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Abstract: Direct current (DC) reactive magnetron discharge in Ar + O, mixtures with an
aluminum (Al) target was investigated. Electrical measurements of the discharge voltage
and current along with the deposition rate trends observed with varying the oxygen
flow rate indicated the presence of hysteresis, typical to when using a DC power supply.
The transition between metallic and oxide (compound) modes was analyzed in more
detail by measuring the mass-resolved fluxes of positively and negatively charged ions
together with the optical emission spectra of plasma. The dependence of constituent ion
fluxes (Ar*, Ar?*, Al*, 0%, O,*, O~, and O, ™) on the reactive oxygen gas flow rate was
revealed, indicating the transition (in 1.2-1.8 sccm O, flow range) from a metallic regime to
a poisoned regime. The optical diagnostics indicated a nonlinear hysteresis loop pattern
of dependence for various constituents (ions and neutrals) of the magnetron discharge
plasma. The comparison between the particle and optical measurements, though exhibiting
a pronounced correlation, demonstrated individual features of both methods, which need
to be taken into account when interpreting the results. The hysteresis patterns were further
discussed by comparing the experimental data with the calculation results from the Berg
model. An approach of adapting the model results to the case of a power-regulated
magnetron power supply is expressed.

Keywords: reactive magnetron sputtering; aluminum oxide; hysteresis; ion mass
spectrometry; ion fluxes; optical emission spectroscopy (OES); deposition rate; quartz
crystal microbalance (QCM)

1. Introduction

Thin films of aluminum oxide Al,Oj3 are an excellent choice when one needs to secure
surface hardness and enhance surface protection coupled with good optical transparency.
They are widely used in demanding applications [1-10] in optics, sensors, and spectroscopy.
They serve as diffusion-barrier coatings and protective layers in metal-cutting tools and
insulating layers in microelectronics.

One of the most popular methods for obtaining metal oxide coatings is reactive
magnetron sputtering. The process is known to be accompanied by nonlinear hysteresis
effects when the content of the reaction gas in the mixture changes [11-14]. Hysteresis
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behavior affects the discharge parameters and properties of the resulting coatings. The
most critical influence of this phenomenon is the complication of fixing the working point
of the reactive sputtering process in the desirable region (having a decent deposition rate
together with good stoichiometry of the growing compound layer), or even the simple
inability to do so [15-20]. The magnitude and impact of this effect vary significantly
depending on the power supply mode used and are most severe in direct current (DC)
magnetron sputtering (DCMS). In the pulsed power modes, such as high-current impulse
magnetron sputtering (HiPIMS), modulated pulsed power magnetron sputtering (MPPMS),
and deep oscillation magnetron sputtering (DOMS), these effects might be either mitigated
or properly controlled for, improving the deposition rates [21-29].

The position of the working point and the corresponding properties of aluminum
oxide coatings obtained by the reactive magnetron sputtering process are influenced by
various parameters such as the cathode voltage, condition of the target surface, constituent
ion fluxes, discharge current density, proportion of flow rates of reactive and working gases,
power rating, and type of power supply used. The abrupt changes in discharge voltage,
current, and deposition rate give a clear indication of the occurrence of target poisoning, i.e.,
covering it with a compound layer [30-34]. Target poisoning is determined by the reactive
oxygen gas flow rate and its partial pressure. This phenomenon occurs at a specified region
of infliction or transition of the parameters such as partial pressure of the reactive gases
which is governed by the gettering of the gas by the sputtering system.

One of the most popular methods for investigating and controlling the discharge
in the reactive mode is optical emission spectroscopy (OES) [18,35-37]. The available
instruments of deposition process control and fixation of the working point are largely
based on the optical measurements. While being a solid proven method for process
stabilization, the interpretation of OES results regarding the properties of growing film
might be a complicated task. The coating composition and properties are governed by the
fluxes of particles incident at the substrate, which can hardly be directly reconstructed from
the OES data, especially when chemically active species are present in plasma [38].

For the analysis of the sputtering processes, the particle diagnostics (ion energy and
mass spectrometry) are perfectly suitable, which enable measurement of constituent plasma
ion fluxes in the magnetron discharge [35,37,39-46]. For oxygen-based reactive processes,
the role of negative ions in the overall particle ensemble should also be taken into account
and can be thoroughly analyzed by ion mass spectrometry [40,41,47-50]. These ions can
impinge the substrate with greater kinetic energies and thereafter can cause damage to the
deposited layer.

Despite the large number of studies concerning the hysteresis processes in reactive
magnetron sputtering, few of them explicitly demonstrate the dependence of particle fluxes
of different kinds on the reactive gas flow rate in the metallic-to-compound mode transition.
In [39], such results are shown for carbon sputtering in Ar/N; mixtures in DCMS and
HiPIMS. In [43], a similar approach is used to analyze Ti and WTi sputtering in nitrogen
in a DC magnetron plasma. A closer look at the correlation between optical and ion mass
spectrometric data in a pulsed magnetron sputtering of aluminum oxide is presented in [35].
However, the data there are shown in dependence on the discharge voltage, and no analysis
of the hysteresis curves is demonstrated.

Apart from the experiments, modeling studies equally contribute to understanding
and quantifying the hysteresis effects observed in reactive magnetron sputtering, both
DC and pulsed [51-61]. The models can be used to predict the position of the working
point and the characteristics of hysteresis loops. Calculations, however, imply possessing
a comprehensive set of coefficients (for sputtering, chemisorption, sticking, implantation,
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etc.) for a given selection of materials, which as a rule is not readily available and might
take a separate study to determine.

Investigation of the positive and negative ions’ fluxes gives an insight in experimen-
tally identifying the transition zones, and this can also help us determine the qualifying
parameters which influence the sputtering process and in turn affect the quality of the
fabricated coatings. The aim of this work is to characterize the reactive DCMS of aluminum
oxide in Ar/O, mixtures by bringing together the diagnostic results of current and voltage
measurements, deposition rate dynamics, ion mass spectrometry, and optical emission
spectroscopy. The novelty of this work therefore lies in the systematic and comprehensive
look at different indicators of the metallic-to-oxide sputtering mode transition, which has
not been reported before. Revealed trends of constituent plasma species are thereafter com-
pared with the modeling results to yield the parameters of the hysteresis loop applicable
for the power regulation mode of magnetron sputtering.

2. Materials and Methods

The experiments were performed in a laboratory-scale sputtering machine equipped
with a circular Magneto 3GABS magnetron (Pinch, LLC, Moscow, Russia) having a 76.2 mm
diameter aluminum target (purity 99.999%, Girmet, LLC, Moscow, Russia). Experimental
setup scheme is demonstrated in Figure 1.
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Figure 1. Setup of the magnetron sputtering system.
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The vacuum chamber was pumped down to a base pressure of 10~* Pa with a tur-
bomolecular pump backed by a Roots pump. Argon and oxygen were introduced into
the chamber by the automated mass-flow controllers El-Flow (Bronkhorst High-Tech B.V.,,
Ruurlo, The Netherlands). The total operating pressure was fixed at 0.5 Pa. The cumulative
flow rate of argon and oxygen in each mode was varied between 0 and 4.2 sccm in both
directions to characterize the hysteresis behavior of the system. Correspondingly, since
the total gas flow was fixed at 30 sccm, the oxygen flow fraction in the Ar/O; gas mixture
was varied from 0 to 14%. To guarantee the stability of the magnetron operation mode, all
measurements described below were taken after 5 min from the moment of changing the
oxygen flow rate.

Magnetron discharge was operated with a DC power supply APEL-M-5PDC (Ap-
plied Electronics, LLC, Tomsk, Russia). The power rating was fixed at 100 W in all
presented experiments.

A magnetic sector mass analyzer (MA) was used to determine the mass-resolved ion
fluxes in the typical substrate placement area. MA comprised an electrostatic extractor
attached to the vacuum chamber pointed at the racetrack region of the magnetron. The ex-
tractor was essentially a three-electrode electrostatic lens realizing the functions of sampling
ions from plasma, accelerating them and forming an ion beam. The entrance plasma-facing
electrode was grounded, while the accelerating electrode, the magnetic sector, and all
related equipment were under high voltage (U,cc) relative to the ground potential. In
order to improve the sensitivity of the instrument, a secondary electron multiplier (SEM)
was used as a detector of mass-filtered ions. The further details of the mass spectrometer
configuration are discussed in [44,62]. The acquisition time for each ion mass spectrum
was 1 min.

In order to have an ability to measure the mass-resolved fluxes of both positive and
negative ions, the detection system was arranged in two different configurations depending
on the charge sign. The corresponding diagrams of electric potential distribution inside the
MA are shown in Figure 2.

Collection of positive ions (b) U Collection of negative ions

MA SEM EXT MA SEM

X +21KkV
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Figure 2. Schematic of electric potential distribution along the ion path in MA used for detection of
(a) positive ions; (b) negative ions.

A quartz crystal microbalance (QCM) Mikron-5 (Izovac Ltd., Minsk, Belarus) with
crystal diameter of 14 mm and resonant frequency of 6 MHz was used to obtain the qualita-
tive data on the deposition rate’s dependence on the oxygen flow [52]. Mass deposition
rate in arbitrary units was obtained by approximating the time dependence of the resonant
oscillation frequency with a linear fit and calculating its slope. No assumptions of material
density were made, and no coating thickness was calculated because the film’s composition
varies with changing the oxygen flow.

Optical emission from plasma was characterized by a three-channel AvaSpec-
ULS2048L (Avantes B.V., Apeldoorn, The Netherlands) spectrometer. It comprised three
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measurement ranges of 200-365 nm (resolution 0.12 nm), 364-603 nm (resolution 0.18 nm),
and 360-810 nm (resolution 0.15 nm). The fiber was mounted outside the vacuum chamber,
and the emission was collected through a quartz viewport. No special protection was used
to cover the viewport. Nevertheless, in our conditions, the measured spectra were not
distorted because of the low deposition rate coupled with the high optical transparency of
aluminum oxide coatings [1]. This fact was checked by comparing the spectra measured
in the beginning and in the end of the experimental session, after sputtering for a time
sufficiently long to remove the compound from the target.

Identification of emission lines was performed using NIST database and reference
data on molecular oxygen [63,64]. The acquisition time for each optical emission spectrum
was 100 ms, and the resulting data were averaged over 3 measurements.

3. Results

3.1. Electrical Parameters

Figure 3 shows the dependences of discharge voltage and discharge current on the
oxygen mass flow rate for its increasing (“forward”) and decreasing (“reverse”) scenarios.
The sensors used dictate the measurement precision of the discharge voltage and current.
Since the power supply was operated in its low-current mode, the current sensor’s accuracy
of 0.01 A corresponds to a relative error of as high as 4%.
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Figure 3. Magnetron discharge parameters at different O, flow rates: (a) voltage; (b) current. The
arrows mark the forward and reverse curves.

We observe a drop in the discharge voltage coupled with a growth of current when
the oxygen amount is increased, which can be ascribed to an increase in the coefficient of
secondary ion—electron emission from the aluminum oxide layer. This behavior is typical
for reactive DCMS [11,12,26,52]. The hysteresis loop occupies the range of oxygen flow rate
from 0.9 to 1.8 sccm, with an affected part of the forward curve extended up to 4.2 sccm,
which can be observed in both the voltage and current curves.

The experimentally determined mass deposition rate using a quartz crystal microbal-
ance (QCM) is shown in Figure 4. The measurement accuracy is connected to the precision
of linear fitting of the time dependence of the crystal’s resonant frequency.

The hysteresis loop observed in the deposition rate curve exhibits the same starting
point and width as in the voltage and current curves (Figure 3). However, unlike in
those, no deviations between forward and reverse trends are present here. This might
suggest the differences in charged particle (ions and electrons) fractions” dependence on
the direction of oxygen flow rate change, which can be pronounced in the voltage and
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current measurements. Equality of the forward and reverse QCM signals at oxygen flow
rates exceeding 1.8 sccm means the same total mass deposition rate, i.e., the same flux of
heavy species arriving at the substrate for both scenarios.
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Figure 4. Dependence of the deposition rate on oxygen flow measured using QCM. The arrows mark

the forward and reverse curves.

3.2. Ion Mass Spectrometry

Analysis of the ion mass spectra revealed that the main constituents of the ion flux to
the substrate were Ar*, Ar?*, Al*, O, 0,*, 0, and O, . The types of spectra obtained for
each of the component ions in each regime of working reactive gas (O;) flow differed in
their intensities correspondingly. The spectra were indicative of good capture of all possible
ions and gave a clear demarcation in their intensities. The magnitudes of each mass peak
in each spectrum were collected and plotted against the oxygen flow. The results for the
positively charged ions are shown in Figure 5. Note that the data have an error of ~0.001 a.
u., corresponding to the noise level of the secondary electron multiplier.
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Figure 5. Fluxes of positively charged ions in the transition region vs. oxygen flow rate: (a) flow rate
increasing; (b) flow rate decreasing.
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The measurements revealed a nonlinear dependence of argon, aluminum, and oxygen
ion fluxes on an increase in the flow rate of reactive oxygen gas. In Figure 5, a sharp change
in the behavior of the magnetron discharge can be seen at a threshold of 1.2 sccm of reactive
05 flow that was found to influence the characteristics of the ion fluxes.

The intensities of the ion fluxes have been plotted in log scale for a clearer under-
standing of the dependences. Figure 5a shows the dependences plotted with increasing
reactive gas flow in the forward direction while Figure 5b demonstrates the dependences
plotted with decreasing reactive gas flow in the reverse direction. Two limiting cases can
be visualized here: before transition (left side of threshold, 0.9-1.2 sccm oxygen flow) and
after transition (right side of threshold, 1.8 sccm oxygen flow). The left part of the graph
is indicative of low fractions of oxygen, which is due to the chemisorption of supplied
oxygen on the surface of the target. The oxygen molecules are trapped in the surface, form-
ing an oxide layer on the target, hence poisoning it [51]. The remaining ion contribution
parameters are generally constant and stable.

As we glance through the right part of the graph, we notice a different state. There is a
nonlinear pattern to the parameters measured which is due to the presence of free oxygen
molecules in the deposition chamber volume. There exists a possibility of physisorption of
oxygen atoms in the walls of the chamber, which explains the gradual decrease of oxygen
ion contribution with the increase in flow rate. One should note the similarity in the
deviation of the Ot and O, " forward curves from the reverse ones observed earlier for the
discharge voltage and current trends (Figure 3). At the same time, the signals of argon and
aluminum ions do not exhibit such a pronounced feature.

An important process worth mentioning is the fact the discharge is the most intense
at the racetrack causing its sputtering. With an increase in oxygen supply, the possibility
of racetrack widening might occur. It can act as a possible contributor for the reduction
in oxygen ions’ intensity as some of the oxygen ions can be embedded in the target metal
surface where no oxidation had taken place (increase in non-reactive fraction on the target
surface). Correspondingly, an increase in the metal ion contribution is seen which is due
to the ease of ionization of metal atoms compared to argon gas in the transition phase
(1.2-1.8 sccm O). This is explained by the increase in current in the transition region,
inducing a greater contribution of metal ions with low ionization energies.

The dynamics of the formation of negative oxygen ions were studied as well. To
do this, the polarity of the accelerating voltage for the mass analyzer was reversed. The
negative ions were registered at a potential almost equal to the cathode potential [30], and
a consistency was observed with the existing experimental results obtained for negative
ions even at low power ratings of the discharge [40,41,47-50]. The experiment was carried
out after venting the vacuum chamber, as well as calibration of the reference input voltage
for the secondary electron multiplier together with the obtained mass spectra. After that,
an experiment was conducted at a rated power of 100 W. The ion currents’ contributions
for positively and negatively charged oxygen ions are depicted in Figure 6. Note that
the data have an error of ~0.001 a. u., corresponding to the noise level of the secondary
electron multiplier.

It was found that negative atomic oxygen ions have a sharp positive correlation, and
negative molecular oxygen ions have a sharp negative correlation with an increase in the
flow rate of reactive oxygen gas (Figure 6). Here, too, it was observed that the negative
oxygen ions had a nonlinear dependence after a threshold of 1.2 sccm of oxygen flow.

As discussed above, the target becomes fully poisoned at the transition threshold of
greater than 1.8 sccm reactive oxygen gas flow. After this transition, there is a presence of
oxygen in the volume. This presence can be explicitly shown by the presence of negative
ions beyond the threshold. The electron sticking rate corresponds to the efficient formation
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of negative ions. The mechanism of the formation of the negative ions is described by the
following equations [40]:

(i) e + O — O™ + O, [Dissociative mechanism]
(ii) e + O + M — Oy~ + M, [Three-body collision]

where M is a metallic atom.
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Figure 6. Fluxes of positively and negatively charged ions in the transition region vs. oxygen
flow rate.

These negative ions emanate from the target metal surface during sputtering and
exhibit a particular characteristic. The intensities of both types of negative ions are high at
the region in the near vicinity beyond the transition point as can be seen in Figure 6, and in
the region further past the transition, in the oxide formation zone, we notice an increase
in both sorts of ions. The rightmost measured points, however, show an abrupt decline
in negative ion fractions, with O, ™ flux reaching the detection limit. The reason for such
trend shapes remains unclear.

The generation and behavior of negative oxygen ions when using a pure aluminum
target are in accord with those in other experiments with an Al target [41] and resemble
the results obtained for other oxide targets, specifically, Zn:Al [40], W [46], Zn [48,49],
In [48,49], Sn [49], Mg [49], Ti [49], and ZnO:Al,O3 [47]. The negative ions are generated at
the racetrack where the ionization rate and density are maximized, and the corresponding
intensities thus obtained for negative ions O~, O, are high.

3.3. Optical Emission Spectroscopy

The oxygen flow rate dependences of the spectral radiation intensities of selected
strong representative emission lines—Al" (394.36 nm), Ar (706.19 nm), Ar* (480.67 nm),
Ar?* (434.81 nm), O (777.14 nm), and O,* (602.61 nm)—are shown in Figure 7. Note that
the data have an error of ~20 a. u., corresponding to the noise level of the dark signal
recorded by the spectrometer.

The spectral intensities of plasma species emission are presented in log scale for a
clearer understanding of the dependencies. Figure 7a shows the dependences plotted
with increasing reactive gas flow in the forward direction, while Figure 7b shows the
dependences plotted with decreasing reactive gas flow in the reverse direction.



Appl. Sci. 2025, 15, 4305

9of 15

(a) Oxygen flow increase (b) Oxygen flow decrease

J—W - . v i v v v

J
10004~ — 1000 {2———
g - Py P ‘% pe ® » r3
= =
o) 5
€ 100 £ 1004
£ . = £
n [
| |
|} | |
n
10 T T T T T T T 10 T T T T T T T T T
0.0 0.5 15 20 25 3.0 35 40 45 0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 40 45

O, flow [sccm]

O, flow [sccm]

B Al (394.36 nm)
v Ar(706.19 nm)

Ar' (480.67 nm)
® Ar(434.81 nm)

A O (777.14 nm)
0,’ (602.61 nm)

Figure 7. Optical emission intensities of plasma constituents vs. oxygen flow rate: (a) flow rate
increasing; (b) flow rate decreasing.

We observe a decrease in the radiation intensity for the metal ions (Al") with a cor-
responding increase in the neutral oxygen atoms (O) and oxygen ions (O,") measured
at different oxygen flows. These changes were observed in the transition zone near the
oxygen flow value 1.2 sccm. A slight increase in the radiation intensity after transition can
be observed for neutral argon (Ar) atoms and Ar* ions.

4. Discussion

Each individual spectrum for positive and negative ions has a prominent threshold
region of reactive oxygen gas flow where we witnessed a nonlinear dependence. The
signals recorded by both optical spectroscopy and ion mass spectrometry for the most
representative species of aluminum and oxygen are compared in Figure 8. The optical data
for O* ions were omitted because of their negligible intensity. Therefore, the comparative
analysis can be made for the ion flux behavior of O* and Al" ions and spectral intensities
of O (777.14 nm) and Al* (394.36 nm) emission lines.

One might observe a clear similarity in the starting point of hysteresis loops for all
the curves, being at an oxygen flow of about 0.9 sccm. With increasing oxygen flow, both
particle and optical signals for aluminum demonstrate alike behavior. The resulting width
of hysteresis loops is nearly the same for both types of diagnostic data.

At the same time, in the 0-0.9 sccm flow rate range, intensity of the Al* emission line
decreases in contrast to the Al* ion current, which is stable. The intensity of emission lines
is governed by the complex set of reactions in plasma involving electrons and heavy species.
The declining intensity of the selected Al* line might indicate the changes in electron energy
distribution resulting in depletion of the electronic transitions responsible for the intensity
of this particular emission line, even if the flux of Al* species remains constant. Another
cause might be the change in Al" ions’ energy. Testing the true cause requires additional
energy-resolved measurements.

For oxygen, both signals measured in the forward direction, i.e., with increasing
oxygen flow, show good agreement in the curve shape. The reverse measurements, however,
give contrasting pictures. The O* ion flux signal has a steady value when decreasing the
oxygen flow from 4.2 to 3.0 sccm. At the same time, the optical O signal goes down along
the forward trend but then has a shifted horizontal part. These are apparent differences in
the hysteresis loop width between O* ion flux and O emission intensity.
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Figure 8. Comparison of hysteresis curves in ion mass spectrometric (a,b) and optical emission
spectroscopic (c,d) measurements: (a) ion flux signal of O* ions; (b) ion flux signal of Al* ions;
(c) emission intensity of O line (A = 777.14 nm); (d) emission intensity of Al* line (A = 394.36 nm).

The observed discrepancy suggests that the O emission line intensity cannot be fully
representative of the O" ion flux. Measured optical emission intensity should correlate
with the concentration of excited O atoms, which, in turn, can be related to O* and O~
concentrations by solving a set of equations for the relevant plasma-chemical reactions.

The transition threshold at 1.2 sccm of the O, reactive gas supply can be explained by
the joint construction of the reactive sputtering Berg model and the experimental results. Let
us consider the basic steady-state Berg model comprising the following equations [51,52]:

0= dN¢/dt = (2/Z)oF(1 — 01) — (j/€)yc0,

0=dNs/dt = (2/Z)xsF(1 — 62) + (j/€)vc01(At/As)(1 — 02) — (j/€)ym(1l — 01)(At/As)B2,
[chemisorption]

[chemisorption]

[oxide growth]

[sputtering]

[deposition of metal]

Pamq = (2/Z)o&F(1 — 01)A¢ + (2/Z)as EF(1 — 62)As + pS,
[balance of oxygen species in the chamber]

)

)

®)
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where Ny, Ns—numbers of oxygen atoms, which formed compounds with metal atoms at
the target and substrate/wall, correspondingly (per unit area); 6;—fraction of the target
surface area covered by the oxide compound (poisoned); 6,—compound fraction on the
substrate/wall surfaces; j—ion current density; p—partial oxygen pressure; y.—sputtering
yield of the compound; ym—sputtering yield of the metal; o, xs—sticking coefficients
of oxygen atoms to metallic parts of the target and substrate/wall surfaces, correspond-
ingly; Ai—target surface area; As—substrate/wall surface area; e—elementary charge;
F = p(2rtkg Trm)~1/2—relationship between flux F of neutral oxygen molecules and partial
oxygen pressure p (kg—Boltzmann constant, T—gas temperature, m—molecular mass);
Patm—atmospheric pressure; g—oxygen flow rate; & = V\jpatm /N a—unit conversion factor
(Vm—molar volume, Np—Avogadro constant); Z—stoichiometry factor of the compound
(3/2 for Al,O3); and S—effective pumping speed.

Equation (1) describes the oxidation state of the target surface. The substrate coverage
with the oxide compound is determined by Equation (2). Equation (3) expresses the
balance of reactive gas species supplied to the chamber. In the steady state, dN/dt = 0 and
dN./dt =0 [51,52].

The system of Equations (1)—-(3) was used to calculate the dependences of oxygen
partial pressure p on oxygen flow rate g taking into account the processes of poisoning and
sputtering. The overlay of the calculated results and experimental discharge parameters is
shown in Figure 9.
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Figure 9. Hysteresis loop evaluation by simulation and experiment. Dashed line represents the “real”
oxygen pressure—flow curve for a discharge operating in power regulation mode.

In the power regulation mode, both the voltage and current change when the reactive
gas flow is varied. In Figure 8, several pressure—flow lines were built according to Berg
model solutions corresponding to different voltages, at a constant power of 100 W. They
were calculated for a fixed pair of experimentally observed voltage and current values
(indicated in the legend). The circles correspond to the potential operation modes avail-
able for the given oxygen flow. To reconstruct the real oxygen pressure—flow curve, one
should therefore combine the experimental evidence for the metallic-to-oxide transition
(Figures 3, 4 and 8) and the calculated hysteresis curves (Figure 9).

It was found that the experimental hysteresis trajectories observed when changing
the supply of reactive gas are slightly different compared to the Berg model results, but
the position of the transition point coincides with the calculation. The expected jumps
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plotted on the graph of the experimental results are marked with arrows, and the dashed
line indicates the resulting path of the working point for various flow rates of reactive gas
supply. The experimental result is confirmed when we see a sharp change in the partial
pressure of the reactive gas during the transition from the metallic to the oxide regime.

5. Conclusions

An experimental study of a DC magnetron discharge with an aluminum target in
mixtures of argon and oxygen was systematically carried out using mass analysis of the
ion flux from plasma, optical emission spectroscopy, as well as conventional electrical
and mass deposition measurements. For the first time, the comparison of the detailed
ion mass spectrometric and optical emission spectroscopic data in the metallic-to-oxide
mode is shown for reactive aluminum sputtering, in the same system, and for the full
hysteresis loop.

There was a significant change in the fluxes of positive and negative ions after a
certain threshold of oxygen consumption. The relative proportions of fluxes of Al* and
Ar* ions decrease, and the proportion of O, increases. The intensities of the spectral lines
corresponding to the Ar* and O,* ions, as well as the neutrals Ar and O, grow with an
increase in the oxygen flow. The intensity of the Al* radiation decreases to almost zero
when the oxygen flow is more than 2.4 sccm. The ratio of the fluxes of negative oxygen ions
0,7 and O™ correlates with the behavior of positive ions. A sharp increase in the content
of molecular ions of O,~ corresponds to the transition of the target to a poisoned state.
Modeling of the electrical parameters using the Berg model under conditions similar to
the experiment allowed us to correctly restore the shape of the transition from the metallic
mode to the oxide mode.

The main practical advice emanating from the obtained results is to take into account
the correlation between actual ion fluxes arriving at the substrate and the OES data (which
are usually used to monitor the metallic-to-oxide transition). Knowing this relationship
improves determination of the transition region and helps to identify the working point
more precisely, therefore improving the process of alumina film fabrication.
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