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Al,03 films are often used in electronic and other devices for surface protection due to their excellent insulating
and mechanical properties, but these properties depend on the film density. Conventional magnetron sputtering
used industrially to deposit Al;O3 films faces challenges in density regulation, and many Al,O3 coatings have
poor densities. Herein, negative kV biases are applied to the substrate in high-power impulse magnetron sput-
tering (HiPIMS) to produce the desirable high-energy ions to densify the Al;O3 films. Our results indicate that the

high pulsed bias also mitigates arcing during the deposition of insulating alumina films. By increasing the pulsed
voltage, the film density increases, resulting in higher optical transparency, better insulating and mechanical
properties, as well as superior corrosion resistance.

1. Introduction

Aluminum oxide (Al20s3) films having excellent optical transparency,
insulating and mechanical properties, as well as corrosion resistance are
widely used in electronic devices and displays for surface protection
[1-7]. However, the properties and performance of Al;O3 are intricately
related to the crystalline structure and film density. Vapor deposition
techniques typically yield amorphous Al;O3 [8-10]. Therefore, their
density is of vital importance.

Among the common vapor deposition techniques, magnetron sput-
tering is generally the preferred industrial method to deposit Al,Oj3 films
due to the controllability, film uniformity, process stability, and high
yield [11-13]. In conventional magnetron sputtering, the density of
AlyOs3 films is mainly regulated by the deposition temperature and
particle energy [13-16]. Cloud et al. have elevated the deposition
temperature to 480 °C to improve the particle mobility and subse-
quently, the film density [17]. However, the deposition temperature
during magnetron sputtering typically needs to be controlled to be
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below 400 °C to prevent vacuum sealing issues and malfunction of most
functional devices. Moreover, the density of aluminum oxide exhibits
minimal variation below 400 °C [18]. The particle energy is the other
important parameter in magnetron sputtering. By decreasing the
working pressure and target-to-substrate distance, gas-phase collisions
can be reduced to increase the particle impact energy [19,20]. However,
the intrinsic energy of these particles typically remains below 10 eV,
which limits the impact on film densification. Researchers have also
sought to enhance the ion ratio and energy by regulating the discharge
in order to increase the energy of the deposited particles [21-24]. E.
Wallin have utilized high-power impulse magnetron sputtering
(HiPIMS) to increase both the ionization rate and energy in the depo-
sition of aluminum oxide and discovered that oxide densification in-
creases with the particle energy [22]. In addition, a high bias voltage
further enhances the energy providing another means to tailor the film
density. Nonetheless, owing to the insulating nature of aluminum oxide,
a high bias leads to the accumulation of electrical charges on the sample
surface, which in turn triggers severe arcing leading to film damage.
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Fig. 1. The schematic picture of the film depositing equipment.

Fig. 2. The discharge waveform of (a) HiPIMS (b) medium-frequency.

Herein, in order to increase the particle energy and ionization rate
while suppressing arcing, kV pulsed biasing is adopted in the deposition
of Al,O3 films by high-power impulse magnetron sputtering (HiPIMS).
In this technique, high density Al and O ions with energies on the order
of thousands of eV are generated. The effects of biases are studied by
systematically analyzing the structure and properties of the deposited
Al,O3 films. Our results reveal that kV pulsed biasing improves the film
density, optical transparency, insulating and tribological properties, as
well as corrosion resistance.

2. Experimental details

The substrates were 304 stainless steel pieces (30 x 30 x 1 mm3) and
sodium-calcium glass slides (20 x 20 x 1 mm?). The substrates were
ultrasonically cleaned in anhydrous ethanol for 20 min and dried with
compressed air. Before deposition, the vacuum chamber was pumped to
a base pressure of 3 x 107 Pa, and heated to 300 °C to exclude the

residual gas contamination. After heating and degassing, the chamber
was cooled down to 30 °C, and no additional heating was adopted
during film deposition. The schematic of film depositing equipment is
shown in Fig. 1.

An aluminum target (99.99 % pure, 390 mm x 160 mm) was used in
the vacuum to which a mixture of argon and oxygen was bled for
deposition. One ion source((ISP-20S, China Nuclear Tongchuang
(Chengdu) Technology Co., Ltd.)) was utilized during substrate cleaning
and film deposition processes to generate argon plasma and enhance
oxygen ionization. The ion source was working at a power of 300 W.
During film deposition, the discharge of aluminum target was triggered
at a pressure of 0.5 Pa using argon and oxygen flow rates of 50 sccm and
40 sccm, respectively. Purity of argon and oxygen used for discharging
was 99.99 %. The substrate was positioned 40 cm from the target.
HiPIMS was carried out with frequency of 50 Hz and pulse width of 300
ps. To enhance the discharge stability, a medium-frequency was super-
imposed to the HiPIMS pulse. The medium-frequency utilized a
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Fig. 3. The plasma emission spectrum near the substrate.

frequency of 25 kHz and pulse width of 20 ps. HiPIMS and medium-
frequency waveforms were supplied by MELEC GMBH. Typical wave
shape of the HiPIMS and medium-frequency discharge pulse waveforms
were shown in Fig. 2. The power settings of HiPIMS and medium-
frequency discharge were 2700 W and 400 W, respectively. During
deposition, oxygen was introduced from ion source with a power of 3
kW to enhance the ionization of oxygen in the chamber and to improve
the ability to form compounds. The ion energy and ion intensity were
regulated by the pulsed bias. The pulsed bias (PPS-5000, Plasma technol
Technology, Hong Kong) frequency was 500 Hz, and the pulse width was
20 ps. In the experiments, different pulsed voltages of 0 V, —1 kV, —2kV,
and —3 kV were adopted to produce the corresponding samples
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designated as B-0, B-1000, B-2000, and B-3000, respectively. The
deposition time was 1 hour.

The surface and cross-sectional morphology of alumina films were
characterized by ZEISS SUPRA 55 field emission scanning electron mi-
croscope. Oxford X-Max energy spectrometer was utilized to estimate
the composition of films. The optical transmittance of the films was
determined on the UV-2450 UV-visible spectrophotometer. The
refractive index was obtained at the wavelength 550 nm by M-2000VI
ellipsometer. According to the Lorentz-Lorenz equation, the density of
alumina films was calculated [21,22]. The surface roughness of the films
deposited on glass slides were measured by Bruker Dimension lcon
atomic force microscope (AFM). The characterization range of AFM was
5 pm x 5 pm. Unidirectional ball-on-disk tests were operated on glass
substrate samples for 2000 cycles using a 4 mm-diameter SigN4 ball as
counterpart and 2 N normal force was applied to the friction pairs. The
diameter of wear tracks was 10 mm. The morphology of wear tracks was
measured by the DEKTAK XT stylus profilometer to calculate the wear
rate. The scanned length of profilometer was set to 1000 pm. The surface
morphology of the wear track was also examined under a VK-X200 3D
laser confocal microscope. Before testing the morphology of the wear
tracks, samples are sonicated in anhydrous ethanol for one minute to
remove debris. The hardness of the films was evaluated by a
micro-hardness tester (Fischerscope-HM2000) using a maximum load of
10 mN.

3. Results and discussion

To investigate the composition of the plasma near the substrate, the
plasma spectrum in proximity to the substrate was characterized by
spectrometer, as depicted in Fig. 3. The spectrum primarily comprises Ar
I (458.0 nm and 480.5 nm), Ar II (309.0 nm, 384.0 nm, 394.5 nm and
480.5 nm), Al I (308 nm), Al II (358.5 nm, 394.5 nm and 396 nm), O I
(437.0 nm), O II (426.0 nm and 434.5 nm), and O III (390.0 nm, 465.5

Fig. 4. Surface morphology of different samples.
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Fig. 5. Cross-sectional morphology of different samples.

nm and 466.0 nm) in HiPIMS discharge. Notably, the peak intensities of
ionized species (Al II, O II, and O III) are much higher than those of
atomic species (Ar I, O I, Al I) as a result of the high intensity HiPIMS
discharge. The highly ionized O and Al ions can be affected by the
negative pulse bias voltage, thereby regulating their energy and conse-
quently impacting the quality of the films.

The surface morphology in Fig. 4 does not show obvious pores or
defects in all the samples. The clusters in the films prepared without a
bias are uneven in size, with some clusters reaching a size of several
hundred nanometers. The connections among large and small clusters
are loose, indicating a small film density. With increasing biases, the
cluster size decreases, and the gaps between them narrow progressively,
suggesting that the film density increases. In the absence of a bias, ions
generated from the target reach the substrate with low energy, resulting
in a loosely stacked film. However, when a negative substrate bias is
applied, ions bombard the substrate with a higher energy producing
more etching effects [25]. The gaps between clusters are compacted by
ion bombardment, while the loose structures are etched leaving denser
areas and giving rise to a larger film density. As importantly, even at a
high pulsed bias, no arcing is observed inside the vacuum chamber, thus
producing fewer defects in the coatings.

According to the cross-sections of the films (Fig. 5), the thicknesses of
B-0, B-1000, B-2000, and B-3000 are 3.14 pm, 3.22 pm, 3.17 pm, and
2.97 pm, respectively. The bias voltage attracts ions and potentially
increases the deposition rate. However, if the voltage is excessively high,
ion etching and larger density can reduce the film thickness. Conse-
quently, with increasing biases, the film thickness rises initially but
declines subsequently. B-O exhibits the typical columnar morphology
with significant undulations in the cross-section. Its poor film density
correlates with the uneven cluster size. However, when a pulsed bias is
applied, the size of the columnar structure decreases (B-1000 and B-
2000), and the individual structure becomes less distinct. The columnar
structure cannot be observed from B-3000 and the film density

increases.

Fig. 6 shows the AFM images (5 pm x 5pm) of alumina films
deposited on glass slides. It can be seen that the cluster size gradually
decreases with the increase of bias, which is consistent with the results
observed by SEM. The calculated roughness was presented in Fig. 7.
With higher substrate bias being applied, the average roughness (Ra) of
alumina films decreased from 2.29 nm to 1.71 nm, and root-mean-
square roughness (Rq) decreased from 2.86 nm to 2.17 nm (as shown
in Fig. 7). The bias could improve ion energy resulting in ion
bombardment and increased atom mobility on the surface, filling the
gaps between clusters. Thus, higher surface flatness of alumina films was
achieved when higher substrate bias was applied.

The composition of the films determined by EDS is shown in Fig. 8.
Without a bias, the Al/O ratio is 0.69, which is slightly larger than the
stoichiometric ratio of Al,Os, suggesting oxygen deficiency and the
presence of oxygen vacancies. When a pulsed bias is applied, oxygen
ions are attracted to the substrate with higher energy for better film
formation. Consequently, the oxygen content increases. At a bias of —1
kV, the oxygen content drops below the Al,O3 stoichiometric ratio and
stabilizes despite further increasing the bias.

The optical properties of the aluminum oxide films prepared at
various biases and the calculated films density are presented in Fig. 9.
The average transmittance across the visible light spectrum (390 nm-
780 nm) shows an increasing trend with biases, changing from 92.6 %
for B-0 to 95.5 % for B-3000. The average transmittance stabilizes after a
bias voltage of —2 kV. The higher film density reduces light absorption
by internal voids and scattering by surface clusters, consequently
increasing transmittance. The refractive indexes at 550 nm rise from
1.56 to 1.60. The refractive index of Al;Og films varies in a relatively
broad range from 1.50 to 1.80 in the previous articles [21,26-30]. It is
higher at higher deposition power, higher depositing temperature and
higher oxygen partial pressure [21,26-30]. The higher deposition power
and temperature may befit the crystallization, thereby increasing the
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Fig. 6. AFM images of alumina films (image dimensions are 5 pm x 5 pm).

Fig. 7. Surface roughness of different samples.

refractive index [21,27,28]. Higher oxygen partial pressure may affect
the film composition and result in different refractive index [28-30]. In
this work, the O content increases with the rising bias, and the refractive
index also increase from 1.56 to 1.60. Although it is not high for Al,O3

Fig. 8. Al/O ratios for different biases.

film, it is higher than those reported for HiPIMS method (lower than
1.60) at similar depositing temperature [26]. Higher refractive index
always generates from increased film density from 2.91 g/m° to 3.08
g/m? shown in Fig. 9.
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Fig. 9. Optical properties and density of Al,O3 films: (a) transmittance (b) average transmittance across the visible light spectrum (390 nm-780 nm) (c) refractive
indexes (d) film densities calculated from refractive indexes.

Fig. 10. Insulating properties of Al,O3 films: breakdown voltage and surface resistance.
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Fig. 11. Mechanical properties of Al,O3 films.

Fig. 12. Wear rates and average friction coefficient of glass substrate and alumina films (i1) image of glass wear track (i2) image of B-2000 wear track.

The electrical properties of the films are shown in Fig. 10. With a bias
voltage, the insulating strength of B-0 is only 60 V/pm. This is mainly
because the oxygen content is below the stoichiometric ratio. Oxygen
vacancies increase the amount of charge carriers and render the film

more electrically conductive. By applying pulsed biases, the oxygen
concentration increases reaching and exceeding the stoichiometric value
eventually, consequently reducing the number of charge carriers and
making the films more insulating. Moreover, with increasing pulsed

Fig. 13. Corrosion resistance of different samples: (a) Tafel curves and (b) Corrosion potentials and voltages.
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biases, the film density also improves, gradually elevating the dielectric
strength to 117 V/um and increasing the surface resistance to 101002
Q/sq.

The mechanical properties of the Al;O3 films are determined by
nanoindentation, and the load-displacement curves are presented in
Fig. 11. With increasing pulsed biases, the maximum indentation depth
decreases gradually from 0.235 pm to 0.177 pm reflecting increasing
hardness. The hardness and elastic moduli calculated from the load-
displacement curves are presented in Fig. 11. Without a bias voltage,
the hardness of the B-0 Al;O3 film deposited via HiPIMS is only 6.6 GPa.
On the other hand, by applying a bias, the Al;O3 films become denser
and have enhanced resistance against deformation, leading to a gradual
increase in hardness to 8.7 GPa, 10.2 GPa, and 10.4 GPa. Correspond-
ingly, the elastic moduli increase to 133.5 GPa, 142.4 GPa, 159.7 GPa,
and 162.4 GPa. The hardness of Al,O3 film is mainly related to its
crystallinity. Crystalized Al;Os films typically show high hardness over
20 GPa [31]. The hardness of amorphous Al;O3 films was mainly
affected by film density. The ion bombardment increases film density
from 2.91 g/m°® to 3.08 g/m®, therefore resulting in higher hardness
compared with amorphous Al,Oj3 films in the previous articles (between
7.0~9.0 GPa) [18,32,33].

Ball-on-disk tribological tests are conducted on glass substrate sam-
ples and the results are shown in Fig. 12. The brittleness of sodium
calcium glass caused crack and severe wear when rubbing with Si3Ny
ceramic ball. According to the optical images of wear tracks, it can be
seen that the alumina films exhibit better toughness and wear resistance
compared to the glass substrate. The wear rate of the glass substrate is
4.60 x 10° mm>/Nem. The average friction coefficient of alumina films
shows a slightly decreasing trend, which may be attributed to decreasing
surface roughness with bias. The wear rate declines drastically espe-
cially for the —2000 V sample reaching 5.33 x 10”7 mm>/Nem which is
relatively low compared with the previous reported data (ranging from
1.4 x10°to5 x 107 rnm3/N-m) [34-36]. The low wear rate may be
attributed to the dense amorphous structure avoiding the abrasive wear.

To investigate the corrosion resistance of the AlyOs films, Tafel
curves are acquired from the films deposited on stainless steel. As shown
in Fig. 13(a), with increasing biases, the polarization curves shift grad-
ually toward positive potentials indicative of higher corrosion poten-
tials. Based on the polarization curves, the corrosion potentials and
corrosion currents are derived. Fig. 13(b) shows that the corrosion po-
tentials increase gradually from —0.82 V of the substrate to —0.39 V,
while the corrosion current diminishes to approximately 107-%, The
higher corrosion potential and lower corrosion current confirm better
corrosion resistance [37], which is attributed to the higher film density.

4. Conclusion

This study addresses the challenges of controlling the ion energy and
film properties encountered during the preparation of AlyO3 films by
magnetron sputtering. By using kV pulsed bias, the properties of the
Al,O3 films can be controlled. The pulsed bias enhances the film density
and increases the oxygen content in the films. Owing to the dense
structure and fully oxidized aluminum atoms, excellent transmittance
(95.5 %) and insulating properties are achieved. Moreover, raising the
bias voltage increases the film hardness from 6.6 GPa to 10.4 GPa in
addition to better wear resistance and corrosion resistance. The results
reveal a strategy to produce high-quality films with controlled
properties.
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