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Abstract

The article reports on properties of Al–Si–N films with a low (≤10 at.%) and high (≥25 at.%) Si content reactively sputtered using a closed
magnetic field dual magnetron system operated in ac pulse mode. The films were sputtered from a composed target (a Si plate fixed by an Al ring
with inner diameter Øi =15 or 26 mm). Main attention was devoted to the investigation of a relationship between the structure of the films and
their mechanical properties, thermal stability of hardness, and oxidation resistance. It was found that (1) while the films with a low (≤10 at.%) Si
content are crystalline (c-(Al–Si–N)), those with a high (≥25 at.%) Si content are amorphous (a-(Al–Si–N)) when sputtered at the substrate
temperature Ts=500 °C, (2) both groups of the films exhibit (i) a high hardness H=21 and 25 GPa, respectively, and high values of the oxidation
resistance exceeding 1000 °C; 1100 °C (Δm=0 mg/cm2) and 1300 °C (Δm≈0.003 mg/cm2), respectively, (3) the hardness of a-(Al–Si–N) does
not vary with increasing annealing temperature Ta up to 1100 °C even after 4 h, and (4) a high oxidation resistance of c-(Al–Si–N) film with a low
(b10 at.%) Si content is due to the formation of a dense, nearly amorphous Al2O3 surface layer which is formed in reaction of free Al atoms with
ambient oxygen and prevents the fast penetration of oxygen into bulk of the film. Obtained results contribute to understand the effect of Al and Si
in the Al–Si–N thin film on its mechanical properties, thermal stability and oxidation resistance.
© 2008 Published by Elsevier B.V.
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1. Introduction

Recently, it has been recognized and experimentally demon-
strated that properties of nanocomposite coatings are determined
not only by their structure, elemental and phase composition but
also by their nano-morphology, i.e. by the size of grains and the
shape of crystallites and volume fraction of the matrix [1–7].
Besides, it has been found that the nano-morphology of a film can
affect not only its enhanced properties but also can result in new
unique properties. These facts have stimulated a very intensive
investigation of hard nc-TMeN/a-Si3N4 nanocomposite coatings
in the last decade; here TMe=Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W,
TMeN is the transition metal nitride, nc- and a- denotes the
nanocrystalline and amorphous phase, respectively. Main atten-
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tion in the field of hard nanocomposite coatings has been
concentrated on three problems: (1) the finding of the relationship
between the mechanical properties (hardness H, Young's
modulus E and elastic recovery We), the structure, the phase
composition and the nano-morphology, (2) the explanation of
the origin of enhanced hardness and (3) the preparation of
nanocomposites with maximum hardness Hmax approaching or
even exceeding that of the diamond. The development in this
field has been established mainly by the investigation of the
third problem. It has been found that the maximum hardness
Hmax is achieved in films with a low (≤10 at.%) Si content
when TMeN grains are surrounded by a-Si3N4 tissue phase with
thickness of approximately of ~1 to 2 monolayers [8]. The
nitride-based nanocomposites of the type nc-TMeN/a-Si3N4

with a low (≤10 at.%) Si content are, however, a specific group
of nanocomposites exhibiting only some enhanced properties,
for instance, the enhanced hardness.
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Fig. 1. Schematic diagram of three-step thermal treatment cycle. The cycle
without annealing at Ta is called two-step thermal treatment cycle.
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However, not only high hardness but also the thermal
stability and oxidation resistance of nanocomposites at
temperatures above 1000 °C is very important for new advanced
applications. The nc-TMeN/a-Si3N4 nanocomposites do not
meet this requirement due to a low content of the amorphous a-
Si3N4 phase. Therefore, the nanocomposites have been started
to be doped with selected elements such as Al, Y, etc with aim to
increase their thermal stability. It has been found that, for
instance, the doping of TiN with Al significantly improves its
oxidation resistance from ~600 to 850 °C [9]. The thermal
stability and oxidation resistance of nc-TMeN/a-Si3N4 nano-
composites with a low (≤10 at.%) Si content is limited by a low
(b1000 °C) crystallization temperature of the dominating TMeN
phase. Recently, it has been found that the thermal stability and
oxidation resistance of the nc-TMeN/a-Si3N4 nanocomposites
can be easily increased above 1000 °C if these nanocomposites
contain a high (≥25 at.%) amount of Si [10–19]. This
improvement in thermal stability and oxidation resistance of
nc-TMeN/a-Si3N4 nanocomposites with a high (N20 at.%) Si
content is due to their X-ray amorphous structure which remains
stable during thermal annealing up to ~1400 to 1500 °C.

It is expected that similar properties should be achieved also
for Al–Si–N thin films. No detailed investigation of the Al–Si–
N system has been carried out so far. To our knowledge, only
Ti–Si–Al–N [20–22], Ti–Al–V–Si–N [21], Ti–Cr–Al–Si–N
Fig. 2. Elemental composition of the Al–Si–N film with (a) a low (b
[23] nitride thin films with a low (≤10 at.%) Si content have
been investigated so far. These systems, however, also do not
exhibit the thermal stability and oxidation resistance above
1000 °C because a low amount of Si prevents the formation of
amorphous Al–Si based materials [24]. This fact clearly
indicates that to understand the role of Al in the film, a simple
Al–Si–N system with a high (≥25 at.%) Si content should be
investigated at first. Recently, Patscheider et al. [25] has also
reported on the investigation of the microstructure and
mechanical properties of Al–Si–N coatings with Si ranging in
a wide interval from 0 to 23 at.%. The aim of their study was to
prepare hard, optically transparent coatings with a hardness
exceeding that of Al2O3. No thermal stability of mechanical
properties and oxidation resistance has been reported.

This article reports on a systematic investigation of the
structure, mechanical properties, thermal stability and oxidation
resistance of Al–Si–N films with a low (~5 at.%) and high
(~40 at.%) Si content with aim to develop new hard coatings
with a hardness above 20 GPa and oxidation resistance above
1000 °C.

2. Experimental

Al–Si–N films were reactively sputtered in an Ar+N2

mixture using a closed magnetic field dual magnetron system
operated in ac pulse mode generated by a pulse power supply
DORA MSS-10 with output power 10 kW (produced in
Poland). The repetition frequency fr of pulses was 2 kHz and the
ac frequency inside pulses was 56 kHz. The constant magnetron
discharge current Id was controlled by the duty cycle of 2 kHz
pulses which ranged between 15–25% depending on the plasma
impedance. Both magnetrons were equipped with the same
targets (Ø 50 mm) composed of a Si plate (Ø 28 mm) fixed by
an Al ring with inner diameter Øi =15 or 26 mm. The inner
diameter Øi controlled the amount of Si in the film: ~5 at.% Si
at Øi =15 mm and ~40 at.% Si at Øi =26 mm. The Al–Si–N
films were prepared under the following conditions: discharge
current Id=1 A, substrate bias Us=Ufl, substrate temperature
Ts=500 °C, substrate-to-target distance ds-t =100 mm, partial
pressure of nitrogen pN2 ranging from 0 to 0.5 Pa and total
pressure pT=pAr+pN2=0.7 Pa; here Ufl is the floating potential.
10 at.%) and (b) high (~40 at.%) Si content as a function of pN2
.



Fig. 3. Evolution of the structure of the Al–Si–N films with (a) a low (b10 at.%) and (b) high (~40 at.%) Si content sputtered on the 15330 steel with increasing pN2
at

Ts=500 °C, Us=Ufl and pT=0.7 Pa.
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The Al–Si–N films were deposited onto CSN 15330 steel discs
(Ø 25 mm, 5 mm thick), Si(111) wafers (30×5×0.4 mm3) and
sintered polycrystalline Al2O3 (corundum, 10×10×0.5 mm3).
The thickness h of the sputtered films ranged from ~2000 to
~5000 nm.

The film thickness and the macrostress σ were measured on
films deposited on Si(111) substrates using a stylus profilometer
DEKTAK 8. The macrostress σ was determined from the
difference in the Si plate curvature before and after the film
deposition using a Stoney's formula [26]. The film structure
was characterized using an XRD spectrometer PANalytical
X'Pert PRO in Bragg–Brentano configuration with CuKα
radiation. The elemental composition was determined by X-Ray
Fluorescence (XRF) spectroscopy with a PANalytical XRF
Fig. 4. Cross-section bright-field TEM images of (a) Al–Si and (b) Al–Si–N film s
substrate. The electron diffraction patterns are inserted.
Spectrometer MagiX PRO with the accuracy of 10% and by
Rutherford back-scattering spectrometry (RBS) with the
accuracy of 5%. The microstructure was characterized by a
high-resolution transmission electron microscope (HRTEM)
JEOL JEM-3010. Mechanical properties were determined from
load vs. displacement curves measured by a microhardness
tester Fischerscope H100 with a Vicker's diamond indenter at
load L=50 mN. The oxidation resistance was measured in
flowing air (1 l/h) using a symmetrical high-resolution Setaram
thermogravimetric system TAG 2400. An annealing cycle
consists generally of three steps: (1) heating from RT to a
predetermined annealing temperature Ta, sometimes called the
heating ramp, (2) annealing at a selected value of Ta and (3)
cooling from Ta down to RT, sometimes called the cooling
puttered at Id=1 A, Ts=500 °C, pN2
=0 and 0.1 Pa, respectively, on the Si(111)



Fig. 5. Bright-field image of the interface region in the cross-section of a Al–Si–N film sputtered at Id=1 A, Ts=500 °C, pN2
=0.1 Pa and pT=0.7 Pa (Fig. 4b).

Fig. 6. Macrostress σ in the Al–Si–N films and their thickness h as a function of
pN2

.
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ramp, see Fig. 1. In some experiments, annealing at Ta is
omitted, i.e. the temperature is increased to Ta and immediately
decreased down to RT. Such thermal annealing is called two-
step thermal treatment cycle. Thermal annealing experiments
were carried out at 10 °C/min heating and 30 °C/min cooling
rate, respectively, on substrates coated only on one side.
Thermogravimetric curves corresponding to oxidation of the
bare substrates were subsequently subtracted and the resulting
curves then characterized the oxidation resistance of pure films
only, without any substrate effects. The measurements of all the
parameters of sputtered Al–Si–N films were performed with an
accuracy better than 10%.

3. Results and discussion

3.1. Elemental composition

The elemental composition of the Al–Si–N films is strongly
influenced by the partial pressure of nitrogen pN2 and the inner
diameter Øi of the Al fixing ring, see Fig. 2. The amount of Si in
the film is low (~5 at.%) when Al ring with Øi =15 mm is used
(Fig. 2a). From this figure it is clearly seen that (i) in the Al–Si–
N films with a low Si content Al dominates over Si for all pN2
used and (ii) the Al–Si–N films sputtered at pN2

≥0.1 Pa exhibit
almost the same elemental composition. Based on known values
of the formation enthalpies, ΔHSi3N4=−745.1 kJ/mol and
ΔHAlN=−318.6 kJ/mol [27], we assume that N has a higher
affinity to Si than to Al and thus the Si3N4 phase is formed at
first. Because the amount of N is lower than that necessary for
the formation of stoichiometric Si3N4 and AlN the films should
be composed of a mixture of Si3N4+AlN+Al. It means that all
the sputtered Al–Si–N films with a low Si content contain free
Al atoms. Free Al atoms can be easily oxidized resulting in an
enhancement of the oxidation resistance; details are given in
Section 3.6.2. The amount of Si in the film is high (~40 at.%)
when the Al ring with Øi =26 mm is used (Fig. 2b). In this case
the amount of N is higher than that of Si and Al at pN2

N0.1 Pa
and no free Al is expected to be in Al–Si–N films produced at
pN2

N0.1 Pa.
3.2. Structure

The developments of the structure of the Al–Si–N films with
a low (b10 at.%) and high (~40 at.%) Si content with increasing
pN2 are shown in Fig. 3.

3.2.1. Al–Si–N films with a low (b10 at.%) Si content
All the films are crystalline. The Al–Si film sputtered at

pN2
=0 Pa is polycrystalline with strong Al(111) and weak Al

(311), Si(111) and Si(220) X-ray reflections. The low-intensity
Si reflections correspond to a low amount of Si in the film.
Already a small addition of N2 to Ar gas leads to a considerable
increase (~30 at.%) of N in the film resulting in a strong
suppression of Si and Al reflections and in the formation of
hexagonal AlN grains, which change the preferred crystal-
lographic orientation from (101) to (002) with increasing pN2

.
The Al–Si–N films with no Al(111) reflection produced at
pN2

≥0.3 Pa exhibit the highest hardness H≈21 GPa.

3.2.2. Al–Si–N films with a high (~40 at.%) Si content
The films are characterized with a polycrystalline Al–Si

structure for pN2
=0 Pa and an X-ray amorphous Al–Si–N

structure for pN2
N0 Pa on polycrystalline 15330 steel. From

Fig. 3 it is clearly seen that already a very small addition of



Fig. 7. Developments of (a) hardness H and (b) effective Young's modulus E⁎ of the Al–Si–N films with a high (~40 at.%) Si content, sputtered on Si(111), steel and
sintered Al2O3 substrates, with increasing partial pressure of nitrogen pN2

. The ratio d/h in Fig. 7a shows a correctness of the Hmeasurement; d is the indentation depth
of diamond indenter and h is the film thickness.
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nitrogen (pN2
=0.05 Pa) is sufficient to create the X-ray

amorphous Al–Si–N film in spite of the fact that the substrate
temperature Ts=500 °C, used in sputtering, is relatively high.

3.3. Microstructure

The microstructure of Al–Si and Al–Si–N films with a high
(~40 at.%) Si content was characterized using bright-field TEM
images. The images of cross-section of the Al–Si and Al–Si–N
films are displayed in Fig. 4. From these images it is clearly seen
that while the Al–Si film exhibits a polycrystalline structure, the
Al–Si–N film is completely amorphous. This fact is confirmed
by the electron diffraction patterns which are inserted in Figs. 4a
and b and also by XRD patterns displayed in Fig. 3b.

In spite of the amorphous structure of the Al–Si–N film
sputtered at pN2

=0.1 Pa, the film is nanocrystalline near the
interface, see Fig. 5. The nanocrystalline region is very thin
~12 nm. The origin of nanocrystallization at the interface is
probably due to the substrate; this phenomenon is a subject of
experiments being now carried out in our labs.
Fig. 8. H= f(E⁎) and H3/E*2= f(H) for the Al–Si–N films with a high (~40 a
3.4. Macrostress

The macrostress σ generated in the Al–Si–N films during
sputtering strongly depends on both (i) the Si content in the film
and (ii) the partial pressure of nitrogen pN2

. This fact is shown in
Fig. 6 where the dependence σ= f(pN2

) in thick (~2500 nm to
~5000 nm) Al–Si–N films with a low (b10 at.%) and high
(~40 at.%) Si content is displayed.

The Al–Si–N films with a low (b10 at.%) Si content exhibit
a tensile stress σN0. On the contrary, the Al–Si–N films with a
high (~40 at.%) Si content is in compression stress (σb0). The
measurement of the elemental composition of the Al–Si–N
films produced at different values of pN2

indicates that the
increase in compressive stress σ correlates well with the
increase of the amount N in the films. Because the formation
enthalpy ΔHf of Si3N4 (−745.1 kJ/mol [27]) is higher than that
of AlN (−318.6 kJ/mol [27]), the Si3N4 phase, which is
amorphous (a-Si3N4) due to a low deposition temperature
(Ts=500 °C), is formed at first. The aluminum nitride AlN starts
to form at pN2

when all Si is converted into a-Si3N4. We believe
t.%) Si content sputtered on Si(111), steel and sintered Al2O3 substrates.



Fig. 9. Hardness H of as-deposited Zr–Si–N films with a high (N20 at.%) Si content sputtered at Id=1 A, pN2
=0.4 Pa and different values of Ts on the Si(100)

substrate and the Al–Si–N film with a high (~40 at.%) Si content sputtered at pN2
=0.4 Pa and Ts=500 °C after its thermal annealing in two-step cycle in flowing air.
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that the increase in compressive stress σ is connected with the
formation of nitride phases in the Al–Si–N composite films,
particularly with an incorporation of AlN grains into an
amorphous a-Si3N4 matrix. In spite of the increase of the
compressive stress σ with increasing pN2

, its saturation value is
relatively low, of about −1.8 GPa in the ~3000 nm thick Al–Si–
N film. A similar value σmax≈−1.5 GPa has been recently
measured also for Ti–Si–N films with a high Si content [17].

3.5. Mechanical properties

Basic mechanical properties of materials are (i) hardness H,
(ii) effective Young's modulus E⁎=E / (1−ν2), and (iii) resis-
tance to plastic deformation directly proportional to the ratio
H3/E*2 [28]; here E is the Young's modulus and ν is the
Poisson's ratio.

In this paper, the mechanical properties of the Al–Si–N films
with a high (~40 at.%) Si content are discussed only; for the
mechanical properties of the films with a low Si content see, for
instance, Ref. [25]. The films were sputtered on Si (111), 15330
steel and sintered Al2O3 substrates. The hardness H and
effective Young's modulus E⁎ as a function of pN2

are displayed
Fig. 10. Variation of hardness H of a 2500 nm thick Si33Al7N60 film sputtered on the
step thermal treatment process at two values of Ta=1100 °C and 1200 °C.
in Fig. 7. Both H and E⁎ strongly increase with increasing pN2

up to ~0.1 Pa. The Al–Si–N films sputtered at pN2
N0.1 Pa

exhibit almost the same value of H≈25 GPa. This is a
maximum value of Hmax of the Al–Si–N films sputtered under
conditions given in Section 2. It is also necessary to note that the
maximum value of Hmax practically does not depend on the
substrate. On the contrary, maximum values of the Young's
modulus E⁎f of the Al–Si–N films strongly depend on the
substrate. The higher the effective Young's modulus Es⁎ of the
substrate is, the higher the maximum value of E⁎f max of the Al–
Si–N film is.

The mechanical behavior of materials is determined by a
combined action of hardness H and Young's modulus E⁎ [29–
31]. Therefore, it is important to know the interrelationship
between H and E⁎ and the relation between the ratio H3/E*2

and H, see Fig. 8. Three issues can be drawn from Fig. 8a: (1) H
approximately increases with increasing E⁎, (2) the polycrystal-
line c-(Al–Si–N) films exhibit a lower hardness (H≤15 GPa)
and (3) the amorphous a-(Al–Si–N) films with almost the same
hardness exhibit the lower value of Young's modulus E⁎f in the
case when the Young's modulus of the substrate E⁎s is lower;
the last fact is also seen in Fig. 7b. Fig. 8b clearly shows that a-
Si (111) and sintered Al2O3 substrates with increasing annealing time ta in three-



Fig. 11. Mass increase Δm of ~2500 nm thick (a) polycrystalline Al54Si5N41 and (b) amorphous Si33Al7N60 films, sputtered on the Si(111) and Al2O3 substrates, as a
function of annealing temperature Ta in two-step thermal treatment process with 10 °C/min heating and 30 °C/min cooling rate, respectively.
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(Al–Si–N) films exhibit a higher resistance to plastic deforma-
tion (a higher ratio H3/E*2).

3.6. Thermal stability

The thermal stability of mechanical and physical properties
is of a key importance for every thin film and coating. The
thermal stability is defined as a temperature Tstab at which the
mechanical properties of the coating start to change. The
temperature Tox at which the coating starts to oxidize is called
the oxidation resistance of the coating. Experiments performed
so far indicate that Tox≈Tstab.

3.6.1. Thermal stability of hardness
The measurement of the thermal stability of hardness H of

sputtered films can be realized by twomethods: (1) by increasing
of the substrate temperature Ts, and (2) by thermal annealing of
as-deposited films in air. As an example of the first method, the
hardness H of amorphous Zr–Si–N films with a high (≥50 vol.
%) content of the Si3N4 phase deposited at different values of Ts
is displayed in Fig. 9; for more details see Refs. [13,16]. From
this figure it is seen that H almost does not depend on Ts. It
indicates that H is determined by the amorphous structure of the
film and not by the macrostress σ generated in the film during its
growth. Namely, if H is determined by σ, its value should
decrease with increasing value of Ts because the ratio Ts/TmN0.2
increases with increasing Ts and already the ratio Ts/Tm≈0.25
should be sufficient to relax the macrostress σ in nitride films
Table 1
Mechanical properties of the Al–Si–N films with a low and high Si content used in

Film h Al Si N H

[nm] [at. %] [GPa]

Al54Si5N41 2600 54 5 41 21.3
Si33Al7N60 2500 7 33 60 25.6
[32]. The amorphous a-(Al–Si–N) films with a high (~40 at.%)
Si content sputtered at Ts=500 °C also exhibit a high (N0.3) ratio
Ts/Tm; Tm Si3N4=2173 K, Tm AlN=2523 K [33] and Ts/TmN0.3
for both the Si3N4 and AlN phases under the assumption that
exist separately in the Al–Si–N thin film. Therefore, no
dependence H= f(Ts) was investigated for the amorphous a-
(Al–Si–N) films with a high Si content.

The effect of the post-deposition annealing on the film
hardness H was tested on the a-(Al–Si–N) film with a high
(~40 at.%) Si content. The post-deposition annealing of the Al–
Si–N film sputtered at Ts=500 °C in two-step thermal treatment
cycle with a maximum annealing temperature 1200 °C (the
temperature in this process was above 1000 °C for 27 min) does
not influence its hardness H because of a perfect thermal
stability of the amorphous structure of the film at Ta≤1200 °C.
Practically no decrease in H was measured after the thermal
treatment process, see Fig. 9. Also, no change in the X-ray
amorphous structure was found. It means that the thermal
stability of the amorphous structure also results in the thermal
stability of the mechanical properties.

3.6.1.1. Effect of annealing time. The film properties can be
influenced not only by the value of Ta but also by the annealing
time ta at a given temperature Ta. The dependence of H of the
Al–Si–N film, sputtered on Si(111) and Al2O3 substrate, as a
function ta at two values of Ta=1100 °C and 1200 °C (three-
step thermal treatment cycle) is displayed in Fig. 10. The
hardness H of the Al–Si–N film on both Si(111) and Al2O3
the oxidation experiments

E⁎ H3/E*2 σ aD Structure

[GPa] [GPa] [GPa] [nm/min]

230 0.18 −0.04 6.2 Crystalline
240 0.29 −1.8 10.6 Amorphous



Fig. 12. XRD patterns from c-Al54Si5N41/Si(111) in the as-deposited state and
after thermal annealing in two-step cycle up to 1300 °C in flowing air at a 10 °C/
min heating and 30 °C/min cooling rate, respectively.
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substrates remains almost constant during annealing at
Ta=1100 °C for ta=4 h. When Ta is increased to 1200 °C, the
hardness H of the film deposited on the Si(111) substrate
continuously decreases with increasing annealing time from
~27 GPa to ~17 GPa. That is probably caused by a slight
oxidation of the film which results in the formation of a surface
oxide layer growing in the thickness with the annealing time ta
and having a lower hardness than the Al–Si–N film bulk; for
more details see Ref. [14] where a similar phenomenon has been
investigated. The dependence H=f(ta) of Al–Si–N films
sputtered on the Al2O3 substrate has not been investigated so far.

3.6.2. Oxidation resistance
Generally, the oxidation resistance of a film strongly depends

on its structure. Recently, it has been found that hard amorphous
TMe–Si–N films with a high (N20 at.%) Si content exhibit
better oxidation resistance compared to polycrystalline ones
[6,7,18,19]. Experiments described in this paper, however,
show that the Al–Si–N films, in which TMe was replaced with
Al, also exhibit a high oxidation resistance, see Fig. 11. In this
figure the oxidation resistance of the Al–Si–N films with a low
(5 at.%) and high (33 at.%) Si content, i.e. Al54Si5N41 and
Fig. 13. Comparison of the oxidation resistance of a ~2600 nm thick amorphous Si33
and (ii) TiAlN film [9], represented by an increase in the film mass Δm as a functio
Si33Al7N60 films, is compared. The mechanical properties of the
as-deposited Al–Si–N films used in the oxidation experiment
are summarized in Table 1. The crystalline c-(Al–Si–N) film
exhibits a high oxidation resistance up to ~1000 °C (an increase
in mass Δmb0.005 mg/cm2 in two-step thermal treatment
process when the film is deposited on the Si(111) substrate) and
the amorphous a-(Al–Si–N) film exhibits even higher oxidation
resistance, up to ~1150 °C (Δm=0 in two-step thermal
treatment process when the film is deposited on the Al2O3

substrate).
This experiment clearly shows that the crystalline Al–Si–N

films containing a large amount of Al also exhibit a good
oxidation resistance. That is due to the existence of free Al
atoms in the film, their easy oxidation and the formation of a
dense Al2O3 surface layer preventing the fast penetration of
oxygen into the bulk of the film.

3.6.2.1. Structure of thermally annealed Al–Si–N films. The
structure of the Al–Si–N films with both a low (5 at.%) and
high (33 at.%) Si content practically does not change during
thermal annealing in two-step treatment process up to 1300 °C.
The amorphous structure of the as-deposited Si33Al7N60 film
remains amorphous and the as-deposited Al54Si5N41 film with
hexagonal AlN(002) preferred crystallographic orientation
remains crystalline with the same preferred orientation, see
Fig. 12. After the annealing the Al54Si5N41 film also exhibits
low-intensity Al2O3(012), (104), (110) and (116) reflections.

3.6.2.2. Comparison of oxidation resistance of Al–Si–N film
with TMe–Si–N films. Recently, an excellent oxidation
resistance of amorphous TMe–Si–N films considerably exceed-
ing 1000 °C has been reported [5–7,10–19]. Experiments
described in this paper show that the replacement of TMewith Al
in TMe–Si–N films with a high (N20 at.%) Si content also
results in an excellent oxidation resistance of Al–Si–N films, see
Fig. 13. A low (~800 °C) oxidation of the Si24W17N59 film is due
to the formation of volatile oxides [13]. In Fig. 13 the oxidation
resistance of a polycrystalline TiAlN film [9] is also given for a
comparison.
Al7N60 film with selected (i) TMe–Si–N films with a high (N20 at.%) Si content
n of Ta.
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4. Conclusions

Main results of the investigation of the sputtered Al–Si–N
films are the following:

1. The Al–Si–N films with a low (b10 at.%) Si content are
polycrystalline. On the contrary, the Al–Si–N films with a
high (≥20 at.%) Si content are amorphous in spite of the fact
that they are sputtered at relatively high values of the
substrate temperature Ts=500 °C.

2. The amorphous a-(Al–Si–N) films are (i) harder and (ii) more
resistant to plastic deformation compared to the polycrystal-
line c-(Al–Si–N) films.

3. The thermal stability of hardness H of the a-(Al–Si–N) film
is high and does not vary with increasing annealing
temperature Ta up to 1100 °C even after 4 h.

4. The oxidation resistance of both the crystalline c-(Al–Si–N)
film with a low (b10 at.%) Si content and the amorphous a-
(Al–Si–N) film with a high (≥20 at.%) Si content is also
high. The c-(Al–Si–N) film exhibits a high oxidation
resistance up to ~1000 °C and the a-(Al–Si–N) film up to
~1150 °C.

5. A high oxidation resistance of the c-(Al–Si–N) film with a
low (b10 at.%) Si content is due to the existence of free Al
atoms in the film, their easy oxidation and the formation of a
dense Al2O3 surface layer which prevents a fast penetration
of the oxygen into bulk of the film.

Obtained results indicate that the substitution of TMe with Al
in TMe–Si–N films results in the formation of hard Al–Si–N
films with good and thermally stable mechanical properties and
excellent oxidation resistance exceeding 1000 °C.
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