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Abstract⎯Results of the atomic-force microscopic determination of the surface microstructure and rough-
ness, friction forces and coefficients of nanocrystalline AlSiN films in the initial state and after annealing are
presented. A procedure is proposed to determine the friction coefficients by atomic-force microscopy with
multi-pass scanning. The dependences of the friction coefficients on the number of passes are obtained. A
significant effect of annealing on a decrease in the friction coefficients of AlSiN films is detected.
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INTRODUCTION

The nanostructured state of films, on the one hand,
causes significant enhancement of their mechanical and
functional properties. On the other hand, an excess of
surface energy at the interfaces promotes the transition of
a nanostructure to the nonequilibrium state, which (in
turn) can cause the mechanical degradation of films,
especially at elevated temperatures in open air [1, 2].
These working conditions will maintain the course of
oxidation reactions and as a rule, degradation of the
physical-mechanical properties of coatings [3]. Mate-
rials based on aluminum nitrides are optimal for oper-
ation under conditions of elevated temperatures and
mechanical loads [4–6]. Additions of Si atoms to AlN
in the amount of 6 at % facilitate the creation of nano-
crystalline structures, whereas an increase in the sili-
con concentration to 30 at % results in the appearance
of coatings with an amorphous structure, formed due
to the fact that the growth of aluminum-nitride crys-
tallites is limited by silicon atoms [2].

For thin coatings operating under friction-contact
conditions [7–10], the tribological properties are
important. Moreover, the tribological characteristics
enable the highly sensitive control of phase changes in
the surface layer, the consequence of which is a change
in the friction forces and coefficients Cfr [11]. Upon
the action of dynamic mechanical loads, tribochemi-
cal transformations occur on the film surface, which
affect its tribological characteristics [12]. The
exploitation of these coatings can proceed at elevated

temperatures, which also causes changes in the phase
composition of the surface layers.

Tribotests of these films must be performed with
loads that do not deform the substrate and do not
cause exfoliation of the coating. Atomic-force micros-
copy (AFM) is an indispensable tool for these objects,
allowing estimation of the surface morphology in the
initial state and determination of the force and Cfr of
the surface layer without destroying the film [13, 14].
AFM control software makes it possible to set different
scanning rates, create a force impact on the surface in
the range from nN to mN [15]. The possibility to select
the probe-tip radius and material provides attainment
of the required mechanical stress in the surface layer
[16]. Application of the multi-pass (up to 1000 passes)
scanning technique enables changes in the forces and
Cfr with time to be controlled directly upon the action
of the friction load causing, according to [14], surface
oxidation.

In this work, by means of AFM we determine the
surface microstructure and roughness, the forces and
Cfr of nanocrystalline (NC) and amorphous (A) AlSiN
films by single- and multi-pass scanning. The samples
are tested in the initial state and after thermal annealing.

EXPERIMENTAL
AlSiN coatings were formed on (100) single-crystal

silicon substrates by the reactive magnetron sputtering
of aluminum and silicon targets in Ar + N2 plasma [3].
The Al and Si ratio in the coatings was changed by
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varying the power on the respective targets. In the
work, we analyzed samples containing 6 and 30 at %
Si. As was found in previous studies [2, 17, 18], the
6-at  % Si concentration resulted in the formation of
the NC structure of AlSiN films, and the 30-at % Si
concentration resulted in the formation of an A struc-
ture. The thickness of the coatings determined from
cross sections of the samples was about 300 nm. The
coatings formed were annealed in a muffle furnace
and under vacuum conditions at 400–900°С for 1 h.

In the case of single-pass scanning the forces and
Cfr were determined in five 20 × 20 μm regions. We
compared the samples of A and NC films in the initial
state, after annealing in vacuum, and after annealing
in air. In the case of multi-pass scanning the forces and
Cfr were continuously determined in one 20 × 20 μm
region during 200–600 scanning cycles at a load of
200 nN and a scanning rate of 17 μm/s. The studies
were performed with the use of an NT-206 AFM
(Belarus). The tribological characteristics of the
AlSiN films were determined by a V-shaped NSC11
(MicroMasch) probe with a console stiffness of 3 N/m
and a specially blunted tip with a diameter of 100 nm.
The surface morphology and roughness were exam-
ined with the use of beam probe (CSC 38,Micro-
Masch) with a tip radius of 10 nm and a console stiff-
ness of 0.08 N/m.

The forces and Cfr were found in accordance with
the twist angle of the probe in contact with the surface
[14]. We compared the samples of A and NC films in the
initial state, after annealing in vacuum, and after anneal-
ing in air. The technique enables the analysis of the effect
of surface-phase formation on the friction process in the
real sliding mode with the highest resolution.

RESULTS AND DISCUSSION
Optical microscopy images of the surfaces of NC

and A AlSiN films after annealing at 400–900°C in
vacuum and air do not reveal any morphological
changes in the films. Changes in the morphology after
each annealing temperature are effectively revealed by
AFM (Fig. 1). According to the AFM data, the NC
AlSiN films have a polycrystalline structure consisting
of ~200 nm crystallite grains with a homogeneous
composition. These grains comprise the main back-
ground of the surface. Crystallites of the upper layer
with a size of ~500 nm are viewed against this back-
ground (Fig. 1a). In the A coating separate crystallites
with a diameter of 500 nm are viewed against a smooth
background. These crystallites are organized in lines
with regard to the preferred orientation of the substrate
(Figs. 1c, 1d). Due to the effect of annealing in vac-
uum in both NC and A coatings the crystallites are
enlarged, and in both types of films, large crystallites
are arranged in lines (Fig. 1b). Annealing in air intro-
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duces fine grains with a diameter of 20−40 nm into the
surface structure, which can be explained by the for-
mation of new phases (Figs. 1e, 1f).

The results of Cfr determination by the single-pass
scanning in NC and A AlSiN films after annealing in
vacuum show that if in the NC films the dependences
of Cfr and the roughness on the annealing temperature
are similar, then it is not observed for А films (Fig. 2).
According to the powder X-ray diffraction data given
in [3, 17, 18], the phase composition of AiSiN films
after annealing in vacuum does not change for NC films
either and represents a hexagonal AlN phase whose peaks
are observed in the diffraction patterns. Phases contain-
ing silicon were also not detected by single-crystal X-ray
diffraction, however, due to the presence of nitrogen
atoms in the coating and with regard to a relatively high
enthalpy of formation (ΔH(Si3N4) = –745 kJ/mol,
ΔH(AlN) = –319 kJ/mol), the formation of silicon
nitride Si3N4 with an A structure should be expected.
For A films the diffraction patterns also do not change
after annealing. Since these films are X-ray amor-
phous, it seems impossible to determine their phase
composition by this method both before and after
annealing in vacuum. The absence of correlation
between Cfr and the surface roughness for А films at
the same phase composition indicates that Cfr are
mainly affected by adhesion forces localized at grain
boundaries in the coatings.

The Cfr values determined by the single-pass scan-
ning of NC and A films of the AlSiN system after
annealing in air (Fig. 3) are 0.07–0.23 and are similar
for the NC and A forms, while at the macro scale the
Cfr values differ up to 2.5 times and amount to 0.5–0.6
for NC and 0.2–0.3 for A films [3]. Close Cfr values at
the micro scale are explained by a similar phase com-
position in the surface layers and a similar roughness.
However, there are differences in the dependences of
Cfr on the annealing temperature for films of both
types. Thus, changes in Cfr of А films depending on the
annealing temperature correlate well with the depen-
dence of the roughness on the annealing temperature
(Fig. 3), which is evidence of a similar phase distribu-
tion over the surface at all annealing temperatures.

For NC films annealed in air such a good correla-
tion between Cfr and the roughness is not observed
(Fig. 3), which may indicate the dependence of Cfr on
the phase composition in NC films, a heterogeneous
phase distribution on the surface as compared to the A
films, and the localization of water at the interfaces.
The obtained Cfr values for the NC films are associated
with the surface morphology and its phase composi-
tion [3, 17, 18].

By means of the AFM multi-pass scanning tech-
nique for AlSiN NC films it is found that the initial
TRON AND NEUTRON TECHNIQUES  Vol. 13  No. 1  2019
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Fig. 1. AFM images of the surface morphology: (a) NC film with a Si concentration of 6 at %, (b) A film with a Si concentration
of 30 at %, (c) NC film with a Si concentration of 6 at % after annealing in vacuum at T = 900°С, (d) A film with a Si concen-
tration of 30 at % after annealing in vacuum at T = 900°С, (e) NC film with a Si concentration of 6 at % after annealing in air at
T = 900°С, (f) A film with a Si concentration of 30 at % after annealing in air at T = 900°С. 
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film has Cfr of 0.18–0.30 during 50 cycles (Fig. 4).
Then Cfr abruptly decreases to 0.17 and does not
change up to the 115th cycle. The film subjected to
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
annealing in air at 900°С initially has a lower value
Cfr = 0.05 which increases to 0.17 and then remains
unchanged. The relatively high Cfr value after anneal-
TRON AND NEUTRON TECHNIQUES  Vol. 13  No. 1  2019
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Fig. 2. Changes in the friction coefficient (a) and roughness (b) in NC and A films of the Al−Si−N system caused by annealing
in vacuum and determined by AFM. 
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Fig. 3. Changes in the friction coefficient (a) and roughness (b) in NC and A films of the Al−Si−N system caused by annealing
in air and determined by AFM.
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ing of the NC coatings at 900°С in vacuum as com-
pared to annealing in air (Fig. 4) is related to the fact
that annealing in vacuum does not cause phase trans-
formations in the NC coatings and the formation of
oxide phases [3, 17, 18]. Only the coalescence of sepa-
rate grains into larger aggregates is observed, which
increases the surface roughness. In the first 50 cycles
the dependence of Cfr on the path length in the AlSiN
coating after annealing in vacuum is very close in value
to those of the initial film. Then it abruptly decreases
and after 60 cycles completely coincides with the
dependence of Cfr on the path length for the AlSiN
film after annealing in air at 900°С. The similar course
of the curve can be explained by that the surface layer
of the initial AlSiN coating having smaller crystallites
(Fig. 1a) is more easily deformed by the AFM probe
than larger crystallites annealed in vacuum (Fig. 1e).
For smaller grains tribocontact with the same normal
load creates great contact stresses which in turn lead to
the formation of oxide phases. This is why the Cfr val-
ues so closely coincide for AlSiN coatings after ther-
mal annealing in air, where oxide phases are already
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
present, and the initial NC films after 60 cycles of fric-
tion load.

AlSiN А films are characterized by a lower Cfr value
as compared with NC films and a smaller difference in
the values of the initial films and those annealed in
vacuum and air, but they have the lowest Cfr value for
the films after annealing in air at 900°С (Fig. 5). The
further decrease in Cfr for the AlSiN A film can be
explained by the formation of a secondary structure
under friction load on the oxidized surface of the film
having a fine nanoscale structure (Fig. 1f). Thus, the
oxide phases formed on the film surface after annealing
facilitate the formation of secondary structures during
contact and decrease Cfr. Annealing in air facilitates
improvement of the tribological properties of the surface
of the AlSiN film despite the increasing roughness.

CONCLUSIONS
As a result of studies of the tribological properties

of the surface of thin AlSiN films by the AFM multi-
pass scanning technique it is established that anneal-
TRON AND NEUTRON TECHNIQUES  Vol. 13  No. 1  2019
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Fig. 4. Dependence of Cfr on the number of passes (20 ×
20 μm region) in the NC AlSiN film (6% Si) in the initial state
(1), after annealing in air (2) and vacuum (3) at T = 900°С. 
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Fig. 5. Dependence of Cfr on the number of passes (20 ×
20 μm region) in the amorphous AlSiN film (30% Si) in
the initial state (1), after annealing in air (2) and vacuum
(3) at T = 900°С.

120100806040200

0.10

0.15

0.20

0.05

0.25   1
  2
  3

Fr
ic

tio
n 

co
effi

ci
en

t, 
ar

b.
un

its

Number of cycles
ing can be an efficient procedure to control these
properties. Annealing in air causes a greater decrease
in the friction coefficient than annealing in vacuum.
Oxide phases formed on the film surface as a result of
annealing enable the easier formation of secondary
structures during contact and decrease Cfr. Annealing
in air facilitates improvement of the tribological prop-
erties of the surface of the AlSiN film despite an
increase in the roughness. After the AlSiN films were
annealed in air for one hour, the friction coefficient
was 0.17 in the 120th cycle for NC films and 0.07 for A
films.
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