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ARTICLE INFO ABSTRACT

Keywords: The outstanding oxidation resistance, thermo-mechanical stability, and chemical inertness of alumina, but also
R-HIPIMS deposition the synthesis of phase pure polymorphs attract particular attention in academia and industry. Especially, the
Alumina

difficulties regarding the synthesis of a- or y-structured Al,O3 by physical vapor deposition techniques are still
strong limitations. Within this study, we investigated in detail the influence of 2 at.% tungsten in the Al-target on
the process stability and phase formation during reactive DC magnetron sputtering as well as high power impulse
magnetron sputtering (HiPIMS) of Al,Os-based coatings. The small addition of W to the Al target allows to in-
crease the oxygen partial pressure by more than 200% while maintaining a stable deposition process. Ion mass
spectroscopy measurements yield a promising high fraction of 1°0* and 3203, when operating the W-containing
target in the metal-to-poisoned transition mode. A significant increase of 0™ is further provided by the target
surface oxide in poisoned mode. Detailed time-of-flight ion mass spectroscopy investigations during one HiPIMS
pulse show a clear temporal separation of the individual ions arriving at the substrate plane during the pulse on-
time, allowing for controlled ion attraction by synchronizing the bias pulse to the discharge impulse. Equal
amounts of 2’Al" and 3203 can be attracted using a bias on-time between 400 ps and 900 ps in the “off-time”
(after glow) leading to a dense and nano-crystalline coating. Detailed electron microscopy investigations show
the presence of metallic phase fractions for higher duty cycles (7.5%). Decreasing the duty cycle to 3.75% leads
to amorphous coatings when operating the Al-target at the highest oxygen partial pressure in metallic mode.

Target poisoning
Polymorph structures

1. Introduction synthesis of Al,O3 related coatings — i.e., high deposition temperatures as

well as limited electrical conductivity (resulting from massive target

The preparation of alumina and different polymorphs of Al;O3 by
means of physical vapor deposition (PVD) is within the focus of aca-
demic and industrial studies since decades [1-4]. Especially, the ther-
modynamically stable a-phase (corundum type) is highly interesting
based on its inert and refractory character, being also stable in oxygen
containing atmospheres up to 1700 °C. In the field of thin films and hard
coatings also metastable structure types such as y- or 6-Al,03 [5,6] are of
interest. For the latter structures, the energy barrier for their formation
is lower than for a-Al;O3, thus, typically during low-temperature de-
positions with their kinetic limitations during film growth, these meta-
stable cubic structures are promoted [7].

To overcome the most prevalent challenges during PVD-based
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poisoning during reactive synthesis) — various deposition approaches have
been established in general: (i) usage of ceramic Al;O3-based target ma-
terials in non-reactive atmospheres [8], (ii) reactive sputtering of pure Al
targets in oxygen containing gas mixtures [9-11], (iii) utilization of
alloyed Al-targets to stabilize specific phases in reactive depositions (e.g,
Cr or Fe to promote the a-phase [12]), as well as (iv) an increase in
ionization rate of Al and O species to promote a stoichiometric phase
formation [13]. However, each approach exhibits specific advantages and
drawbacks. Non-reactive depositions typically suffer from low deposition
rates, as the isolating target needs a periodic operation, typically applied
in the form of radio-frequency sputtering [8]. The formation of an
isolating layer with low sputtering yield on Al targets during reactive
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sputtering leads to arcing events and pronounced hysteresis effects, being
the main drawbacks of reactive processes [14,15]. A hysteresis-free
deposition of a-Al,O3 was proposed by Wallin et al. [13,16] when using
high power impulse magnetron sputtering (HiPIMS). This technique al-
lows for high ionization fractions of Al as well as O, species, fostering the
growth of uniform and dense coatings. However, a completely hysteresis-
free deposition can only be achieved with a sufficient pumping speed of
the deposition system [17], which is typically not the case for larger,
industrial-sized applications. Then, the utilization of a gas-feedback con-
trol system is necessary, which provides stable discharge conditions with
respect to target poisoning [18]. Moreover, through the utilization of
HiPIMS the deposition rate decreases drastically [19]. Another promising
approach to deposit corundum-type alumina is to use alloyed Al-targets.
The most famous and well-studied approach in this regard is the use of
Al 70Crg 30 targets, which also allow for cathodic arc evaporation (CAE)
[20]. In addition to the strong a-phase stabilizer Cr, also Si or B alloying
specifically retards target poisoning or promotes the crystallization of
Al;03 polymorphs [15].

With a specific experimental set-up, Berg et al. [21] proved that Pt
implantations increase the erosion rate of Si and C drastically. The so-
called atom assisted sputter yield amplification influences the depth of
the collision cascade so that surface near species are more effectively
sputtered from the target. Further studies showed that tungsten co-
sputtering on an aluminum target increases the deposition rate by up
to 80% and allows deposition processes with higher oxygen flows as
compared to unalloyed Al targets [22]. This sputter yield amplification
just lead to an incorporation of 1 at.% tungsten within the film. In
addition, density functional theory (DFT) studies suggest that small
amounts of dopants can even further promote the formation of a- and
6-alumina. In particular, transition metals such as W and Mo stabilize
the 0-phase, which implies that alumina can be formed also at lower
deposition temperatures. The phase transformation towards o-struc-
tured morphologies can be retarded, as long as the dopants are not
accumulating through diffusion [23]. Recently we showed that targets
alloyed with 2 and 5 at.% transition metals increases the usage of high
oxygen partial pressures. Especially W and Cr dopants (2 at.%) increase
the mechanical properties, the deposition rate, as well as the process
stability, allowing to run the targets at high oxygen partial pressures
even during DC magnetron sputtering (DCMS) [24].

Based on these results, we studied the reactive HiPIMS process using
both a W-alloyed and an unalloyed Al target in comparison with DCMS.
This allowed to not only shift the target poisoning to higher oxygen gas
flows, but simultaneously also to increase the ion flux to assist the
growth of Al;O3 coatings.

2. Experimental

All Aly150345 and (Alg.9gWo.02)2+503+5 thin films were synthesized
with an “in-house” developed reactive magnetron sputtering system
(details are described in Ref. [25]). This system is equipped with two 6-
in. cathodes (Gencoa Ltd.) operated with Solvix HiP® 5 kW DC/HiPIMS
generators, and two 3-in. cathodes (Gencoa Ltd.) operated with MKS ENI
RPG-50 5 kW generators. In this study we used the two 6-in. cathodes
equipped with powder metallurgically prepared targets (Plansee Com-
posite Materials GmbH, purity of 99.8 at.%), one Al and one Aly 9gWo.02
target. The substrates, double-side polished (100)-orientated silicon
platelets (20 x 7 x 0.38 mm?), were cleaned for 10 min in an ultrasonic
bath of acetone and ethanol consecutively, before mounting in the
deposition chamber and heating to the deposition temperature of Ty, =
280 °C (measured directly on the substrate plane). After 20 min at this
temperature, the substrates were ion etched in Ar atmosphere at a
pressure of 6 Pa for 10 min applying a substrate potential of —500 V DC
(MKS ENI RPG-50 5 kW generator). During the deposition, the substrates
were held at 280 °C, with the substrate holder rotating at 90 rad/s (0.25
Hz). The distance between the confocally aligned cathodes and the
substrate holder was about 108 mm. Various Al and Alg 9gWy. o2 based
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oxide-coatings were deposited using the respectively operated cathodes
at an Ar pressure of par = 0.4 Pa (Ar flow = 25 sccm), a bias potential of
Upigs = — 50 V DC, while systematically changing the O5/(O5 + Ar) flow
rate ratio. Discharge frequencies f of 250, 500, and 1000 Hz were
applied while keeping the negative voltage pulse length (on-time, t,;)
constant at 75 ps, resulting in duty cycles of 1.875%, 3.75%, and 7.5%).
The average target power was adjusted so that all HiPIMS depositions
were carried out near to or within the HiPIMS regime but at least with an
averaged target power of 16 W/cm?, which results in different peak
power densities corresponding to the applied frequency and the
poisoning state of the target (see Fig. 1).

The chemical compositions of the (AlpggWo.02)2+503+5 coatings
were obtained by energy-dispersive X-ray spectroscopy (EDS, FEI Philips
XL30 with an EDAX EDS detector at 20 kV accelerating voltage). For
scanning electron microscopy (SEM) investigations we used a FEI
Quanta 200 SEM equipped with a field emission gun to advise the
morphology of the fracture cross sections of coated silicon substrates.
Transmission electron microscopy (TEM) of cross-sectionally prepared
samples (through mechanical- and subsequent ion-polishing) was per-
formed on a TECNAI F20 FEG TEM equipped with an EDAX Apollo XLT 2
detector, which was also operated in high resolution (HR-TEM) as well
as in scanning mode (STEM) for detailed structural and chemical anal-
ysis. In addition, selected area electron diffraction (SAED) patterns were
acquired, using apertures with either 650 or 170 nm diameter to select
the regions of interest.

Detailed plasma diagnostics during the HiPIMS process of the Al and
Alg 9gWy. o2 targets were conducted with mass-, time-, and energy-
resolved spectroscopy measurements. These measurements were car-
ried out in a separate cylindrical vacuum chamber (506 mm in diameter
and 522 mm in height), pumped by a diffusion pump, and equipped with
a 4-in. magnetron (VTech, Gencoa Ltd). The magnetic field strength was
adjusted to reproduce the discharge characteristics of the actual depo-
sition system utilized for the Al;Os-based films. The base pressure was
below 2 x 1073 Pa, and the Ar pressure was set to 0.4 Pa (17 sccm) using
a throttle valve between chamber and diffusion pump. After the
discharge ignition, oxygen was added to with a flow rate between 0 and
10 sccm (leading to a small rise in total pressure up to 0.6 Pa). The
magnetron was driven with a high-power pulsed direct current power
supply (SIPP2000USB, Melec GmbH), able to operate also in DC mode.
The average discharge power was set constant to 840 W either in DC or
HiPIMS mode (being equivalent to 1 kW/cm?). In the latter case, the
negative voltage pulse length was set to 75 ps and the pulse repetition
frequency was 250, 500, or 1000 Hz. The waveforms of the target
voltage and current were recorded using a digital oscilloscope (Pico-
Scope 5444D, Pico Technology). The discharge plasma was analyzed by
an energy-resolved mass spectrometer (Hiden Analytical EQP300)
whose sampling orifice was directly facing the center of the target at a
target-orifice distance of 150 mm. The mass spectrometer was tuned to
“OAr" jons and the obtained setting was kept constant for all measure-
ments. Standard time-averaged acquisitions of ion energy spectra were
measured for “°Art, ©Ar?t, Z7Al*, 3205 and '°0" ions. The extractor
voltage was set to —40 V with respect to ground potential and the
electrode controlling the ion energy was scanned from —40 to +40 V,
which ensured that all ions (with different energies) were recorded
during the measurement. We observed that the dominant peak in the ion
energy distribution function shifts to negative values with respect to the
grounded mass spectrometer as the oxygen partial pressure in the
chamber increases. We believe this indicates that the plasma potential
around the mass spectrometer slightly decreases as the mass spectrom-
eter body is covered by the insulating compound which inhibits the flow
of electron current through the mass spectrometer. The dwell time for
ion detection at each point was 10 ms. For each species, the scan over the
energy range was repeated 5 times to increase the signal-to-noise ratio
and to identify potential long-term changes in the discharge conditions
during the measurement. Total ion count was calculated for each species
and discharge regime by integrating the energy spectra over the whole
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energy range. Moreover, time-resolved ion counts were measured for
selected HiPIMS regimes. The mass spectrometer was set to continuously
scan one species at a narrow energy range (typically 20 eV) corre-
sponding to the peak in the ion energy distribution function with a dwell
time of 100 ms. The raw pulse-stream output of the ion detector was
brought to a multichannel scaler (SR430, Stanford Research Systems).
This device registered the incoming pulses and accumulated them suc-
cessively in evenly spaced time intervals once a trigger signal for the
negative voltage pulse of the HiPIMS power supply was registered. Thus,
the time of arrival of ions onto the detector with respect to the beginning
of the negative pulse was discriminated with a time resolution of 1.28 ps
(width of the accumulation-time interval). A correction for the time-of-
flight of ions in the mass spectrometer [26,27] was applied during post-
processing of the data. Several tens of thousands of pulse periods were
accumulated to increase the signal-to-noise ratio.

3. Results and discussions

According to A. Anders [28], the peak power density (Ppeq) is sup-
posed to be at least 2 orders of magnitude higher than the time-averaged
power of HiPIMS discharges to ensure a high probability for ionization
within the plasma. Therefore, we plotted the peak power density of each
discharge condition in relation to the duty cycle, see Fig. 1. The indicated
power limits are taken from [28-31]. The red line indicates our system
limit with respect to power as well as cooling water temperature. Due to
physical cooling restrictions, the upper limit for DCMS/pulsed-DCMS is
typically located in the range of ppesx = 0.05 kW/cm?. Based on this
assumption, depositions with peak power densities above this value are
classified in the transition region (i.e. values typically associated with
modulated pulsed power (MPP) deposition). Furthermore, the HiPIMS
regime is entered at ppesx ~ 0.5 kW/cm?. In general, higher peak power
densities are accompanied by lower duty cycles [30]. To vary the peak
power density, the discharge frequency (250 Hz, 500 Hz, and 1000 Hz at
constant t,, = 75 ps, resulting in duty cycles of 1.875, 3.75, and 7.5%,
respectively) and the oxygen partial pressure (po2 was varied between
0.005 and 0.24 Pa through gas flow variations from 4 to 24 sccm O at
constant Ar flow of 25 sccm) were varied systematically when sputtering
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E @ ©1G f=500Hz -1, =75ps
D?MS N W/w f=250Hz-t =75ps
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T 10 5 S PT T TP
>, E = uns
2
o
3
2 ™
a 13 HIPIMS
E
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Fig. 1. Deposition conditions used in this study in relation to the DCMS, the
transition, and the HiPIMS region, which are indicated based on the established
terminology for pulsed discharge techniques and established power limits given
in [26-28]. Within each of the three- deposition series with f = 1000, 500, and
250 Hz, the three half-filled symbols labelled with PY, T, and T¥ represent the
deposition conditions used to prepare the coatings from targets operating in
poisoned to transition mode, transition mode, and transition to poisoned mode,
respectively. The open symbols represent the process conditions used for ion
mass spectroscopy, whereas the half-filled ones denote the deposited coatings.
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the Aly.9gWy g2-target. For all nine discharge conditions the average power
was set to 3.3 kW and the Oy + Ar gas mixture was introduced to the
chamber via gas inlets located 1 cm above the target surface. Conse-
quently, all discharges with a duty cycle of 7.5% (1000 Hz) are located
well-within the transition regime (see Fig. 1, blue data points). The O,
partial pressures of the deposited coatings were 0.06 Pa, 0.15 Pa and 0.24
Pa, respectively (see Fig. 1, blue, half-filled squares). The coatings marked
with T? are coatings deposited in transition mode on the way to poisoned
mode with respect to the target surface chemistry (i.e. at increasing O,
flow rate ratio). These points describe the last stable working point using
the highest po before the target potential abruptly decreases to attain the
poisoned state. Contrary the coatings marked with PT are defined as the
points with the lowest pp2 on the hysteresis curve, being the first stable
working point before the target potential abruptly increases again to attain
the metallic state (i.e. at decreasing O, flow rate ratio). Coatings marked
with T were directly deposited in the transition mode. A schematic illus-
tration of this notation with regard to a typical hysteresis curve is addi-
tionally presented in Fig. 3a. Due to the difference in the chamber
geometry the partial pressures for the plasma diagnostics were slightly
adapted, with the corresponding discharge data points displayed as blue,
open squares in Fig. 1.

Decreasing the frequency to 500 Hz leads to higher peak power
densities and a lower duty cycle (3.75%) — see orange, half-filled and
open circles in Fig. 1. Here, for the depositions conducted with the
higher oxygen containing atmospheres (pp2 = 0.095 and 0.14 Pa) the
HiPIMS regime is already entered, while for po2 = 0.04 Pa as well as all
discharge conditions used for the plasma diagnostics, processes were
still operating within the transition region. For the discharges operated
at 250 Hz, all depositions (prepared with poz = 0.04, 0.075, and 0.09 Pa
— green, half-filled stars in Fig. 1) as well as the discharge conditions of
the plasma diagnostics (see Fig. 1, green, open stars) are within the
HiPIMS regime. Generally, with increasing pos (PT < T < TP) the peak
power density increases, which is in agreement with previous studies
[32], and hence for f = 500 Hz and 250 Hz, the HiPIMS regime could be
entered. This effect is directly linked to the poisoning state of the target
surface [33,34], as thereby the current during one pulse increases
resulting in overall higher peak power densities. Contrary to earlier
reports, a hysteresis-free deposition of Al;O3 (as described in Refs.
[13,16]) was not achieved during our HiPIMS studies. We envision that
this strongly depends on the size of the deposition chamber, where
smaller systems allow for a narrower hysteresis, but also the too low
pumping speed of our deposition facility, which was lower than a critical
pumping speed necessary to successfully suppress hysteresis [35,36].

The hysteresis behavior of the Al as well as the Al 9gWy 2 target
during DCMS and HiPIMS, see Fig. 2, was recorded with an average peak
power density of 1 kW/cm? using the above-described chamber
(equipped with a 4-in. magnetron). As mentioned, the argon flow was
kept at 17 sccm (par = 0.4 Pa) while the oxygen flow rate was gradually
increased until the target was fully in the poisoned mode. At each in-
dividual oxygen flow rate, measurements of the discharge were con-
ducted after reaching a steady state behavior. Here, the target voltage is
used to describe the hysteresis behavior. The blue lines in Fig. 2a-
d represent the hysteresis curves of the pure Al-target, which is for all
sputtering conditions (DCMS in Fig. 2a and HiPIMS with f = 1000, 500,
and 250 Hz in Figs. 2b, ¢, and d, respectively) narrower than that of the
Alg 9gWy g2-target, represented by red lines. Furthermore, not only be-
comes the hysteresis curve wider when alloying W to the Al-target, also
the onset of the poisoned state (P) is shifted to higher oxygen partial
pressures, e.g., from ppz ~ 0.096 to 0.16 Pa (~6 to 10 sccm O») during
DCMS. This effect is caused by the significantly increased sputter rates
[21,22,24] due to the sputter yield amplification induced by evenly
distributed heavy W atoms within the Al target, thereby consuming a
larger fraction of the available reactive gas in the vapor phase. Also the
back-attraction of these heavy W ions (having too low energies for
leaving the attraction-range of the target potential) to the target surface
— there causing sputtering of the continuously forming isolating surface



S. Kagerer et al.

-0-Al =)= Alg 9sWo.02
oxygen partial pressure, p,-10%[Pa]

0 32 64 96 128 16.0 19.2 224
1 1 1 1

800 4 (a)
700 4
600 4
500 4 0:0r . ‘
400 - \

300 4 .

800 - (b)

700 -

s00{8:8:8:

500 - \ \ dcycle =75%

400 - -O=——0  £=1000Hz
=7

300 4 ton= 75HS

800 - ()

Target voltage [V]

— d,.,=375%
f = 500Hz

ton= 75us

800 {5.09-0-0 (d)
m]

=0 d_ =1875%

cycle

f=250Hz
ton= 75us

L)
0 2 4 6 8 10 12 14
Oxygen gas flow [sccm]

Fig. 2. Target voltage as function of the oxygen gas flow, presenting the hys-
teresis effect during poisoning of a pure Al-target (blue square symbols and
lines) and an Alg 9gW o2-target (red circle symbols and lines) for (a) DCMS and
HiPIMS operated at a pulse frequency of (b) 1000 Hz, (c¢) 500 Hz, and (d)
250 Hz.

oxide - can be interpreted as an additional supportive effect for shifting
the onset of target poisoning [17,36]. The corresponding behavior is also
observed during HiPIMS operation (see Figs. 2b-d). In addition, with
decreasing frequencies during HiPIMS, a shift in the target potential
differences between the pure Al and the Al ggWy o2 target as well as the
overall potentials of both target types increase as a result of higher pulse
power densities due to lower to,/tof ratios.

In general, all pulsed regimes lead to narrower transition zones (T)
and earlier poisoning onsets in HiPIMS compared to DCMS in accor-
dance with Ref. [17]. For both target materials, the onset of poisoning
shifts to lower Oz flow rates with decreasing duty cycle (i.e. decreasing
frequencies for constant t,,). In terms of process stability and control-
lability of the transition or poisoned mode, the tungsten alloyed target
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clearly outperforms the pure Al counterpart with respect to the overall
oxygen partial pressure. This becomes especially clear when regarding
the onset of the poisoned regime for the AlyggWo o2 target which is
located at Oz flows where an operation of the Al target already involved
arcing at the target —e.g., Fig. 2c at 5 sccm O (po2 = 0.08 Pa) for 3.75%
duty cycle (f = 500 Hz).

In addition to the poisoning behavior, also the ion distribution dur-
ing DCMS as well as HiPIMS of the Al and the AlyggWo o2 target is
different. Three representative deposition conditions (i.e., TP transition
to poisoned mode, T transition mode, and pT poisoned to transition,
schematically shown in Fig. 3a) were selected and analyzed with respect
to ion formation for DCMS (see Fig. 3a) and HiPIMS discharges having
duty cycle of 7.5% (f = 1000 Hz, see Figs. 4a-b) and 3.75% (f = 500 Hz,
see Fig. 4c¢), respectively. As mentioned above, the highest pp2 on the
hysteresis curve was chosen for T?, marked by a blue circle in Fig. 3a.
Accordingly, the lowest poz of the hysteresis was chosen for PT, before
the target potential again steeply increased towards the metallic mode
(marked by a red circle). For the transition condition T, the O, flow was
set between these two extremes and the power supply was operated in a
constant voltage mode. This allowed the discharge operation at the point
indicated by a grey circle in Fig. 3a.

Between the Al and the AlgggWy o2 target there is no significant
difference in the total ion counts recorded during DCMS, except for the
generally lower emission of %0 (purple, half-filled circles) in the
transition mode and PT mode from the Alg 9sWo.02 target (see Figs. 3b
and c). This could be explained by the increased sputter rate of Al from
the AlpggWo.02 target, where the larger flux of Al atoms entering the
plasma results in a quenching of the electron temperature due to the low
first ionization energy of Al (IE; o = 5.98 eV [37]), consequently
decreasing the probability for an ionization of O atoms (IE; o = 13.62 eV
[25,37]. Additionally, this explanation is underlined by a slight increase
in the Al*-ion counts observed for the PT mode. Also, the increased
sputtering rate of Al from the Aly 9gWy o2 target likely results in a more
metallic target surface. Thus, less oxygen is sputtered from the target
which contributes to the above-mentioned trend in the ion counts.

In general, all ion counts increase by an order of magnitude when
operating both targets in a HiPIMS discharge (compare Figs. 3b and ¢
with Figs. 4a and b), the waveforms for the respective HiPIMS discharges
are given in the appendices (B). Analogous to the DCMS case, we observe
a significant decrease in the 16O+/3202+ ion count ratio (see the differ-
ence between the red curve, 03, and the violet curve, O", getting larger)
when the Al 9gWy o2 target is used instead of the pure Al target. When
taking the Al" ion counts into account, the results are inconclusive as the
ratio between 2’Al* ion counts and 3203 metal ion counts is similar for
all regimes on both targets, see Fig. 4a and b. However, considering that
the ion counts for W remain fairly unaffected throughout all modes, with
W also having a reasonably low first ionization energy (IE;,w = 7.86 eV
[371), a possible interpretation for the lower ion counts of 16t/ 3205 on
the Al 9gWy o2 target may be given.

For a duty cycle of 3.75% (f = 500 Hz), the ion counts from the
Alg.9gWy o2 target are especially different between the T? mode and tran-
sition mode, indicating the distinct differences in target and discharge
state. The results further show that the probability for ionization events
involving oxygen species is significantly lower in the T® mode at a reduced
duty cycle, which also hints an overall lower amount of Oy available —
compare open circles (3205) and half-filled circles (*°0™) between Fi g.4b
and c. On the other hand, for both frequencies (f = 500 and 1000 Hz), the
relative ratio between 3203 and '°0" remains very similar. In general, a
high contribution from 3203 and 0" ions in the total ion flux onto the
substrate plane is recorded throughout all operating regimes, yet espe-
cially in the transition and the PT mode. This is due to the increased ox-
ygen partial pressure in these regimes, since less oxygen is consumed by
metal species onto the chamber walls. The °0* ions detected by the mass
spectrometer could originate from O, molecules by dissociation and sub-
sequent ionization in the high-density plasma in front of the magnetron or
by ionization of single O atoms sputtered from the oxidized target. Due to
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the fact that the secondary electron emission increases with increasing
oxidation of the Al target, higher peak plasma densities were obtained for
targets operated in the transition and PT mode compared to the T® mode,
resulting in a higher ionization fraction and dissociation of the plasma
species. The metal and Ar ions, ZAl*, 18*W*, and “°Ar™, show only a weak
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Fig. 4. Integrated ion counts recorded during operation of (a) an Al target and
(b) an AlgggWo oz target at f = 1000 Hz in P”, transition, and T® mode.
Furthermore, (c) integrated ion counts for an Aly 9gWo o2 target operated at f =
500 Hz in P7, transition, and T® mode are shown.

dependency on the target-operating-mode as well as the duty cycle (here
variable frequency at constant t,,). However, our data suggests that for the
lower duty cycle (3.75% or f = 500 Hz) the number of these ions nearly
increases by one order of magnitude when changing from T® mode to
transition or PT mode, Fig. 4c.
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More detailed studies of the discharge conditions were conducted via
time-resolved time-of-flight (TOF) ion mass spectroscopy when oper-
ating the AlyggWy o2 target between the transition and HiPIMS region
(see Fig. 1, duty cycle of 7.5%, f = 1000 Hz) at poz = 0.1 Pa. Fig. 5a
shows an overview of the time-resolved ion distribution during one full
discharge cycle, whereas Fig. 5b presents a detailed view of the
discharge on-time (highlighted in grey in Figs. 5a-b) and the initial
timeframe after the cathode shutdown. For oxygen ion species, basically
only a single, cumulative peak exists inside the cathode on-time (t =
40-75 ps), whereas the ion counts for Al show a second, lower maximum
in addition to the one at the pulse end (t ~ 75 ps), which is located
slightly after the on-time (t ~ 130 ps). After the cathode pulse ignition,
the distribution also presents an initial Ar-ion peak (t = 10 ps), which
fluctuates over the entire pulse duration, to then steadily decrease
during the off-time between pulses. Interestingly, the number of mo-
lecular OF ions shows — after an initial decrease with the cathode
shutdown — an increasing trend during the off-time. Contrary, the
number of atomic O ions continuously decrease in the afterglow
regime. This seems plausible considering that atomic O" ions can be
generated from formed oxides at the target surface, but molecular O3
ions can be formed from the gas further away from the target and also
the constant presence of O3 can be explained by the recombination of
O". Based on these data, a bias pulse [25,38] with an on-time syn-
chronized between 400 and 900 ps after the target pulse may be utilized
to especially attract 3203 ions and Al* ions supported by a high fraction
of Ar' ions to facilitate the growth of an Al-oxide thin films. This time
frame supposes that the relatively short and intense Ar" input compared
to longer off-sets (see 500 Hz, ton, = 75 ps, toff = 1925 ps) support the
3204 ions and Al" ions stream and lead to a densification of the micro-
structure. Accordingly, the chemistry of the coating is basically influ-
enced by %204 ions and Al* ions. On the other hand, during the pulse on-
time of the cathode pulse (see Fig. 5b), the ions Ar™, 03, 0", and Al* can
hardly be attracted individually by a synchronized bias potential due to
a lack of distinct temporal separation between the ion flux maxima. Here
again, the very similar TOF behavior of O and Al" (both distributions
revealing a simultaneous peak at the end of the on-time, t ~ 75 ps)
suggests that both species originate at or near the target surface and are
transported in a similar way towards the detection orifice, i.e. the sub-
strate surface. Molecular OF ions obtain a peak influx almost in the
center of the on-time (t ~ 40 ps). Hence, to support the attraction of O
ions, a synchronized bias pulse should have an on-time between 60 and
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Fig. 6. Target voltage evolution as function of the oxygen gas flow for an
Alp oWy o2-target operated by HiPIMS with (a) f = 1000 Hz and (b) f = 500 Hz
within the deposition system used to prepare the coatings. Both graphs display
the typical hysteresis behavior observed during poisoning of a target surface.

100 ps after the target-pulse. Contrary a bias pulse with an off-time
between 60 and 100 ps, will specifically support O3 ion attraction.

Based on these findings we prepared coatings using a large lab-
sized deposition chamber with f = 500 Hz (t,, = 75 ps, duty cycle
= 3.75%) at oxygen partial pressures of 0.14, 0.095 and 0.04 Pa from
the Alg.9sWo.o2 target. The oxygen partial pressures applied corre-
spond to the three selected target poisoning states T® mode, transition
mode, and PT mode, respectively (see definition in Fig. 3a), and are
adjusted to the hysteresis curve recorded for this deposition chamber
and discharge settings (see Fig. 6).

A\ 40Ar+ O 184w+

(b)

ton= 75us
L]

log intensity [arb. units]

Time [ps]

Fig. 5. (a) Time-of-flight ion mass spectroscopy measurements during operation of an Aly 9gWy o2 target at f = 1000 Hz (t,, = 75 ps, duty cycle = 3.75%) and an O,
partial pressure of 0.1 Pa. (b) Detailed view of the cathode operating time (indicated by a grey background) as well as the initial timeframe after the cathode
shutdown. Additionally, the maxima of all individual ion fluxes recorded are indicated with respect to the pulse ignition at t = 0 ps.
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«T’mode»  «transition mode»

Substrate
t.  =10-20ps

Three additional coatings were prepared with f = 1000 Hz (t,, = 75
ps, duty cycle = 7.5%) at oxygen partial pressures of 0.24, 0.15 and 0.06
Pa, where the Aly 9gWy o2 target again was operated in the TP, T, and PT
mode, respectively, corresponding to the hysteresis curve shown in
Fig. 6a. Both hysteresis curves show in principle an identical poisoning
behavior as observed for those recorded in the system used for plasma
diagnostics (Fig. 2). The higher oxygen flow is mainly necessary to
accommodate for the larger cathode size (6 in.) and system volume.
Nevertheless, the narrowing trend of the hysteresis curves with reduced
duty cycles is comparable with the curves shown in Fig. 2. However, the
previously observed increase in the target voltage for lower values of the
duty cycle at a constant power of 1 kW/cm? was not measured. These six
coatings were prepared using Upjqs = —50 V DC. In addition, coatings
were prepared with f = 1000 Hz (t,, = 75 ps, duty cycle = 7.5%) and poz
= 0.15 Pa (transition mode) by synchronizing the bias potential to three
different timeframes with respect to the cathode signal. Therefore, the
on-time of the bias pulse was synchronized to 10-20 ps, 0-40 ps, and
400-900 ps after the cathode pulse ignition.

A duty cycle of 7.5% (f = 1000 Hz) leads to coatings with a growth
morphology suggesting for a significant fraction of a metallic phase,
which agrees with the metallic cross-sectional appearance and further
XRD studies conducted (not shown in this work). This type of coating is
obtained irrespective of all three oxygen partial pressures used and thus
also the target operation modes TP, T, and PT (see SEM fracture cross-
sections of single side-coated Si substrates in Figs. 7a, b, and c, respec-
tively). Fig. 7d, e, and f include the SEM fracture cross-sections of the

«PT mode»

Surface & Coatings Technology 422 (2021) 127467

Fig. 7. Cross-sectional SEM images of coatings (on
silicon substrates) prepared from an AlpgogWo 02
target in Ar/O, atmosphere operated at a frequency
of (a-c) 1000 Hz and (d-f) 500 Hz in PT, transition,
and T® mode, respectively. The individual oxygen
partial pressure to each coating is given below the
corresponding image. All coatings presented in (a-f)
were prepared using a constant bias potential of -50
V. Fracture cross-sections of coatings prepared with f
= 1000 Hz, po2 = 0.15 Pa and a bias potential syn-
chronized to specific timeframes after the cathode
pulse ignition are given in (g), (h), and (i), with the
bias potential active between t = 10-20 ps, t = 0-40
ps, and t = 400-900 ps of the 1000 ps long pulse
duration, respectively.

N
k=
]
2
=)
F

sync. bias
1000 Hz

400-900pus

coatings prepared with f = 500 Hz. Especially the coating prepared with
Poz = 0.14 Pa reveals a very dense and featureless growth morphology.
Moreover, since here the target operates in the T® mode, this is also the
thickest coating of this series. The growth morphology of the other two
coatings (po2 = 0.095 and 0.04 Pa) again suggests for the presence of a
metallic phase — as could be proven by XRD (not shown in this work) —
despite operating the target in the transition (see Fig. 7€) or even the PT
(see Fig. 7f) mode. This is because the provided oxygen partial pressure
is too low for a stoichiometric oxide to form on the substrate surface, yet
sufficient to alter the target surface chemistry.

To further study the effect of a synchronized bias potential on the
phase formation and thin film growth, we selected the most promising
sputtering conditions in terms of process stability and oxygen partial
pressure obtained for a continuous bias signal as a reference. Therefore,
we chose a frequency of 1000 Hz and an on-time of 75 ps. This leads to a
coating with the smallest fraction of metallic phase, a fine-grained growth
morphology, and a slightly transparent, grayish appearance using dec-bias
(see Fig. 7b). Thus, synchronizing the bias potential to the promising time
segments, mentioned in Fig. 5 should increase the alumina phase forma-
tion and the overall oxygen content within the coating.

Using the synchronized bias concept drastically increases the quality
of the coatings, represented by their growth morphologies in Fig. 7g, h,
and i. An on-time of the bias pulse between 10 and 20 ps after the
HiPIMS pulse ignition leads to a more dense and columnar growth
morphology (see Fig. 7g). This beneficial aspect on oxide film growth
upon synchronizing the bias to the timeframe could be explained by the
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fact that there should be an overall increased arrival of oxygen ions over
Al ions due to the slight dip of the Al ion counts at t ~ 0 ps (see Fig. 5b).
Furthermore, an on-time of the bias pulse synchronized from 0 to 40 ps
of the cathode pulse initially leads to a completely featureless growth
morphology up to a coating thickness of ~2 pm, after which the
morphology changes and again suggests for a larger fraction of a
metallic phase (see Fig. 7h). The abrupt change in the growth
morphology can be directly related to an erosion of the oxide layer on
the target surface, which is related to a change of the poisoning state -
the transition zone to metallic mode. Therefore, the coating morphology
in Fig. 7h is direct connected to the poisoning state and not induced by
the influence of the synchronized bias pulse. Using a bias pulse syn-
chronized from 400 to 900 ps after the pulse ignition, leads to a
completely featureless growth morphology (see Fig. 5i). Within this last
timeframe, Al*, 3203, and Ar™ ions compose the majority of the ion flux
arriving at the substrate surface. The amorphous morphology of the
coating is basically linked to the pronounced Al* and 3203 ion supply
and not by the high Ar™" fraction. This stays in agreement with Fig. 7e
and 7f even though, the influence of Ar" ions on the microstructure is
significantly higher due to the long off-set (1925 ps) of the 500 Hz
deposition, the coatings are still crystalline and just the high oxygen
partial pressure (see Fig. 7d) lead to a featureless growth. Moreover, the
deposition process was found to be extremely stable throughout the
deposition of a 7 pm thick coating for these deposition conditions.
Synchronized bias offers its ability to enhance the chemical composition
and the morphology of the coating especially in lab scale chambers,
whereas the distance form cathode to substrate holder is more or less
constant. In industrial sized chambers synchronized bias is more chal-
lenging due to the planetary-type of the substrate rotation which causes
in a variation of the substrate to cathode distance and leads in a inho-
mogeneous ion bombardment [39,40].

| ————

(d)1

Fig. 8. (a) Cross-sectional TEM bright field image of the (Alg.9gWp 02)203-based
coating on silicon substrate deposited at f = 500 Hz, to,n = 75 ps and an oxygen
partial pressure of poz = 0.14 Pa. (b) represents a closer view of the interface
near region shown in (a). SAED patterns (1) and (2) of the marked sample re-
gions show an almost amorphous coating on a crystalline, Al enriched interface
region. (c) Shows a cross-sectional dark field TEM image of the sample region
shown in (a) and (b). (d) Shows a higher magnification of the amorphous-like
coating in inset (d) and marks the region used for a further (3) HR-TEM
inset, showing an Al;O3 grain surrounded by an amorphous matrix.
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To investigate the metallic phase content in the coatings, previously
observed in SEM fracture-cross sections as well as in complementary
XRD studies, in more detail, TEM microanalysis was performed on the
coating prepared with f = 500 Hz (t,, = 75 ps, duty cycle = 3.75%) and
an oxygen partial pressure of ppz = 0.14 Pa (see corresponding fracture
cross-section in Fig. 7d).

The cross-sectional bright-field TEM image presented in Fig. 8a
shows the almost amorphous growth of the coating [41], additionally
underlined by the SAED inset (1), as well as the predominantly crys-
talline region close to the interface to the Si substrate. The latter is
presented in Fig. 8b at higher magnification, with the corresponding
SAED (see inset (2)) now covering the entire interface region, showing a
clearly crystalline Al structure (Fm3m, ZA [1, 1, 2], FN [1, 1, 2]),
indicated by distinct diffraction spots. Furthermore, smaller crystalline
parts surrounded by an amorphous matrix can also be recognized further
away from this interface within the “bulk” part of the coating, especially
visible in the dark-field TEM micrograph presented in Fig. 8c. At even
higher magnification of the dark-field TEM image around inset (d)
shown in Fig. 8d, the nano-crystalline structure becomes even more
clear through the speckled appearance, indicating the nano-sized elec-
tron-diffracting (i.e. crystalline) regions. The additional HR-TEM
acquisition of the small region marked with (3) further underlines the
presence of these small crystallites, see inset (3) in Fig. 8d. Comple-
mentary Fast Fourier Transformation of the high-resolution image (not
shown) suggests that the small, ~5 nm wide nanocrystals are comprised
of the y-Al;03 phase. Detailed chemical investigations by STEM-EDS
mapping (Fig. 9a to c¢) show a higher Al and W content located in the
interface-near region to the substrate followed by a rather uniform
elemental distribution. This suggests that the crystallites at the interface
are basically Al enriched regions surrounded by Al;03, which is in good
agreement with previous studies by Barna et al. [42]. Crystalline Al has
essentially no solubility for O, hence only Al;O3 based phases can be
formed [43]. The SEM-EDS line scan across the entire coating thickness,
Fig. 9d, clearly shows the Al-rich interface-near region and the chemi-
cally homogeneous subsequent part of the coating.

Oxygen Aluminum -

Concentration [at.%]
interface

0.0 25 5.0 75 10.0 12,5

Distance [um]

Fig. 9. STEM-EDS mapping for (a) aluminum, (b) oxygen, and (c) tungsten of
the cross section on the coating prepared from an AlyggWy o2 target with f =
500 Hz and poy = 0.14 Pa. The corresponding SEM fracture cross-section is
given in Fig. 7d. (d) SEM-EDS - line scan of the sample shown in (a-c) from over
the entire cross-sectional area. The Al rich region near the silicon substrate
interface is clearly detectable.
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4. Conclusion

The process stability and oxygen content taking part at the deposi-
tion process can be increased by alloying a specific amount of tungsten
(2 at.%) inside the target. Dependent on the mode of operation and the
target power density (HiPIMS or DCMS) the oxygen partial pressure can
be increased to more than 200% compared with a pure aluminum target
(purity 99.8%). Varying the frequency leads to a decrease of the hys-
teresis width and to an increase of average voltage. Furthermore, a shift
of the hysteresis curve of the tungsten containing coatings to higher
oxygen partial pressures can be detected, compared to pure aluminum
targets. This can be explained once by higher peak power density, using
lower frequencies. A further reason is the sputter yield amplification
utilized by doping the targets with tungsten. A third cause is the return
of the metal ions on the target surface, which leads to an abrasion of the
insulating ceramic layer on the target surface. Thus, tungsten retards
target poisoning and allows the usage of higher oxygen partial pressures.
The enlarging of the transition zone influences positive especially DCMs
coatings due to the increased oxygen partial pressure while a constant
target abrasion takes place. HiPIMS coatings reacts more sensitive on the
change of the target state. This points out in the metallic coating growth
in the interface near region followed by amorphous/ceramic deposition
conditions. A hysteresis free deposition process couldn't be achieved in
this study. Detailed plasma analyses of the metallic, transition and
poisoned mode for different duty cycles using ion mass spectroscopy
shows the lowest amount of O and OF in the metallic near region
(highest oxygen partial pressure). It turns out that the oxygen of the
target surface oxide in poisoned mode as well as in the transition mode is
easier to ionize compared to oxygen gas. Especially in poisoned mode
the ionization of O®" increases significantly. Biasing the substrate
holder allows the attraction of a similar amount of oxygen and
aluminum ions and can force a stoichiometric Al,O3 ratio. More detailed
information of the ionization states was gained by time of flight ion mass
spectroscopy. Based on this measurement three promising time ranges
with a higher amount of ionized oxygen compared to aluminum ions are
available. Particularly the afterglow (“off-time™) between 400 and 900
ps offers a promising amount of 3203 and 2’Al*. The presence of low
amount of aluminum neutrals doesn't influence the amorphous
(Alp.9gWo.02)2+503+5 coating growth. SEM investigations shows that the
ionization rate of reactive gases, using f = 1000 Hz, is too low for a
stoichiometric Al;O3, the presence of metallic species dominates.
Decreasing the frequency to 500 Hz leads to an almost amorphous
(Alp.98Wo.02)2+5 Os+5 deposition in the “transition to poisoned mode”,
formed from the highest oxygen partial pressure and not form the oxy-
gen provided by the target surface oxide. Detailed TEM-investigations
exposes a metallic growth at the interface and a morphologically
change of the coating properties from metallic to amorphous oxide
deposition. HR-TEM points out that small (averaged grain size of 5 nm)
y-AlyO3 grains are embedded in the amorphous matrix. STEM and SEM
EDS investigations reveals an under stoichiometric aluminum to oxygen
ratio. Overall tungsten alloyed aluminum targets retard poisoning ef-
fects this benefits especially DCMS processes due to the constant target
abrasion and is more complex for HiPIMS (abrupt changes in the coating
morphology). To increase oxygen content the usage of synchronized bias
in HiPIMS processes combined with micro alloyed targets can be one of
the key technologies and may offer the change from amorphous to fully
crystalline y(a?)-AlyO3 coatings.
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