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The effect of plasma activation of reactive gas on the process of reactive magnetron synthesis of oxide coatings was theoretically and
experimentally investigated using a radio-frequency inductively coupled plasma source, which creates a flow of activated reactive gas
directed towards the surface on which the oxide coating is deposited. The reactive gas passes through a dense inductively coupled
plasma located inside the plasma source, while argon is supplied through a separate channel near the magnetron. A theoretical model
has been built allowing the calculation of spatial distributions of fluxes of metal atoms and molecules of activated reaction gas, as well
as the stoichiometry area of the synthesized coatings. Calculations were performed on the example of aluminum oxide. It was found
that the plasma activation of the reactive gas allows to increase the sticking coefficient of oxygen to the surface of the growing coating
from values less than 0.1 for non-activated molecular oxygen to 0.9 when 500 W of RF power is introduced into the inductive discharge.
In order to verify the developed model, experiments were conducted on depositing an aluminum oxide film on glass substrates located
at different distances from the magnetron target, followed by measuring the distribution of film transparency along the substrate length
and comparing it with the calculated distribution. A comparison of the calculation results with the experimental data shows a good
agreement in the entire studied range of parameters. Based on the generalization of the obtained results, an empirical rule was
formulated that the power ratio of the magnetron discharge and the plasma activator should be approximately 8:1.
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INTRODUCTION

Reactive magnetron sputtering is one of the promising methods for the synthesis of high-quality coatings of metal
oxides or nitrides on the surface of various products for mechanical engineering, microelectronics, optics, and also for
medical applications. A significant disadvantage of the reactive magnetron sputtering is the interaction of the reactive gas
not only with the growing film but also with the surface of the magnetron target. Because of this, the target is covered
with oxide film causing a decrease in the sputtering rate and the appearance of process instability. The main challenge of
reactive magnetron sputtering is the preferential delivery of reactive gas to the surface of the growing film keeping the
magnetron target non-oxidized.

It is known that when alumina coatings are deposited by reactive magnetron synthesis, one of the main problems is the
low sticking coefficient of molecular oxygen to the aluminum surface. In particular, in [1], the sticking coefficient of oxygen
molecules to an atomically pure aluminum surface in ultrahigh vacuum was experimentally measured, while it was found that
the probability of an oxygen molecule in the ground state sticking to the aluminum surface at room temperature is about 2%. In
[2], similar results were obtained using mathematical modeling by the molecular dynamics method. The results of [3, 4] show
that even in conditions typical for industrial technologies (not perfect vacuum, limited surface cleanliness), the sticking
coefficient of molecular oxygen to the surface of a growing film in the process of reactive magnetron synthesis does not exceed
several percent and the ratio of the flows of oxygen and aluminum required to obtain a stoichiometric film is at least 17.

Since in the reactive magnetron synthesis of Al>Os it is necessary to achieve a high sticking coefficient of oxygen to
the almost completely oxidized surface of the growing film, the described results of fundamental studies of molecular oxygen
sticking to the atomically clean surface of aluminum can be applied to the description of the synthesis of stoichiometric films
of aluminum oxide only indirectly. Therefore, for the practical use of scientific data, it is necessary to build a mathematical
model based on the results of systematic measurements of the stoichiometric composition of the synthesized coatings at
different ratios of metal and reactive gas flows. As we showed earlier [5], an extremely important role is played not only by
the value of the reactive gas flow, but also by the oxygen state (vibrational excitation and dissociation degree of the
molecules), and plasma activation of the reactive gas flow can increase the oxygen sticking coefficient dramatically.

Attempts to use plasma activation of reactive gas are known, moreover, in almost any magnetron sputtering system
(especially when using an unbalanced magnetron), gas activation occurs in the magnetron plasma, but the effect of such
activation is usually small, and to this day there is no clear understanding of the mechanisms of plasma activation and
precise "recipes" for the organization of technological processes.

Plasma is a powerful tool, but its effect on gas is quite complex: ionization, excitation, dissociation, and the
relationship between these processes strongly depends on the type and pressure of the gas, the density and temperature of

7 Cite as: S.V. Dudin, S.D. Yakovin, A.V. Zykov, East Eur. J. Phys. 3, 606 (2023), https://doi.org/10.26565/2312-4334-2023-3-72
© S.V. Dudin, S.D. Yakovin, A.V. Zykov, 2023


https://orcid.org/0000-0001-9161-4654
https://orcid.org/0000-0001-8588-8835
https://orcid.org/0000-0002-5409-2655
https://doi.org/10.26565/2312-4334-2023-3-72
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/issn/2312-4334

607
Nucleon-Nucleon Elastic Scattering for Motion in The Shifted Deng-Fan Potential EEJP. 3 (2023)

electrons, and the properties of the surfaces limiting the plasma. It is very difficult to separate these effects, so here we
use the term "plasma activation", under which we understand the complex effect of plasma on a neutral gas, which
increases its reactive properties. The effectiveness of plasma activation in reactive magnetron synthesis can be quantified
through an increase in the sticking coefficient of the reactive gas.

It is well known that additional activation of the reactive gas significantly improves gas utilization, thus reducing
the required gas flow rate that allows the target sputtering in metallic mode. To increase the degree of activation of reactive
gas particles, magnetron sputtering technology with additional ionization was used. In particular, this is described in [6].
The process of film growth during reactive deposition consists of two stages. The first is the condensation of the material
sputtered from the target. The second is the reaction of the film material with the reactive gas. It was shown that an
increase in the plasma density near the substrate by means of an additional inductively coupled discharge makes it possible
to increase the activity of the gas and the sticking coefficient of its molecules to the growing film. However, this approach
puts RF power not only into the reactive gas but also into the sputtering gas (which takes most of the gas mixture) that
greatly reduces the efficiency of the system. In addition, this power is deposited into a large volume of plasma, which
also leads to its inefficient use.

In this paper, we explore a different approach. The reactive gas passes through a dense inductively coupled plasma
localized inside a dedicated plasma source, while argon is fed through a separate channel near the magnetron. As a result
of the concentration of high RF power in a small volume, a dense plasma is created there, which makes it possible to
achieve a higher degree of activation of the reactive gas. As a result, a directed flow of activated reactive gas is formed,
which, if the process is properly organized, can be delivered directly to the surface of the growing film. Taking into
account the complexity of choosing the optimal geometry of the system a mathematical model has been developed and
experimentally verified that is described below.

EXPERIMENTAL RESULTS

The process of reactive magnetron sputtering was studied using the multifunctional Cluster lon-Plasma System (CIPS)
[7], which consists of compatible sources of fluxes of metal atoms, ions, and chemically active particles for a complex effect
on the growing film. In the current research, the unbalanced magnetron was used in pair with the gas-activating plasma
source. The layout of the system may be found in [7]. The RF inductively coupled plasma source is designed to create a flow
of activated reactive gas particles, as well as a flow of slow ions and electrons. It can be also used to clean the surface of
processed parts prior to coating deposition. The ICP source is located inside the vacuum chamber and can be moved, which
allows choosing the optimal ratio between the distances from the sample to the magnetron and to the plasma source. The
plasma in such a source is concentrated in a chamber made of a ceramic tube (Fig. 1).

At the outlet of the source, a metal grid is installed,
which limits the plasma and ensures a pressure difference
between the source and the technological chamber. An RF
generator with a frequency of 13.56 MHz and a power of
up to 1 kW is connected to the inductor coil through a
matching circuit. Fig. 2 presents a photo of the
simultaneous operation of the magnetron and the plasma
source. Details of the gas activation in plasma are
discussed in [8].

When studying the transparency of oxide films

Figure 1. ICP source for reactive gas activation depending on stoichiometry, an interesting fact was found:
anon-stoichiometric film is more transparent to long-wave
light with the greatest transparency in the infrared range. This phenomenon is illustrated in Fig. 3.
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Figure 2. Photograph of the simultaneous Figure 3. Distribution of the transparency of the alumina film along the sample for
operation of the magnetron and the plasma radiation with different wavelengths: 650 nm (red line), 450 nm (blue line), 550 nm
source. (green line). On the right edge of the sample, the film is completely stoichiometric
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THEORETICAL MODEL
To improve the understanding of the process of plasma activation of the reactive gas during reactive magnetron
synthesis of oxide coatings, a mathematical model was built, which is described below.
The dependence of the current density of argon ions on the target surface from the radius is given by the following
piecewise linear approximation:

R2—R1_‘F_R1+R2|]’ W

7.0)=[" _

where R/ =2 cm and R2 =7 cm are the inner and outer radii of the erosion area of the magnetron target. The normalization
constant for this dependence was determined by calculating the integral current of argon ions on the target, which is equal
to the magnetron discharge current measured in the experiment:

1Ar7norm = f;:z JAr (r)'z'ﬂ'-}"d]/" (2)

The flux density of sputtered aluminum atoms at a point with coordinates r, z through a surface located at an angle
as to the axis of the magnetron is determined by the following expression:
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In this expression, the sputtering coefficient S is defined as a function of the discharge voltage U:
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Fig. 4 shows the calculated distributions of the aluminum film deposition rate at different distances from the
magnetron. The diagram of the relative location of the magnetron target, the oxygen plasma activator, and the substrate
is shown in Fig. 5. All calculations and experiments were performed with the magnetron current of 7.8 A, magnetron
voltage of 520 V, and oxygen flow rate of 20 sccm.
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Figure 4. Calculated distributions of the aluminum film deposition = Figure 5. Schematic of the relative location of the magnetron
rate in pm/h at different distances from the magnetron. The curves target, the oxygen plasma activator, and the substrate.
correspond to the following distances from the magnetron target The dotted line shows the axis of the plasma activator.
(from top to bottom): 5, 10, 15, 20, 30, 50 cm Coordinates are in cm

The molecular oxygen flux density at the point with coordinates 7, z (the coordinate origin is in the center of the
outlet of the plasma source) through the surface located at an angle f; to the axis of the reactive gas activator is determined
by an expression similar to (3):
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In this expression, Rp; = 4 c¢m is the radius of the plasma source, J,,, = 1/ TR, .

To convert the coordinates to the system with the origin in the center of the magnetron target, the following
expression may be applied:

oo (1:2) = Jos [(r—xoz)-cos(aoz)—i—(z—yoz) sin (g, ) = (r—xg, ) -sin (g, )+ (2 = vy, ) -cos(aoz)} (6)

In addition, it is necessary to take into account the isotropic flow j,, ., of non-activated oxygen with the partial
pressure p,, from the chamber to the substrate:
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The calculated spatial distributions of aluminum and oxygen flux density on the substrate, which is perpendicular to
the magnetron axis, are shown in Fig. 6.
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Figure 6. Calculated spatial distributions of aluminum (left) and oxygen (right) flux density on a substrate perpendicular to the
magnetron axis (the coordinate scale is the same as in Fig. 5).

Now we can write the stoichiometric ratio

E::i.IOZ'K'jé)2+j020st (8)
3 Ly Ja

Here, K is the sticking coefficient of activated oxygen to the surface of the growing film. The expression (7) Takes
into account the fact that the oxygen comes to the film surface from two sources: the directed flow of activated oxygen
from the plasma source and the isotropic flow of the residual oxygen from the chamber, which is accounted for using the
partial pressure po;.

In order to compare the results of calculations with experimental data on the dependence of film transparency on
process parameters, it is necessary to know the dependence of transparency on film stoichiometry. This dependence was
taken from [9]. Fig. 7 shows the experimental values of transparency compared to the analytical approximation.

It should be noted that the film transparency depends not only on its stoichiometry but also on its thickness. In the
described model, the absorption of light is considered to be proportional to the thickness of the coating, which was
calculated at each spatial point, based on the local flow of aluminum. Examples of calculated distributions of coating
thickness along samples located at different distances from the magnetron symmetrically and perpendicularly to its axis
are shown in Fig. 8.
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Thus, using the above expressions, we can calculate the stoichiometric ratio and transparency of the film at any point
of the technological chamber at any size and relative location of the magnetron, the substrate, and the plasma activator of
the reactive gas, and finally, at arbitrary process parameters. Fig. 9 shows the calculated spatial distributions of the
stoichiometric ratio and transparency of the film in the process chamber. It can be seen that near the magnetron, where
the flow of aluminum is high, it is impossible to obtain a stoichiometric film, at the same time there is a rather large region
of stoichiometry, in which the samples should be placed during technological processes.
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Figure 9. Spatial distributions of the stoichiometric ratio (left) and film transparency (right) in the technological chamber
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26 cm from the magnetron target. The lower pictures compare theoretical (red) and experimental (blue) transparency cource along
the sample for the distance of 22 cm (left) and 26 cm (right)
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To verify the developed model, experiments were carried out on depositing an aluminum oxide film to glass
substrates located at different distances from the magnetron target, followed by measuring the distribution of film
transparency (at 600 nm wavelength) along the length of the substrate and comparing it with the calculated distribution.
All the parameters were input into the model according to the experimental conditions, excluding the sticking coefficient
for oxygen, which is predominantly unknown. Then, the sticking coefficient was iteratively fit to achieve the maximum
possible accordance between the calculation result and the experimental data. The results of calculations, experiments,
and their comparison are shown in Fig. 10.
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Figure 11. Dependence of the oxygen sticking coefficient on RF power supplied to the plasma activator

The obtained results allow us to find a very important principle of the process of plasma activation of reactive gas,
namely the dependence of the oxygen sticking coefficient on the RF power supplied to the plasma activator. The found
dependence is shown in Fig. 11. It is quite obvious that the sticking coefficient increases with increasing RF power input
into the gas-activator plasma source and approaches almost unity at a power of 500 W or more. Thus, the further increase
of RF power does not make sense, which is very important in view of the high price of powerful RF generators. To
generalize the obtained results, it is possible to formulate the following empirical rule: the power ratio of the magnetron
discharge and the plasma activator should be approximately 8:1.

CONCLUSION

In this paper, we discussed the possibility of improvement of the technology of reactive magnetron sputtering by
addition to the sputtering system of a dedicated plasma source activating the reactive gas being passed through the dense
plasma inside the source. The source creates a flow of activated reactive gas directed towards the surface on which the
oxide coating is deposited. It has been shown that when alumina coatings are deposited by reactive magnetron synthesis,
the problem of the low sticking coefficient of molecular oxygen to the aluminum surface can be solved if sufficient RF
power is input to the source. This possibility of plasma activation of reactive gas in the process of reactive magnetron
synthesis of oxide coatings was theoretically and experimentally investigated. The theoretical model has been built that
allows the calculation of spatial distributions of flows of metal and reaction gas, as well as the stoichiometry area of the
synthesized coatings. Calculations were performed on the example of aluminum oxide. It was found that the plasma
activation of the reactive gas allows to increase significantly the sticking coefficient of oxygen to the surface of the
growing coating. In our experiments, the sticking coefficient changed from values less than 0.1 without additional gas
activation to 0.9 when 500 W of RF power was introduced into the inductive discharge.

The developed model has been experimentally verified. In the experiments, an aluminum oxide film was deposited
on glass substrates located at different distances from the magnetron target at different levels of RF power input. The
resulting distribution of film transparency along the substrate was measured and compared with the simulation output. A
comparison of the calculation results with the experimental data shows a good agreement in the entire studied range of
parameters. Analyzing the obtained results, we formulated an empirical rule giving the way of estimation of the additional
RF power required to reach the oxygen sticking coefficient close to unity. According to this rule, the optimal power ratio
of the magnetron discharge and the plasma activator should be approximately 8:1.
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BILJIMB IVIA3MOBOI AKTUBAIIII PEAKTUBHOTI'O T'A3Y IIPY PEAKTUBHOMY
MATHETPOHHOMY PO3IIMJIEHHI
Craniciaas B. lynin, Cranicaas JI. SIkosin, Ouexcanap B. 3ukos
Xapxisckuti nayionanonuu ynieepcumem imeni B.H. Kapa3zina
matioan Ceoboou 4, Xapxis, 61022, Yrpaina
TeopeTHYHO Ta EKCHEepPUMEHTAJIbHO [OCIIPKEHO BIUIMB IUIa3MOBOI aKTHBAllii PEaKTUBHOIO rasy Ha IPOLEC PEaKTUBHOIO
MarHeTPOHHOIO CHHTE3Y OKCHJIHMX IIOKPUTTIB 3 BUKOpUCTaHHAM BY iHIyKUiHHOrO JpKepena IUIa3MM, SKE CTBOPIOE IOTIK
aKTHBOBAHOTO PEAKTUBHOI'O Ta3y, CIPSIMOBAaHUH y HANpsIMKY HOBEPXHi, Ha SIKy HAaHOCHUTHCS OKCHIHE IOKPHUTTS. PeakTuBHHil ra3
MIPOXOIUTH Yepe3 IiIbHY iHAYKTUBHO 3B'S3aHy IUIa3My, PO3TAIIOBaHY BCEPENWHI Keperna IUIa3MH, TOl sIK aproH MOAAEThCS depes
OKpeMUii KaHai Mooy MaraerpoHa. [1o0ygoBaHO TEOpETHUHY MOJETb, SIKA JO3BOJISIE PO3PAaXyBaTH MPOCTOPOBI PO3IOIIIH OTOKIB
aTOMIB METally Ta MOJICKYJI aKTHBOBAHOIO PEAKLiHHOIO ra3y, a TAKOXK PO3IMOALI CTEXiOMETpii CHHTE30BaHUX MOKPUTTIB. BuKoHaHO
PO3paxyHKH Ha MPUKIIAIi OKCUIY alroMiHi0. BUsABIIECHO, 10 MIa3MOBa aKTHBALlIS PEAKTUBHOTO ra3y J03BOJISIE 301IbIINTH KOCQIllieHT
MIPWJIMIIAHHS KHCHIO JI0 HOBEPXHI MOKPHTTS, 10 3pOCTAE, Bi 3Ha4YeHb, MeHIIMX 3a 0,1 Ui HEAaKTHBOBAHOTO MOJIEKYJISIPHOTO KHCHIO,
no 0,9 mpu BBemenHi B iHgykuiduuid po3psa BYU motyxkuocti 500 BT [{ns mepeBipku po3pobieHoi Mopeni Oyiau HpoBedeHi
SKCIICPUMEHTH 3 HAHECCHHs IUIIBKH OKCHIY AJIOMIHII0 Ha CKJISHI MiJKJIAJK{, PO3TAIlOBaHI HA PIi3HUX BIJCTAHAX BiA MillleHi
MarHeTpoHa, 3 TOJAJBIINM BUMIPIOBAaHHSAM PO3MOAUTY MPO30POCTi IUTIBKM MO JOBXHHI MiAKJIAAKA Ta MOPIBHSHHAM HOTO 3
PO3paxyHKOBHM pO3MOniIoM. [IopiBHSIHHS pe3yabTaTiB po3paxyHKiB 3 eKCIIEPIMEHTAIbHUMHE JaHUMH JIEMOHCTPYE 100pe Y3roHKEHHS
B YCHOMY JIOCTI/DKEHOMY Aiara3oHi mapaMerpiB. Ha mijcrasi y3aransHeHHS OTPHMaHUX Pe3yNbTaTiB Oyino chopMyIb0BaHE eMITipHIHE
TIPABHJIO, IO CITIBBIHOIICHHS MOTY>KHOCTEI MarHETPOHHOTO PO3PsTy Ta INIa3MOBOTO aKTHBATopa Mae OyTu mpubiansHo 8:1.
KurouoBi cnoBa: peakmuenuii macnemponnuti cunmes, iHOyKIMUGHO 36 S3aHa NAA3Md, NAA3MOBA AKMUBAYIS PeaKMUEHO20 2a3Y,
Mamemamuure MOOen08aHH s





