginas moteHmiany ta cTpyMm po3psaay BianosigHo, a U i N e mocTiitHu-
mu. [lepmia yacTnHa MOCIIKEHb MPUCBSYEHA €KCHEPHMEHTaM, IPOBEICHUM 3 MarHETPOHHUM IPHUCTPOEM, SKUH
OCHAIIEHNII THTAHOBUM KaTOZIOM, Ta PO3MIIIEHNH y BaKyyMHIH Kamepi, 3alI0BHEHii aproHoM abo CyMIMIIIO aprony
1 a30Ty; KOHCTAHTH BH3HAYEHi JUIi KOHKPETHOI reomMeTpii MarHeTpoHHOi cucremMu. OTpUMaHi pe3yIbTaTH MOXYTb
OyTn BUKOPHCTaHI JJIsi BUOOPY PEKMMIB POOOTH ISl TPAIMLIITHNX 3aCTOCYBaHb MarHeTPOHHOTO PO3PSAY, TaKUX SIK
10HHE OYMINEHHS Ta HArpiBaHHSI HEMAarHITHUX 3arOTOBOK, PO3TAIIOBAHUX HA KATO, a TAKOX JUISl OCAIPKEHHS MOK-
PHUTTIB THTaHy Ta HITPUIY TUTaHY Ha MIOBEPXHSX 3arOTOBOK, PO3TAIIOBAHMX HAJl KATOJOM MarHeTpoHa. Y HacTyIl-
Hiil YaCTUHI JOCIIIKEHHS PO3IIIAJa€ThCsl HOBE 3aCTOCYBAaHHS MarHETPOHA JUIsSl OTPUMAHHS BYTJIEIIEBUX HAHOCTPYK-
Typ. s IbOTO HA KaTOMAi MarHeTpOHA PO3MIMIEHMH IIap CIiHEHOro rpadiTy, i po3psn iHiIiIoeThes B aTMochepi
KHCHIO. By7no BcTaHOBIIEHO, 1110 A7 iHTEPBAJy 9acy B KUIbKA TOIAMH PO3PS OMMUCYETHCS K CYHEPIO3HULIisl THIIOBOTO
MarHeTpOHHOIO PO3PsAY 3 YTBOPEHHSM IUISIM JYrOBOTO PO3psily, & IHTEHCHBHICTB YT 3 4aCOM HE 3MEHIIYETHCS.
[Tpu 1pOMY iHIMIIOBAaHHS TyTH CYNPOBOKYBAJIOCS YTBOPEHHIM KiacTepiB rpadiroBoro xatoxa. Ilpomec moscHio-
€THCSl YMOBaMH YTBOPEHHS KaTOAHOI IUIIMH TIPH B3a€MO/Iii AYTroBOi IJIa3MH 3 HeIJIaBKUM MartepianoM. Lleit nporec
MOXe OyTH KOPHUCHUM JUIs PO3POOKH IIa3MOBHX PEaKTOPiB JJIsl BUCOKONPOAYKTHBHOTO BUPOOHMIITBA PI3HUX BHIIB
BYTJICLIEBUX CTPYKTYP IIPH HU3BKHX THCKaX rasy, HPUIATHUX JUIl pOOOTH MarHeTpOHHOI'O po3psiay. Takum 4uHOM,
CHCTEMH MarHeTPOHHOTO PO3MMJIEHHS, IO OCHAIIEHI KAaTOAOM i3 CHiHeHOro rpadiTy, MOXKHa PO3IJISIATH SIK iH-
CTPYMEHT JUISl BUPOLIYBaHHS! HAHOCTPYKTYP BYTJICIIO B KaTOJHUX IUISIMax J{yrOBOTO PO3Psy.

KoarouoBi ciioBa: ruia3ma; MarHeTpOHHHH PO3ps; BOJbT-aMIIEpHA XapaKTEePUCTHUKA; HAHOTEXHOJIOTs; ByTJie-
1IeBi HAHOYaCTHHKH.
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XAPAKTEPUCTHUKMU PA3PAJA MATHETPOHHOI CUCTEMBI JIJ151 PACHBLIIEHUS,
OCAXJIEHMUS MMOKPBITUN U UCNTOJIb30BAHUSA B HAHOTEXHOJIOT UM

A. A. Bpeyc, A. JI. Ceporwk, B. H. Py3aiitkun, O. O. bapanos

MarHeTpoHHOE PAaCHbUICHHE TOJJaMH U3BECTHO KAaK MOIIHBIA WHCTPYMEHT Ul HAHECCHUsI TIOKPBITHI Ha pe-
KYIIUI MHCTPYMEHT U JieTain MaiuH. OHAKO SKCIEPUMEHTAIbHBIC H3MEPEHHs TapaMeTPOB pa3psia MarHeTpoHa
BCE elle HeOOXOMUMBI Uil 00ECICUCHHUS TOTPEOUTENsT HAJCKHBIMU XapaKTEPUCTUKAMU MAarHETPOHHOTO CHUCTEMBI.
OTHOILIICHHE HAIPSHKSHUSI K TOKY SIBJISIETCS HanOOoJIee MPUMEHAEMO XapaKTepUCTUKOM pa3psia, U OHO OMHCHIBACTCS
Kak creneHHas 3apucumocts tuna U = Ug + al", rme U u | — majgeHue moTeHIMana u TOK paspsiia COOTBETCTBCHHO,
a Uo 1 N SBIAIOTCS MOCTOSHHBIME. [lepBast yacTh MCCIICIOBAHMI MTOCBSIICHA SKCIICPUMEHTAM, MPOBEJCHHBIM C Mar-
HETPOHHBIM YCTPOWCTBOM, KOTOPOE OCHAIICHO THUTAHOBBIM KAaTOJOM M Pa3MEIICHO B BaKyyMHOW Kamepe, 3amoJi-
HEHHOI aproHOM WJIM CMECBIO aprOHa U a30Ta; KOHCTAHTHI ONPEIEIICHBI I KOHKPETHON T€OMETPHH MarHETPOHHO-
ro cCUCTEeMEIL. [loTydeHHBIC pe3yIbTaThl MOTYT OBITh UCIIOJIB30BaHbI I BEIOOPA PEKUMOB PaOOTHI JJIs TPATUIIMOH-
HBIX MPWIOKEHUHA MarHETPOHHOTO Pa3psia, TAKMX KaK MOHHAs OYMCTKA W HAarpeBa HEMAaTrHUTHBIX 3arOTOBOK, pac-
MOJIOKEHHBIX HA KATOJE, & TAKXKE JUISA OCAKACHHS MOKPHITUI THTAHA M HUTPHUJA THTAHA HA TIOBEPXHOCTSX 3ar0TO-
BOK, PacloJIO)KEHHBIX HaJ| KaTOJOM MarHeTpoHa. B cieyroleil yacTu HCCIE0BaHUS PAcCMATPUBACTCS HOBOE
MPUMEHEHUE MArHETPOHA IS TIOJTyICeHUs! YTIIEPOAHBIX HAHOCTPYKTYP. [IJIsi 3TOro Ha KaTo/ie MarHeTPOHa pa3MeIleH
CJIOH BCTIEHEHHOTO TpaduTa, U pa3psii HHUIMUPYETCS B aTMocdepe KUCIopoaa. BblIo yCTaHOBICHO, YTO IS WH-
TepBajia BPEMEHH B HECKOJIBKO YaCOB pa3psiji OMUCHIBACTCS KAK CYNMEPIO3UIHS TUIIHYHOTO MAarHETPOHHOTO pa3psiaa
¢ 00pa30BaHUEM IATEH JYrOBOTO Pa3psijia, & HHTCHCUBHOCTH YT CO BpEMEHeM He yMeHblaeTcs. [Ipu aTom 00pa3o-
BaHHUE YT COMPOBOXKIAIOCH (HOPMUPOBAHUEM KIIACTEPOB TpaUTOBOrO Katoaa. [Iporiecc 0OBICHICTCS YCIOBUIMU
00pa30BaHuUs KATOMHOTO IATHA MPU B3aUMOJICHCTBUHU TYTOBOH IUIa3MbI ¢ HEIUIABAIIMMCS MaTEPUATIOM. DTOT MPO-
LIECC MOXKET OBITh TIOJIE3HBIM JJIsl Pa3pabOTKHU IIIa3MEHHBIX PEakTOPOB Uil 3()h()EKTUBHOTO MPOM3BOACTBA Pa3IHy-
HBIX BUJIOB YIJICPOJIHBIX CTPYKTYp MPH HU3KUX JABJICHUSAX ra3a, MPUTCOIHBIX JJIs PabOThl MATHETPOHHOTO pa3psiia.
Takum 00pa3oM, CHCTEMbl MArHETPOHHOTO PACHBUICHUS, KOTOPBIC OCHAIICHBI KaTOJOM U3 BCIICHEHHOTO rpaduTa,
MOHO paccMaTpUBaTh KAK MHCTPYMEHT ISl BBIPALIMBAHKS HAHOCTPYKTYP YIJIepo/ia B KATOMHBIX MSITHAX TYyTOBOTO
paspsiza.

KaroueBble cjioBa: 1mia3Ma; MarHETPOHHBIN Pa3psijl; BOJIbT-aMIIEPHAS XapaKTEePUCTUKA; HAHOTEXHOJIOTHSI, Y-
JIEPOJIHbIE HAHOYACTHIIBI.
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