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Abstract

The effects of composition and thickness on
the optical properties and hardness of Al-Si-N
films deposited by RF magnetron sputtering
Rita Maria Carmen Galvez
Department of Materials Science and Engineering
The Graduate School
Seoul National University
Electronic devices with displays such as cellular phones, smart
watches and navigational devices are some of the most widely used
everyday items. These devices experience much wear and tear due to daily
use. Since the display is an important part of these devices, it is necessary
to find ways to improve its overall performance to increase its lifetime. One
such way is to apply hard coatings on the surface of the displays.
Hard coatings, which are coatings that have high hardness and good
wear resistance, have been used to protect different items such as tooling
devices and mechanical parts like engines. Although widely used in various
industries, only a few materials have been applied to optical devices such as
displays since most of the hard coating materials are not transparent in the
visible range. Most optical hard coatings applied in glass currently are those

with hardness up to ~12 GPa. It is important to find other possible materials
that can provide higher hardness and high optical transparency at low
thicknesses. Al-Si-N has been a material of interest due to its good properties.
Al-Si-N has been found to have high values of hardness while maintaining a
high degree of transparency in the visible range. The nanocomposite
structure of the film provides enhance hardness values.
In this study, the effect of composition and thickness of Al-Si-N films
deposited by RF reactive magnetron sputtering on Gorilla Glass (which is
currently used in smart phones) on the optical transparency and hardness
were studied. The effect of films with four different compositions were
determined, and it was found that as the silicon content was increased, the
hardness of the films was decreased. This can be due to the differences of
the microstructures of the films with different silicon contents. The highest
hardness obtained from the films with lowest silicon content can be attributed
to the nanocomposite structure of the film.
Films with ~0.6 μm, ~0.8 μm, and ~1 μm thicknesses were also
deposited to determine the effects of thickness. All films were found to have
similar silicon contents of ~15 at %, which is within the typical range of silicon
content for nanocomposite structures. SEM results show the grainy
morphology of the surfaces with grain sizes smaller than 100 nm while XRD
results show the presence of AlN crystalline phase in the film. These results
show the nanocomposite structure of the film, and the enhanced hardness
can be attributed to this structure.

All films were also found to have similar hardness and optical
transmittance levels. Even at a thickness of ~0.6 μm, the films retain their
high hardness values around 22 GPa and have a measured transmittance
up to ~90%, which is similar to that of Gorilla Glass substrate. This shows
that Al-Si-N films as thin as ~0.6 μm can be used as a hard coating with
hardness up to 22 GPa on Gorilla Glass which is widely used as the cover
glass of the smart phones used today.

Keywords: Al-Si-N, hard coatings, Gorilla Glass, hardness, optical
properties, transparency, sputtering
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1. Introduction

Electronic devices which has displays such as cellular phones, smart
watches and navigational devices are some of the most important and used
items in the world. These devices undergo much wear and tear due to its
everyday use. The displays or screens of the devices is one of the most used,
if not the most used, part of these devices.
According to a survey conducted by the Allstate subsidiary
SquareTrade in 2018, roughly 5,761 phone screens are broken every hour
in the US alone. Two out of three Americans reported damaging their phones
within one year before the survey wherein 29% reported cracked screens
and 27% reported scratched screens. These broken phone screens cost
these consumers more than $3.4 billion in repairs and replacements per year
in the US. [1, 2] It is necessary to find ways in order to reduce the occurrence
of broken devices due to its importance in everyday life.
As the displays of the devices are some of the most used yet at the
same time, most damaged part, it is necessary to improve the mechanical
properties or protect the display to increase the lifetime of the devices and
to improve its overall performance.
Also, the screen to body ratio of these devices, particularly cell
phones, have steadily been increasing. Other parts such as finger print
sensors and speakers have been incorporated with the displays in order to
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accommodate larger displays. [3] With this, protecting the screens also
means protecting other important parts of the devices.
One method that is currently being studied is the use of hard coatings
or films to protect the displays of the devices. These coatings are used to
prevent cracks and scratches from forming on the displays. Hard coatings
are coatings with high hardness that are widely used in different industries to
improve product performance, lifetime, and overall manufacturing and
reduce maintenance costs. [4] They are applied to tooling devices such as
drill bits to improve wear resistance, automotive engines to increase gas
mileage by reducing wear and consequently friction that can be detrimental
to gas consumption. [5]
Since these coatings would be used for the displays, these coatings
should have high hardness and be highly transparent at the same time. Most
available hard coatings used in the market today are not transparent in the
visible range. Most of the commonly used hard coatings such as transition
metals like nitrides or carbides are mostly opaque in nature when they are
thicker than ~50 nm. This is due to their unsaturated valence band electrons.
[6] Thus other materials that have the required transparency should be
investigated.
Silicon dioxide, silicon nitride, and aluminum oxides are some of the
materials currently used as hard coatings for optical devices. These are also
being used for display applications. [7-15] Since the hardness values of these
materials are only up to 12 GPa, and these films may also need to be
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processed at temperatures that can be detrimental to the cover glass of the
display, there is a need to determine whether other materials that can be
deposited at lower temperatures can provide a high hardness value while still
maintaining high transparency. The possibility of depositing films maintaining
high hardness and high transparency at low thicknesses (≤ 1 µm) should
also be investigated.
Al-Si-N have been of great interest for optical applications because it
is known to have high hardness and high optical transparency. It has been
reported that films of 1-10 µm thicknesses have hardness values up to 30
GPa while having transparencies above 70%. [6, 16-26] Although Al-Si-N
has been studied and deposited on quartz for applications such as spacecraft
windows, studies on electronic device displays, particularly on Gorilla Glass
has not yet been explored.
In this study, the feasibility of applying Al-Si-N hard coatings of
thickness of ~0.6 μm to ~1 μm through RF reactive sputtering and the effects
of composition and thickness on the hardness and transparency are explored.
The power and substrate temperature used during sputtering and the silicon
content of the films were optimized to grow films with high transmittance and
high hardness. Results show that it is possible to deposit Al-Si-N films as thin
as ~0.6 μm that have transparencies of up to ~90% and hardness of up to
22 GPa. Films with thicknesses ranging from ~0.6 μm to ~1 μm have similar
hardness and transmittance levels. The resulting hardness and transparency
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at this small thickness shows that, with further research, Al-Si-N can be
applied as a hard coating for electronic device displays.
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2. Background

2.1 Hard coatings

Hard coatings are widely used to protect tools and equipment such
as tooling bits in different industries. These tools are used under harsh
working environments which can include different chemicals, very high
temperatures, high contact pressures and high cutting speeds. Hard coatings
are applied to protect tools from wear and tear and increase its lifetime and
performance. [5]
The term “hard coatings” can be used generally to comprise all
coatings that provides a required protection or resistance to a certain
environment or factors such as optically hard, radiation hard, and electrically
hard coatings. But traditionally, the term is used to refer to coatings with high
hardness in the mechanical sense. [27]
Hard coatings can be deposited through chemical vapour deposition
(CVD) or physical vapor deposition (PVD) techniques which includes
magnetron sputtering and arc evaporation. [5, 28]
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2.1.1 Hard coatings on electronic devices

Transparent hard coatings are currently being used on displays of
some electronic devices. These hard coatings are used to protect the cover
glass, which is usually the other most layer of the displays. The application
of the hard coatings improves upon the hardness of the cover glass. For
which has values of around 6-7 GPa. [29]
These coatings should not only have higher hardness than that of
glass, but also maintain the transparency of the display. Current hard
coatings used includes aluminium oxide, silicon dioxide, silicon nitrides, and
other polymeric materials such as acrylates.
Aluminum oxide is currently being used by Apple on their iPhone and
Mac devices. [13] It involves laser annealing deposited amorphous Al2O3 to
create a hard film. The current reported hardness of Al2O3 films is up to 12
GPa and they are deposited with thicknesses up to 2 μm. Transmittance
levels for these films have been reported to be around 80%. [11, 14]
Silicon dioxide coatings are also being used on cover glass. When
applied during manufacturing, they are usually used for anti-reflection
purposes but studies have also shown that it also improves the hardness of
glass of values up to 9 GPa. Usual thicknesses applied on glass are around
2 μm and transmittance levels can be higher than 90%. [7, 9, 10, 12]
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Polymeric materials are also used as hard coatings, particularly when
devices use polymeric substrates on their displays. These polymeric
materials include acrylates which are cured on top of the substrates to form
coatings to protect the displays. These coatings have reported hardness of
~4H using pencil tests. These films are of 5-250 μm thicknesses and have
reported transmittance levels of around 80% in the visible range.[8, 15]
Even with hardness values of up to 12 GPa, there are still many
reported cases of scratched and cracked screens. [1, 2] It is necessary to
find other materials that can possess higher hardness but maintain or even
improve upon current transparency levels of the applied hard coatings.
In addition, applying these films would possibly need temperatures of
up to 1000oC during application or post-treatments which could damage the
cover glass. Gorilla Glass has a strain point of 571oC, the temperature in
which the properties of the glass start to change. [29] Thus it is not just
necessary to find a new material that could have high hardness and
transparency levels but it is also important that this material is possible to be
deposited in lower temperatures.
It would also be beneficial if thinner films or coatings are used to
reduce production time and to limit the amount of materials needed to be
consumed.
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2.2 Nanocomposite Hard coatings

Nanocomposite films have many possible applications such as
oxidation resistant, antibacterial, hard coatings, temperature stable, etc.
They have gathered great interest due to the possibilities of enhanced
physical and chemical properties such as high hardness, high optical
transparency, and high corrosion resistance. [19, 22]
These nanocomposite films usually are made out of at least two
phases, at least one nanocrystalline phase and an amorphous phase. The
phases should also be refractory for the produced nanostructure to be stable.
[19]
Particularly, nanocomposite films have been studied due to the
possibility of high hardness. [5, 28] These films have shown great wear
resistance in laboratories. [28] In these hard nanocomposite films, the
nanocrystalline phase is surrounded by another phase, which results in films
with higher hardness. [20] The basic morphology of the film can be seen in
Fig. 1.
In order to create nanocomposite films with high hardness, it should
be a two-phase material with sufficiently small nanocrystallites which are
embedded in a thin matrix phase. The nanocrystallites should be sufficiently
small to prevent dislocation movement. It should also be present in a thin
matrix to prevent crack propagation. The interfaces between the phases
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should also be strong and sharp so that grain boundary sliding is prevented.
[30]
The properties of these nanocomposite films are dependent on their
structure, phase composition, and also their nano-morphology. The
nanomorphology of the film, which includes the size of the grains, not only
allows for enhanced properties but can also result in new unique properties
for the film.
Nanocomposite films have been reported to be deposited through
both CVD and PVD methods. [28, 30]

9

Nanocrystallite
phase

Matrix
phase

Figure 1. Nanocomposite film morphology
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Ti-Al-N, Ti-Al-C-N, Zr-Ti-N, and other transition metal nitrides or
carbides hard nanocomposite films have already been studied. [20] These
films are used for coatings on tooling items improve both product
performance and lifetime. Although possessing high hardness, these films
would not be applicable for optical applications due to their opaqueness since
they are metallic in nature and their unsaturated valence band electrons
make them opaque for thicknesses higher than 50 nm. [6]
In order to create films with the required transparency, the
combination of group III nitrides such as AlN, BN, and GaN as the
nanocrystalline phase and SiNx as the amorphous phase was studied.
Among the possible combinations, Al-Si-N has been found to not only
possess high hardness, but also has high transparency which is required for
optical applications.

2.3 Al-Si-N

Al-Si-N is a nanocomposite system that was found to have high
hardness while being transparent in nature. This system is a combination of
aluminum nitride (AlN) and silicon nitride (SiNx/ Si3N4) phases which both
have hexagonal crystal structures.
Aluminium and silicon nitrides, unlike other metal nitrides used for
hard coatings, are found to be transparent in the visible range. AlN has been
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chosen among the group III nitrides since it possesses the widest bandgap
of 6.2 eV. [24] Si3N4 also has a band gap of 5.5 eV, which is similar to that of
AlN. [31] Having a wide band gap is advantageous for transparency as more
light, especially of lower wavelengths which have higher energies, are able
to pass though the material and not be absorbed. [32] Due to this property,
they possess the required optical transparency which is needed for optical
applications.
AlN is also found to have good optical properties and possess good
mechanical and anti-oxidation properties. It can also be easily deposited
through PVD processes, particularly sputtering. [24]
Al-Si-N has already been investigated for potential applications as
optical coatings with tailored refractive indices, anti-oxidation coatings, UV
light emitters, and field emission devices. [24, 33] It was also investigated for
is high thermal stability. [21] It has been reported to be deposited on quartz,
glass, silicon, and stainless steel. [6, 16-26]

2.3.1 Effect of Silicon Content

The amount of silicon incorporated in the films has been reported to
affect the structure of the film and the resulting mechanical properties. The
properties, especially the hardness of the film, can depend on the structure
of the film. Depending on the morphology, the hardness of the film can be
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due to different hardening mechanisms [19, 24]. Studies show that increasing
the silicon content of the Al-Si-N films up to a certain value leads to an
increase of hardness.
According to the reports of Pelisson et al., increasing the silicon
content of the films up to around 10 at % can increase the hardness up to 30
GPa. [24] Any further increase to the silicon content decreases the hardness
of the films. The changes in the hardness of the films is highly dependent on
the structure of the film, which changes with varied silicon content.
Pelisson et al. described the structure of the Al-Si-N films with
increasing silicon content. The group explained that Al-Si-N films at lower
silicon content are of Al1-xSixN solid solutions. After a certain solid solution
limit, in their study 6 at %, Si atoms starts to segregate out of the AlN lattice
and form a separate Si3N4 amorphous phase [6]. This was also reported by
Kasu et al. with the deposition of Al-Si-N using chemical vapor deposition at
high temperatures. [34] They have reached this conclusion since results
show the decrease of the AlN lattice parameter with increasing Si content up
to 6 at %. The decrease in the lattice parameter is due to the substitution of
the silicon atoms in the AlN lattice. The decrease in the AlN lattice parameter
stopped at 6 at %. [24]
It was shown that at low silicon content, the enhanced hardness of
the films was explained through the Hall-Petch effect of the nanocrystallites.
As the silicon content increases up to 6 at %, the nanocrystallites become
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smaller and the hardness is due to a competition between grain boundary
sliding and solid solution hardening.
At silicon content above 6 at %, a second amorphous Si3N4 phase is
formed and the enhanced hardness is due to the nanocomposite structure of
the film. As the grain size continues to decrease with increasing silicon
content, the hardness is expected to stop increasing and decrease further
due to the increasing effect of grain boundary sliding with grain refinement.
[24]
In another report by the same group, they further clarified the
structures formed as the silicon content is further increased. As the silicon
content is increased from 7 to 12 at %, the crystallite size decreases while
having the same amount of amorphous phase surrounding the crystallites.
As the concentration is further increased from 12 at %, the nanocrystallites
do not change size and the amorphous phase starts to increase its coverage.
From this silicon content, the films should not be considered to be an Al-SiN nanocomposite but a solid solution of Al in amorphous Si3N4. [6] This was
also observed by Musil et al. in their samples of films with high silicon content.
[22] The evolution of the structure of the films is visualized in Fig. 2.[6]
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Figure 2. Illustration of the different microstructures of the Al-Si-N films at
different Si concentrations. [6]
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In silicon contents covering the Alx-1SixN solid solution, the hardness
enhancement is due to the Hall-Petch effect. At silicon contents range of the
nanocomposite structure, the hardness enhancement is due to the
nanostructure hardening phenomenon. As the silicon content is further
increased, grain boundary sliding increases due to grain refinement and the
hardness is expected to decrease. [24]
The limit between the different morphologies has not been fully
agreed upon. Reports by Liu et al. reported that it is possible for silicon to
substitute for aluminium in the AlN lattice up to 8 at% when sputtered and
silicon can replace aluminium in epitaxially grown Al1-xSixN up to 12 at%. The
group also reported that films with silicon content of up to 35 at% may still be
of nanocomposite structures.
Previous studies have reported on the effect of silicon content on the
properties of the Al-Si-N film. Pelisson et al., have reported that in silicon
contents from 0 to 25 at %, there is a faint hardness maximum of 30 GPa at
10 at % Si. [24] In a study by Musil et al. wherein they compared films with
low (≤10 at %) silicon content with films with high (≥ 20 at %) silicon content,
they showed that the films with high silicon content have higher hardness.
Films with low silicon content were reported to have hardness values of up
to 13.3 GPa while films with high silicon content of similar thickness were
reported to have hardness values of up to 24.3 GPa. [22] The difference was
also reported to be due to the change from solid solution in low silicon content
to nanocomposite structure in higher silicon contents. Even with higher
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silicon content, they have reported that their films were still of the
nanocomposite structure. Liu et al. reported that a maximum hardness of 27
GPa was seen at silicon contents of around 25 at %. Their films were also
reported to be of nanocomposite structure. [19]
The differences in the microstructure and hardness with silicon
content between the different studies can be attributed to the different
deposition methods and parameters used. Liu et al. used a typical laboratory
magnetron sputtering setup while the other studies used higher energy
magnetron processes. [19]
Aside from the influence on hardness, the influence of silicon content
on the transparency of the films has also been reported by Pelisson et al. [24]
The group reported that there is no influence of the silicon concentration of
the film on the transparency of the film of silicon content of 2.5 to 18 at %.

2.3.2 Effect of Thickness

The thickness of any film can affect its properties. These properties
can include the film’s hardness and transparency.
It has been reported that with some films, there is a direct relation
between thickness and grain size. [35] This change can lead to differences
in the properties of the film.
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With increasing thickness, it is known that the optical band gap of thin
films decreases. The optical band gap shows the required excitation of
electrons from the valence band to the conduction band through photons. As
the band gap decreases, the transparency levels can also decrease. [36]
Also, when transparent thin films are deposited onto a substrate, interference
is bound to happen due to the interaction of the reflected light from the airfilm and film-substrate interfaces. In the report by Pelisson et al., oscillations
were present in films of different silicon content. These oscillations were
explained by the presence of the films. [6]
The properties of the interference pattern produced by the films is a
function of the wavelength of the light being reflected and by the properties
of the film, particularly its thickness. [37-39] These properties include the
amplitude and the spacing of the interference fringes.
The differences in the amplitude, or the maximum and minimum
transmittance of the films is highly dependent on the film thickness. [38] As
the thickness of the films increases, the amplitude of the film decreases. The
fringe spacing also decreases with increasing thickness. [40]
Previous reports have shown this rule. Bozhko et al. reported that
glass with Al-Si-N films of 0.9 to 6.2 μm thicknesses have retained their
transparency and have similar transmittance levels. Although similar, as the
thickness increased, the amplitude of the films decreased and the fringe
spacing also decreased. The group also showed that there is a slight
decrease in the maximum transmittance as the thickness increased. The
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absorption edge also moved to longer wavelengths as the thickness
increased. The group reported transmittance values of up to ~80%. [17]
Another report by Bozhko et al. also reported the same trend in film
thicknesses of 4.3 to 20.5 μm. They reported that this can be associated with
the growth of AlN nanocrystal grain size with the increase of thickness. [16]
A report by Mishra et al. also presented the same trend in thicknesses of
0.167 to 1 μm. [20]
The effect of thickness of Al-Si-N films on hardness has also been
reported. Bozhko et al. reported the hardness values of films of thickness 0.9
to 6.2 μm thicknesses and showed no trend with the hardness. The deposited
films were of similar hardness levels ranging from 24.8 to 26.6 GPa. [17]
Most studies on Al-Si-N focuses on thicknesses above 1 micrometer.
It is important to investigate the possibility of applications of Al-Si-N films at
lower thicknesses. The deposition of thinner films means less materials will
be use and the films can be deposited at a faster speed. This means that
manufacturing costs can be significantly decreased.

2.4. Deposition of Al-Si-N

Al-Si-N has been reported to be deposited using different methods
such as reactive DC magnetron sputtering, chemical vapor deposition,
reactive cathodic arc evaporation, and RF magnetron sputtering. [33]
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Out of all the methods, magnetron sputtering is an efficient method
of depositing nanocomposite films. Ease of control of deposition parameters
as well as the ease in scaling up for industrial applications are reasons why
it is the preferred method. [41]

2.4.1. RF Reactive Magnetron Sputtering

Al-Si-N films can be easily deposited through RF reactive magnetron
sputtering.
Sputtering is a process where a target or source material is
bombarded and sputtered by energetic ions, usually of inert gas such argon,
generated in a glow discharge plasma. [42] After being ejected from the
target, sputtered materials are then deposited onto a substrate. Typically, the
film that is deposited on the film has the same or similar stoichiometry and
composition to that of the target. [43] Typically, the kinetic energy of the
bombarding ions in sputtering is higher than that of typical evaporated
particles, which is a factor in obtaining films with uniform thickness and even
coverage. [44] Secondary electrons are also produced from the target
surface due to the ion bombardment. These electrons are important in
maintaining the plasma in the system.
Reactive sputtering involves sputtering films in mixtures of both argon
and a reactive gas, typically oxygen or nitrogen. This allows the combination
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of not just the elements of the target, but also the element of the reactive gas.
This allows for the deposition of compound films like oxides and nitrides.
Magnetron sputtering uses magnets behind the negative cathode to
create a strong magnetic field that traps bombarding ions near the target
which allows for faster sputtering of atoms from the target. [45, 46] This
process also allows for a more stable high-density plasma that improves the
efficiency of the sputtering process. [43] Magnetron sputtering also is easy
to control and suitable for large-scale film deposition. [45] It is considered as
one of the most effective process for the deposition of a wide range of thin
film systems and is now the method of choice for many industries. [42, 43,
47]
RF magnetron sputtering is preferred over DC magnetron sputtering
since the former can induce higher energies in the deposition system which
can improve on the properties of the deposited film. RF sputtering involves
alternating the electric potential of the current in the system at radio
frequencies, usually at 13.56 MHz, to avoid charge build-up on the surface
of the target. Over time, produced positive ions are accumulated on the
surface which are removed using the alternating current.
The combination of the magnetron and RF systems produces higher
sputtering yields and deposition speeds which are important for high product
throughput. [48] RF magnetron sputtering is advantageous in the deposition
of non-conductive materials. A basic schematic diagram of the RF magnetron
system can be seen in Fig. 3. [43]
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When depositing Al-Si-N films, great precaution should be done as it
has been shown that the properties of the films are dependent on the
deposition parameters. [26, 49] Deposition parameters include the power
delivered by the RF or DC power source, pressures of sputtering and reactive
gases, substrate temperature, etc.
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Figure 3. Basic Schematic Diagram of the RF magnetron sputtering
process [43]

23

2.4.1.1. Effects of Power

The power given to the target during deposition is an important
parameter. It plays an important role in deposition rate, crystalline quality,
and other properties of the sputtered film. [50] Thus, the power used during
deposition should be optimized to obtain films of desirable properties.
In RF sputtering, the use of higher RF powers makes the argon ions
from the plasma to have higher kinetic energy or be more energetic. This
also makes the sputtered atoms to have higher energy as well. [51] Since
the bombarding ions have more energy, more material will be sputtered out
from the target which will result in higher sputtering yield and thus, deposition
rates.
Increasing the power is also known to produce smoother films.
Differences in power can also lead to different crystallinity and preferred
crystalline orientations of the deposited films. [52]
In the reports by Musil et al. It has been shown that films that were
deposited with higher energy have higher transmittance in the visible range.
They have reported that films sputtered at high energy has a dense, voidfree microstructure. [22]
In the report by Pelisson et al., it was found that the power density
has no influence on the grain size of the film. [24] Musil et al. also reported

24

that films deposited at low and high energies have similar hardness levels.
[22]

2.4.1.2. Effects of Substrate Temperature

Substrate temperature can be a factor in changes of the
microstructure of the deposited film. Depending on the temperature, a more
crystalline or amorphous film can be produced. The temperature needed to
change the structure of the film depends on the material being deposited.
In the reports of Pelisson et al., Al-Si-N films deposited at 200oC and
500oC with different silicon content were compared. [6, 24] In one study, the
deposited films had a silicon content from 0 to 23 at% and were of 1-2μm
thickness. It was reported that even with the difference in substrate
temperature during deposition, there were no obvious influences of the
temperature to the structure and mechanical properties of the film. Even as
the hardness values at different silicon content varies, the hardness of the
films deposited at the same silicon content but different substrate
temperatures were similar.
In another study by the same group, they found no influence of the
substrate temperature with the nanocrystallite size. This could explain why
the substrate temperature has no significant influence on the hardness of the
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films. The difference in the temperatures used in the studies may not be
enough to produce any significant differences to the film.
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3. Experimental Procedures

The experimental procedures are of two parts. The first part is to
optimize the sputtering parameters which includes deposition temperature,
power, and silicon content. The second part is to determine the effects of the
thickness on the hardness and optical properties of the film.
Al-Si-N films were prepared through RF reactive magnetron
sputtering using an aluminium-silicon (AlSi) composite target. Nitrogen (N2)
is used as the reactive gas during the deposition. An image of the sputtering
set-up is seen in fig.4.
A composite target is used due to the limitation of having only one RF
power source in the available sputtering set-up. Although it is possible to use
the available direct current (DC) power source, problems can occur. A
combination of separate Al and Si targets have been tested, where one RF
and one DC power source were used. A composite target was also tested
using the available DC power source.
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Figure 4. RF Reactive Magnetron Sputtering set-up
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Arcing occurred to the target attached to the DC power source during
sputtering. This is due to the formation of an electrically insulating compound
layer on the surface of the target due to the reaction of the surface with the
nitrogen gas. This causes charge build-up on the surface that leads to arcing.
Arcing can damage the target and produce uneven sputtering of the targets
which produces films of unwanted composition, structure, and properties. [42,
53] Arcing can also destroy and create a rough surface of the target. [54]
Since a non-conductive compound is formed on the surface of the target,
there is a need to use RF power source to prevent charge build-up, and
arcing, on the surface.
In order to deposit Al-Si-N films, Al-Si composite targets were used.
The Al-Si composite target was prepared by attaching Si pieces of 10 mm x
10 mm size to a 99.9999% purity 2-inch diameter Al target.
For all depositions, the rotation speed of the deposition stage was set
at 10 rpm to ensure an even deposition on the substrates. The base pressure
of the deposition chamber was set at ~10-6 Torr while the process pressure
was 1.5 x 10-3 mTorr. The argon and nitrogen flows were 4 sccm and 2.4
sccm respectively for all depositions.
Before each deposition, the targets were pre-cleaned with Ar gas for
7 minutes to remove any impurities on the surface of the targets.
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3.1. Optimization of Sputtering Parameters

3.1.1. Optimization of Power

The sputtering power to be used in further experiments was first
determined. To choose the sputtering power to be used, the deposition rate
of the Al-Si-N films formed at different power levels were determined and
compared.
Al-Si-N films were deposited for 10, 20, and 30 minutes per power
level. The thickness of each film was determined through ellipsometry (JA
Woollam Co, Inc.) and the slope of the fitted trend line was determined to get
the deposition rate using each power.
The Al-Si-N films were deposited using 300 and 450 W. 450 W was
set as the high value as this is the maximum power output of the available
RF power source. All films were deposited at room temperature and an Al-Si
composite target with one attached Si wafer piece was used.
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3.1.2. Optimization of Silicon Content and Substrate
Temperature

To determine the substrate temperature and the silicon content to
be used in the study, the transmittance and hardness values of the films
were determined and compared.
After optimizing the power to be 450 W, films of different Si content
were deposited by using composite targets with different number of Si
pieces attached. Al targets with one, two, three, and four Si pieces were
used to determine the optimized silicon content. The targets used may be
seen in fig. 5.
Films of similar thicknesses must be deposited in order to compare
the transmittance and hardness of the films. The deposition rate using each
composite target was first determined to control the thickness of the
deposited films. After the deposition rates were determined, films of ~0.77
µm thicknesses were deposited.
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Figure 5. AlSi Composite targets with different number of Si wafer pieces
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The transmittance levels of the films were determined through UVVis spectroscopy. The transmittance levels from 240 to 1100 nm of each
films were measured. The substrate temperature and silicon content to be
used in future experiments was determined through comparing the
transmittances of the films.
The hardness values of the films were measured through nanoindentation (TI 750 Ubi Hysitron). The hardness values of the films were
measured with nano-indentation load of 6000 µm which produced nanoindentation depths of 100-150 nm. The silicon content to be used was
determined by comparing the hardness levels of the films.

3.2. Deposition of films with different thicknesses

Al-Si-N films of three different thicknesses were deposited in order
to determine the effects of thickness on the hardness and transparency of
the films.
Films of three different thicknesses of optimized silicon content were
prepared. Films of ~0.6 μm, ~0.8 μm, and ~1 μm were deposited by
changing the deposition time during sputtering.
The Al-Si-N films were deposited on Corning Gorilla Glass as well
as on SUS 301 stainless steel to aid in analysis.
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3.2.1 Scanning Electron Microscopy (SEM) analysis

To determine the thickness of the films, the cross-section of each
film was analysed using a field emission scanning electron microscope
(FESEM, JEOL-7600F) by analysing the fractured cross-section surface of
the films. The surface morphologies of selected samples were also
analysed.
Films that were deposited on stainless steel were analysed through
an electron dispersive system (EDS) attached to an FESEM (MERLIN
Compact) to attain the relative composition of Al, Si, and N of the films. The
analysed films were deposited on stainless steel (SUS 301) to help improve
the accuracy of the analysis as glass contains silicon that can hinder with
the analysis.

3.2.2. X-ray Diffraction (XRD) analysis

The x-ray diffraction patterns of the films were determined through Xray diffraction (Bruker D8 Advanced). The XRD scans were done in grazing
incidence (GI) mode for thin films with 0.5 step per second, from 10 to 80
degrees, with increments of 0.04 degrees. Select film samples were also
scanned from 30-75 degrees, with increments of 0.02 degrees.
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3.2.3. UV Vis Spectroscopy Analysis

The transmittances of the films deposited on Gorilla Glass from 250
to 1100 nm were measured through UV-Vis spectroscopy (Perkin Elmer
Lambda 25).

3.2.4. Nano-indentation Analysis

The hardness values of the films were determined using a nanoindenter machine (TI 750 Ubi Hysitron). A maximum load of 6000 μN was
applied to all films and indentation depths of 100 to 175 nm were produced.
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4. Discussion

4.1. Optimization of Deposition Parameters

4.1.1. Effects of Power

To determine the power level to use during depositions, films were
deposited using 300 W and 450 W and the deposition rate were compared.
The thickness of the films deposited at 10, 20, and 30 minutes are seen in
table 1. The thickness versus time graph was plotted and the slope of the
fitted trend line was determined to get the deposition rate using each power.
The plotted graphs and the fitted trend lines are seen in fig. 6. The deposition
rates we determined to be 13.1 nm/min and 19.2 nm/second for 350 W and
450 W respectively.
The deposition rate increased with the increase of power. As the
power increases, the ions bombarding on the target have more energy which
results in more material being sputtered out from the target. This resulted in
a higher sputtering yield which in turn, produced higher deposition rates.
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Table 1. Thickness versus time measurements for 300 W and 450 W
Thickness (nm)
Time (mins)
300 W

450 W

10

138

192

20

276

331

30

384

610
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Figure 6. Thickness versus time of Al-Si-N films deposited using AlSi-1
target using different powers
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4.1.2. Effects of Silicon Content and Substrate
temperature

Al-Si-N films of different silicon contents were deposited using
different substrate temperatures to determine the effect of the silicon content
and substrate temperature. AlSi composite targets with different number of
attached Si pieces were used to deposit films of different silicon content.
Composite targets with one, two, three, and four pieces of silicon pieces
attached are labelled as AlSi-1, AlSi-2, AlSi-3, and AlSi-4, respectively.
Consequently, samples deposited using AlSi-1, AlSi-2, AlSi-3, AlSi-4 are
labelled as AlSiN-1, AlSiN-2, AlSiN-3, and AlSiN-4 respectively. Samples
are also deposited with similar thicknesses to aid with analysis.
The deposition rate of the films deposited using each target was first
attained. The deposition rate is needed in order to deposit films of similar
thickness. The thickness of the films deposited at 5, 10, 15, and 20 minutes
are seen in Table 2. The thickness versus time graphs per target was plotted
and the slope of the fitted trend line was determined to get the deposition
rate using each power. The plotted graphs and the fitted trend lines are seen
in fig. 7. The deposition rates were determined to be 12.6 nm/min, 16.1
nm/min, 17.0 nm/min, and 17.7 nm/min for AlSi-1, AlSi-2, AlSi-3, and AlSi-4
respectively.
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Table 2. Thickness of deposited film per time per target
Film Thickness (nm)
Time (mins)

AlSiN-1

AlSiN-2

AlSiN-3

AlSiN-4

5

88

91

95

101

10

147

180

182

195

15

197

254

258

282

20

230

300

330

331
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As the amount of silicon increases, the deposition rate also increased.
This can be due to the differences in formation energy between AlN and Si3N4.
AlN has a formation energy of -1.595 eV while Si3N4 has a formation energy
of -1.312 eV. [31, 55] Since Si3N4 has a lower formation energy, Si3N4 can be
deposited faster. As the amount of silicon present in the system increases as
the number of Si pieces attached to the Al target increases, not only should
the Si content of the deposited film increase, but also the deposition rate.
After determining the deposition rates, films with different silicon
content were deposited using substrate temperatures of room temperature
and 200oC. The thicknesses of each film deposited at RT can be seen in
Table 3 and films while films deposited at 200oC can be seen in Table 4.
The thickness of each film is plotted in Fig. 8.
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Figure 7. Thickness versus time of Al-Si-N films deposited using different
AlSi composite targets.
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Table 3. Thickness measurements of films deposited at RT
Thickness (nm)
Point #

AlSiN-1

AlSiN-2

AlSiN-3

AlSiN-4

1

746

801

775

775

2

740

798

787

788

3

729

803

785

792

average

738

801

782

785

Table 4. Thickness measurements of films deposited at 200oC
Sample
Sample #

AlSiN-1

AlSiN-2

AlSiN-3

AlSiN-4

1

796

764

764

711

2

809

766

756

720

3

812

777

766

707

average

806

769

762

713
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Figure 8. Plot of AlSiN film thicknesses deposited with different silicon
content and deposition temeprature
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The effect of the substrate temperature during deposition on the
transparency of the Al-Si-N film was compared. Films of different silicon
content were deposited at both room temperature and 200oC. The
transmittance curve of the deposited films can be seen in Figures 9 to 12 for
AlSiN-1, AlSiN-2, AlSiN-3, and AlSiN-4 respectively. For all the films,
regardless of the silicon content, it can be seen that the films deposited at
RT were of higher or similar transmittances compared to the films deposited
at higher temperature. Transmittances are higher particularly in the visible
range.
The differences in transmittance can be due to the presence of
oxidation at higher temperatures. It has been noted by Verpek et al. that
oxygen may diffuse at the interface of the nanocomposite films which may
affect the transparency of the films, especially at elevated temperatures. [56]
The transmittance curves for films of all compositions deposited at
RT can be seen in Fig. 13
It can be seen that the films have similar transmittance levels
regardless of the silicon content.
The hardness values of the deposited films at RT were measured
and compared. The hardness values of the films can be seen in Table 5.
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Figure 9. Optical transmittance curves of Al-Si-N films deposited using
AlSi-1 target at different substrate temperatures
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Figure 10. Optical transmittance curves of Al-Si-N films deposited using
AlSi-2 target at different substrate temperatures
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Figure 11. Optical transmittance curves of Al-Si-N films deposited using
AlSi-3 target at different substrate temperatures
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Figure 12. Optical transmittance curves of Al-Si-N films deposited using
AlSi-1 target at different substrate temperatures
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Figure 13. Transmittance curves for Al-Si-N films deposited at RT
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Table 5. Hardness values of Al-Si-N films with different silicon composition
Specimen

Hardness (GPa)

AlSiN1-RT

20.7 ± 1.3

AlSiN2-RT

15.9 ± 0.7

AlSiN3-RT

15.2 ± 0.7

AlSiN4-RT

15.1 ± 0.3
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As the silicon content increases, the hardness value decreases.
There is a maximum value of 20.7 GPa attained for AlSiN-1. AlSiN-1 could
possibly have the highest hardness value due to the film having a
nanocomposite structure while the other films may have be of AlN and Si3N4
solid solution since they are of higher silicon content. It was found in later
experiments that the silicon content of the films deposited with AlSiN-1 have
silicon contents of ~15 at%, which is within the range of films with
nanocomposite structures. The higher silicon content of AlSiN 2-4 films could
have surpassed the content limit for films to have the nanocomposite
structure and thus have lower hardness.

4.2. Effect of Film Thickness

4.2.1. Thickness Measurements

Given the selected parameters used during the previous experiments,
Al-Si-N films with three different thicknesses were deposited using AlSi-1
target at room temperature. At least three films per thickness were deposited.
The thickness of all films can be seen in Table 6.
Films of ~0.6, ~0.8, and ~1 μm were successfully deposited.
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Table 6. Thickness of deposited samples
Sample thicknesses (nm)
Sample thickness set
Sample #
1

2

3

1

629

822

1054

2

645

821

1110

3

617

935

990

4

650

949

average

630

881
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4.2.2. EDS Analysis

The relative compositions of all the films were measured through
EDS. The measured films were deposited on stainless steel. The relative
compositions of films with ~0.6, ~0.8, and ~1 μm thicknesses may be seen
in Tables 7, 8, and 9 respectively
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Table 7. Relative Compositions of Al-Si-N Films with ~0.6 μm thickness
Sample
630-1
630-2
630-3
630-4
average

Al (at %)
70.39
72.42
71.08
71.75
71.41

Si Al (at %)
13.79
15.02
13.97
13.14
13.98

N Al (at %)
15.81
12.57
14.94
15.10
14.60

Table 8. Relative Compositions of Al-Si-N Films with ~0.8 μm thickness
Sample
860-1
860-2
860-3
860-4
average

Al (at %)
68.12
71.86
70.62
71.70
70.57

Si Al (at %)
16.90
16.57
14.62
14.85
15.73

N Al (at %)
14.98
11.57
14.76
13.45
13.69

Table 9. Relative Compositions of Al-Si-N Films with ~1 μm thickness
Sample
1050-1
1050-2
1050-3
average

Al (at %)
67.43
72.03
69.30
69.59

Si Al (at %)
15.35
15.62
14.24
15.07
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N Al (at %)
17.24
12.35
16.46
15.35

According to the results, all films, regardless of thickness, are of
similar relative compositions. All films have an average of 70.63 at% Al,
14.92 at% Si, and 14.54 at% N.
Since the films have a relative composition of 15 at %, the films
should be of nanocomposite structure.

4.2.3. SEM Analysis

The surface morphologies of the films were observed through
FESEM. The morphologies of films with ~0.6, ~0.8, and ~1 μm thicknesses
may be seen in fig.14a to fig. 14c respectively.
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(a)

(b)

(c)

(d)

Figure 14. FESEM images of the surface morphology of Al-Si-N films. (a)
film of ~ 0.6 μm thickness (b) film of ~ 0.8 μm thickness (c) film of ~ 0.8 μm
thickness (d) Al-Si-N nanocomposite film from Liu et al.
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The surface morphologies of the films, regardless of the
thickness, are similar to each other. The films are observed to have a
grainy morphology with grains sizes less than 100 nm.
The surface morphology of Al-Si-N film by Liu et al. may be
seen in fig.14d. This film is with silicon content of 19 at % and was
deposited through RF magnetron sputtering. Liu et al. reported that
the deposited film was of nanocomposite structure.
When compared with the deposited films of this study, it can be
seen that the surface morphologies of the films are similar to each
other. It can be said that the films deposited in this study can be of
nanocomposite structure as well.

4.2.4. XRD Analysis

Al-Si-N films deposited on Gorilla Glass were analysed through X-ray
diffraction (XRD). Fig. 15 shows the X-ray diffraction patterns of the Al-Si-N
films of varying thicknesses. All films, regardless of their thicknesses, have
the same patterns and show the same peaks. Fig. 16 shows the XRD
patterns of one representative sample per thickness. The XRD patterns
match well with the pattern of AlN showing AlN crystalline peaks at (100),
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(101) and (110). This possibly shows the presence of AlN nanocrystallites
in the system.
This result matches with the results presented by Liu et.al. and is
different from the results showed by Pelisson et al. and Musil et. al. Liu et al.
presented XRD patterns of different Si content with preferred texture of (100),
similar to the results of this research as compared to the results of Pelisson
et al. which showed a result of a preferred peak of (002). Results by Musil et
al. and Sergeev et al. also show similar results to Pelisson et al.
The differences in the preferred crystallographic orientation can be
attributed to the type of deposition equipment and method used. Musil and
Pelisson’s team used either an unbalanced or a closed magnetic field dual
magnetron sputtering system which can deliver energetic ions on the growing
film. Unlike these systems, balanced magnetron sputtering systems give of
ions of lower energies which induces much less energetic depositions of films.
Xu et al. has reported that sputtering power can change the preferential
orientation of AlN films. [19, 24, 57]
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Figure 15. XRD patters of all the samples
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80

Figure 16. XRD patters of selected samples
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4.2.5. UV Vis Spectroscopy Analysis

The transparency of the films deposited on glass were compared.
The images of the films on glass may be seen in fig. 17. All the films
deposited are transparent to the naked eye.
The transmittances of each film were measured using a UV-Vis
spectrometer. The transmittance values from 250 to 1100 nm of films of ~0.6,
~0.8, and ~1 μm are seen in figs. 18 to 20 respectively. Films with similar
thicknesses are found to have similar transmittance values. There are slight
variations of the transmittance curves of films with similar thicknesses. This
is due to their small differences in thickness. It can also be seen that all films
possess interference fringes all throughout the measured spectrum. This is
due to the interference of the reflected light off the air-film and film-substrate
interface.
The well-defined oscillations seen in the interference fringes indicates
that the deposited films have a smooth and flat surface. This also shows that
the films have uniform thicknesses. [58] This smoothness and uniform
thickness

may

only

be

limited

to

the

measured

area

during

spectrophotometry. The beam cross section of the spectrophotometer used,
which is the area that was measured, is 0.6 mm x 9 mm.
When compared, films with different thicknesses show slight
differences in both amplitude and the frequency of the interference fringes
as seen in fig. 21 and fig. 22 respectively. The interference pattern produced
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by transparent films are dependent on the interaction of the reflected light
from the air-film and film-substrate interfaces. The amount of reflected and
transmitted light is dependent on the wavelength of the light and at the same
time the properties of the film, particularly its thickness. [37, 38]
Even small changes in thickness can alter the interference pattern.
Films with higher thickness produce interference patterns with more closely
spaced fringes, especially at higher wavelengths. Films with thicker
thicknesses also have fringes with higher amplitudes. This trend is shown in
the results.
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Figure 17. Images of the as-deposited films on Gorilla Glass
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Figure 18. Optical transmittance curves of Al-Si-N films deposited using
AlSi-1 target with ~0.6 μm thickness
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Figure 19. Optical transmittance curves of Al-Si-N films deposited using
AlSi-1 target with ~0.8 μm thickness
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Figure 20. Optical transmittance curves of Al-Si-N films deposited using
AlSi-1 target with ~1 μm thickness
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Figure 21. Optical transmittance curves of select Al-Si-N films.
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Figure 22. Optical transmittance curves of select Al-Si-N films.
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4.2.6. Nanoindentation Analysis

The hardness values of the deposited Al-Si-N films were measured
using nano-indentation. The hardness values of the films are seen in Table
10 and are graphed in fig. 23.
According to the results, most of the deposited films have a
recorded hardness value higher than 16 GPa, the reported hardness for AlN.
As shown in the previous results, the higher hardness values can be
attributed to the nanocomposite structure of the film.
Films with ~0.6, ~0.8, and ~1 µm thicknesses have an average
hardness values of 18.8 GPa, 17.0 GPa, and 20.7 GPa respectively. There
is no evident overall trend of the hardness values versus thickness as there
was a decrease and then increase of the hardness with increasing thickness.
It can also be seen that the hardness values of some films with similar
thicknesses have comparatively large deviations. This can be due to
fluctuations in the sputtering parameters during deposition as any small
changes can lead to differences in the properties of the film. It may also be
due to the unevenness in the composition of the deposited film. Since there
was only one piece of silicon attached to one point of the target, the deposited
film may contain uneven amounts of silicon over its area which can cause
uneven properties, especially hardness.
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The fluctuations in hardness values may also be due to different
surface roughness over the area of the film. Although the well-defined
interference fringes are an indication of smoothness and evenness of the
films, it may only be limited to the analysis area during spectrophotometry.
The films may have different roughness over areas larger than the cross
section.
Even with the differences in hardness values, the hardness levels of
the films are comparable. Films with ~0.6 µm thickness have similar
hardness levels as compared to films with ~1 µm thickness. This shows that
Al-Si-N films of thicknesses as low as ~0.6 µm can be applied to gorilla glass
without compromising its hardness.
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Table 10. Hardness Values of films with different thicknesses from nanoindentation
Thickness (nm)
Sample #
600 (GPa)

800 (GPa)

1000 (GPa)

1

21.2 ± 0.5

13.2 ± 0.3

21.9 ± 0.8

2

19.0 ± 1.1

21.4 ± 0.9

22.4 ± 1.0

3

14.2 ± 0.5

18.8 ± 0.7

17.7 ± 0.9

4

20.8 ± 0.8

14.5 ± 0.4

average

18.8 ± 3.2

17.00 ± 3.8
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20.69 ± 2.6

Figure 23. Trend of hardness values for different Al-Si-N thicknesses
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5. Conclusions

The search for a possible material that can be applied to protect the
displays of electronic devices such as cell phones while still possessing
high transparency has gained due interest. In this study, the possibility of
applying Al-Si-N films on gorilla glass and the effects of the silicon content
and the thickness of the films on the optical property and hardness were
determined.
Using RF reactive magnetron sputtering, Al-Si-N films of four different
silicon contents were deposited using optimized sputtering parameters, and
the hardness values and transparencies were compared. The films were
deposited using different AlSi composite targets with different numbers of Si
pieces attached to an Al target. It was shown that as the silicon content was
increased, the hardness values of the films was decreased. This can come
from the different microstructures with different silicon contents. The film
deposited with the smallest amount of silicon was shown to have
nanocomposite structure which can lead to the enhanced hardness of the
film. The silicon content of the films did not have any significant influence on
the transmittance levels of the films.
To determine the effect of thickness on the hardness values and
transparencies of the films, Al-Si-N films of ~0.6, ~0.8, and ~1 µm were
deposited. All the samples, regardless of the thickness, showed similar
relative compositions with silicon contents of ~15 at %, which is typically the
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silicon content of films with nanocomposite structures. XRD analyses show
the presence of AlN crystallites, and the surface morphology was observed
to be grainy and similar to those of previous reports of nanocomposite films.
The transmittance levels of the films with different thicknesses were
similar. Oscillations of the transmittances (in different wavelengths) were
seen in all samples which are due to the interference of light reflected from
the air-film and film-substrate interfaces. This signifies the smoothness and
evenness of the films. Though similar, there were slight changes to the fringe
spacing and the amplitude of the oscillations. This is due to the thickness
differences of the samples as these parameters are sensitive to any changes
in thickness. Also, as the thickness was increased, there was a slight
decrease in the transmittance of the films
Films with ~0.6, ~0.8, and ~1 µm thicknesses have an average
hardness values of 18.8 GPa, 17.0 GPa, and 20.7 GPa, respectively. It was
presented that films with ~0.6 nm thickness have the same hardness level
as films with ~1 µm thickness. This shows that Al-Si-N films as thin as ~0.6
µm can be applied to Gorilla Glass and still maintain high hardness and
transmittance values. Although the hardness levels of the films on average
are similar, there were difference in hardness values for films of similar
thicknesses. The difference can be due to uneven silicon contents over area
of the film which can cause different hardness values at different points. It
may also be due to different surface roughness at different points of the film.
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While this study shows the feasibility of the application of Al-Si-N films
on Gorilla Glass as a hard coating, there are still many improvements needed
before the practical application of the films. It is recommended that in future
studies, ways to increase the deposition rate should be studied as well as
the ways to improve the hardness values of the films such as further
optimization of composition. The regularity of the silicon content and surface
roughness of the films should also be investigated. The transmittance levels
of the films can also be further improved through methods such as choosing
specific thicknesses that can reduce reflected light from the surfaces of the
films.
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