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Abstract—Magnetron sputtering of an yttrium target in a reactive atmosphere of Ar + O2 enhanced by a radio-
frequency inductively coupled plasma source was studied. Four different schemes for yttrium target sputtering
were examined to define the possibility to use the metallic deposition mode for a coating consisting of the
yttrium oxide phase. The effective pumping speeds were calculated for all experimental schemes. The
increase in the effective pumping speed from 0.24 to ~0.87 m3/s when using dual magnetron sputtering of Y
and Cu targets was shown to result in the shift of the hysteresis loop towards higher O2 f low rates. This leads
to the use of both transition and metallic modes of Y target sputtering in the Ar + O2 atmosphere. The oxide
coating was deposited by dual magnetron sputtering of yttrium and copper targets in the metallic mode,
enhanced by a radio-frequency inductively coupled plasma source. The coating consisted of Cu2O and Y2O3
phases. The calculation of Cu and Y sputtering yields was done to confirm the metallic mode of coating depo-
sition.
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INTRODUCTION

Yttrium oxide Y2O3 is a preferred candidate for
protective coatings of high-temperature crucibles for
melting metals and for optical waveguides [1–4]. It is
possible to obtain Y2O3 coatings using reactive magne-
tron sputtering [5], based on collisional sputtering of
an yttrium target by plasma ions and condensation of
yttrium and oxygen atoms on the substrate. However,
the presence of oxygen in a vacuum chamber can lead
to instability of coating deposition, which is usually
described by the hysteresis effect when a metal target
is sputtered in a reactive atmosphere [6]. The hystere-
sis curve shows the state of the sputtered target at var-
ious f low rates of reactive gas. This can be represented
by the dependence of the sputtering process parame-
ters (discharge voltage, current, and oxygen partial
pressure) on the f low rate of reactive gas. Usually,
three modes of target sputtering are distinguished on
the hysteresis curve: metallic, transition, and reactive.
At a low flow rate of the reactive gas, the target is sput-
tered at a high rate, but the coating mainly consists of
metal or substoichiometric phases. The reactive mode
is characterized by the lowest deposition rate due to a
decrease in the sputtering coefficient of the target
material when a thin compound layer is formed on the
target surface. The sputtering yields of the yttrium tar-
get in the metallic and reactive modes are 0.6 and

0.015 atom/ion, respectively [7]. The transition mode
is between the metallic and reactive modes. Therefore,
the metallic mode may be more preferable for coating
deposition, since the deposition rate is maximal.
However, it is also important to obtain the stoichiom-
etry of the oxide coating, which can be difficult in the
case of the metallic mode.

One of the approaches to the deposition of oxide
coatings using magnetron sputtering in the metallic
mode was previously shown in the example of the cop-
per–oxygen system [8, 9]. A magnetron sputtering sys-
tem equipped with a Cu target was used as a source of
metal particle f lux onto the substrate. The radio-fre-
quency inductively coupled plasma (RF-ICP) source
[10] was additionally used for dissociation and ioniza-
tion of molecular oxygen in a vacuum chamber, which
led to the growth of oxide coatings. However, copper is
characterized by high sputtering yield and chemical
affinity to react with oxygen, since the Gibbs energy
(ΔG) of the growth of Cu2O and CuO is –146 and –
130 kJ/mol, respectively [11]. Both of these conditions
lead to the possibility of magnetron deposition of
oxide copper coatings in the metallic mode. Oppo-
sitely, yttrium has a low sputtering yield and higher
Gibbs energy of the yttrium–oxygen system, which is
equal to –1800 kJ/mol at 298 K [12]. Thus, it is neces-
sary to estimate the possibility of deposition condi-
tions of other coating materials, e.g. yttrium oxide.
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Fig. 1. Scheme of dual magnetron sputtering of yttrium–
copper oxide coatings in the metallic mode.
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This study is devoted to the collection of data on the
regularities of the oxide coating deposition using mag-
netron sputtering in the metallic mode, enhanced by
an RF-ICP source. Thus, the aim of this work was to
determine the conditions for deposition of yttrium
oxide coating using magnetron sputtering in the
metallic mode.

MATERIALS AND METHODS

The experiments were carried out on a vacuum
ion-plasma installation developed at the Weinberg
Research Center of the Tomsk Polytechnic University,
the scheme of which is shown in Fig. 1. The installa-
tion consists of a vacuum chamber equipped with a set
of magnetron systems operating in the sputtering
modes with single or dual targets, a planetary substrate
holder, an RF-ICP source RPG-128 [10], and an
pumping system based on a Shimadzu TMP-403LM
turbomolecular pump (N2: 420 L/s).

The experimental work was divided into two parts.
The first one was devoted to determining the condi-
tions for deposition of coatings of yttrium oxide by
magnetron sputtering in the metallic mode. Four
experiments were carried out using various sputtering
process schemes, which are listed in Table 1. The sput-
tering schemes were as follows: single (no. 1) and dual
Y-target sputtering (no. 2); single Y-target sputtering
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO

Table 1. Schemes for deposition of oxide films

No. Power supply Turbomolecular pump

1 Unipolar Shimadzu TMP-403
2 Bipolar Shimadzu TMP-403
3 Unipolar Shimadzu TMP-403LM and KYK
4 Bipolar Shimadzu TMP-403
using the modified pumping system (no. 3) and dual
sputtering of yttrium and copper targets (no. 4). In the
case of the scheme no. 3, the pumping system was
modified using an additional turbomolecular pump
KYKY FF-160/700E (N2: 700 L/s.). Other installa-
tion parameters were the same. The separation of
argon and oxygen flows was used in all schemes: Ar
was inflowed into the magnetron sputtering system with
a Y-target, and oxygen was supplied near the RF-ICP
source. The sputtering power densities for Y and Cu
were 20.4 W/cm2 for each target. The RF-ICP source
power (13.56 MHz) and Ar f low rate were 1.25 kW and
30 sccm, respectively.

The second part of the experiments was aimed at
studying the structure of oxide coatings obtained by
dual magnetron sputtering in the metallic mode,
enhanced by the RF-ICP source, according to scheme
no. 4. The dual magnetron sputtering system was
equipped with copper (90 mm in diameter and 6 mm
thick, purity 99.9%) and yttrium targets (90 mm in
diameter and 8 mm thick, purity 99.9%) with APEL-M-
10DU power supply (Applied Electronics, Russia).
The f low rate of O2 was selected from the hysteresis
loop (10 sccm). The deposition time was 30 min.
Oxide films were deposited on polished AISI 321
stainless steel substrates (20 × 20 × 1 mm) and Si(110)
wafers. Prior to deposition, the substrates were treated
with isopropyl alcohol in an ultrasonic bath (20 min)
and dried by compressed air. The substrates rotated
planetary (5 rpm) during the deposition process. The
thickness and elemental composition of oxide films
were studied using a scanning electron microscope
Vega 3 (Tescan, Czech Republic) equipped with an
attachment for energy dispersive spectroscopy. The
crystal structure of the samples was determined by
X-ray diffraction (Shimadzu XRD-7000S diffractom-
eter, CuKα1 radiation, 40 kV, 30 mA) in the 2θ range
10°–90° with a scanning step of 0.0143°. Diffracto-
grams were identified using the ICDD-4+ database.

RESULTS AND DISCUSSION

The hysteresis loops of the discharge voltage for
four series of experiments are shown in Fig. 2. In order
to plot the hysteresis loops and confirm the metallic
deposition mode, the discharge voltage was recorded
with a gradual increase and decrease in the oxygen
flow rate with a step of 2 sccm. It is clearly seen that the
TRON AND NEUTRON TECHNIQUES  Vol. 17  No. 5  2023

 type Target S0, m3/s

LM Yttrium 0.24
LM Yttrium and yttrium >0.60 
Y FF-160/700E Yttrium 0.61

LM Yttrium and copper >0.87
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Fig. 2. Hysteresis loops of the discharge voltage at: (a) unipolar sputtering of a single yttrium target; (b) dual magnetron sputtering
of two yttrium targets; (c) unipolar sputtering of a single yttrium target with an increased pumping speed; (d) dual magnetron
sputtering of yttrium and copper targets.
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hysteresis loop in the case of sputtering of a single
yttrium target (scheme no. 1) corresponds only to the
reactive deposition mode, which indicates the oxida-
tion of the Y-target even at low oxygen flow rates
(Fig. 2a). The absence of metallic and transition
deposition modes is due two factors: the high Gibbs
energy for the yttrium–oxygen system (–1800 kJ/mol
at 298 K [12]) and the low sputtering yield of Y-target
[13, 14]. Using the dual magnetron sputtering of two
yttrium targets (Fig. 2b) leads to a shift in the hystere-
sis curve towards higher oxygen flow rates. A hysteresis
section from zero to 8 sccm of O2 f low rate is clearly
visible, corresponding to the appearance of the transi-
tion deposition mode. A similar effect was found when
scheme no. 3 was used with the increased pumping
speed (Fig. 2c).
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
Figure 2d shows that the dual magnetron sputtering
of Y- and Cu-targets (scheme no. 4) can be used to
deposit oxide coatings in the metallic mode. The
observed shift of the hysteresis loop in comparison
with other schemes is due to several factors. First, the
higher sputtering yield of copper compared to yttrium
in the metal and oxide states results in a higher f lux of
metal particles from the Cu-target compared to the
flux from the Y-target. Second, since the activation
energy of the Cu–O system is negative (–173.2 kJ/mol
[12]), Cu atoms can interact with oxygen ones, form-
ing copper oxide coatings. Both of these factors lead to
a decrease in the concentration of oxygen atoms near
the yttrium target and its sputtering in the metallic
mode [15]. Therefore, the speed of oxygen pumping
from the sputtering zone plays a key role in the sputter-
ing of an yttrium target in the Ar + O2 atmosphere in
TRON AND NEUTRON TECHNIQUES  Vol. 17  No. 5  2023
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Fig. 3. X-ray diffraction pattern of an yttrium–copper
oxide film deposited by dual magnetron sputtering in the
metallic mode, enhanced by RF-ICP source.
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the metallic mode. So, it is necessary to calculate and
compare effective pumping speeds for all schemes of
deposition of yttrium oxide coatings.

The effective pumping rates for schemes no. 1 and 3
were calculated from the basic equation of vacuum
technology [16]:

where S0 is the effective pumping speed [m3/s], Sp is
the pump rate [m3/s], U is the conductivity of the
pumping line [m3/s].

The rate of the Shimadzu TMP-403LM turbomo-
lecular pump is 0.42 m3/s, the KYKY FF-160/700E
pump is 0.7 m3/s. The conductivity of the main pump-
ing line is calculated using the following equation [16]:

where UINL is the inlet conductivity, UANG is the con-
ductivity of the angle pipe, UG is the conductivity of
the high-vacuum gate, and UP is the conductivity of

− =0 p1 1 1 ,S S U

 = + + +INL ANG G P1 1 1 1 1 ,U U U U U
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Table 2. Elemental composition (at %) of the sample

O Cu Y Cu/Y ratio

46.0 ± 1.8 42.8 ± 1.6 11.2 ± 0.2 ~3.8

Table 3. Calculated sputtering yield (atom/ion) of yttrium
and copper targets

Deposition mode Cu Y

Metallic 1.5 0.5
Reactive 0.6 0.017
the pipe. The effective pumping speed for scheme
no. 4 was calculated as follows [16]:

where V0 is the volume of gas entering the getter sur-
face (thin copper film) with an area (A) per 1 s at a cer-
tain temperature, β0 is the adsorption coefficient for
copper atoms. The volume of gas entering the getter
surface can be calculated using the following equation:

where T is the temperature [K] and M is the molecular
weight [a.m.u.]. In the calculations, the coefficient of
adsorption of oxygen atoms by copper was assumed to
be unity, the temperature was 293 K, and the surface
area of the getter film was 80 cm2 (the minimum area
for deposition of copper oxide coatings). The results of
calculating S0 are presented in Table 1. The effective
pumping speed for deposition scheme no. 2 could not
be accurately determined.

Based on the calculations, the sputtering of an
yttrium target in the Ar + O2 atmosphere in the metal-
lic mode was found to be possible at an effective pump-
ing speed of more than 0.87 m3/s. Since the sputtering
of an yttrium target in the metallic mode can be carried
out using scheme no. 4, the future coating deposition of
an oxide film was studied for this case.

Figure 3 shows the X-ray diffraction pattern of the
oxide coating obtained by dual magnetron sputtering
in the metallic mode. Based on the ICDD-4+ data-
base, the Cu2O (JCPDS no. 78-2076) and Y2О3
(JCPDS no. 76-151) phases were identified. The α-Fe
phase (JCPDS no. 65-4899) corresponds to the sub-
strate material. The elemental composition of oxide film
is presented in Table 2. The elements Cu (42.8 at %),
Y (11.2 at %), and O (46.0 at %) were found, which
corresponds to the Cu/Y ratio of 3.8. Using TRIM
[17], the sputtering yields for Cu- and Y-targets by Ar
ions were calculated, which are equal to 3.18 and
0.97 atom/ion and correlate well with the literature
data [18]. The sputtering yields for oxidized targets of
Cu- and Y-targets decrease approximately by factors
of 2.5 and 30 [12, 19, 20], respectively. Table 3 shows
the sputtering yields of copper and yttrium targets in
the metallic and reactive (oxidized) modes. Compari-
son of the elemental composition of the deposited
coatings with sputtering yields indicates the metallic
state of both Cu and Y targets (scheme no. 4). The data
obtained show the possibility of using magnetron
sputtering of Y-target in the metallic mode for deposi-
tion of yttrium oxide coatings.

CONCLUSIONS
Magnetron sputtering of an yttrium target in an Ar

and O2 atmosphere, enhanced by an RF-ICP source
has been investigated. Four different sputtering
schemes have been studied to confirm the metallic

= β0 0 0 ,S V A

= 0.5
0 36.38 ( ) ,V A T M
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mode of yttrium oxide coating deposition. The
increase in the effective pumping speed is shown to
lead to a shift of the hysteresis loop to higher O2 f low
rates and enable the target sputtering using the transi-
tion and metallic modes. The oxide coating consisting
of Cu2O and Y2O3 phases has been obtained by dual
magnetron sputtering of yttrium and copper targets in
the metallic mode, enhanced by RF-ICP source. The
calculated sputtering yields for Cu and Y in the metal-
lic and reactive modes indicate the coating deposition
in the metallic mode.
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