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In this work, optical emission spectroscopy and electrical measurements are implemented to investigate a
reactive HiPIMS TiO; deposition process running at duty cycles lower than 16% and at a repetition rate of 1 kHz.
Investigations focus on both the effect of the discharge pulse duration and the reactive gas (O3) content in an Ar/
0O, gas mixture at fixed working pressures. It is shown that a competition occurs between the pulse duration and

the target poisoning, the latter being favored with short pulse duration although the mean power is kept con-
stant. An unusual hysteresis shape observed between the two sputtering modes is also discussed. From combined
analyses of Ti emission line intensity, discharge current and deposited TiO; coating thickness, it is established
that plasma diagnostics can be used effectively to control the deposition rate and to precisely manage the
transition between metal and composite sputtering modes. Using these to calibrate a power feedback control loop
could provide a better response compared to gas feedback control loop.

1. Introduction

Titanium oxide has many applications in various industrial fields,
like optical and electronic devices [1,2], gas detection [3], water puri-
fication [4,5] or photovoltaic panels [6]. Titanium dioxide thin layers
exhibit a wide range of interesting chemical and physical properties such
as a high dielectric constant, high refraction index, good thermal and
chemical stabilities, catalytic photo-activity [7] or biocompatibility and
high hardness [8]. Thin layers of titanium oxide can be deposited by
HiPIMS (high power impulse magnetron sputtering) [9-11], and con-
ventional DC or RF magnetron sputtering [12].

HiPIMS [13-17] process is referred to as an ionized physical vapor
deposition (IPVD) [18,19] one. In HiPIMS, a high ionization degree of
the sputtered atoms can be achieved. Due to high applied voltage in
HiPIMS, the pulse power is about one hundred times higher than in
conventional magnetron sputtering while the cathode overheating can
be avoided due to a rather low duty cycle. Consequently, the high
ionization degree of the vapor phase allows conformal coatings to be
deposited on complex-shape substrates by applying a bias voltage to the
substrate [20]. The high ion bombardment of the substrate can also
significantly influence the quality of coatings [21-23]. To deposit
coatings like oxide, nitride, etc., HiPIMS can be operated in reactive
mode (R-HiPIMS) with a reactive gas such as Oy or Ny mixed with the
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main non-reactive carrier gas, usually Ar. However, as in conventional
MS (magnetron sputtering), the target poisoning by the reactive gas is
also a concern in R-HiPIMS and the control of the R-HiPIMS process can
become difficult. Poisoning of the target also changes the sputtering
yield and the nature of the initial sputtered material into a compound
material. Indeed, adding a reactive gas changes the discharge parame-
ters such as voltage [24,25] and current [26]. Depending on the reactive
gas amount in the gas mixture, the main experimental parameters
(voltage or current) and the deposition rate exhibit a hysteresis that has
been extensively studied [27,28]. For low %03 in the gas mixture, the
metallic sputtering mode allows achieving a high sputtering rate and
non-stoichiometric coatings. For high % O, the compound mode allows
stoichiometric coatings to be deposited but at a low deposition rate.
Between these two modes, the transition mode with a relatively high
deposition rate and a stoichiometric composition of the coating is quite
unstable. It is then necessary to find a reliable feedback control to make
coatings within this transition mode.

Therefore, the coating industry needs a simple and reliable method
to track the evolution of deposits over time. Extensive studies have been
carried out to supply this need. They show that the process can be
controlled by changing the pulse frequency [29-32]. Another method is
to use a feedback control loop on the reactive gas flow [33,34], moni-
tored with the intensity of an emission line (plasma emission
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monitoring) [35-38] or a ratio between the intensity measured by OES
(optical emission spectroscopy) and the current density [39]. One of the
drawbacks of using a feedback control loop on the reactive gas flow is
the response time delay necessary to stabilize the plasma state. Other
authors control the deposition process by tuning the magnetic field
strength surrounding the target [40,41]. Such a method is, however, not
convenient to be implemented on industrial installations.

In this study, a method is proposed to enforce the feedback control
loop on electrical parameters (as suggested in [29-32]) by coupling
electrical measurements with optical emission spectroscopy.

This study aims to highlight the correlation between OES and inte-
grated current measurements with the thickness of deposits in Ar/O,
mixture. These correlations are investigated for two series of experi-
ments. The first one consisted in varying the oxygen content in the gas
mixture; the second one dealt with the effect of high voltage pulse width.
The study also focuses on the characterization of the hysteresis phe-
nomenon as a function of the high voltage pulse width for very low
percentages of oxygen in the gas mixture at constant working pressure.

2. Experimental setup

The plasma reactor consists of a cylindrical stainless-steel chamber of
30 cm in diameter and 35 cm in height. A circular planar balanced
magnetron cathode, with the magnetic characteristic shown Fig. 1, is set
in the chamber.

A 2" diameter pure titanium (99.99%) target with a thickness of 3
mm is used. The substrate is located at 5 cm from the target surface on a
grounded substrate holder. Prior to deposition, the chamber atmosphere
is evacuated by a primary pump (ACP 15 Adixen) and a turbomolecular
pump (ATP 400 Adixen) down to a residual pressure of 1.2 x 10~# Pa.
An AHC 2010 Adixen gauge measures the pressure inside the chamber.
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The combined gauge used was calibrated by a capacitive gauge. Then
different positions of the throttle valve have been determined to get the
desired working pressures. These positions were tested up to 10% Oo; no
pressure variation was observed. Ar and O, gas flows are injected into
the chamber at 15 cm from the target center and parallel to the target
surface. The total gas flow (Ar and Oy) is set to a constant value of 19
scem (standard cubic centimeter per minute) with two mass flowmeters
of 20 scem full scale. This is achieved by decreasing the Ar gas flow when
the O, one is increased. For a better accuracy at small percentages of
oxygen, a 3 sccm flowmeter is used and the total flow is kept at 19 sccm.
A constant total working pressure of 0.7 Pa is set by a throttle valve. In
order to maximize measurement accuracy and only for the hysteresis
study, the total working pressure is fixed at 1.4 Pa and only the 3 sccm
flowmeter is used to finely control the % O in the gas mixture. The % O,
refers to the percentage of the O injected gas flow by the total gas flow.

The target is connected to a high voltage pulse generator (MELEC
SIPP 2000), also able to work in direct current regime (DC). The high
voltage pulse waveform is driven by an arbitrary function generator
(Tektronix AFG 3022C dual channel). The mean power <P>r (Eq. (1))
during the HiPIMS period T and the voltage pulse frequency are set at ~
45 W and 1 kHz, respectively.

Consequently, the mean power during the plasma <P>r4 (Eq. (2))
depends on the discharge duration T, (the pulse width setting), as pre-
sented in Fig. 2. To support this, the power pulse evolution calculated
from the current and voltage measurements for various pulse widths is
shown Fig. 2. In the present study, the pulse width varies from 10 ps to
160 ps, corresponding to a duty cycle in the range 1 to 16%.
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Fig. 1. Magnetic characteristic of the magnetron (radius = O corresponds to the center of the target).
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Fig. 2. (a) Schematic diagram of the mean pulse power <P >4 for various HiPIMS discharge durations (T4) and at a fixed mean power <P>r for a HiPIMS period T =
1 ms. (b) Power pulse for various pulse width. The pressure and the % O, in the gas mixture are fixed at 0.7 Pa and 2% respectively. HiPIMS period of 1 ms and a
mean power of 45 W. For the 10 ps short pulses, the HiPIMS generator becomes not able to reliably keep the 45 W setpoint.
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A voltage probe (CalTest Electronics CT4028 with a bandwidth from
DC to 220 MHz) and a current probe (MagneLab CT1.0-B, bandwidth up
to 500 MHz) are used to measure the voltage-current characteristics of
the discharge. These two probes are connected to an oscilloscope (Lec-
roy Wave runner 104Xi 1GHz). OES measurements are performed with a
Jobin Yvon TRIAX 550 spectrometer equipped with a 1800 gr.mm?
grating and an intensified charged couple device camera (ICCD). The
light emitted by the plasma is collected via a collimator located inside
the reactor and through a quartz window. The collimator (1 cm in
diameter, 9 cm in length) is used to limit the observation area. The axis
of the collimator is positioned parallel to the target surface at a distance
z =1 cm. An optical fiber is placed outside of the chamber and is aligned
with the axis of the collimator, behind a quartz lens used to focus the

D 5cm

Substrate-target =

Ar/0, gas mixture

-

Collimator

Convergent lens

Optical fiber

\
3‘§
+

Magnetron

generator
6,3°
p

light emitted by the plasma on the optical fiber aperture. The spectral
resolution of the spectrometer is 0.07 nm with an entrance slit width set
to 50 pm. The experimental setup for the OES measurements is shown in
Fig. 3.

The plasma emission signal was acquired by OES, the exposure time
of the camera is set to 100 ms. Then an acquisition corresponds to 100
discharges. Spectra are averaged 20 times. This time-averaged optical
emission spectroscopy measurements (TA-OES) were carried out for
different plasma conditions within two sets of experiments as reported in
Table 1.

Thin films were deposited on flat crystalline (100) silicon wafers. The
deposition time was fixed to 4 h regardless the magnetron sputtering
conditions. Prior to deposition, Si substrates were washed in an ultra-
sonic bath in acetone for 10 min and then in ethanol for 10 min. The
clean silicon wafer was then hooked to the grounded substrate-holder by
a polyimide Kapton film. After HiPIMS deposition, removing the Kapton
film allows measuring the thickness of the formed thin film by

HiPIMS

Y

Oscilloscope

Optical
emission
spectrometer

r77

Fig. 3. Experimental scheme for OES measurements (AFG stands for Arbitrary Function Generator).
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Table 1
Experimental conditions for the two sets of deposition conditions in Ar/O, gas
mixtures.

P T 02 Pulse duration Tq4 <P>t <P>rq
(Pa) (ms) (%) (ps) w) w)
Set 0.7 1 Oto5 20 45 1970
1
Set 0.7 1 2 10 to 60 39 to 47 3260 to
2 747

profilometry (step height measurement). The profilometer is a Bruker
Dektak XT touch profilometer with a diamond tip of 2 pm radius. The
thickness values measured by profilometry were compared to scanning
electron microscopy (SEM Gemini Zeiss) observations of sample cross
sections.

3. Results

Fig. 4 presents an OES spectrum of the HiPIMS plasma. Several
emission lines from titanium atoms and titanium ions are clearly iden-
tified. Only the most intense lines are indexed in Fig. 4. In the present
study, the Ti intensity at 365.35 nm and the Ti" one at 368.52 nm are
used. Regarding the Ti" line, it corresponds actually to a doublet line
issued from two levels with the same electronic configuration, except for
the spin values. It is therefore reasonable to consider that both levels are
populated through similar mechanisms.

The emission intensity of a given line can be written:

Iy = C(2y) Ay[Mi] hy ®

where subscripts i, j refer to the upper and lower level of the transition,
respectively. Aj; is the Einstein's coefficient of spontaneous emission,
[M;] is the population density of the upper state of species M, C(4;) is a
constant including the observed plasma volume and the spectral
response of the optical system at the wavelength Ay, v;; is the frequency of
the transition and h the Planck's constant.

OES measurements allow determining only the excited state density
[M;] of species M. However, ground states of atoms are by far much more
populated than excited states and are the main species that contribute to
the coating deposition. In order to correlate the measured OES in-
tensities with the coating growth rate, a relation between [M;] and the
density of ground state [M] is therefore required.

For this, several production and loss mechanisms can be involved in

25000 T T T T T T T T T T T T T
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- ! -Ti*
=' 364.27 nm
< 20000 [ 361.01 nm 1 -
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Fig. 4. Typical part OES Spectrum used to monitor the emission line intensity
of neutral titanium (Ti) and titanium ion (Ti"). In pure Ar, 20 ps 0.7 Pa <P>t
45 W with a slit of 100 pm.
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the population of the excited state M;. The main processes are:
Electron collision with the ground state

M+e =>M; +e” “4)
Electron-ion recombination

M" +e” (+a third body/species)>M; (5)
Radiative cascade from higher energy levels

M + e dM-i=M; + huyg (6)
Radiative decay

M»My; + hyy 7
Collision with another heavy species Y (quenching)

M, +Y>M,+Y* (€))

At a very low pressure of 0.7 Pa, electron-ion recombination and
quenching are very unlikely. Moreover, the probability of populating a
higher energy than i, starting from the fundamental state as described by
reaction (6), is low (Maxwell-Boltzmann statistics) and leads us to
neglect this reaction. With these assumptions, it is reasonable to
consider only reactions (4) and (7) as the dominant mechanisms
involved in the population of M;.

Consequently, Eq. (3) becomes:

Ay
Iy = C (g )ne Mk —hv (A,- = ZM) C)

I<i

n, being the electron density, A; is the inverse of the radiative lifetime of
the excited state i, kieM the reaction coefficient of process (4) and [M] the
density of titanium species at the ground state. In Eq. (9), k'cyy depends
on the electron energy distribution function during the HiPIMS
discharge. Similarly, the discharge current, or the current density j given
by j = n.q <v.> where q is the electron charge, n, and <v,> the electron
density and average velocity respectively, also depends on both the
electron density (n,) and the electron velocity distribution function.
Moreover, the discharge current integrated over the current pulse is:

Tin
Iin,:/l(t)dt (10)

0

where Tj, is the duration of the current pulse, i.e. the pulse width (Ty)
plus the fall-time of the current (see Fig. 5).

Therefore, dividing the emission line intensity (Eq. (9)) by the inte-
grated current (Eq. (10)) leads us to obtain the TA_OES signal/I; ratio,
which allows eliminating the effect of any variation of the electron
population. Based on these assumptions, the TA_OES signal/I;,, ratio can
be compared with the film thickness to investigate the correlation be-
tween Ti-species optical emission contribution and the coating growth.

3.1. Impact of Oz in the gas mixture on OES and thickness measurements

The influence of O content in the gas mixture was studied at a fixed
discharge duration (Tq = 20 ps; set 1 in Table 1). The corresponding
discharge voltage and current are shown in Fig. 5. Regardless the
composition of the gas mixture (metallic mode ([0O2] = 0%); oxidized
mode ([O2] > 1%)) and for both voltage and current measurements, a
stable and dampened oscillation occurs at the voltage rising (at ty, as
defined in Fig. 5) due to the transient regime. Beyond 10 ps after ty, the
dampened oscillations decrease enough and electrical values measure-
ments can be easily exploited (see inset in Fig. 5). Firstly, one can
observe an increase of the absolute voltage value from about 480 to 510
V, between 10 and 12 ps, as soon as 1%0 is added to the argon gas.
Since the mean power <P>7is set at 45 W, this voltage increase occurs
to compensate the decrease of the mean current over T4 from 4.3 A to 3.9
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Fig. 5. Discharge voltage (a), current (b) as a function of the percentage of O,
in the gas mixture for a pulse width of 20 ps and a voltage pulse period of 1 ms.
The pressure is 0.7 Pa and the mean power <P>r7 is set at 45 W.

A for metallic and oxidized (1% O3) modes, respectively. When Oy
content in the gas mixture is further increased beyond 1%, the voltage
value starts to slightly decrease and the associated <I>74 increases
consequently to keep the fixed <P>7. Secondly, the shape of the voltage
curves displayed in the inset of the Fig. 4a differ from each other. As
soon as the oxidized mode is reached (> 1% O5), the shape of the current
pulses remains quite unchanged, irrespective of the Oy content. In
metallic mode the voltage exhibits a plateau starting at tp +10 ps and
until the end of T4 while in oxidized mode the voltage measurements
decrease by about 3% quasi-linearly over the same time range. Ac-
cording to Gudmundsson et al. [42] in metallic mode, the time variation
of the current over one current pulse is due to the ionization of the argon
gas followed by the progressive addition of a part of the sputtered and
ionized titanium atoms. As for Ar™, Ti" ions are accelerated back to the
target and contribute to the current.

Aiempanakit et al. [26] studied the R-HiPIMS process with oxygen
and a Ti target. In oxidized mode, they indicated that the initial increase
of the current during the first microseconds is due to Ar" ions. As soon as
the sputtered oxygen atoms from the poisoned target are ionized in the
plasma, a part of these ions is back attracted. By impinging upon the
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target, the latter contribute to a large ionic current at the end of the
HiPIMS pulse. They concluded that Ti ions less contribute to the current
in oxidized mode than in metallic mode since titanium is less sputtered
when the target is oxidized. These hypothesis and previous results seem
to be consistent with the measured discharge currents shown in Fig. 4(b)
since no significant current evolution can be observed beyond 2% O.
Consequently, in oxidized regime, the target current seems mainly
driven by the oxidation state of the target surface and not by the amount
of O3 in the plasma volume, under the present conditions (up to 5% O53).
Based on these first electrical measurements during the HiPIMS deposits,
the target surface seems to reach a stable state whatever the gas mixture
changes beyond 2% O in the present conditions. This should then have
a major impact on R-HiPIMS deposits.

The comparison between the TiO; coating thickness obtained after 4
h of sputtering and the TA-OES signal/I;,, ratio for titanium species is
shown in Fig. 6. It is worth noting that, as the emission lines of the ti-
tanium atoms and ions evolve in the same way as a function of the % O,
we have chosen the most intense titanium atom line (at 365.35 nm) for
the HiPIMS process control method proposed in this work. One can
observe in Fig. 6 that both quantities sharply decrease as soon as 1% O4
is added in the gas mixture. This decrease is undoubtedly due to the
poisoning of the target by oxygen, which is in good agreement with the
measured discharge currents and the above-mentioned hypothesis.
Indeed, the reactivity between titanium and oxygen unavoidably results
in the formation of a compound layer on the target. In R-HiPIMS regime,
the bombardment of the target by oxygen ions during the discharge and
the adsorption of neutral O atoms and Oz molecules on the target during
both the discharge and the temporal post-discharge are the main pro-
cesses involved in the target poisoning. Since the Ti—O covalent bond is
much stronger than the Ti—Ti metallic one, the sputtering yield dras-
tically decreases [26] from the metallic mode in pure Ar to the oxidized
mode at 1% Oo. Therefore, it seems that in the present conditions of
HiPIMS, as soon as 1% O is present in the gas mixture, a discharge
duration of 20 ps is not long enough to sputter efficiently the growing
oxide layer formed at the target surface, especially on the racetrack
surface.

Furthermore, as seen in Fig. 6 the coating thickness and the TA_ OES
signal/I;n; evolve in the same way. El Farsy et al. [43] observed a similar
behavior in the case of a titanium target in Ar/N» gas mixture. During
their study, they used time-resolved tunable diode laser induced fluo-
rescence analysis (TR-TDLIF) to determine the flux of the ground state
neutral titanium atoms. By adding 1% N, a drastic decrease in both the
titanium atoms flux and the thin film thickness was observed. This effect
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Fig. 6. Variation of the layer thickness (right axis) and TA_OES signal/I;, ratio
(left axis) as a function of the percentage of O, with T4 = 20 ps. The pressure is
0.7 Pa, the duration of the deposits is 4 h and the mean power <P>y = 45 W.
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was attributed to the target poisoning during the relatively long post-
discharge (~ 1 ms) and the chosen short discharge duration (10 ps).
According to these authors, a 10 ps power pulse seems to be not long
enough to sputter efficiently the compound layer at the extreme surface
of the racetrack. By comparing the neutral titanium flux with the
thickness, they obtained the same trend of both quantities with the
percentage of nitrogen in the gas mixture. In the present work, the TA-
OES signal/I;, ratio presented above seems to well reflect the density of
titanium species that contribute to the deposits. Moreover, beyond 2%
O,, the TA-OES signal/I;y; ratio and the film thickness do not vary. This is
in good agreement with the current measurements and seems to support
the previous hypothesis, i.e. the target surface state does not change over
2% Oa.

One can note that it is possible to establish a proportionality factor
between the TA_OES signal/I;,; ratio and the obtained thickness of the
deposited layer. A similar factor should be valid for other experimental
setup albeit subject to take into account each specific element of the
HiPIMS process (reactor geometry, magnetron cathode, OES detection
system, electrical probes, etc.). It could however be easily calibrated. In
the present case the proportionality factor is found to be about 9.

3.2. Influence of the discharge duration at 2% Og in the gas mixture

The TA_OES signal/I;; ratio seems to be a good monitoring parameter
of the HiPIMS process as soon as the discharge duration is set. As the
applied power is concentrated during the pulse width, this section deals
with the influence of the latter while the oxygen gas content in argon is
set at a constant value of 2% that corresponds to the sputtering regime in
the oxidized mode at Tqg = 20 ps. As mentioned above (Fig. 1), keeping
the HiPIMS mean power at a constant value (< P> = 45 W) implies that
the mean pulse power <P>t; decreases when the pulse width Ty in-
creases. The values associated with the pulse width are given in Table 2.

Despite the set point at <P>7 = 45 W, it should be noticed that for
short pulse duration (T4 < 20 ps), the mean power does not reach the
requested value. This is due to the power generator that reaches its limits
in terms of real-time regulation for such short pulse width.

Therefore, two data sets were collected, one for Ty in the range 10 to
20 ps and the second one for T4 ranging from 20 to 60 ps. Furthermore,
the two data sets were separated by a few days period during which
other experiments were carried out in the HiPIMS reactor. Conse-
quently, the reactor conditions have obviously evolved (e.g. the target
erosion state, wall state, etc.).

Fig. 7 represents the variation of TA_OES signal/I;,; ratio and the layer
thickness as a function of the discharge duration, at 2% O, and working
pressure of 0.7 Pa. It shows that both TA OES signal/I;, and coating
thickness, significantly increase with the pulse width. Since this varia-
tion is more than a factor 2, it cannot be explained by the slight increase
of Iins and <P>7 (or Py over the pulse width (10-20%). In addition,
quasi-constant values of TA_OES signal/I;,; and of thickness could have
been expected, due to the compensation of the pulse duration by the
pulse power during the discharge (<P>ry, calculated with Eq. (11)) in
order to maintain the mean power <P>7 close to 45 W. Initially, the
quantity of sputtered atoms was expected to be comparable.

Table 2
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Under our conditions, even if the product <P>7jps X Tine = Pjpe increases
by a factor of ~1.2, the thickness increases by a factor of 2.5. Then this
increase in power does not seems enough to explain the increase of the
thickness. This effect is more likely due to a more efficient sputtering of
the target. The pulse width turns out to be the dominant parameter in
our conditions while the plasma power (<P>tiy;) seems to have a
limited impact. Even if <P>ry, is decreased, increasing the pulse width
can likely favor the sputtering of the oxide superficial layer that has
grown in between two successive power pulses, leading to a more effi-
cient sputtering of titanium.

In all our conditions, since the TA OES signal/I;, ratio is in good
agreement with the coating thickness, it would seem to reflect the
evolution of the sputtered titanium atoms density. It is therefore possible
to follow the evolution of the HiPIMS process by coupling OES and
current measurements according to the pulse width.

3.3. Study of the influence of the pulse width on the hysteresis
phenomenon at 1.4 Pa

As seen in Section 3.2, pulse width Ty could be the dominant
parameter to obtain an efficient sputtering of the target in oxidized
mode and at almost constant mean power <P>r. In order to support the
latter, the hysteresis phenomenon has been studied for different values
of Ty4. As seen in Fig. 6, as soon as 1%0; is added to the gas mixture, the
TA-OES signal/I;n, ratio and the growth rate strongly decrease, depicting

Values of current, voltage and power associated with pulse width ranging between 10 and 60 ps. The pressure is 0.7 Pa, with 2%0, in the Ar/O, gas mixture.

First set of measurements

Second set of measurements

Tq (ps) 10 12 14 16 18 20 20 30 40 60
Tine () 12 14 16 18 20 22 22 32 42 62
<U>1ine (V) 545 530 510 500 490 485 460 440 430 430
<I>Tine (A) 7 6.4 5.3 4.9 4.7 4.2 4.3 2.9 2.2 1.5
<P>rine (kW) 3.1 2.8 2.5 2.3 2.2 2.0 1.9 1.3 1.0 0.7
Iine (A.pis) 88 92 97 99 101 102 100 100 101 103
Pipe (mJ) 39.0 39.6 41.2 42.0 42.8 43.1 45.3 45.4 45.6 46.5
<P>r (W) 39 40 41 42 43 43 45 45 46 47
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the transition from a metallic to an oxidized sputtering mode. Hence-
forth a hysteresis phenomenon should occur below 1% O, for Ty = 20 ps
[28]. In order to characterize the hysteresis phenomenon and investi-
gate the influence of the pulse width on this hysteresis, measurements
with oxygen percentages lower than 1% were carried out with an
appropriate Oy flowmeter.

Fig. 8 shows the evolution of TA_OES signal/I, as a function of the %
O in HiPIMS regime for different pulse widths (10-160 ps). A com-
parison with the DC regime (45 W) is also proposed. An hysteresis can be
observed for a %05 lower than 2%, whatever is the HiPIMS pulse width.
Three different regimes can be identified on each hysteresis when
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increasing the 02% (black curves) and decreasing it (red curves). Fig. 8d
well represents these regimes. With T4 = 80 ps, the target starts to be
sputtered in the metallic regime for %05 ranging from O to 0.5% and the
TA-OES signal/Ii; value is then the highest. From 0.5% to 0.9% Oo, the
TA-OES signal/I;; ratio strongly decreases, and a “plateau” is reached up
to 1.2% Os. This regime between 0.9% and 1.2% O can be interpreted
as an “intermediate mode”. For %0, greater than 1.2%, a new transition
takes place, and the fully oxidized mode is then reached with a lowest
value of the TA-OES signal/I;; ratio. Nevertheless, for the shorter pulse
widths, Tg = 10 ps (Fig. 8a) and Tq = 20 ps (Fig. 8b), the transition
between the metallic mode and the intermediate mode seems occurring
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Fig. 8. Hysteresis for different pulse widths in function of O, percentages. (a) 10 ps, <P>r = 46 W; (b) 20 ps, <P>7 =49 W (c) 40 ps; <P>r =51 W (d) 80 ps, <P>1
=49 W; (e) 160 ps, <P>r = 47 W and (f) DC, P = 45 W. The pressure is 1.4 Pa and the HiPIMS period is 1 ms.
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immediately as soon as oxygen is introduced in the gas mixture (0.1%
Oo). By increasing the % O in the gas mixture, the transition from the
intermediate mode to the oxidized mode occurs at lower % O, values
than for T4 = 80 ps: between 0.3% O3 and 0.5% O, for T4 = 10 ps, and
between 0.8% O, and 1% O, for Tq4 = 20 ps. Fig. 8c shows that the
sputtering metallic regime starts to persist with the increase of % O, only
when Ty is equal to or greater than 40 ps. This indicates that a T value
lower than 40 ps, in the present conditions, is not long enough to remove
the oxide thin film formed at the target surface between each pulse once
0.1% Oy is present in the gas mixture. For Ty = 160 ps (Fig. 8e), it should
also be noted that the transition from metallic mode to intermediate
mode occurs between 0.5% O, and 1.1% Os; the transition from inter-
mediate to compound mode takes place between 1.7% O and 1.8% O,
making it the largest intermediate mode range in terms of %0;. This
could help for an easier control of the deposition process in such con-
ditions. Decreasing the %O, in the gas mixture (red curves in Fig. 8)
makes the transitions from oxidized mode to metallic one to occur for
different %05 ranges, namely from 0.1% to 0% for Ty = 10 ps (Fig. 8a),
from 0.4% to 0% for Tg = 20 ps (Fig. 8b), from 0.7% to 0.1% for T4 = 40
ps (Fig. 8c), from 0.9% to 0.3% for Ty = 80 ps (Fig. 8d), and from 0.8% to
0.3% for Tq = 160 ps (Fig. 8e). Globally and regardless the pulse width
value, the return to a metallic mode from an oxidized one needs to
reduce more significantly the amount of oxygen in the gas mixture. To
get the preceding example with Ty = 80 ps, the beginning of the oxidized
mode for the increasing part of the hysteresis is at 1.4% O, while for the
decreasing part, the end of the oxidized mode is at 0.9% O». This could
be attributed to the different sputtering yields between the metallic
mode and the oxidized one [26].

The intermediate mode is not observed in DC magnetron sputtering
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(Fig. 8f). To understand the origin of this mode, the TA-OES signal of
other species and the integrated current I;;; were measured. Fig. 9 pre-
sents the TA-OES signal/I;;; values of Ti' ions at 368.52 nm (Fig. 9a), the
pulse integrated current I, (Fig. 9b), TA-OES signal/I, values of O
atoms at 777.19 nm (Fig. 9c) and TA-OES signal/Ii,; values of Ar atoms at
751.47 nm (Fig. 9d). The intermediate mode is visible on the titanium
ion but neither on the current discharge nor on oxygen and argon lines.
Henceforth it seems that this intermediate mode is more likely related to
a surface state of the target than to the properties of the plasma. Indeed,
G. S. Chen et al. [43] reported similar results by studying TiOy deposi-
tion in RF magnetron sputtering. They showed that by adding a little
amount of oxygen in the gas mixture, the intensity of titanium emission
lines decreased. Using XRD analysis of TiOy coatings grown with
different Oy contents, they pointed out the presence of different crys-
talline phases resulting from various degrees of oxidation of the titanium
target. However, during their investigations, they did not observe such
intermediate mode. This change in surface state of the target as reported
by Chen et al. [44] could explain our results. Another hypothesis could
relate to the effect of the back attracting of titanium ions towards the
target, which is important in HiPIMS process. Indeed, the deposition of
Ti ions on the target could favor the consumption of oxygen during the
discharge. It would highlight that more and more O, is required to reach
the third mode in HiPIMS, i.e. the oxidized mode. The intermediate
mode could therefore be considered as a dynamic equilibrium state,
where the consumption rate of the oxygen and the sputtering rate of the
target are comparable. Nevertheless, it is not possible to draw a defini-
tive conclusion about the origin of this intermediate mode.

Comparing the hysteresis given by the different pulse widths (Fig. 8),
the shorter the pulse width, the lower the O, content required to oxidize
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Fig. 9. Hysteresis for different quantities: (a) TA_OES signal/I;, ratio of titanium ion; (b) integrated current; (c) TA_OES signal/I;, ratio of Oxygen and (d) TA_OES
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the target. Increasing the pulse width can likely favor the sputtering of
the oxide superficial layer (grown in between two successive power
pulses), in competition with its formation. This result supports hypoth-
esis that pulse width seems to be the most influent parameter on the Ti-
atoms production under the present conditions, as discussed in Section
3.2

4. Conclusion

This work is mainly devoted to the development of a reliable tool
devised to control thin layer thickness in R-HiPIMS deposition process.
For this purpose, time-average OES (TA-OES) and thickness measure-
ments were performed to characterize TiOy HiPIMS deposition process
as a function of both the oxygen content in Ar/O, gas mixture and the
width of the power pulse Ty (or Tino). At fixed discharge duration of 20 ps
and mean pulse power <P>7i, of about 2 kW, with a change from 0 to
1% O in the gas mixture in a single step, the hysteresis phenomenon is
not visible. Once 1% Oy in the argon gas is reached, a huge decrease of
the film thickness is observed, which is attributed to the reactivity be-
tween titanium target surface and oxygen. Another study, at 2% O, and
a total mean power during one HiPIMS period fixed (~ 45 W) was
carried out in order to obtain a quantity of sputtered atoms expected to
be comparable. The thickness increases by a factor of 2.5 when the pulse
width is increased from 10 to 60 ps. This effect could be attributed to the
difficulty of sputtering an oxidized titanium target at shorter pulse
width, even if the mean pulse power <P>ri, is higher. Therefore,
regarding the sputtering efficiency, the pulse width turns out to be the
dominant parameter in our conditions while the plasma power seems to
have a very limited impact. This behavior has been supported by hys-
teresis phenomenon measurements at very low percentages of oxygen
(% O3 < 2%). Indeed, in the latter condition, a longer pulse width in-
duces a shift of the hysteresis towards the higher O, percentages. This
trend reflects a better sputtering efficiency at short pulse width, since a
higher O content is required to oxidize the target surface.

In all our conditions, the ratio between the TA-OES signal of titanium
atoms and the integrated discharge current (TA_OES signal/Ii,) seems to
be in good agreement with the thickness. Thus, it seems that this ratio
well reflects the titanium species density which contributes to the de-
posits. Following the evolution of the HiPIMS process by means of OES
coupled with current measurements under our plasma conditions proves
to be reasonable. A method based on the evolution of the TA_OES signal/
Iin; ratio could greatly simplify both the monitoring and the control of
industrial scale deposition processes, once adapted to the reactor ge-
ometry. Compared to feedback control on the gas flow, using the TA_OES
signal/I;p; ratio to monitor the injected power can provide an instanta-
neous response of the deposition process, e.g. to obtain a constant
thickness.
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