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Using a coupled optical and electrical monitoring method to
follow the R-HIPIMS TiO, deposition process drifts.
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YUniversité de Lorraine, CNRS, I1JL, F-54000 Nancy, France
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Abstract:

In this work, coupled optical and electrical discharge measurements have been implemented
to investigate the plasma state of a reactive HiPIMS TiO, deposition process running at a
fixed duty cycle of 2% and at a repetition rate of 1 kHz. Investigations focus on both the
effect of the erosion target and substrate-holder temperature in an Ar/O, gas mixture at fixed
working pressure. First, as the racetrack shape evolves with the use of the target, the
deposition rate is modified, in the same way as the emission intensity measured. Second, with
the heater set at 400 °C in pure Ar, the coating appears thinner, and the optical emission
spectroscopy measurement reveals the presence of oxygen atoms. Thus, the results from the
coupled optical and electrical measurements are sensitive enough to track potential drift of the

process.

1. Introduction:

Titanium oxide materials, due to its various chemical and physical properties, such as high
dielectric constant [1], high refraction index [2], good thermal and chemical stability [3],
catalytic photoactivity [4], and biocompatibility [5], are widely used in various industrial
applications. These latter include optical and electronic devices [6-9], gas detection [10-12],
water purification [13-15], and solar cells [16-18]. Titanium oxide thin films can be deposited
using conventional DC or RF magnetron sputtering [19-22], as well as high-power impulse
magnetron sputtering (HIPIMS) [23-25]. This latter is a type of ionized physical vapor
deposition (IPVD) process [26-28] that utilizes a magnetron cathode. However, due to the
magnetron architecture, the target surface is not homogeneously sputtered. Hence, a
"racetrack" is formed as the target is consumed [29]. HiPIMS can achieve a high ionization
degree of the sputtered atoms, due to the high applied voltage for a short lapse of time. Then,
the power of the discharge is about 100 times higher than a conventional magnetron one. This
high ionization rate is a key feature for a better conformal coating to be deposited on

complex-shaped substrates through the application of a bias voltage to the substrate [30].

1



Moreover the high ion bombardment of the growing film can also be a significant parameter
that influences the quality of the coatings [31-33]. HiPIMS can also be operated in reactive
mode (R-HiPIMS) when using reactive gas such as O, or N, mixed with a non-reactive one to
deposit coatings such as oxides or nitrides. Nevertheless, the poisoning of the target induced
by the reactive gas makes the control of the process more complex since a transition occurs,
from a metallic to a compound system. Since the nature of the initial sputtered material is
altered, parameters associated to the discharge (e.g., voltage [34-35] and current [36]) and the
ones to the sputtering (e.g. sputtering yield, deposition rate) change. In addition, these
parameters exhibit a hysteresis that has been extensively studied [37-38]. Henceforth, the
coating industry requires an easy and reliable method to track the evolution of the deposition
over time. To address this need, many options have been studied: using a feedback control
loop on the reactive gas flow [39-40], regulating the pulse frequency [41-44], monitoring the
intensity of an emission line (plasma emission monitoring) [45-48], or using ratio between a
line intensity measured by optical emission spectroscopy (OES) and the current density [49].
One limitation when using a feedback control loop on the reactive gas flow is the response
time delay needed to stabilize the plasma state. Other methods involve tuning the magnetic
field strength surrounding the target [50-51], which are not practical for industrial
installations.

In a previous work, we demonstrated the correlation between the emission line intensity
(noted TA_OES) divided by the integrated current (noted l;,;) data with layer thicknesses as a
function of the proportion of O, added in the Ar gas and the pulse width [29]. In this work, we
aim to improve the accuracy of this correlation by taking into account the process drifts
(consumption of the target, reactor wall pollution). We will then use this to optimize the
deposition process in order to achieve consistent coatings. From this, it was established that
plasma diagnostics could be used effectively to control the deposition rate and precisely
manage the transition between metal and compound sputtering modes. Using these to
calibrate a power feedback control loop could then provide a better response time compared
to gas feedback control loop.

In this study, our method is proposed to enforce the feedback control loop on electrical
discharge parameters (as suggested in [41-44]) with coupled electrical and optical emission
spectroscopy measurements (as described in our previous work [29]) to follow the R-HIPIMS
deposition process drifts of TiO, as an example. These measurements are investigated for two
series of experiments. The first one consists of studying the influence of the racetrack

formation along the deposition process and the correlations that we can draw from this, in
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relation to our monitoring method; the second one deals with the factual possibility of
working in the metallic sputtering mode at 0% O, or at very low % O, in the gas mixture,
with or without additional heating temperature of the substrate-holder for both cases.

2. Experimental set-up

In this study, the plasma reactor is a stainless-steel chamber with a main cylindrical body of
35 cm in diameter and 30 cm in height. A water-cooled circular planar balanced magnetron
cathode, of which magnetic characteristic had been described in previous article [29], is set in
the chamber.

The target used is a 2” diameter and 3 mm thickness of pure titanium (99.99%). All substrates
are placed 11 cm from the target surface, on a grounded substrate-holder. The chamber is
pumped by a primary pump (ACP 15 Adixen) and a turbomolecular pump (ATP 400 Adixen)
down to a residual pressure of 1.2x10™ Pa before each deposition. The pressure inside the
chamber is measured by a AHC 2010 Adixen gauge, calibrated by a capacitive one. The gas
flow injection is located at 15 cm from the target centre and parallel to the target surface. The
total gas flow (Ar + O;) is maintained to 19 sccm (standard cubic centimetre per minute)
using two mass flowmeters (20 sccm and 3 sccm full scale, respectively). This is achieved by
decreasing the Ar gas flow when the O, one is increased. The injection of O,, up to 2 % of the
total gas flow (the maximal range studied), does not lead to a variation of the working
pressure. Thanks to the throttle valve, the working pressure is set to 0.7 Pa. The % O, refers to

the percentage of O,-to-Ar gas flow ratio.

The cathode is connected to a high voltage generator (MELEC SIPP 2000). The high voltage
pulse waveform is driven by an arbitrary function generator (Tektronix AFG 3022 C) The
mean power <P>t (eq. 1) during the HiPIMS period T and the voltage pulse frequency are set
at ~ 45 W and 1 kHz, respectively. During this study, the pulse width setting T4 is maintained
at 20 ps, which determines the discharge duration. Therefore, the mean power during this

discharge duration is around 2250 W according to eq. 2.

(Pyr = 2 [y P(D)t (1)

1 (T
(Pry = 7-J, * P(Ddt @)
To measure the voltage-current time characteristics of the discharge, a voltage probe from
CalTest Electronics CT4028 with a bandwidth from DC to 220 MHz and a current probe from



MagneLab CTO0.1-B, bandwidth up to 50 MHz were used with via an oscilloscope (Lecroy
Wave runner 104Xi 1GHz). For the purpose of this study, the current is integrated on the
duration of the pulse current, as described by figure 5 in our previous work [29], noted l;p.
Time-averaged optical emission spectroscopy measurements (TA_OES) were carried out with
a Jobin Yvon TRIAX 550 spectrometer, equipped with a 1800 tr.mm™ grating, a 100 um slit
and an intensified charge-coupled device (ICCD). The light emitted by the plasma is collected
through a cylindrical collimator (9 cm length over 1 cm diameter) placed parallel to the target
surface. The titanium emission line intensity (at 365.35 nm) is then divided by Iy, to take into
account the effect of any variation in electron population, assuming the excitation process is
mainly due by electron collisions. More details about the TA_OES/Ii,: measurements can be
found in our previous work [29]. The oxygen emission line has been resolved allowing to
consider only the emission line intensity at 777.19 nm.

The process of depositing thin films on flat silicon (Si) wafers involved using a heating
substrate-holder from UHV designer. The substrate-holder and samples were heated by IR
radiation emitted from a heater made of sSiC. The temperature was set at 400 °C and the
deposition time was fixed at 4 hours, irrespective of the magnetron sputtering conditions.

All substrates were cleaned in the same way, using first an ultrasonic bath of acetone and then
ethanol. The wafer was then rinsed and dried using deionized water and nitrogen gas,
respectively. The substrate was hooked to the grounded substrate-holder using metallic
clamps combined with a Si piece of 60x10 cm? as a mask. The film thickness was measured
by profilometry (Bruker Dektak XT) equipped with a diamond tip of 2 um radius, after
removing the Si mask. As the thickness values obtained are in good accordance with cross-
sectional imaging using scanning electron microscopy (SEM Gemini Zeiss), only the
profilometry measurements are discussed. Note that the purpose of this study is only to
investigate the feasibility of using the presented monitoring method to detect process drifts
during deposition, and not to study the quality of the deposits themselves.

To measure the erosion depth of the target racetrack, a palmer micrometre was used. This
measurement was carried out on four distinct locations, to verify the homogeneity of the

racetrack.
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Figure 1: Synoptic diagram of the experimental method to study the evolution of the
TA_OES/liy ratio and coating thickness with the erosion target.

To strictly track the deposition and plasma characteristic throughout the sputtering of the
target, an experimental protocol (diagrammed in figure 1) was developed as follows:

(1) Sputtering of the target, using DC mode with Ppc = 50 W and under argon atmosphere at
0.7 Pa. This ensures to clean and condition the racetrack surface polluted when venting, (30
min).

(2) Switching with HiPIMS mode, with a discharge time of 20 s to stabilize the process, i.e.
when the discharge voltage does not vary significantly anymore, (5 min).

(3) OES study of the transition, from metallic to fully oxidized regime, in HiPIMS mode,
without additional heating on the substrate-holder, (3h30).

(4) Sputtering of the target under the same conditions as the previous point, without oxygen,
to return to the metallic regime, (about 30 min).

(5) Heating the substrate-holder during 1 h to reach 400 °C, followed by the cleaning step (1)
and the stabilization step (2), (1h35 in total).

(6) OES study of the transition, from metallic to fully oxidized regime, in HiPIMS mode, at
400 °C, (3h30).

(7) Sputtering of the target under the same conditions as the previous point, without injected
oxygen, to return to the metallic regime, heater turned off, (about 30 min).

(8) Cooling and venting of the chamber to install a silicon wafer (about 4 h).

(9) Pumping during 12h to reach a vacuum of about 10 Pa, (about 12h).

(10) Heating the substrate-holder for 1 h to reach 400 °C, followed by the cleaning step (1)
and the stabilization step (2), (1h35 in total).



(11) Only for the 0.3 %0, deposition, injection of the gas mixture to use. A 10-minutes wait
ensures a stable process with a well-mixed atmosphere.

(12) 4h deposition for a given plasma condition during which electrical and optical (Ti
emission line at 365.35 nm) measurements are done every 10 min to determine the
TA_OES/ljy ratio (4h).

The sample is then remove from the chamber and the process is repeat again from (1) to (12).

Table 1: Overview of the experimental conditions of the studied coatings.

Coating | 4 | » | 3 | 4 | 5|6 | 7|89 10|10]12]13
number

%0, |03]03] 0] 0] 0] 0] o01l03[03]0]0103]0
H??g)”g 400 | 400 | 400 | 400 | 400 | 400 | 400 | 400 | 400 | 0 | 0 | 400 | 400

Even if all the transitions announced by this procedure (with or without additional heating)
were systematically measured, only a few amounts of these measurements have been selected,
those allowing the discussion. In total, 13 coatings have been done under different conditions
listed in the table 1, knowing that the working pressure was set to 0.7 Pa, the frequency to 1
kHz, the discharge pulse width to 20 ps and the mean power to 45 W keeping the same target.

3. Results
3.1. Influence of the target erosion state

To study the influence of the racetrack formation during the deposition process, optical
emission spectroscopy (TA_OES) coupled with electric measurements [29] was carried out,
tracking the time evolution of Ti emission line at 365.35 nm as a function of O, admixture
named % O,.

The first transition (figure 2(a)) was done right after the target conditioning, in DC discharge.
The second (figure 2(b)) was obtained with a target whose maximum depth of the racetrack is
about 0.75 mm. The third (figure 2(c)) and the last (figure 2(d)) were carried out for a
racetrack depth of about 1.25 mm and 1.65 mm, respectively. Regardless the depth of the
racetrack, three modes can be observed. A metallic mode for [O,] = 0 %, a fully oxidized
mode starting over 1 % and an intermediate one localized in-between. These modes have been

described and detailed in previous work [29].
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Figure 2: Transition, described with the TA_OES(Ti)/l;; ratio, measured as a function of %
O in the gas mixture at different depth at the centre of the racetrack. (a): new target with 2h
of DC sputtering; (b): depth at the centre of the racetrack 0.75 mm; (c): depth at the centre of
the racetrack 1.25 mm; (d) : depth at the centre of the racetrack 1.65 mm. Append, the
erosion target photographs corresponding to different depths at the centre racetrack. The
pressure is 0.7 Pa, the HiPIMS period is 1 ms, Tq= 20 ps and the mean power is 45 W

Overall, the transition pattern is significantly modified according to the racetrack depth,
especially for low % O, (< 1 %) for which the TA_SOE/I;y ratio ratio drops with the erosion.
Due to this drop, the intermediate mode is no longer distinctly visible on the transition at 1.65
mm. However, it is still present, otherwise the transition from the metallic to fully oxidized
mode would be much steeper, as in the case of the transition between 1 and 1.2 % O, in DC

discharge (cf. figure 8f from [29]).

More precisely, the phenomenon related to the target erosion is most likely due to the
variation of the racetrack shape (depicted in figure 2, insert). Based on Rossnagel et al model

[52] considering a cone-shaped angular distribution of the sputtered atoms, each sputtered
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atom has an axial (perpendicular to the target) and a radial (parallel to the target) velocity
components. For a quasi-new target (figure 2(a)), the atoms are mainly ejected
perpendicularly to the target surface, hence toward the substrate, because the erosion profile is
still very close to the starting surface, i.e. the new target surface [52, 54]. When the racetrack
is dug deep enough through sputtering, it results in some of the sputtered atoms being ejected
toward the walls rather than toward the substrate. These atoms, carrying a non-negligible
radial velocity, would therefore no longer pass through the densest plasma, which is centred
above the racetrack. Consequently, they are less and less excited atoms that could explain the
decrease of TA_OES/I;y ratio as a function of the racetrack depth (figure 2). This could have
been confirmed by particle simulations testing the effect of the target erosion on the particle
transport in HIPIMS, which is not the main scope of this study.
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Figure 3: Thickness evolution during erosion of the target. The pressure is 0.7 Pa, the
deposition time is 4 hours, the HiPIMS period is 1 ms, in pure Ar gas, Tq4 = 20 us and the
mean power is 45 W

To close this section, a group of 5 coatings (numbered 4 — 8, cf. table 1) has been done using

the same target and following the diagram from figure 1, to highlight the effect of target



consumption on the coating thickness. Knowing that the sputtering process parameters
(deposition time, pressure, etc.) remain the same for the samples presented in the figure 3, the
coating thickness decreased from 400 nm to 310 nm. This tendency, in perspective with the
decrease of TA OES/l;y ratio over the racetrack depth (figure 2), is consistent with the
description of the distribution of ejected atoms by Rossnagel et al [52] discussed above. A
more recent work reported by Ganeva et al. [53] study the evolution of copper cluster
intensity and size distribution produced by copper target sputtering and a gas aggregation
source with the target lifetime. This study shows that the formation of these clusters depends
on the target erosion which further supports the observed dependency between the coating
thickness and the target erosion. Another hypothesis to explain the evolution of the thickness
drawn in figure 3 could be the increase of the film density due to greater ion density. To
discuss the latter, the influence of the discharge duration has been studied and published in
our previous article, section 3.2. [29]. The increase of the pulse width (Tg) leads to an increase
of the plasma power (<P>tjy;) which theoretically enhance the amount of titanium ions.
However, the densification effect seems to be invalidated by figure 7 of our previous article
[29], since TA_OES/l;y ratio of titanium neutral atoms is correlated with the layer thickness.
Indeed, the sputtered species are increasingly ejected towards the walls as the racetrack
becomes deeper. Therefore, the species densities that contribute to the coating become

increasingly low.

3.2. Influence of the substrate-holder heating

To study the heating effect in depth, four coatings were carried out. The key conditions are
listed in table 1, ceteris paribus. Note that the substrate-holder is pre-heated during one hour
before the deposition process to reach 400 °C. TA-OES measurements were carried out
during the deposition process and two transitions from metallic to fully oxidized mode, heated
and unheated in accordance with the method described in section 2, figure 1. Concerning
thickness measurement, summarized in table 2, it falls when an additional heating is used
during the process. Taking the samples coated with no oxygen injected, the unheated one is

around 1.3 times thicker than the heated one.

Table 2: Experimental conditions and corresponding thickness for coatings heated at 400°C
and without heating.

Coating number 9 10 11 12
% O, 0.3 0 0 0.3

10



Heating (°C) 400 400 0 0
Thickness (nm) 92 240 315 150

[ 365.35 nm

(Ti)/ i ratio

R

N

o
T

I —=— without heating
100 —=— with heating at 400°C 4

TA OES

80 [ 1 " 1 " 1 " 1 " 1 " 1
0 50 100 150 200 250

Deposition time (min)

Figure 4: Evolution of the TA_OES (Ti)/l;y ratio during the deposition, with heating at 400
°C, coating number 10, (red curve) and without heating, coating number 11, (blue curve). The
pressure is 0.7 Pa, the deposition time is 4 hours, the HiPIMS period is 1 ms, in pure Ar gas,
Tq = 20 ps and the mean power is 45 W

Figure 4 shows the evolution of TA_OES/l; ratio done during the deposition process of the
heated sample (red curve) and the unheated one (blue curve). Without additional heating, the
TA_OES(Ti)/l;n; ratio slightly varies of about 10 %, considering the global maximum and
minimum values. More precisely, it decreases of about 5% between the beginning of the
process (0 min) and the end (240 min). This tendency is consistent with the expected one, i.e.
an almost constant ratio, even slightly decreasing due to the target sputtering procedure
discussed in the previous section. On the contrary, the ratio measured with heating increases
by about 70% for the first three hours before reaching a quasi-constant evolution in the last
hour. Taking the uncertainty into account, the ratio tendency in the last hour is close to the
one obtained during the unheated process.

To explain this phenomenon occurring with the heating, three hypotheses have been

considered: a “volume-plasma” effect, a “surface-sputtering” effect, or both.
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Figure 5: Evolution of the integrated (a) current Iy and (b) voltage Vi, during the
deposition, with heating at 400 °C, coating number 10, (red curve) and without heating,
coating number 11, (blue curve). The pressure is 0.7 Pa, the deposition time is 4 hours, the
HiPIMS period is 1 ms, in pure Ar gas, Tq= 20 ps and the mean power is 45 W

Concerning the first one, figure 5 presents the investigation of the electrical discharge
parameter, i.e. integrated current I, depicts a slight variation (5 % at most) over the heated
and unheated sputtering process. As the plasma is quite stable, it does not seem to be the main
reason of TA_OES/Il;y ratio variation over time and coating thickness (between heated and
unheated coatings). In other words, the kinetic phenomenon described by the “heated”
TA_OES(Ti)/liy ratio over time (from figure 4) does not match the one described by the
variation of the current on the sputtering yield. Therefore, this TA_OES/I;y ratio increasing
over 4 hours may be induced by a slow-kinetic process, such as a drift phenomenon from
surfaces. Heating the substrate-holder at 400 °C could be enough to lead to desorption of the
reactor internal surfaces in our conditions. Moreover, the quantity of gas released is obviously
relatively small since we did not observe any variation of the working pressure measured at
0.7 Pa, knowing that pressure control valve is set before heating the sample holder. To test
this desorption hypothesis, a heating experiment in secondary vacuum was carried out for a

whole day. Starting from a secondary vacuum, i.e. 3.99 x 10 Pa before heating, the pressure
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increases slowly to a maximum value of 66.5 x 10 Pa after 1 hour, before decreasing slowly.
This behaviour is attributed to a thermal wall desorption process which slightly enriches the
volume with desorbed species containing oxygen (e.g. H,O, O). Then, the initial vacuum

before heating could not be reached again at the end of the day when heating is used.
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Figure 6: Evolution of the TA OES(O)/liy; ratio and TA_OES(Ti)/linx ratio during the
deposition with heating at 400 °C, coating number 12. The pressure is 0.7 Pa, the deposition
time is 4 hours, the HiPIMS period is 1 ms, in pure Ar gas, Tq = 20 ys and the mean power is
45 W

Figure 6 compares the TA_OES(O)/li; ratio, relative to the atomic oxygen line at 777.19 nm,
with the TA_OES(Ti)/liy ratio, relative to the atomic titanium line at 365.35 nm, measured
every 10 min during the coating deposition with heating (coating number 12). From the
beginning of the process, the TA_OES(O)/li ratio increases, reaching a maximum value at 25
min corresponding to 2h10 after turning on the heater, while no oxygen has been injected
(pure argon gas is injected). When this heating-induced desorption seems maximal at 25 min,
the TA_OES(Ti)/lin ratio is minimal. Then, the TA_OES(O)/I;x; ratio dwindles till the end of
the 4-hour process, in contrast to TA OES(Ti)/liy ratio which increases. This opposite

evolution of both ratios indicates a volume enrichment of titanium atoms and a depletion of
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oxygen atoms as the sputtering lasts. Since the “volume-plasma” effect hypothesis has been
falsified with figure 5, the latter is due to a changing surface condition of the target, from
partially oxidized by the outgassing oxygen-containing molecule to metallic. Indeed, as the
target surface becomes less and less oxidized and poisoned, the sputtering yield increases as
titanium metallic bonds is weaker (Eti.ti ® 1.46 ¢V < Erio = 6.86 eV, assuming standard
temperature and pressure conditions [55]). Therefore, the observed phenomena depicted by
figure 4 is a “surface-sputtering” effect where the increase of TA_OES(Ti)/liy ratio with
heating (red curve) reflects the target surface condition turning from partially oxidized to

metallic on the first three hours.
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Figure 7: Evolution of TA_OES(O)/l; ratio as a function of % O, in the gas mixture, with
heating at 400 °C and without heating. The pressure is 0.7 Pa, the HiPIMS period is 1 ms, Ty
= 20 ps and the mean power is 45 W

To estimate the proportion of oxygen added by the desorption effect, the TA_OES(O)/l;y ratio
was measured as a function of the injected % O,, with and without additional heating (figure
7). First, for an injected % O, higher than 1.2, the heating effect seems to be negligible. Since
the fully oxidized mode is reached at a % O, over 1.2, as mentioned in the section 3.1, this

effect is not noticeable on the sputtering. In addition, from 0.1 % O, injected to 1.2 % O,, the
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difference between the two curves decreases progressively, which reflects an important
modification due to the heated-induced desorption of oxygen-containing molecule from the
surfaces/walls. In other words, this behaviour highlights the competition between injected
oxygen adsorbing to surfaces and the oxygen desorbing due to heating. Comparing the ratios
at 0 % O, injected, no emission of the considered oxygen line is measured without additional
heating. Therefore, the amount of oxygen released under heating leads to a similar conditions
process of 0.2 % O, (highlighted by the black rectangle), from the ratio point of view.
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Figure 8: Evolution of the ratio TA_OES(Ti)/lir; as a function of O, percentage in the gas
mixture, with heating at 400 °C and without heating. The pressure is 0.7 Pa, the HiPIMS
period is 1 ms, Tg= 20 ps and the mean power is 45 W

Since our previous study [29] highlighted a good correlation between the evolution of
TA_OES(Ti)/l;n; ratio and thickness measurement as a function of the injected % O,, the
evolution of TA_OES(Ti)/l;y ratio has been investigated to corroborate the last assessment.

Figure 8 shows the evolution of TA_OES(Ti)/lin ratio throughout a transition, from metallic to
oxidized mode, with and without additional heating. In general, the fully oxidized mode is
reached at a lower % O, (from about 1.4 % O, against 0.5) under heating (red curve). This
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behaviour can be attributed to the heating-induced desorption of oxygen discussed previously.
By comparing the circled values on the blue curve shown in figure 8, i.e. at 0 % O, (= 225
a.u.) and 0.2 % O, (= 175 a.u.), the intensity ratio was ~1.3, which is the same factor obtained
from the thickness ratio of unheated and heated samples done without any injected oxygen
(Table 2). Furthermore, the intensity ratio obtained at 0 % O, for the heated (= 158 a.u.) and

Figure 9: Photograph of two coatings made at 0 % O,, with heating, coating number 10,
(left) and without heating, coating number 11, (right). The pressure is 0.7 Pa, the deposition
time is 4 hours, the HiPIMS period is 1 ms, Tg= 20 us and the mean power is 45 W

Only to visualize the samples and reinforce the heating-induced desorption of the wall effect
on the sputtering process, figure 9 presents a photograph of samples obtained with and
without heating. Although the grey colour observed for the unheated coating (on the right) is
characteristic of a metallic titanium layer, the brownish one reflects the presence of an oxide
titanium in the heated one. In the middle of the substrates, the non-deposit part corresponds to
the position of the cover used to obtain a step allowing the measurement of the thickness by
profilometry. This observational method is obviously rudimentary but very useful to detect in
first approach an eventual desorption (or leaking effect coming from the reactor) of O, during
sputtering deposition process of TiO,. Further material characterization (such as XRD, XPS)
could have done for a better understanding of the chemical composition of the obtained
coating. Nevertheless, the extensive material characterizations are not part of our study which
deals with the use of the coupled optical and electrical method, presented here as a monitoring
tool for sputtering processes and associated drift behaviours.
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Figure 10: Evolution of TA_OES(Ti)/li ratio during the coating, with heating at 400 °C (red
curve) and without heating (blue curve). The pressure is 0.7 Pa, the deposition time is 4
hours, the HiPIMS period is 1 ms, 0.3 %0O; in the Ar/O, gas mixture, T4 = 20 ps and the mean
power is 45 W

To close this section, the TA_OES(Ti)/li ratio was investigated throughout a 4-hours process
with and without additional heating, with 0.3 % O, injected (figure 10). The evolution of
these ratios gathered in figure 10 is similar to those depicted by figure 4, where no oxygen is

injected.

Whilst the heating-induced desorption effect started to decrease after 25 min of the deposition
process with heating, for the 0 % O, condition (c.f. figure 6), the excessed oxygen from the
oxygen-containing molecule outgassing of the wall seems to be non-negligible at the end of
the 0.3 % O, process (figure 10, red curve). Indeed, the monotonous variation of the
TA_OES(Ti)/liy ratio indicates that a couple of additional hours are required to reach the
unheated one (figure 10, blue curve). As the degassing lasts longer when 0.3 %0, is added to
the gas mixture, a competition between the desorption and adsorption processes seems to

occur, lowering the efficiency of the heating-induced desorption.
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3.3. Quality assessment of the methodology

To test the sturdiness of the optic-electrical monitoring method presented in our previous
article [29], reinforced by the latter parameters (target erosion and heating effect), a new set of
experiment has been carried out using the same target and random settings, following the

synopsis diagrammed in figure 1.
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Figure 11: Thickness of coatings target at different conditions. The pressure is 0.7 Pa, the
deposition time is 4 hours, the HiPIMS period is 1 ms, 0 or 0.3 % O injected in the Ar/O, gas
mixture, Tq = 20 us and the mean power is 45 W. The silicon substrates are placed 11 cm in
front of the target and the duration of the deposits is 4 hours. The other parameters are given
in table 1.

Figure 11 plot out the thickness of the obtained layers, which are chronologically indexed. For
ease of reading, the colour code used is similar to the one reported in table 1. To start with,
two main reiterated conditions are represented. The first ones are plotted in blue squares,
which correspond to coatings done under 400 °C with 0.3 % O, injected in the gas mixture.
The second ones are plotted in red squares, which correspond to coatings also done under 400

°C but without any oxygen injected in the gas mixture. As expected, for either of these
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conditions, the thickness decreases as a function of the time spent using the target, i.e. its
erosion. Indeed, as two transitions (with and without additional heating) are measured and
multiple conditioning steps of the target precede the coating process (c.f. figure 1), the erosion
profile evolves, leading to lowering the deposition rate as discussed in section 3.1. Once the
racetrack shape is well established, the thickness loss factor is less between two consecutive
blue squares (e.g. samples n° 8 and 9) compared to that between two consecutive red squares
(e.g. samples n° 6 and 7) since the sputtering yield is lower at 0.3 % O, than at 0 % O,. In
addition, the 30 % loss in thickness between samples n° 2 and 8 is due to the high sputtering
yield experiments conducted between these two samples.

Furthermore, an ellipse highlights the heating effect, ceteris paribus. For both 0 and 0.3 % O,
the deposition made without additional heating is 1.3 times thicker than the one made under
400 °C. These results support the heating-induced desorption effect discussed previously
where the oxygen outgassing the heated wall tends to lower the deposition rate and the
sputtering yield by oxidation of the target.

Finally, the TA_OES(Ti)/lin ratio was measured every 10 min during each coating experiment
listed in table 1. To compare it with the variation of the final thickness, the TA_OES(Ti)/lin
values have been averaged over the 4 hours, noted <TA OES(Ti)/li,> ratio and plotted in

figure 12.
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and the mean power 45 W. The deposition time is 4h and the silicon substrates are placed 11
cm away from the target. The other conditions are shown in table 1.

Figure 12 exhibits a good accordance between these two quantities, for the samples from n° 1
to 5. Concerning sample n° 6, the 15 — 20 % difference is explained by a misalignment of the
fibre subsequent to the loan of the spectrometer, which is a shared device. To take this
modification into account, the <TA_SOE(Ti)/lin> mean ratio y-axis (at the left of the plot) of
the following samples (n° 6 to 13) was adjusted, keeping the thickness y-axis (at the right of
the plot) the same. Even though, the evolutions of <TA SOE(Ti)/linx> average ratio and
thickness still agree relatively well especially since the conditions have been, voluntarily and

radically, changed.

These last results, based on the optical and electrical measurements done during the coating
process, seem to demonstrate the feasibility to track and finely monitor the deposition process
"continuously”, at least with the Titanium-Argon-Oxygen system under the conditions
previously studied. Since the time spent to do a measure (20 s in our case, time spent to
average out the optical and electrical measurements) is much shorter than the deposition time
(4 h in our case), the monitoring of the process can be estimated as a "real time" control of the
thickness.

Conclusion:

In this study, a method is proposed to enforce the feedback control loop on electrical
parameters with coupled electrical and optical emission spectroscopy measurements by
including process drifts. First, the erosion profile study brought out a decrease in the
deposition rate depending on the racetrack shape, linked to the time spent using a same target.
Indeed, the TA_OES(Ti)/l;x; ratio and the coating thickness for a new target, which has a flat
surface, is =~ 2.5 times higher than a few hundred hours used target in our conditions, with a
final erosion depth of about 1.6 mm. This behaviour can be explained with the shape of the
sputtered surface. With a new target, the sputtered atoms are mainly ejected perpendicularly
to the initial surface. As soon as the target is eroded, a part of these sputtered atoms caries a
radial velocity component (parallel to the initial target surface) higher and higher with the
erosion state. Therefore, these atoms may be more and more deflected towards the walls and
not detected by the emission measurement since they no longer pass through the densest

HiPIMS plasma centred above or in front of the racetrack.
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Second, an additional substrate-holder heating of 400 °C has been found to heat the reactor
walls and induce oxygen outgassing from them, in our conditions. The amount of desorbed
oxygen has been estimated at an equivalent gas mixture of 0.2 % O,, whereas only pure argon
is injected, after each venting. Consequently, working at low oxygen injected ratio (< 1 %
0,), the heating-induced desorption is non-negligible through noticeable with TA_ OES(Ti)/lint
ratio and thickness measurement which are around 30 % lower than the unheated deposition
process. During the 4-hours process under pure argon with additional heating, the temporal
optical and electrical measurements highlighted an increase of the oxygen emission line (at
777 nm) the first dozens minutes before decreasing. At the same time, the titanium emission
line (at 365 nm) evolves in an opposite way since the amount of oxygen implies the sputtering
yeld.

Implementing this coupled optical and electrical method into a software could allow to
approach real-time monitoring of the deposition process as the period measurement is shorten
with automation. Indeed, the most critical time is the one spends to measure and process data
from the TA_OES/liy ratio. From this, a set of coatings, with a constant thickness value could
be realized by tuning “in real-time” the applied HiPIMS power or correcting the duration of
the process depending on the variation of TA_OES/I;y ratio since the target erosion and the
wall conditions are taken into account. If tuning the applied power implies non-negligible
modifications of the target and the coating oxidation state, one could also couple this method
with those mainly developed so far [26, 32 — 35], i.e. feedback loops to adjust the injected

reactive gas percentage.

Acknowledge:

This work was supported by the European Regional Development Fund through the Interreg
Grande Region-PULSATEC project.

References :

[1] Yoshio Abe, Y. A.; Takuya Fukuda, T. F. TiO 2 Thin Films Formed by Electron
Cyclotron Resonance Plasma Oxidation at High Temperature and Their Application to
Capacitor Dielectrics. Jpn. J. Appl. Phys. 33 (1994) L1248.
https://doi.org/10.1143/JJAP.33.1.1248.

[2] Jalil, S. A.; Ahmed, Q. S.; Akram, M.; Abbas, N.; Khalid, A.; Khalil, A.; Khalid, M. L.;
Mehar, M. M.; Riaz, K.; Mehmood, M. Q. Fabrication of High Refractive Index TiO 2 Films
Using Electron Beam Evaporator for All Dielectric Metasurfaces. Mater. Res. Express.5
(2018) 016410.

https://doi.org/10.1088/2053-1591/aaa280.

22


https://doi.org/10.1143/JJAP.33.L1248
https://doi.org/10.1088/2053-1591/aaa280

[3] Maimaiti, M.; Zhao, B.; Mamat, M.; Tuersun, Y.; Mijiti, A.; Wang, Q.; Sun, Y. The
Structural, Optical and Photocatalytic Properties of the TiO2 Thin Films. Mater. Res. Express.
6 (2019) 086408.

https://doi.org/10.1088/2053-1591/ab1853.

[4] O. Carp, C.L. Huisman, A. Reller, Photoinduced reactivity of titanium dioxide, Prog.
Solid State Chem. 32 (2004) 33-177
https://doi.org/10.1016/j.progsolidstchem.2004.08.001.

[5] D. Kaczmarek, J. Domaradzki, D. Wojcieszak, E. Prociow, M. Mazur, F. Placido, S. Lapp,
Hardness of nanocrystalline TiO2 thin films, J. Nano Res. 18-19 (2012) 195-200
https://doi.org/10.1109/STYSW.2010.5714178.

[6] Y.M. Chang, D.K. Mishra, J.M. Ting, Electronic and luminescence properties of sputter-
deposited  TiO2 nanostructures,  Acta  Mater. 61 (2013) 7511-7519,
https://doi.org/10.1016/j.actamat.2013.08.066.

[7] K. Kalyanasundaram, A. Gratzel, Applications of functionalized transition metal
complexes in photonic and optoelectronic devices, Coord. Chem. Rev. 77 (1998) 347-414,
https://doi.org/10.1016/S0010-8545(98)00189-1.

[8] Jokanovi¢, V.; Colovi¢, B.; Trajkovska Petkoska, A.; Mrakovi¢, A.; Jokanovi¢, B.;
Nenadovi¢, M.; Ferrara, M.; Nasov, 1. Optical Properties of Titanium Oxide Films Obtained
by Cathodic Arc Plasma Deposition. Plasma Sci. Technol. 19 (2017) 125504.
https://doi.org/10.1088/2058-6272/aa8806.

[9] Odah, J. F.; Mawat, M. M.; Mohamed, A. N.; Tuhaiwer, A. S.; Alaakol, A. E. Optical and
Morphological Characteristics of Nanostructured Titanium Dioxide Thin Films Prepared by
DC Reactive Magnetron Sputtering Technique. IOP Conf. Ser.: Mater. Sci. Eng. 454 (2018)
012032.

https://doi.org/10.1088/1757-899X/454/1/012032.

[10] Y. Murakami, E. Kenji, A.Y. Nosaka, Y. Nosaka, Direct detection of OH radicals
diffused to the gas phase from the UV-irradiated photocatalytic TiO2 surfaces by means of
laser-induced fluorescence spectroscopy, J. Phys. Chem. B 110 (2006) 16808-16811,
https://doi.org/10.1021/jp063293c.

[11] Vishwakarma, A. K.; Yadav, L. Detection of Propanol Gas Using Titanium Dioxide
Based Thick Film. I0OP Conf. Ser.: Mater. Sci. Eng. 404 (2018) 012020.
https://doi.org/10.1088/1757-899X/404/1/012020.

[12] Arifin, P.; Mustajab, M. A.; Haryono, S.; Adhika, D. R.; Nugraha, A. A. MOCVD
Growth and Characterization of TiO 2 Thin Films for Hydrogen Gas Sensor Application.
Mater. Res. Express. 6 (2019) 076313.

https://doi.org/10.1088/2053-1591/ab192b.

[13] Z. Liu, H. Bai, D. Sun, Facile fabrication of hierarchical porous TiO2 hollow
microspheres with high photocatalytic activity for water purification, Appl. Catal. B Environ.
104 (2011) 234-238

https://doi.org/10.1016/j.apcath.2011.03.027.

23


https://doi.org/10.1016/j.progsolidstchem.2004.08.001
https://doi.org/10.1109/STYSW.2010.5714178
https://doi.org/10.1016/j.actamat.2013.08.066
https://doi.org/10.1016/S0010-8545(98)00189-1
https://doi.org/10.1088/2058-6272/aa8806
https://doi.org/10.1088/1757-899X/454/1/012032
https://doi.org/10.1021/jp063293c
https://doi.org/10.1088/1757-899X/404/1/012020
https://doi.org/10.1016/j.apcatb.2011.03.027

[14] J. Carbajo, A. Bahamonde, M. Faraldos, Photocatalyst performance in wastewater
treatment applications: towards the role of TiO2 properties, Mol. Catal. 434 (2017) 167-174
https://doi.org/10.1016/j.mcat.2017.03.018.

[15] Verma, P.; Samanta, S. K. Continuous Ultrasonic Stimulation Based Direct Green
Synthesis of Pure Anatase-TiO2 Nanoparticles with Better Separability and Reusability for
Photocatalytic Water Decontamination. Mater. Res. Express. 5 (2018) 065049.
https://doi.org/10.1088/2053-1591/aacc88.

[16] B. O’Regan, M. Gratzel, ” A low-cost, high-efficiency solar cell based on dyesensitized
colloidal TiO2 films, Nature 353 (1991) 737-740

https://doi.org/10.1038/353737a0.

[17] Nasikhudin; Astarini, N. A.; Rahman, M. F.; Diantoro, M.; Aripriharta; Osman, Z.
Photovoltaic Performance of TiO 2 Mesoporous Films with Different Working Areas for
Dye-Sensitized Solar Cells. J. Phys.: Conf. Ser. 2243 (2022) 012118.
https://doi.org/10.1088/1742-6596/2243/1/012118.

[18] Guo, W.; Zheng, D.; Lu, M.; Lin, C.-J.; Wang, Z. L. Branched TiO2 Nanorods Covered
with TiO 2 Nanosheets for Harvesting Solar Energies in Dye-Sensitized Solar Cells. ECS
Trans. 41 (2011) 103-109.

https://doi.org/10.1149/1.3628614.

[19] J. Zheng, S. Bao, Y. Guo, P. Jin, TiO2 films prepared by DC reactive magnetron
sputtering at room temperature: phase control and photocatalytic properties, Surf. Coat.
Technol. 240 (2014) 293-300

https://doi.org/10.1016/j.surfcoat.2013.12.044.

[20] Odah, J. F.; Mawat, M. M.; Mohamed, A. N.; Tuhaiwer, A. S.; Alaakol, A. E. Optical
and Morphological Characteristics of Nanostructured Titanium Dioxide Thin Films Prepared
by DC Reactive Magnetron Sputtering Technique. IOP Conf. Ser.: Mater. Sci. Eng. 454
(2018) 012032.

https://doi.org/10.1088/1757-899X/454/1/012032.

[21] Kondaiah, P.; Sekhar, M. C.; Chandra, S. V. J.; Martins, R.; Uthanna, S.; Elangovan, E.
Influence of Substrate Bias VVoltage on the Physical, Electrical and Dielectric Properties of RF
Magnetron Sputtered TiO2 Films. 10P Conf. Ser.: Mater. Sci. Eng. 30 (2012) 012005.
https://doi.org/10.1088/1757-899X/30/1/012005.

[22] Arias, L. M. F.; Duran, A. A.; Cardona, D.; Camps, E.; Gomez, M. E.; Zambrano, G.
Effect of Annealing Treatment on the Photocatalytic Activity of TiO 2 Thin Films Deposited
by Dc Reactive Magnetron Sputtering. J. Phys.. Conf. Ser. 614 (2015) 012008.
https://doi.org/10.1088/1742-6596/614/1/012008.

[23] V. Stranak, A.-P. Herrendorf, H. Wulff, S. Drache, M. Cada, Z. Hubick, M. Tichy, R.
Hippler, Deposition of rutile (TiO2) with preferred orientation by assisted high power impulse
magnetron sputtering, Surf. Coat. Technol. 222 (2013) 112-117,
https://doi.org/10.1016/j.surfcoat.2013.02.012.

[24] W. Schonberger, * H. Bartzsch, S. Schippel, T. Bachmann, Deposition of rutile TiO,
films by pulsed and high-power pulsed magnetron sputtering, Surf. Coat. Technol. 293 (2016)
16-20

24


https://doi.org/10.1016/j.mcat.2017.03.018
https://doi.org/10.1088/2053-1591/aacc88
https://doi.org/10.1038/353737a0
https://doi.org/10.1088/1742-6596/2243/1/012118
https://doi.org/10.1149/1.3628614
https://doi.org/10.1016/j.surfcoat.2013.12.044
https://doi.org/10.1088/1757-899X/454/1/012032
https://doi.org/10.1088/1757-899X/30/1/012005
https://doi.org/10.1088/1742-6596/614/1/012008
https://doi.org/10.1016/j.surfcoat.2013.02.012

https://doi.org/10.1016/j.surfcoat.2015.12.073.

[25] C. Nouvellon, M. Michiels, J.P. Dauchot, C. Archambeau, F. Laffineur, E. Silberberg, S.
Delvaux, S. Konstantinidis, R. Snyders, Deposition of titanium oxide films by reactive high
power impulse magnetron sputtering (HiPIMS): influence of the peak current value on the
transition from metallic to poisoned regimes, Surf. Coat. Technol. 206 (2012) 3542-3549
https://doi.org/10.1016/j.surfcoat.2012.02.034.

[26] C.A. Nichols, S.M. Rossnagel, S. Hamaguchi, lonized physical vapor deposition of cu
for high aspect ratio damascene trench fill applications, J. Vac. Sci. Technol. B 14 (1996)
3270-3275

https://doi.org/10.1116/1.588819.

[27] U. Helmersson, L. Martina, B. Johan, A.P. Ehiasarian, J.T. Gudmundsson, lonized
physical vapor deposition (IPVD): a review of technology and applications, Thin Solid Films
513 (2006) 1-24

https://doi.org/10.1016/j.tsf.2006.03.033.

[28] Antonin, O.; Tiron, V.; Costin, C.; Popa, G.; Minea, T. M. On the HiPIMS Benefits of
Multi-Pulse Operating Mode. J. Phys. D: Appl. Phys. 2015, 48 (1), 015202.
https://doi.org/10.1088/0022-3727/48/1/015202.

[29] D. Boivin, A. Najah, R. Jean-Marie-Désirée, C. Noél, G. Henrion, and al., Towards
control of TiO, thickness film in R-HiPIMS process with a coupled optical and electrical
monitoring of plasma, Surf Coat Technol 433 (2022) 128073.
https://doi.org/10.1016/j.surfcoat.2021.128073

[30] J. Lu, M.J. Kushner, Trench filling by ionized metal physical vapor deposition, J. Vac.
Sci. Technol. A 19 (2001) 2652-2663
https://doi.org/10.1116/1.1399318.

[31] F. Magnus, A.S. Ingason, O.B. Sveinsson, S. Olafsson, J.T. Gudmundsson, Morphology
of TiN thin films grown on SiO2 by reactive high-power impulse magnetron sputtering, Thin
Solid Films 520 (2011) 1621-1624

https://doi.org/10.1016/j.tsf.2011.07.041.

[32] H. Hajihoseini, M. Kateb, S.P. Ingvarsson, J.T. Gudmundsson, Oblique angle deposition
of nickel thin films by high-power impulse magnetron sputtering, J. Nanotechnol. 10 (2019)
1914-1921

https://doi.org/10.3762/bjnano.10.186.

[33] A.P. Ehiasarian, P.Eh. Hovsepian, L. Hultman, U. Helmersson, Comparison of
microstructure and mechanical properties of chromium nitride-based coatings deposited by
high power impulse magnetron sputtering and by the combined steered cathodic
arc/unbalanced magnetron technique, Thin Solid Films 457 (2004) 270-277
https://doi.org/10.1016/j.tsf.2003.11.113.

[34] D. Lundin, J.T. Gudmundsson, N.T. Brenning, M.A. Raadu, T.M. Minea, A study of the
oxygen dynamics in a reactive Ar/O2 high power impulse magnetron sputtering discharge
using an ionization region model, J. Appl. Phys. 121 (2017), 171917
https://doi.org/10.1063/1.4977817.

25


https://doi.org/10.1016/j.surfcoat.2015.12.073
https://doi.org/10.1016/j.surfcoat.2012.02.034
https://doi.org/10.1116/1.588819
https://doi.org/10.1016/j.tsf.2006.03.033
https://doi.org/10.1016/j.surfcoat.2021.128073
https://doi.org/10.1116/1.1399318
https://doi.org/10.1016/j.tsf.2011.07.041
https://doi.org/10.3762/bjnano.10.186
https://doi.org/10.1016/j.tsf.2003.11.113
https://doi.org/10.1063/1.4977817

[35] D. Depla, S. Heirwegh, S. Mahieu, J. Haemers, R.De Gryse, Understanding the discharge
voltage behavior during reactive sputtering of oxides, J. Appl. Phys. 101 (2007), 013301
https://doi.org/10.1063/1.2404583.

[36] M. Aiempanakit, A. Aijaz, D. Lundin, U. Helmersson, T. Kubart, Understanding the
discharge current behavior in reactive high power impulse magnetron sputtering of oxides, J.
Appl. Phys. 113 (2013), 133302

https://doi.org/10.1063/1.4799199.

[37] N. Britun, S. Konstantinidis, A. Belosludtsev, T. Silva, R. Snyders, Quantification of the
hysteresis and related phenomena in reactive HIPIMS discharges, J. Appl. Phys. 121 (2017),
171905

https://doi.org/10.1063/1.4977819.

[38] T. Kubart, M. Aiempanakit, J. Andersson, T. Nyberg, S. Berg, U. Helmersson, Studies of
hysteresis effect in reactive HiPIMS deposition of oxides, Surf. Coat. Technol. 205 (2011)
5303-5306

https://doi.org/10.1016/j.surfcoat.2011.01.019.

[39] J. Vicek, J. Rezek, J. Houska, R. Cerstvy, R. Bugyi, Process stabilization and a
significant enhancement of the deposition rate in reactive high-power impulse magnetron
sputtering of ZrO2 and Ta205 films, Surf. Coat. Technol. 236 (2013) 550-556
https://doi.org/10.1016/j.surfcoat.2013.10.052.

[40] J. Vlcek, J. Rezek, J. Houska, T. Kozak, J. Kohout, Benefits of the controlled reactive
high-power impulse magnetron sputtering of stoichiometric ZrO2 films, Vac 114 (2015) 131-
141

https://doi.org/10.1016/j.vacuum.2014.12.004.

[41] V. Sittinger, F. Ruske, W. Werner, C. Jacobs, B. Szyszka, D.J. Christie, High power
pulsed magnetron sputtering of transparent conducting oxides, Thin Solid Films 516 (2008)
5847-5859

https://doi.org/10.1016/j.tsf.2007.10.031.

[42] F. Ruske, A. Pflug, V. Sittinger, W. Werner, B. Szyszka, D.J. Christie, Reactive
deposition of aluminium-doped zinc oxide thin films using high power pulsed magnetron
sputtering, Thin Solid Films 516 (2008) 44724477

https://doi.org/10.1016/j.tsf.2007.06.019.

[43] V. Tiron, L. Sirghi, Tuning the band gap and nitrogen content of ZnOxNy thin films
deposited by reactive HiPIMS, Surf. Coat. Technol. 282 (2015) 103-106
https://doi.org/10.1016/j.surfcoat.2015.10.017.

[44] T. Shimizu, M. Villamayor, D. Lundin, U. Helmersson, Process stabilization by peak
current regulation in reactive high-power impulse magnetron sputtering of hafnium nitride, J.
Appl. Phys. 49 (2016)

https://doi.org/10.1088/0022-3727/49/6/06520.

26


https://doi.org/10.1063/1.2404583
https://doi.org/10.1063/1.4799199
https://doi.org/10.1063/1.4977819
https://doi.org/10.1016/j.surfcoat.2011.01.019
https://doi.org/10.1016/j.surfcoat.2013.10.052
https://doi.org/10.1016/j.vacuum.2014.12.004
https://doi.org/10.1016/j.tsf.2007.10.031
https://doi.org/10.1016/j.tsf.2007.06.019
https://doi.org/10.1016/j.surfcoat.2015.10.017
https://doi.org/10.1088/0022-3727/49/6/06520

[45] M. Audronis, V. Bellido-Gonzalez, B. Daniel, Control of reactive high power impulse
magnetron  sputtering processes, Surf. Coat. Technol. 204 (2010) 2159-2216
https://doi.org/10.1016/j.surfcoat.2009.11.040.

[46] W.-Y. Wu, B.-H. Hsiao, P.-H. Chen, W.-C. Chen, C.-T. Ho, C.-L. Chang, CrNx films
prepared using feedback-controlled high power impulse magnetron sputter deposition, J. Vac.
Sci. Technol. A 32 (2014) 02B115
https://doi.org/10.1116/1.4862147.

[47] J. Xiurong, F.-C. Yang, J.-W. Lee, C.-L. Chang, Effect of an optical emission
spectrometer feedback-controlled method on the characterizations of nc-TiC/a-C:H coated by
high power impulse magnetron sputtering, Diam. Relat. Mat. 73 (2017) 19-24
https://doi.org/10.1016/j.diamond.2016.11.007.

[48] C.-L. Chang, F.-C. Yang, Synthesis and characteristics of nc-WC/a-C:H thin films
deposited via a reactive HIPIMS process using optical emission spectrometry feedback
control, Surf. Coat. Technol. 350 (2018) 1120-1127
https://doi.org/10.1016/j.surfcoat.2018.02.006.

[49] A.D. Pajdarova, J. Vlcek, J. Rezek, Optical emission spectroscopy during the deposition
of zirconium dioxide films by controlled reactive high-power impulse magnetron sputtering,
J. Appl. Phys. 121 (2017)

https://doi.org/10.1063/1.4977822.

[50] S. Vargas, D.S. Galeano-Osorio, C.E. Castano, Controlling preferential growth of
chromium — nitrogen R-HiPIMS and R-DCMS films by substrate magnetic biasing, Appl.
Surf. Sci. 569 (2021)

https://doi.org/10.1016/j.apsusc.2021.151113.

[51] V. Tiron, L.-L. Velicu, I. Mihiild, G. Popa, Deposition rate enhancement in HiPIMS
through the control of magnetic field and pulse configuration, Surf. Coat. Technol. 337 (2018)
484-491

https://doi.org/10.1016/j.surfcoat.2018.01.065.

[52] S. M. Rossnagel, Sputtered atom transport processes, IEEE 18 (1990) 878 — 882
https://doi.org/10.1109/27.61498.

[53] M. Ganeva, A. V. Pipa, et R. Hippler, The influence of target erosion on the mass spectra
of clusters formed in the planar DC magnetron sputtering source, Surf. Coat. Technol. 213
(2012) 41-47.

https://doi.org/10.1016/j.surfcoat.2012.10.012

[54] C. Vitelaru, L de Poucques, T M Minea, G Popa, Space-resolved velocity and flux
distributions of sputtered Ti atoms in a planar circular magnetron discharge, Plasma Sources
Sci. Technol. 20 (2011)

https://doi.org/10.1088/0963-0252/20/4/045020.

[55] J. A. Dean, N. A. Lange, Properties of atoms, radicals, and bonds, in: McGraw-Hill (15
Ed.), Lange’s Handbook of Chemistry, New York, pp 4.1 —4.84

27


https://doi.org/10.1016/j.surfcoat.2009.11.040
https://doi.org/10.1116/1.4862147
https://doi.org/10.1016/j.diamond.2016.11.007
https://doi.org/10.1016/j.surfcoat.2018.02.006
https://doi.org/10.1063/1.4977822
https://doi.org/10.1016/j.apsusc.2021.151113
https://doi.org/10.1016/j.surfcoat.2018.01.065
https://doi.org/10.1109/27.61498
https://doi.org/10.1016/j.surfcoat.2012.10.012
https://doi.org/10.1088/0963-0252/20/4/045020

