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Abstract

Relevance. Vacuum-plasma methods of applying functional coatings are widely used to increase the reliability
and durability of machine and mechanism parts, cutting tools, and technological equipment, as well as in
modern micro- and nanoelectronics for applying conductive and dielectric layers of various thicknesses. The
study presents a method of thermionic coating that combines in one technological cycle the processes of surface
cleaning by a stream of low-energy ions and plasma electron beam evaporation of a substance under conditions
of thermionic plasma formation.

Aim. The research aims to determine the possibility of using the presented methodology to create and process
functional coatings without radiation damage to the substrate surface.
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Methodology. The experimental studies were carried out in a plasma electron beam system with a primary
plasma source based on an arc discharge with a filament cathode. The samples were diagnosed using a scanning
electron microscope.

Results. The ion current density from the primary plasma was investigated to determine the efficiency of
the surface cleaning mechanism by ion bombardment. The dependences of the ionic current density on the
initial parameters of the experiment were determined. The results of the treatment of the (TiZr/TiSi) N sample
surface with a plasma ion stream are presented. The obtained scanning electron microscope images showed
that such treatment leads to the cleaning of the surface layer from various contaminants without damage
and creates a substrate for further thermionic deposition of a coating with a high degree of adhesion. The
mechanism of thermionic deposition of a titanium monolayer on a stainless-steel substrate previously cleaned
by ion bombardment was studied. The revealed order of magnitude higher values of the ionic current to the
substrate during the formation of thermionic plasma indicate a significant increase in the rate of the deposition
process and contribute to the formation of a high-quality ion-plasma coating.

Conclusions. The scanning electron microscope images of the sample surface showed that the titanium coating
during thermionic deposition was uniformly distributed over the substrate surface, without any droplet phase,
which indicates the suitability of this technique for applying functional coatings without radiation damage to
the substrate surface

Keywords: vacuum-plasma deposition methods; plasma electron beam evaporation; double electric layer;

surface cleaning; functional coatings

Introduction

Among all the approaches currently available to solve
problems of increasing the reliability and durability of
machine and mechanism parts, cutting tools, and tech-
nological equipment, technological methods of surface
hardening of structural materials play a key role [1-3].
According to the results of studies [4-6], the use of vac-
uum-plasma coating methods on structural materials
makes it possible to obtain a wide range of functional
coatings with predetermined properties. C. Cabral et al.
noted that it is also important to use these methods in
modern micro- and nanoelectronics to apply conduc-
tive and dielectric layers of different thicknesses [7].

Vacuum-plasma deposition methods are directly re-
lated to PVD methods [6; 8], which have many ad-
vantages [9]: coatings have improved physical and
technological properties (high hardness, corrosion re-
sistance, high temperature and impact strength, dura-
bility); the ability to use almost any type of inorganic
materials for coating various groups of substrates and
surfaces; low deposition temperatures (usually below
600°C); environmental friendliness. The disadvan-
tages of these methods are the use of sophisticated
equipment at a high cost; the velocity of coating is not
high enough; the application technique is limited to
substrates of complex geometry.

The electron beam method occupies a special
place among the existing vacuum-plasma deposition
methods. The studies [10; 11] noted that the essence
of the method is that the kinetic energy of the electron
beam used to evaporate the substance is converted
into thermal energy in the treatment zone. In the clas-
sical method, the electron beam is formed by a remote

electron gun, and the acceleration and focusing of the
beam are achieved by electromagnetic lenses. When
the electron beam is focused, this method allows for
a high (up to 10® W/cm?) power concentration on the
target and high temperature, while ensuring a high
rate of evaporation of even the most refractory mate-
rials. However, its main disadvantage is the danger of
electrical breakdown arising from the transport of a
powerful electron beam accelerated to 20 kV and the
criticality of the accelerator system to pressure surges.

An alternative to the classical method is the plas-
ma electron beam evaporation method proposed by
the authors of [12]. In this method, the electron emit-
ter is plasma, and the beam acceleration occurs in the
near-surface layer of the space charge of the evap-
orated target. In this case, the heating power is con-
trolled by both the relatively low voltage applied to
the target (up to 1 kV) and the electron beam current,
which depends on the plasma density. Moreover, the
sample is heated uniformly from all sides, and the op-
erational risks of electrical breakdown are not critical
to pressure surges during evaporation.

An important factor in the coating process is also
surface preparation, which includes, in addition to
mechanical cleaning, the bombardment of the sub-
strate surface with an intense stream of low-energy
ions [13]. This method helps to heat the surface to
the required temperature, removes not only all sur-
face impurities but also ensures cleaning of the upper
layer of the crystal lattice to a depth of approximately
several nanometres without changing its structure.
According to the results of V.A. Belous et al., it can be
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argued that both of these effects provide a high degree
of adhesion of coatings to the substrate surface and
a reduction in the internal stress of the coating [14].
The research aims to investigate the possibility of
using the presented methodology to create and pro-
cess functional coatings without radiation damage to
the substrate and improve the technological character-
istics of materials. To achieve this goal, the following
tasks had to be solved: to investigate the ion current
density of the primary plasma at the floating potential
of the object to be treated and the application of a
negative bias potential to it; to study the surface of

Primary plasma source

.

the sample bombarded with a stream of low-energy
ions from the plasma; to investigate the mechanism of
thermionic deposition of a monolayer on a substrate
previously cleaned by ion bombardment.

Materials and Methods

Experimental studies on thermionic coating were car-
ried out in a plasma electron beam system with a pri-
mary plasma source based on an arc discharge with a
filament cathode. Figure 1 shows the general scheme
of the experiment and the qualitative distribution of
the potential in the system.
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Figure 1. Scheme of a plasma electron beam system with a primary plasma source based on an arc discharge
with a thermocathode and qualitative distribution of potential in the system

Note: 1 — thermocathode of the plasma source; 2 — discharge tube of the plasma source; 3 — magnetic field

coils; 4 — vacuum chamber; 5 — crucible; 6 — evaporating substance; 7 — thermionic plasma; 8 — distribution

of potential at the crucible, V_, — potential drop near the thermocathode; V, — the potential supplied to the

crucible; ¢, — potential distribution in the bulk charge layer near the crucible; ¢, — potential distribution in a

double layer of space charge near the crucible; ¢, . - floating potential

Source: compiled by the authors

The primary plasma source had the following de-
sign. A 2 cm diameter wire spiral tungsten direct fila-
ment cathode 1 (thermocathode) was attached to the
end of a stainless-steel discharge tube 2 with an inner
diameter of 4 cm and a length of 27 cm employing a
vacuum electrical input. To prevent the vacuum elec-
tric input and the discharge tube from heating up un-
der the influence of the discharge, these elements were
cooled by running water passing through an outer
casing. At the opposite end, the discharge tube was
connected to vacuum chamber 4 employing a flange.

The discharge tube acted as an anode and was
grounded, and the thermocathode was supplied with
a negative potential of V_,=0-400 V. The axial con-
figuration of the anode was used to allow the charged
particles to freely escape from the ionisation zone. To
prevent plasma electrons from directly hitting the wall
of the discharge tube, the discharge gap was in a lon-
gitudinal magnetic field. The configuration of the mag-
netic field was chosen to form a plasma cord that would
not touch the wall of the discharge tube, and the field

strength would be sufficient to maintain the plasma.
As a result of the calculations, the magnetic field gen-
erated by the magnetic coil system 3 had a bell-shaped
configuration with a maximum intensity of up to 600 E.

To avoid a powerful parasitic discharge between
the thermocathode and the wall of the discharge cham-
ber (under conditions of crossed electric and magnetic
fields), the thermocathode was covered from the side
with a copper guard, which protruded 1 cm beyond the
end of the cathode. The guard spigot was connected
to the external terminal of the vacuum electrical input,
which provided thermal and electrical contact.

Argon was used as an operating gas. Since the
operating pressure of the arc discharge with a ther-
mocathode is more than 10° mmHg, it was necessary
to inject gas into the thermocathode region to reduce
the operating pressure in the vacuum chamber to
10* mmHg. The pressure gradient was formed due to
the vacuum resistance of the discharge tube so that
the pressure in the vacuum chamber was an order of
magnitude lower than in the thermocathode area. At



a pressure of 3xX10* mmHg in the vacuum chamber,
the plasma source formed a divergent primary plasma
flux with a density near the outlet of ~10" cm? at an
electron temperature of T ~2 eV.

A wire tungsten crucible 5 in the form of a spiral
basket with a diameter of 1 cm, with a substance to be
evaporated, 6 were located in the middle of the vacuum
chamber on the same axis with the plasma source at a
distance of ~20 cm from its outlet. The crucible was at-
tached to a high-voltage vacuum input cooled by wa-
ter. To reduce the surface that collects current from the
plasma, the crucible leg and the entire surface of the
vacuum input were covered with ceramic insulators.

The mode of electron beam evaporation with a
plasma emitter of electrons was realised after apply-
ing a positive potential V,=0-1000 V to the crucible
relative to the grounded chamber. A layer of space
charge with a potential drop ¢, was formed near the
crucible, in which the electrons of the primary plasma
were accelerated, and an electron flux was formed,
which heated the crucible. As the crucible heated up,
a stream of neutral atoms of the evaporating sub-
stance was formed, some of which were ionised by
electron impact. The generated ions were accelerated
by the electric field of the layer towards the electrons.
Under conditions when the rate of ion generation near
the crucible surface reached such a value that the num-
ber of born particles exceeded the number of particles
passing through the layer, a dense (up to 10* cm?®)
thermionic plasma was formed between the layer of
space charge and the crucible surface [15]. The initial
layer of negative space charge ¢, was transformed into
a double electric layer ¢, at the front of the thermionic
plasma. The double layer is an effective mechanism for
accelerating charged particles because it concentrates
all the voltage applied to the crucible [16]. Due to the
gas kinetic pressure, the thermionic plasma expanded,
causing the double layer to be squeezed away from
the crucible surface, increasing its surface and, ac-
cordingly, increasing the current through the layer.
This expansion occurred until the conditions for the ex-
istence of the double layer were violated [17; 18]. With
the disappearance of the layer, the electron beam dis-
appeared, and the crucible heating and the formation
of thermionic plasma stopped. After the collapse of the
thermionic plasma, a layer of space charge was formed
near the crucible again with a drop in the potential ¢,
and the whole process was repeated.

The samples to be coated were placed on a sam-
ple holder, which was a circular copper table with a
diameter of 10 cm. The sample holder was located at
a distance of 10 cm from the surface of the crucible.
The holder was either electrically isolated from the
conductive elements of the chamber and received a
floating potential Ppoqe OF @ Negative bias potential
¢,..=0-1000 V was applied to it from a high-voltage
power supply. A Linnik microinterferometer was used
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to determine the thickness of the obtained coatings. The
surface microstructure of the samples was studied using
a Tescan Vega 3 LMH scanning electron microscope.

Results and Discussion

The study of the mechanism of near-surface forma-
tion of an intense low-energy ion flux for preliminary
surface cleaning before coating requires the study of
the ion current density from the plasma created by
a source based on an arc discharge with a filament
cathode. The paper [19] presents the main results of
this study and describes in detail the process of ion
bombardment of the surface for its cleaning. Figure 2
shows the dependence of the ionic current density j,
supplied to the sample holder on the negative bias po-
tential of the holder ¢, for different values of the
discharge current of the primary plasma source i,
The dependence was obtained at a vacuum chamber
operating pressure of p. ~4x10“* mmHg. The ion cur-
rent densities at the floating potential of the holder
Ppoee —150 V are marked with separate points on the
graph. The Figure 2 shows that the application of an
additional negative bias potential to the holder can
significantly increase the ion current density of the
primary plasma compared to the ion current density at
the floating holder potential. The dependence demon-
strates a linear increase in the ion current density
with an increase in the negative bias potential. The
ion current density also increases with an increase in
the discharge current of the primary plasma source,
which indicates that the current balance in the system
is maintained. However, this increase is not signifi-
cant at the floating potential of the holder.
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Figure 2. Dependence of the ion current density j,
supplied to the sample holder on the negative bias
potential of the holder ¢, _for different values of the
discharge current of the primary plasma source i,
Note: j, —ionic current density supplied to the sample
holder; ¢, . - negative bias potential applied to the
sample holder; i, — discharge current of the primary
plasma source; p_ — operating pressure in the vacuum
chamber; ¢, - floating potential

Source: [19]
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The operating pressure in the vacuum chamber
is an important parameter in vacuum plasma coat-
ing, therefore, the effect of changing the operating
pressure on the ion current density from the primary
plasma was additionally studied. Figure 3 shows the
dependence of the ion current density j, supplied to
the sample holder on the negative bias potential of the
holder ¢, for different values of the vacuum cham-
ber operating pressure p_. Figure 3a corresponds to
the case when the sample holder was centrally located
on the same axis as the plasma source, Figure 3b — the
sample holder was located at a distance of ~10 cm
from the centre. It can be seen from the figures that a
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decrease in the working pressure in the vacuum cham-
ber leads to a decrease in the ion current density going
to the holder. The ion current density also decreases
significantly with distance from the discharge axis of
the plasma source. For example, when the holder is
moved by 10 cm, the ion current density flowing to
the holder decreases by an average factor of 4 at an
operating pressure of p ~4X10* mmHg. This indi-
cates that when cleaning the surface of the substrate
with an ion flux from the primary plasma, the sample
should be located as close as possible to the discharge
axis of the plasma source to obtain the highest ion
current density on its surface.
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Figure 3. Dependence of the ion current density j, supplied to the sample holder on the negative bias
potential of the holder ¢, _for different values of the operating pressure in the vacuum chamber p_
Note: a — The sample holder, located centrally on the same axis as the plasma source; b — The sample holder,

placed at a distance of ~10 cm from the centre; j, —

ionic current density supplied to the sample holder;

¢, — negative bias potential applied to the sample holder; p_ - operating pressure in the vacuum chamber; i, -

discharge current of the primary plasma source
Source: compiled by the authors

In the system under consideration, to implement
a technique that combines the ionic cleaning process
and the subsequent thermionic coating in one techno-
logical cycle, the crucible with the substance must be
located on the same axis as the plasma source so that
the power of the electron beam is sufficient to create
a thermionic plasma. It should also be noted that dur-
ing thermionic deposition, the substrate should be at
a certain optimal distance from the crucible surface
so that the substrate surface does not overheat, and
the resulting coating is uniformly distributed over the
substrate surface with a given thickness. One of the
technical solutions to effectively combine the process
of substrate cleaning and subsequent coating is to
use a movable holder, which, when cleaning the sur-
face, takes a position closer to the axis of the plasma

source, and when applying the coating, returns to the
determined optimal distance.

Figure 4 shows scanning electron microscope
(SEM) images of the surface of the (TiZr/TiSi) N sam-
ple before (a) and after (b) surface treatment with a
stream of ions from the primary plasma. For more ef-
ficient surface treatment, the sample was placed on a
holder located on the same axis as the plasma source.
A negative bias potential of ¢, =800 V was applied
to the holder. The processing time was ~5 minutes.
The images obtained show that the surface treatment
with a stream of ions from the primary plasma leads
to the cleaning of the surface layer of the sample from
various impurities and contaminants without damag-
ing its structure and can be used for further coating of
the sample.
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WD: 11.74 mm
Det: SE, BSE

SEM HV: 30.0 kV
View field: 250 ym

Figure 4. SEM image of the (TiZr/TiSi) N sample surface
Note a — before surface cleaning; b — after surface cleaning by ion bombardment

Source: [19]

The next step was to study the mechanism of
thermionic deposition of the monolayer on a sub-
strate previously cleaned by ion bombardment in
one technological cycle. Titanium was chosen as
the evaporated material, which was deposited on a
stainless-steel substrate. For this purpose, the sample
was placed on a holder at a distance of 10 cm from
the discharge axis of the plasma source. Pretreatment
was performed by applying a negative bias potential
of @, =800 V to the holder. The processing time was
~5 minutes. After cleaning by ion bombardment, the
negative bias potential was stopped and the process
of thermionic deposition of the titanium monolayer

SEM HV: 30.0 kV
View field: 250 ym

WD: 13.93 mm
Det: SE, BSE

a

began. The volume of titanium evaporated was 10 mm?>.
Figure 5 shows SEM images of the surface of the stain-
less-steel substrate pretreated by ion bombardment
(Fig. 5a) and the titanium monolayer deposited by the
thermionic method (Fig. 5b). The thickness of the tita-
nium monolayer is ~270 nm, which was determined
by the interferometric method. From the images ob-
tained, it can be seen that the titanium coating during
thermionic deposition is evenly distributed over the
surface of the substrate, without any droplet phase,
which indicates the possibility of using this technique
for the application of functional coatings with prede-
termined properties.

WD: 14.36 mm
Det: SE, BSE

SEM HV: 30.0 kV
View field: 100.0 ym

b

Figure 5. SEM image of the surface of stainless-steel substrate and Ti monolayer
deposited by a thermionic method
Note: a — surface of the substrate, pre-cleaned by ion bombardment; b — Ti monolayer deposited by the

thermionic method
Source: compiled by the authors
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The studies revealed an order of magnitude higher
ionic current to the substrate during the formation of
thermionic plasma, which indicates a significant in-
crease in the rate of the deposition process. Figure 6
shows an oscillogram of the ionic current flowing to
the sample holder. The red colour of the curve corre-
sponds to the ionic current without thermionic plasma
generation, and the black colour corresponds to the
ionic current under thermionic plasma generation.
The oscillogram was obtained at the discharge cur-
rent of the primary plasma source i,=2 A, the working
pressure in the vacuum chamber p ~2.5X10* mmHg.
Figure 6 shows that the level of ion current flowing to
the holder in the case of thermionic plasma generation
is an order of magnitude higher than the ion current
without thermionic plasma generation. This is since
in the case of thermionic plasma generation, a dou-
ble layer of space charge is formed in a self-consist-
ent manner at the edge of the primary and thermionic
plasma with different concentrations and provides an
effective transfer of energy from the external electric
field to the kinetic energy of the bipolar motion of
charged particles [18]. The created ions are acceler-
ated in the electric field of the double layer from the
crucible surface to the vacuum chamber wall, creating
an additional ion beam to the substrate surface.

60 : : : \
with thermoionic plasma
él 50 PN r _J/\ AN
- // \ N\
40
\\
30
/ \
2 / \
/ without thermoionic plasma \
10
i / \
0
0.0 5.0m £, 8 10.0m

Figure 6. Oscillogram of the ionic current i, flowing
to the sample holder at the moment of thermionic
plasma generation

Source: compiled by the authors

In addition, the presence of an additional ion
beam on the substrate surface confirms previous stud-
ies in this direction [12], namely, the presence of an
additional mechanism for generating ions throughout
the chamber volume under the conditions of develop-
ment of a non-self-sustained glow discharge. The fact
is that during the generation of thermionic plasma,
the current to the crucible with the evaporating sub-
stance can be several times (3-6 times) higher than the
discharge current of the primary plasma source. When
the current to the crucible is less than the discharge

current of the primary plasma source, ions are gen-
erated by the primary plasma source. This case corre-
sponds to the red curve in Figure 6. When the current
to the crucible is comparable to the discharge current
of the primary plasma source, ions are generated near
the crucible (formation of thermionic plasma). With a
further increase in the current to the crucible, a third
mechanism appears — the generation of ions in the
entire volume of the chamber under the conditions
of the development of a non-self-sustaining glow dis-
charge (black curve in Fig. 6). The cathode is the wall
of the vacuum chamber with a cathode potential drop
sufficient to increase the generation of ions, and the
anode is the crucible with the evaporating substance.

The appearance of an additional ion beam on
the surface of the substrate during thermal ion dep-
osition plays a positive role. First, as noted above, it
contributes to an increase in the rate of the deposi-
tion process. Secondly, the authors of [20; 21] argue
that additional ion bombardment during the coating
process significantly contributes to the formation of a
high-quality ion-plasma coating and significantly af-
fects the physical and chemical properties of the sam-
ple surface. This is determined by the bombardment
of the target with an additional flux of ions leads to
the appearance of point defects, which subsequently
become active adsorption centres [20]. The studies
reported in [22; 23] were carried out in a vacuum arc
evaporation system, one of the advantages of which is
the high degree of plasma ionisation and the possibil-
ity of the ionised plasma affecting the surface of the
samples. This ensures that the processes of cleaning,
heating and formation of a metal sublayer to ensure
adhesion before the subsequent plasma deposition of
the coating are carried out in one technological cy-
cle. However, the main disadvantage of this method
is the presence of a droplet phase during surface
treatment and coating, which is visible in the SEM
images of sample surfaces presented in [22; 23]. By
analogy with the vacuum-arc method, the thermionic
method presented in this paper provides the creation
of a dense plasma with a high degree of ionisation
and the generation of an additional ion flux to the sur-
face of the substrate. However, unlike the vacuum-arc
method, the thermionic deposition does not have a
droplet phase in the coatings, since this approach en-
sures uniform heating of the sample by electrons of
the primary plasma accelerated in the near-surface
layer of space charge. The obtained SEM images of
the sample surface confirm this well.

Conclusions

This study presents a thermionic coating technique
that combines the processes of substrate surface
cleaning with a stream of low-energy ions and plasma
electron beam evaporation in one technological cycle.



A characteristic feature of this technique is that the
formation and acceleration of charged particle flows
occur in both cases in the space charge layer.

The dependences of the ion current density from
the plasma at the floating potential of the holder and
the application of a negative bias potential to it are
determined. It is determined that the application of an
additional negative bias potential to the sample holder
can significantly increase the ion current density of
the primary plasma compared to the ion current den-
sity at the floating potential of the holder. It is shown
that the ion current density increases linearly with the
negative bias potential and also increases with the
discharge current of the primary plasma source. The
obtained microscopic images of the sample surface af-
ter ion bombardment demonstrate that this treatment
leads to the cleaning of the surface layer of the sam-
ple from various impurities and contaminants without
damaging its structure, and can be used for further
coating of the sample.

The mechanism of thermionic deposition of a
monolayer on a substrate previously cleaned by ion
bombardment in one technological cycle has been
studied. It was found that when forming a thermionic
plasma, the value of the ionic current on the substrate
is significantly (by an order of magnitude) higher
than without a thermionic plasma, which indicates a
significant increase in the rate of the deposition pro-
cess. The reason for this is the formation of a double
electric layer of space charge at the front of the ther-
mionic plasma, and the emergence of an additional
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mechanism for generating ions throughout the cham-
ber under the conditions of the development of a
non-self-sustaining glow discharge, which was found
in previous studies. The microscopic images of the
sample surface showed that the titanium coating dur-
ing thermionic deposition was uniformly distributed
over the substrate surface, without any droplet phase.
This indicates the suitability of this technique for ap-
plying functional coatings without radiation damage
to the substrate surface, which will further improve the
technological characteristics of structural materials.
Further research in this area involves determining
the possibility of deposition of multicomponent coat-
ings, including those with a multilayer structure, by
the thermionic method on a substrate surface previ-
ously cleaned by ion bombardment. In addition, it is
planned to carry out comprehensive diagnostics of the
obtained coatings, namely, the study of the surface
structure and cross-section, elemental composition,
structural and phase state, mechanical properties and
tribotechnical characteristics of the coatings.
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AHoTaria

AKTyanbpHiCTB. BakKyyMHO-IIa3MOBi ~ MeTOAM HaHeceHHS  (QYHKI[IOHAJIbHUX  MOKPUTTIB  IMUPOKO
BUKOPHCTOBYIOTBCSA /IS MiZABUIIIEHHS HAAiMHOCTI Ta JOBrOBIYHOCTI ZleTasell MallvH i MeXaHi3MiB, pi3aJIbHOTO
IHCTPYMEHTY, TEXHOJIOTIYHOT'O OCHAII[eHHS, a TAKOXX B CYy4acCHiil MiKpo- Ta HaHOEJIEeKTPOHMUIII /11 HaHeCeHHSs
CTPYMOIIPOBIZITHUX Ta [lieJIEKTPUYHUX IIAPiB Pi3HOI TOBIIMHU. B po6OTi pe/icTaBieHa METOANKA TEPMOIOHHOTO
HaHeCeHHS MTOKPUTTIB, KA MTOEAHYE B OHOMY TEXHOJIOTIYHOMY IUKJIi IPOLeCH OYUIIeHHs ITOBEPXHi TOTOKOM
HU3bKOEHEPreTUYHUX iOHIB Ta IVIa3MOBOI'O eJIEKTPOHHO-IIPOMEHEBOI'0 BUIIAPOBYBAHHA PEYOBUHU B YMOBAX
dbopMyBaHHA TEPMOiIOHHO] ITA3MH.

MeTta. MeToo fociikeHHA OyJ0 BU3HAYEHHS MOXKJIMBOCTI BUKOPHUCTAHHSA IMPEJCTABIEHOI METOAUKY JJIA
CTBOpeHH: Ta 06po6KU GYHKI[IOHATHHUX TIOKPUTTIB 6€3 paialliliHUX MOIIKO)KeHb TOBEPXHi MiZAKIAAKHU.

MeToponorid. EkcriepuMeHTaIbHi 0CTiZYXKeHHA IPOBOAMINCA Y IVIa3MOBiH eJIeKTPOHHO-IIPOMeHeBi cucteMi
3 Z>KepesioM IIepBUHHOI IJIa3MU Ha OCHOBI ZYyTOBOTO PO3pAAY 3 KaTOZOM po3kapeHHd. JliarHOCTUKA 3pa3KiB
IIPOBOZAMIACEH 32 ZOIIOMOI'0I0 CKaHYIOYOT0 eJIeKTPOHHOT'0 MiKpOCKoIIa.

Pesynbratu. Byna gocriipkeHa TycTMHA iOHHOTO CTPyMy 3 IEPBHMHHOI IUIa3MU 3 METOI0 BHU3HAUYeHH:
ebeKTUBHOCTI MeXaHi3My OYMINEHHS MOBEPXHi iOHHUM G60oMOapAyBaHHSIM. Bu3HaueHi 3a/I€XKHOCTI I'YCTUHU
iOHHOT'O CTPYMY Bi/l TOYaTKOBUX TapaMeTPiB ekcriepuMeHTy. HaBezeHi pe3ynbraTyi 06pOOKU MOBEPXHi 3paska
(TiZr/TiSi) N moTokoM ioHiB i3 ra3Mu. OTpuMaHi 306pakeHHs 3i CKAHYIOYOTO €JIEKTPOHHOI'0 MiKpPOCKOIIA
MOKa3aJiy, 10 Taka 06pobKa MPU3BOAUTH ZI0 OYUINEHHS ITOBEPXHEBOTO WIAPY Bil Pi3HUX 3ab6pyAHEHb Oe3
MIOIIKO/XKEHb i CTBOPIOE MiIKIAIKY 711 IIOAJIBIIOT0 TEPMOIOHHOT'0 0CA/[XKEHHS TOKPUTTS 3 BUCOKUM CTyIIeHEM
azresii. [IpoBezieHi JoCHiKeHHsI MeXaHi3My TEPMOIOHHOT'0 OCa/KEHHSI MOHOIIapy TUTAHy Ha IOIepesHbO
OYMIIEeHY iOHHMM 60MOapAyBaHHAM IiZAKIAAKY 3 HEpXKaBitovoi ctasi. BusBieHi Ha MOPSAZOK BUIIi 3HAYEHHS
iOHHOTO CTPYMy Ha MAKIAAKY Tpu GOPMyBaHHS TEPMOIOHHOI IIa3MU CBifYaTh PO CYTTEBE MiZABUIIEHHS
IIBUAKOCTI IIpOliecy HAaHEeCEHHs Ta CIIPUAITh GOPMYBAHHIO AKiICHOTO i0HHO-IIA3MOBOI'O TIOKPUTTA.

BucHoBku. OTpruMaHi 306pakeHHsI MOBEPXHi 3paska 3i CKAHYIOUOTO eJIeKTPOHHOI'0 MiKPOCKOIa MTOKa3aJu,
IO TIOKPUTTS TUTAHY NPU TEPMOIOHHOMY HaHeCeHHI PiBHOMIPHO pO3IOJileHe MO MOBEPXHI MiAKIagKu, 6e3
HasABHOI KpamenbHOi ¢pasy, o CBIJYUTD PO IPUAATHICTh JaHOI METOAMKY A1 HaHeCeHHA QYHKI[iOHATbHUX
MMOKPUTTIB 6€e3 pafialiiHuX MOUIKO/KeHb TTOBEPXHi MAKIaAKN

Kiro4oBiciioBa: BakyyMHO-ILIa3MOBi METOAY HAHECEHHS ; IUTA3MOBE eJIEKTPOHHO-IIPOMEHEBE BUITAPOBYBAHHS;
MTOZABIHUH eJIeKTPUYHUMN IIap; OYUIIEHHS MOBEPXHi; QYHKIIOHATbHI TOKPUTTS
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