
ISSN 1027-4510, Journal of Surface Investigation: X-ray, Synchrotron and Neutron Techniques, 2023, Vol. 17, No. 2, pp. 338–351. © Pleiades Publishing, Ltd., 2023.
Russian Text © The Author(s), 2023, published in Poverkhnost’, 2023, No. 3, pp. 23–39.
Surface Nanorelief of Thin Films of Al–Mn and Al–Ni Alloys 
in the Case of Ion-Assisted Deposition on Glass

I. I. Tashlykova-Bushkevicha, * and I. A. Stolyarb

a Belarusian State University of Informatics and Radioelectronics, Minsk, 220013 Belarus
b Belarusian State University, Minsk, 220050 Belarus

*e-mail: iya.itb@bsuir.by
Received July 22, 2022; revised September 9, 2022; accepted September 9, 2022

Abstract—The patterns of structure formation and the wetting of thin films of aluminum and its Al–2.1 at %
Mn and Al–1.4 at % Ni alloys deposited onto glass substrates with assistance by self ions are studied.
Nanoscale and microsized topographic inhomogeneities on the film surface are characterized by scanning
probe microscopy (SPM) and scanning electron microscopy (SEM) and their wetting characteristics are
measured by the sessile-drop method. Within the profile and topographic approaches to the analysis of SPM
images, a set of discrete roughness parameters supplemented by dimensionless complex parameters (  and )
and probability-density-function parameters of the protrusions/depressions of the surface nanorelief is used.
The proposed hybrid research parameter k characterizes the shape of nanorelief profile irregularities, is com-
prehensible, and relates the amplitude to the roughness step. The system of nine selected parameters is shown
to be informative for estimating the roughness and irregularity of the local structure of the film surface in
transverse and longitudinal cross sections, which makes it possible not only to numerically study the struc-
tural and morphological changes upon the alloying of aluminum, but also to determine quantitative relation-
ships that relate the microgeometry of the film surface to the film deposition conditions. The effect of the ini-
tial relief of the glass substrate on the parameters of film surface inhomogeneities that have the shapes of sub-
micrometer cones and local protuberances is revealed. The Gaussian distribution of the film nanoreliefs of
aluminum and its alloys over the surface area is obtained, and the film surfaces can be considered as an imple-
mentation of a random normal process. The frequency distributions of the microdroplet fraction over particle
sizes are lognormal functions. A correlation is found between the roughness parameters of the films and the
size and density of microparticles of the droplet fraction. It is found that the deposition of Al-containing films
reduces the hydrophilicity of the surface of the film–glass substrate system. Upon the alloying of aluminum,
the degree of morphological inhomogeneity of the film surfaces and their wettability decrease. The homoge-
neous regime of film wetting with water and its dependence on the material, the morphology, and the homo-
geneity of the chemical composition of the surface are discussed.
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INTRODUCTION

At present, considerable attention is paid to study-
ing the mechanisms of the formation and modifica-
tion of the structure and properties of thin metal films
obtained by ion-beam methods with the use of self
ions, which are used as light-reflecting, hardening,
and conductive coatings. Ion-beam assisted deposi-
tion techniques that are of interest for thin-film coat-
ings [1–3] are promising for the synthesis of optical
metallic films on dielectric substrates for modern
devices of microelectronics and nanoelectronics, as
well as for solar photovoltaics. Substrate glasses are in
great demand for many applications, including the
preparation of samples for laboratory research. For
example, high performance solar cells are fabricated

both on metallic substrates and on glass and Al2O3
substrates [4]. The development of theoretical founda-
tions for the surface engineering of metal coatings
under conditions of nonequilibrium solidification in
the case of the influence of ion beams of a material
requires understanding the influence of the conditions
for depositing metal films on the structural state of
surface layers of the coating–substrate system, which
largely determines the physical-chemical and opera-
tional properties of coatings, including their conduc-
tive, corrosion, and reflective properties, and the
degree of hydrophilicity/hydrophobicity of the sample
surface [1–3].

In recent years, the methods of statistical physics
and fractal analysis [5–7] have been increasingly used
to describe the nanostructure and microstructure of
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SURFACE NANORELIEF OF THIN FILMS OF Al–Mn AND Al–Ni ALLOYS 339
deposited films, which make it possible to generalize
the available data and to reveal regularities in the for-
mation of the surface relief of coatings under nonequi-
librium conditions of the growth process. In particu-
lar, special attention is paid to thin films with a thick-
ness from a few to tens of nanometers, the properties
of which depend on the coating thicknesses and the
choice of substrate material [8, 9]. However, the ques-
tion of a universal set of statistical roughness parame-
ters that most fully describe the degree of surface-
structure ordering and its relationship with the condi-
tions for the preparation of samples and their proper-
ties remains open today despite a fairly large number of
standardized generally accepted parameters [10, 11].
Many experts point out (for example, in [12, 13]) that
there is no unified approach to roughness assessment
in world practice, and they are often limited to mea-
suring and analyzing only the roughness-height
parameters when studying films and coatings, despite
the fact that they do not provide information about the
geometry and the step of surface profile unevenness.
According to the current level of research, it is consid-
ered relevant to use integral and differential distribu-
tion functions of rough surfaces that are random for an
informative description, in addition to discrete param-
eters. At the same time, the search for correlations
between topographic parameters and additional com-
plex roughness parameters is ongoing [13–18]. In the-
oretical calculations, the real profile can be replaced
by sinusoidal, sawtooth, and other profiles. For exam-
ple, a model was developed in study [17] devoted to the
issues of water wetting control of aluminum-alloy
samples, in which the real surface profile with an arti-
ficially created relief is replaced by a sawtooth one and
it is proposed to use the height-to-width ratio of the
peaks of neighboring sawtooth surface structures as a
parameter to establish the relationship between the
surface microrelief and the volume of a water droplet
penetrating into surface depressions.

This study is aimed at analyzing the patterns of
structure formation and the wetting of thin films of
aluminum and its Al–2.1 at % Mn and Al–1.4 at % Ni
alloys deposited onto glass substrates using the
method of self-ion assisted deposition (SIAD).
During ion-assisted deposition, a metallic film is
formed under conditions of ultrafast cooling rates,
since the crystallization rate (cooling of cascades)
reaches 1012–1013 K/s [19]. During the formation of a
thin-film coating, the vacuum deposition of a neutral
fraction of the metal is accompanied by irradiation of
the ionized fraction of the same metal with self ions
[20, 21]. The choice of aluminum and Al–Mn and
Al–Ni alloys is determined by the prospect of expand-
ing the scope of application of thin-film structures
based on aluminum as optical films and frontal con-
tacts of solar cells [3, 22–24]. The advantages of alu-
minum alloys that have relatively low melting points
are relatively high hardness values, good strength,
ductility, and high corrosion resistance. It is well
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known that the microstructure of aluminum alloys
directly depends on the introduced additives capable
of increasing the thermal stability of the material,
inhibiting recrystallization processes and, conse-
quently, leading to stabilization of the film structure,
including the morphology of their surface. Therefore,
it is extremely important to determine the degree of
influence of alloying elements on the structural and
morphological characteristics of films when using alu-
minum films and in the case of controlling their phys-
ical-chemical and mechanical properties.

In this study, scanning probe microscopy (SPM)
together with scanning electron microscopy (SEM)
are used in a comprehensive study of the morphology
and topography of metal film surfaces, including the
roughness in the nanometer and micrometer ranges.
For a quantitative description of the surface structure,
the discrete topography characteristics are measured
in accordance with the roughness parameters defined
by the International Organization for Standardization
(ISO) (transverse (height) and longitudinal (step)
nanorelief characteristics) and a parametric function
of the probability density function of the heights of
protrusions/depressions. In this study, we statistically
process the parameters of local elements of the topo-
graphic structure of the surface profiles taking into
account the aperiodicity of structural components of
the film surface morphology and calculate an addi-
tional research parameter of the hybrid coefficient
[25–27] reflecting the change in the shape of the film-
nanorelief-profile unevenness during the alloying of
aluminum, which is important for diagnostics of the
surface quality of the film–substrate system. The sta-
tistical methods of analysis are also used for processing
the SEM images. Since the composition of the mate-
rial and the conditions of ion-assisted deposition
directly affect the structure of the films and, conse-
quently, their properties, the sessile-drop method is
used to measure the contact angle as a sensitive indi-
cator of the state of solid surfaces. Frequently, the free
surface energy characterizing physical-chemical phe-
nomena, such as the wetting, adhesion, adsorption,
and dispersion, is used to assess the operational and
protective properties of solid materials [28]. Given that
the free surface energy of solid materials cannot be
measured directly, the contact angle of surface wetting
by various liquids is analyzed. This clearly demon-
strates the practical significance of the wetting phe-
nomenon.

EXPERIMENTAL
Films of aluminum (99.995) and its Al–2.1 at %

Mn and Al–1.4 at % Ni alloys were obtained by self-
ion-assisted deposition onto glass substrates using a
resonance ion source of vacuum arc plasma [20] at an
accelerating voltage of 3.0 kV and a pressure of about
10–2 Pa in the working chamber. The electrodes used
in the ion source, which simultaneously generates a
TRON AND NEUTRON TECHNIQUES  Vol. 17  No. 2  2023
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neutral flux of atoms and a flux of ions of the deposited
metal, were made of material of the deposited coating
(aluminum and its alloys). The strength of the ion current
and its density were 100 μA and 5.1 μA/cm2, respec-
tively. The ratio of the ion-flux density to the f lux den-
sity of neutral atoms ji/jA was 0.1–0.4 and corre-
sponded to growth of the coating on the substrate. The
coating-deposition times were 6 h for the Al–Ni alloy,
9.1 h for the Al–Mn alloy, and 10 h for Al. Since the
rate of metal deposition is about 0.1–0.2 nm/min, the
average film thicknesses were 50 nm for the Al–Ni
alloy, 80 nm for the Al–Mn alloy, and 90 nm for the
aluminum coating.

To visualize the nanostructure and surface nanore-
lief of films by SPM, we used an NT-206 atomic force
microscope (AFM) [29] with the SurfaceScan control
software package. Probes of the CSC-38 brand were
used. The 20 × 20-μm images obtained in the contact
mode in air were three-dimensional digital images of
the surface roughness and were processed using filters
in the SurfaceXplorer and SurfaceView software pack-
ages (ODO Microtestmashiny, Belarus [30]).

Six roughness parameters were used in a quantita-
tive description of the topography of the films, which
were determined according to the basic standards
(GOST 25142-82 as amended on January 30, 2017).
These are four amplitude parameters (arithmetic-
mean roughness Ra, root-mean-square roughness Rq,
profile skewness Rsk, and profile kurtosis Rku) and two
step parameters (average step S between profile pro-
trusions and average step Sm of profile irregularities).
In addition, the parameter called “profile irregularity
heights over ten points” was defined using the desig-
nation  proposed by a research group in [13, 16].
The  parameter was included until recently in
GOST 25142-82, but now excluded from the current
version of the standards for roughness parameters, and
its former designation ( ) is used for another param-
eter. Nevertheless, a considerable amount of statistical
data on the  parameter has been accumulated
along with other parameters, and it continues to be
widely used in practice. The following dimensionless
complexes were also calculated: parameter 
of the ratio of step parameters of the profile [16, 31];
and hybrid research coefficient  [25–27],
which depends on the amplitude and step of the
nanorelief roughness.

Parameter  of the arithmetic-mean roughness is
considered statistically stable; it was chosen to control
the correctness of the results of the analytical method
for processing AFM images, which is described in this
study. The arithmetic-mean surface roughness of each
sample was determined from four to five images. After
that, the site was selected, for which the measured 
value was as close as possible to a certain average value
of this parameter. Since the SurfaceXplorer software
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does not calculate  and the roughness step param-
eters are measured only for an individual profile, we
developed and implemented an algorithm for the sta-
tistical processing of AFM data for a topographic anal-
ysis of the sample surface with use of the OriginPro
software package and MS Excel spreadsheets when
calculating the average values of the Rz, S, and Sm
parameters determined by the standard formulas [32]
using the method of counting intersections with the
level of profile quantization. For each surface, eleven
profilograms were recorded and processed. To gain
the specified accuracy and reliability of the measure-
ment results when assessing microtopographic param-
eters, the deviation of the  value calculated analytically
during profile and topographic analyses from the value of
this parameter measured in the SurfaceXplorer software
package was 5–15%.

The height of irregularities (peaks/depressions)
relative to the middle line, i.e., the base line for calcu-
lating the roughness, was chosen as a parametric func-
tion that characterizes the topography. The experi-
mentally determined frequency polygons  were
compared with the theoretical probability density
function of the normal distribution in the OriginPro
software package.

SEM analysis was carried out using a LEO1455VP
microscope with an HKL CHANNEL5 attachment in
the mode of recording backscattered electrons at an
accelerating voltage of 20 kV. The secant method [33]
was used to determine the mean size  volume frac-
tion , and specific surface area Ssp of the boundaries
of microparticles of the droplet fraction on SEM
images by using MS Excel spreadsheets with standard
formulas. The measurement error was about 15%.

Wetting of the surface of the film/glass substrate
structures obtained by the SIAD method by distilled
water (GOST R 58144–2018) was characterized by
the value of the equilibrium contact angle θ. The mea-
surements were performed by the sessile-drop method
after applying a drop in the device described in [34] at
an environment temperature of 20 ± 3°C. The drop
volume was 9.3 μL. The stabilization time of the sam-
ple–droplet system was 60 s. The measurement error
was about 5%.

RESULTS AND DISCUSSION
Figure 1 shows typical surface-relief images of the

glass substrate and thin films of Al and its Al–2.1 at %
Mn and Al–1.4 at % Ni alloys deposited on glass.
According to the AFM data, the morphology of the
glass substrate is of the fine-component type (Fig. 1a),
in which the spread of typical surface-relief protru-
sions with a height of 20 μm does not exceed 1 nm.
The investigated surface of aluminum films and its
alloys is rough and is characterized by irregularities of
various geometric types with varying degrees of inho-
mogeneity depending on the elemental composition
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Fig. 1. Atomic-force-microscopy images of the surface nanoreliefs of (a) the initial glass substrate and thin films of (b) aluminum
and its (c) Al–2.1 at % Mn and (d) Al–1.4 at % Ni alloys deposited onto glass.
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of the samples and the time of ion-assisted deposition
onto glass (Fig. 1). The arithmetic-mean roughness Ra
values measured for different coatings in a scanning
window 20 × 20 μm in size ranged from 17 to 32 nm
and are given in Table 1. Table 1 also shows other
parameters that characterize the morphological fea-
tures of the glass and film surfaces. From a scientific
perspective, correlations between roughness parame-
ters are of great interest. The difference between the
amplitude parameters  and  f luctuates between
1.6 fold and 1.8 fold. As can be seen from Table 1, the
higher the degree of roughness of the alloy film, the
greater the root-mean-square (rms) roughness .
Table 1 also includes complex parameters ψ and k, the
calculation of which is described below.

To approximate the shape of the surface-profile
irregularities and to compare the samples with each
other, additional statistical analysis of the nanorelief of
metallic films deposited onto glass was performed
using the data of AFM measurements. The general
algorithm described below for profile and topographic
analyses was applied to the sample of an Al–Ni alloy
coating, a typical AFM image of which is shown in
Fig. 1d. In the initial stage, a raster scan of the
obtained AFM image of a section of the sample sur-
face is performed manually as follows. A sequence of
closely spaced parallel lines (trajectories) is selected
along the X direction for nanorelief profiling (Fig. 2a).
Movement along the Y axis is carried out with such a

 step that the average  values determined for indi-
vidual profiles using the SurfaceXplorer software
package coincide with the  value measured for the
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Table 1. Values of the parameters describing the morphology
of Al and Al–2.1 at % Mn and Al–1.4 at % Ni alloys deposite

Sample , h , nm , nm ψ

Glass – 0.17 0.22 1.23
Al 10.0 31.51 51.52 1.23

Al–Mn 9.1 23.87 39.92 1.27
Al–Ni 6.0 17.09 30.69 1.28

t aR qR
entire area of 20 × 20 μm (SurfaceXplorer) within an
error margin of 5–15%. It was found that this level of
accuracy is achieved with  = 2 μm, i.e., it is suffi-
cient to carry out measurements for a set of eleven hor-
izontal scanning lines (Fig. 2b). Figure 2c shows cross-
sectional profiles  of the surface of the Al–1.4 at %
Ni alloy film, which are obtained by scanning the
AFM image shown in Fig. 2b along the lines with
serial numbers 4, 8, and 9. This example clearly
demonstrates that the roughness parameter widely
used in AFM analyses as the main roughness parame-
ter Ra does not contain information about the surface
profile shape. In particular, areas with different distri-
butions of irregularities of different shapes over heights
can have close arithmetic-mean roughness values in
the range from 9.5 to 10.6 nm (Fig. 2c).

Figure 3 schematically shows a typical nanorelief
profile of the film, which has a pronounced irregular
shape. According to state standards, the amplitude
roughness parameters are determined relative to the
middle line. In the section of the basal length, the
middle line of the profile looks like a straight line. In
practice, the basal length l in the AFM measurements
coincides with the side of the square area of the scanning
window in which the surface roughness is estimated. The
lines of protrusions and depressions are equidistant from
the middle line (Fig. 3a). Its position  which is
determined in the metrology of rough surfaces using
the least squares method, was numerically measured
using the SurfaceXplorer software package. Figure 3a
graphically illustrates the procedure for analytical cal-
culation of the following averaged roughness parame-
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, the roughness, and the wetting of the glass substrate for films
d onto glass
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3.19 0.96 3.82 13.01 74.40
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Fig. 2. Algorithm for statistical analysis of the characteristics of the surface topography of a metallic film of Al–1.4 at % Ni alloy:
(a) scanning trajectories of the AFM image, in which index i indicates the scanning profile number counted from the top edge of
the image and changes from 1 to 11; (b) the AFM image with selected lines of surface scanning; (c) cross-sectional profiles of the
surface nanorelief measured for trajectories no. 4, no. 8, and no. 9 with arithmetic-mean roughness values  of 9.46, 10.61, and
10.29 nm, respectively.
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ters: profile irregularity heights  average step S of
local protrusions of the profile, and average step Sm of
profile irregularities. According to the definition, 
characterizes the average height of the largest irregu-
larities, which is determined over ten local points of
profile minima and maxima within the basal length as
a mean between the five highest points (protrusions or
peaks) and the five lowest points (depressions) of the
relief by the following formula [32]:

where  is the height of the ith largest protrusion,
and  is the depth of the ith largest depression. The
average step S of the local protrusions of the profile
equals the average distance  between adjacent peaks
of characteristic irregularities within the basal length
in accordance with the following formula [32]:

where n is the number of local peaks along the profile.
Only those neighboring peaks are taken into account,
the height difference of which is no less than 10% of
the maximum profile irregularity height designated as

 in the current version of the state standard [32].
This extreme profile parameter  characterizes the
maximum height of the profile and is calculated as the
distance between the lines of protrusions and depres-
sions (Fig. 3a). A continuous material of the film is
located below this layer. Using this height parameter,
one can estimate the thickness of the rough (some-
times called “perturbed” [35]) surface layer partially
filled with the material. It is in the rough layer that the
surface topography changes. It was found that  for
films of aluminum and its alloys with manganese and
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nickel exceeds, as a rule, the average thickness of the
films when scanning along individual trajectories and
the average  values equal 180.1, 206.0, and 107.3 nm,
respectively.

The average step of the profile Sm irregularities is
defined as an arithmetic-mean of the step of profile Smi
irregularities within the basal length by the following
formula:

where m is the number of middle line sections contain-
ing a depression and a protrusion along the middle
line of the surface profile. The meaning of  is
explained in Fig. 3a. It was found that the average step
of profile Sm irregularities of films of aluminum and its
alloys, which can be considered equivalent to the aver-
age wavelength  of the profile [15], lies in the range
of about 2.0–5.8 μm.

The ratio of the above profile step parameters
determined in the SurfaceXplorer software package
allows us to calculate parameter ψ = S/Sm, which
characterizes the profile spectrum width. The ψ values
experimentally found for the glass substrate and the
aluminum film coincide and equal 1.23 (Table 1). For
the alloys, the ψ value is approximately the same and
only 4% higher than the initial value calculated for the
aluminum film, and equals 1.28 on average.

For each sample, hybrid research parameter k that
characterizes the spatial inhomogeneity and shape of
the surface nanorelief of the films was calculated using
the described analysis procedure. The calculated k val-
ues are given in Table 1 to compare the surface micro-
geometry of the samples. Upon increasing the time of
film deposition, a nonmonotonic change in the hybrid
parameter is observed with an increase in the surface
roughness. It was experimentally determined that the
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Fig. 3. Determining (a) the standardized roughness parameters  , and , and (b) the frequency distribution of the protru-
sions/depressions of the film surface cross-sectional profile with  ,  and 
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values of this parameter for films of aluminum and its
alloy with nickel practically coincide and equal about
2.14, which is more than 50 times higher than the value
determined for glass. For the Al–Mn alloy, the k
parameter increases by 50% compared to that of the
other films and equals 3.19.

In addition to determining the roughness parame-
ters, investigation of the spatial inhomogeneity and
statistical characteristics of the film-surface topogra-
phy also included a procedure for constructing the dis-
tribution histograms of protrusions/depressions of
irregularities both for a single profile and for the entire
scanned surface area. Figure 3b graphically illustrates
the method used for determining the frequency com-
position f of the roughness of a single surface profile by
counting the number of intersections of the profile by
auxiliary secants drawn parallel to the middle line of
the surface profile with a step Δz within the basal
length l in accordance with the following formula [32]:

where  is the function of deviations of the surface
profile from the middle line, n is the number of profile
partitions,  is the deviation of the profile in an arbi-
trary section,  is the number of intersections of the
auxiliary ith secant at height , and N is the number of
secants. Taking into account the experimental values
of parameter Rz, which specifies the maximum height
of profile irregularities, a satisfactory degree of accu-
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racy of the analytically calculated Ra value was
achieved with a step of  nm.

Figure 4 shows an example of the analytically mea-
sured frequency composition of the surface of the Al–
Ni alloy film deposited onto glass with U = 3.0 kV and
t = 6 h. The profile analyses illustrated in Figs. 4a–4c
were performed for the nanoreliefs constructed along the
selected lines of scanning of the Al–1.4 at % Ni alloy film
(Fig. 2c). It should be noted that the SurfaceXplorer
software package does not allow one to construct a
histogram for an individual cross-sectional surface
profile. Assuming that the distribution function of the
material (metal/alloy) over the height of the rough
surface layer of the film is close to a normal distribu-
tion, the experimental histograms were approximated
by a Gaussian distribution. The root-mean-square
deviation σ of the surface point heights determined
during fitting in the OriginPro software package can
be considered as a statistical parameter that character-
izes the irregularity of the relief, i.e., the degree of its
heterogeneity or the degree of its deviation from the
planar shape. As can be seen from Figs. 4a–4c, the
larger the σ value, the greater the surface-profile wrin-
kling (Fig. 2c) and the more satisfactorily the empiri-
cal distribution is described by a Gaussian curve. The
Gaussian curve indicates how often one or another
local protrusion/depression is repeated in the profile.
For example, the most common height coincides with
the middle line of the profile. Figure 4d gives the
results of an analytical topographic analysis of the film
surface shown in Fig. 2b.

Figure 5 shows the distribution histograms of the
nanorelief protrusions/depressions of the glass sub-
strate and films of Al and its alloys, whose AFM
images are shown in Fig. 1, which are obtained using
the SurfaceXplorer software package. It is established
that the empirical frequency distributions  of the
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Fig. 4. Analytically calculated distribution histograms of the surface nanorelief protrusions/depressions of films of the Al–1.4 at % Ni
alloys for the cross-sectional nanorelief profiles along scanning lines (a) no. 4, (b) no. 8, and (c) no. 9, and (d) for the entire sur-
face (the peak is located at −2.01 nm). The measured (analytically) Ra and  (OriginPro) values are (a) 8.72 and 8.45, (b) 15.83
and 8.52, (c) 10.60 and 14.85, and (d) 18.28 and 15.30 nm, respectively.
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Fig. 5. Distribution histograms of the surface nanorelief protrusions/depressions of (a) the initial glass substrate and thin films of
(b) Al and its (c) Al–2.1 at % Mn and (d) Al–1.4 at % alloys deposited onto glass, which are obtained using the SurfaceXplorer
software package and fitted with a Gaussian distribution in the OriginPro software package.
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profile ordinates of the studied surfaces are unimodal
functions and qualitatively agree with a normal distri-
bution. Parameters describing the histograms after
numerical processing in the OriginPro software pack-
age and the results of fittings by a Gaussian distribu-
tion are given in Table 2. It was found that the degree
of deviation of the surface-relief distribution over the
heights from the normal one is at a minimum level for
the glass substrate (  = 0 and  = 3). For films, an
increase in the  parameter with an increase in  is
observed upon increasing the time of film deposition.
The following scale dependence on the area of surface
analysis is revealed when comparing Figs. 5d and 4:
the height of the final histogram naturally decreases
upon averaging over the entire surface during topo-
graphic analysis.

According to the obtained SEM images shown in
Figs. 6, thin films of Al and the Al–2.1 at % Mn and
Al–1.4 at % Ni alloys deposited onto glass are contin-
uous coatings without strains. The presence of micro-
particles of the droplet fraction from the coating
applied on the surface of the films is explained by the

skR kuR
kuR skR
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presence of drops of the cathode material in plasma
flows generated by the arc. Most microparticles are
spherical in shape. The partial f lattening of some
microparticles, which indicates that they got to the
surface of the film in the molten state—can increase
their adhesion to the surface of the films. Table 1 gives
the results of the statistical analysis of SEM images by
the secant method. As can be seen from Table 1, the
microparticles of the droplet fraction have the smallest
size and the smallest volume fraction (0.46 μm and
1.77%) on the surface of the Al–Ni alloy film
comapared to the other films when deposited with a
relatively short film-deposition time. It was found that
the values of the specific surface area Ssp of micropar-
ticle boundaries on the surface of films of the Al–Mn
and Al–Ni alloys are practically the same, while their
size and volume fraction in the case of an alloy with
manganese are approximately twice higher (0.96 μm
and 3.82%). This indicates a lower surface density of
the microparticles of the droplet fraction on the sur-
face of the Al–Mn alloy film, which is associated,
among other things, with the embedding of previously
TRON AND NEUTRON TECHNIQUES  Vol. 17  No. 2  2023
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Table 2. Values of the parameters describing the distribution histograms of the protrusions/depressions of the surface
nanorelief of the initial glass substrate with deposited films of Al and Al–2.1 at % Mn and Al–1.4 at % Ni alloys (Fig. 5)

Material SurfaceXplorer OriginPro

sample , h , nm , nm , % A, arb. units , nm COD (R2)

Glass – –0.40 4.03 –0.1 –0.02 9.72 4.04 0.17 0.89
Al 10.0 1.72 10.11 –3.21 –4.57 7.87 432.97 22.0 0.98

Al–Mn 9.1 2.76 15.64 –4.01 –10.39 8.92 356.44 15.95 0.98
Al–Ni 6.0 –0.80 7.35 –2.07 1.0 9.43 371.90 15.77 0.95

t skR kuR meanz cz maxf σ
deposited microparticles when the coating grows in
the course of film deposition.

The frequency distribution curves of microparticle
sizes (Fig. 6) demonstrate a positive deviation from the
normal law and are described by lognormal curves
with a coefficient of determination COD (R2)
of 0.84–0.98. Figure 3 shows the following statistical
model parameters: modal value zmax that corresponds
to the lognormal distribution maximum, and the
median (zmed) and mean ( ) values. It was found that
it is preferable to use the  values as a characteristic
parameter for the size of microdroplets, since the error
margins satisfactorily overlap in this case for determin-
ing the mean diameter of microparticles by the secant
method and by constructing the lognormal distribu-
tion function. The statistical analysis of SEM data
makes it possible to identify the size group of micro-
particles of the droplet fraction, which made the great-
est contribution to the formation of the film surface
relief. It was found that the largest fraction (60–70%)
of microparticles on the film surface has a size of up to
0.6 μm. Upon increasing the deposition time from 6 to
10 h, the fraction of larger microparticles with a diam-
eter of 0.6–1.0 μm increases, and the area under the
lognormal distribution curve remains almost
unchanged. The value of the variation coefficient CV
that characterizes the degree of data uniformity
exceeds 33% for the alloy films (the case of a homoge-
neous set) compared to the aluminum film, for which

z
z
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Fig. 6. Typical SEM images of the surface of thin films of (a) Al a
onto a glass substrate with the corresponding size-distribution h
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a more uniform size distribution of microparticles was
found (CV = 31.2%).

As was found from studying the wetting of samples
with distilled water, films of aluminum and its alloys
exhibit hydrophilic properties. The shape of the drop-
let applied on the film surface is shown in Fig. 7a. The
deposition of films of Al and its Al–2.1 at % Mn and
Al–1.4 at % Ni alloys on the glass substrate at U = 3.0 kV
reduces the degree of hydrophilicity of the glass sur-
face partially wetted with water (θ = 22.0°). In the case
of metallic films, the equilibrium contact angle
increases and reaches the largest value (81.30°) for the
alloy of aluminum with nickel (Table 1).

The thin-film coatings in this study were formed by
the SIAD method, the distinctive advantage of which
consists in using the ions of the deposited metal as
assisting ions that allow one to obtain coatings without
inert-gas impurity inclusions. During ion-beam depo-
sition, the energy of deposited particles ranges from a
few to tens of electron volts and does not decrease
during film deposition, since the process is conducted
in high vacuum. The use of the SIAD method provides
improved the properties of the films, including good
adhesion of the coating to the substrate without any
restrictions on the composition of the deposited layers
and their thickness [36]. Both refractory and low-
melting metals and alloys can be used as a cathode
plasma-forming material, which make it possible to
synthesize films of various compositions. During film
deposition, the crystallization rate upon cooling the
TRON AND NEUTRON TECHNIQUES  Vol. 17  No. 2  2023
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Fig. 7. Correlation between (a) topographic parameters Ra and k, and (b) volume fraction V of particles of the microdroplet frac-
tion and (d) the time of deposition of the coatings on the glass substrate, as well as (c) the dependence of  on  for thin films
of (j) Al (t = 10 h) and its (s) Al–2.1 at % Mn (t = 6 h) and (h) Al–1.4 at % Ni (t = 9.1 h) alloys. The shape of the droplets of
distilled water on the film surfaces is shown. Empirical values of the coefficients of equation  and COD (R2) for data
fitting are as follows: (a) a = 2.92, b = –0.17, and COD = 0.98; (b) a = 0.50, b = –0.37, and COD = 0.90; (c) a = 3.89, b = 9.83,
and COD = 0.99.
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atomic collision cascades reaches 1012–1013 K/s [19],
which is much higher than the crystallization rates
obtained, for example, in the case of high-speed crys-
tallization from the liquid phase (106 K/s) [37], and
the alloying component concentrations sufficient for
simulating the properties of alloys do not exceed a few
atomic percent. This stimulates the study of structure
formation patterns in slightly alloyed aluminum alloys
modified by ion-beam methods. Hence, the synthesis
of materials under nonequilibrium conditions with
ultrafast cooling rates allows one to develop aluminum
alloys with unique physical and chemical properties
that cannot be achieved by traditional synthesis and
heat-treatment methods. In particular, the surface
morphology of films deposited by ion-plasma sputter-
ing plays an extremely important role in controlling
the set of surface properties of coatings, which are
determined by the structure of the surface layers of the
coating/substrate system, including the surface topog-
raphy, rather than by the characteristics of the material
as a whole.

It follows from the results obtained in this study
that the effect of the initial substrate relief on the for-
mation of the morphology of thin films is revealed
when analyzing the longitudinal roughness parame-
ters. The proportion of step parameters ψ of the metal-
lic film profiles slightly differs from the value (ψ =
1.23) determined for the glass substrate (Table 1).
Since  this indicates that the rough surface of
both glass and metallic films cannot be considered as
a sinusoidal profile ( ). The analysis of the ratio
Rq/Ra of the transverse parameters leads to the same
conclusion. It is believed that root-mean-square
roughness Rq is an alternative parameter to roughness
Ra that characterizes the average height of the profile
irregularities and, to the fullest extent, the profiles
described by random functions. In the case of a coat-
ing with a sinusoidal profile, these parameters differ

ψ > 1,

ψ = 1
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insignificantly, and  according to the the-
ory [38]. In the present study, if the glass substrate
does not have a pronounced relief, then the 
ratio for glass is 1.29 (Table 1), i.e., the well-known
relation Rq = 1.25Ra valid for a Gaussian random sur-
face is fairly well satisfied [38]. Therefore, it seems log-
ical that the experimentally determined fact that aver-
aged amplitude roughness parameters, such as the
skewness and kurtosis of the distribution density of the
surface profile ordinates, are close to the theoretical
values for a normal random surface profile in the case
of a glass substrate (  = 0 and  = 3). However, the
cross-sectional surface relief of the films of aluminum
and its alloys does not repeat, at first glance, the relief
of the glass substrate. Firstly, the  value is 80%
higher than the Ra value, though the surface roughness
is at a minimum level in a thin film of the Al–Ni alloy
compared to other samples. At the same time, the dif-
ference between these height parameters is less signif-
icant for films of the Al–Mn alloy and pure alumi-
num, and equals about 65%. Moreover, if we take into
account the asymmetry of the histogram of the surface
of the Al–Ni alloy film in the region of the frequency
distribution of depressions, then we find that the
results of AFM analysis are in good agreement and
indicate that the film grows in islands [39] by the Vol-
mer–Weber mechanism. Secondly, if a film of the Al–
Ni alloy with a thickness of about 50 nm has compar-
atively deep depressions (Rsk = –0.8), then a positive
skewness (Rsk = 1.72–2.76) of the frequency distribu-
tions of protrusions/depressions of the surface of alu-
minum (90 nm) and its alloy with manganese (80 nm)
characterizes thicker film coatings that have high
irregularities with shallow depressions. The fact that
the values of the kurtosis coefficient  of the films
are above 3 indicates a sharp peak in the frequency dis-
tribution of local maxima and minima when the great-

= 1.11q aR R
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Table 3. Values of the simulation parameters approximating the distribution histograms of particles of the microdroplet
fraction over size groups on the surface of films of aluminum and Al–2.1 at % Mn and Al–1.4 at % Ni alloys deposited onto
glass (Fig. 6)

Material OriginPro

sample , h , μm , μm , μm , % A, a.u. , μm CV, % COD (R2)

Al 10.0 0.43 0.55 0.61 27.88 16.24 0.31 31.17 0.95
Al–Mn 9.1 0.44 0.76 1.27 16.97 19.90 1.70 41.26 0.84
Al–Ni 6.0 0.23 0.34 0.48 27.30 16.14 0.39 40.48 0.98

t maxz cz z maxf σ
est concentration of structural components is
observed near the middle line of the profile. The sur-
face relief of the Al–Mn alloy film is characterized by
the largest kurtosis value (  = 15.64). Such behavior
of the dependence means that pointed protrusions are
formed along with filling the cavities during prolonged
film deposition. This process prevails over the
smoothing of large peaks and can be explained by the
formation of a submicrometer conical morphology.
Since the distribution with the skewness value close to
2 in most cases is acceptable to consider a normal dis-
tribution [40], the nanorelief of films of aluminum and
its alloys obtained by the SIAD method can generally
be considered as an implementation of a random nor-
mal process. Hence, it is necessary to take into
account the surface characteristics of the used glass
substrate among the factors determining the structure
formation in deposited aluminum films. The reason
for the rather high kurtosis values of the film profiles
may be the sensitivity of this parameter to individual
protrusions/depressions.

It should additionally be noted that the alloying of
aluminum leads to a decrease in the size spread of
structural components of the film surface on a nano-
meter scale, since the root-mean-square deviation σ
determined by approximating the f(z) frequency poly-
gons decreases by a factor of 1.4 (Table 2). The same
variance in the distribution of local maxima and min-
ima is a distinctive feature of the morphology of the
alloy films. As can be seen from Fig. 7a, the hybrid
research parameter behaves nonmonotonically during
film deposition with a change in the roughness and has
a maximum for the Al–Mn alloy. It is well known that
both amplitude parameters  and  are linearly
correlated, but the dependence of k on Ra is not a lin-
ear one. This indicates that if the surface of the Al–Ni
alloy film is characterized by a sufficiently high density
of small structural components, then prolonged (up to
9.1 h) ion-assisted deposition of the Al–Mn alloy
leads not only to the formation of a cone-shaped mor-
phology, but also to a decrease in the distance between
the relief-profile irregularity protrusions in compari-
son with other films (Fig. 1).

The analytically obtained plots given in Fig. 4 show
a substantial change in the probabilistic characteristics
of the roughness parameters upon the transition from

kuR

aR 10zR
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the profile assessment to the topographic one. The
high degree of reliability of microtopographic param-
eters is determined by the fact that the basal area of a
rough surface is the most informative region in com-
parison with a single surface section within the basal
length. According to the results of profiling the films
of aluminum and its alloys, step  of roughness irreg-
ularities (wavelengths) is 3.9 μm on average and, con-
sequently, the maximum spatial frequency equal to the
reciprocal value of  in magnitude [41] is 0.25 μm–1.
It is well known [41] that there must be at least two
readings for each oscillation cycle when discretizing a
continuous function to avoid losing information about
its spectral composition. It follows from the published
data [41, 42] that the discretization step in the analysis
should not exceed  Since the film surfaces can be
considered uniform and isotropic (at least, within the
basal length), and the profiling can be conducted in
different directions, we obtain the following condi-
tion, the fulfilment of which ensures the reliability of
profiling results when measuring a set of amplitude
and step roughness parameters: step  in the analyti-
cal topographic analysis is limited to 2 μm. This con-
firms the validity of choosing the movement step equal
to  = 2 μm (Fig. 2a) when specifying the profiling
trajectories at the preliminary stage of applying the
proposed algorithm for analyzing the relief of a topo-
graphic surface map by using a digitized AFM image
of the films.

Thus, a comparison of the microtopographic sur-
face parameters in the longitudinal and transverse
directions and an analysis of the surface density and
sizes of large-scale inhomogeneities, i.e., particles of
the microdroplet fraction, show that the degree of
morphological inhomogeneity of the alloy film sur-
faces, including the volume fraction of microparticles
(Fig. 7b), decreases as a result of alloying. According
to the theory of nucleation and growth of films [43],
the size of stable nuclei inversely depends on the melt-
ing temperature of the metal. No considerable depen-
dence of the size of the microdroplet fraction on the
melting temperature of the material (660.4°C for Al,
693.7°C for the Al–2.1 at % Mn alloy, and 658.3°C for
the Al–1.4 at % Ni alloy [44]) was observed in the
experiments. It should be noted that the growth rate of
the volume fraction of particles of the microdroplet
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TRON AND NEUTRON TECHNIQUES  Vol. 17  No. 2  2023



348 TASHLYKOVA-BUSHKEVICH, STOLYAR
fraction during film deposition is approximately six
times lower than the rate of increasing the arithmetic-
mean roughness of the film with an increase in the
deposition time to 10 h (see Figs. 7a and 7b for the val-
ues of coefficient a of a positive linear dependence of
type ). The linear nature of the correlation
of the arithmetic-mean surface roughness and the vol-
ume fraction of microdroplets with the time of film
deposition in Fig. 7c indicates a considerable contri-
bution of the surface microroughness caused by
microdroplets to the surface topography. However, the
presence of microparticles of the coating deposited
onto the substrate on the film surface does not lead to
frequency distribution bimodality (Fig. 5), as might be
expected if the process of film formation is geometri-
cally determined. This means that the morphology of
thin metallic films based on aluminum is determined
mainly by their growth mechanism discussed above.

Much attention is paid to the problem of wetting
rough surfaces, since the model of an ideally smooth
and chemically homogeneous surface is rarely appli-
cable to the description of real surfaces. The contact
angle is a macroscopic parameter and an integral char-
acteristic of the hydrophilicity/hydrophobicity of the
surface of the solid phase. The stronger the interaction
between the particles of a liquid and the particles that
make up the surface of a solid body, the more favorable
the conditions for wetting and the more efficiently the
surface adsorbs water molecules. As was found from
the experiments performed, the size of a drop of dis-
tilled water is many times larger than the characteristic
size of the detected nanoscale and microsized topo-
graphic inhomogeneities on the surface of films of alu-
minum and its alloys, which makes it possible to con-
sider the contact angle to be constant along the con-
tact line of the liquid and solid phases. It is well known
[45], that the minimum contact angle can be achieved
on silicate glass when various types of glass are wetted
with water. The equilibrium contact angle measured in
this study for distilled water droplets on a glass sub-
strate (  = 22°) is in good agreement with the pub-
lished data for silicate glass [45]. The results shown in
Table 1 demonstrate that the wetting of the coating–
substrate system decreases when a coating in the form
of films of aluminum and its binary alloys with man-
ganese or nickel is deposited onto the glass substrate by
the SIAD method, and depends on both the topogra-
phy and the elemental composition of the surface. In
particular, it was found that an increase in the surface
roughness of the films during prolonged film deposi-
tion leads to the greater spreading of a water drop and
to a logical decrease in the equilibrium contact angle.
Therefore, the equilibrium state of a drop on a rough
surface of films of aluminum and its alloys is described
by the Wenzel–Derjaguin model [46]. Figure 7a
clearly illustrates the operation of the homogeneous
regime of wetting of the films with water: in the steady
Wenzel state, relief smoothing increases the contact
angle of the hydrophilic surface, i.e., impairs wetting.

= +y ax b

θ
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There is no direct correlation between the equilibrium
wetting angle and hybrid coefficient k for films of alu-
minum and its binary alloys with manganese and
nickel. This means that the liquid, which is in contact
with nanoscale and microsized surface irregularities,
fills all the nanorelief cavities of the films and easily
penetrates into surface depressions regardless of the
shape of profile irregularities.

As mentioned above, the contact angle can also be
considered as a parameter useful for estimating the
surface free energy of films, which is a function of the
surface state. At the same time, modern studies show
that alloying allows one to influence the wetting of the
sample surface by promoting its hydrophobization or
hydrophilization [47, 48], since the free surface energy
of a metal that has dispersion and polar structural
components changes when additives are introduced.
The contact angle is higher for surfaces with low
energy [28, 46, 49]. Due to their nature, metals are
characterized by high surface energy values (in partic-
ular, 865 mN/m for aluminum compared to 20 mN/m
for a glass substrate). Therefore, it can be expected that
water that has a low surface energy (72 mN/m) should
spread well on the surface of the investigated ion-
deposited films of aluminum and its alloys. However,
it was found that their degrees of wetting are lower
than expected when considering the dependence of
the hydrophilization of the wetted surface of the films
on their composition. The samples are characterized by
equilibrium contact angles that range from 73° to 82°,
which are several times higher than those for alumi-
num samples [50–53]. The found contradiction
means that the equilibrium contact-angle value of the
studied surfaces is influenced by physical and chemi-
cal factors that reduce the free surface energy of the
films. First, the presence of hydrogen, carbon, and
oxygen in the coatings produced by the ion-assisted
deposition of metals [54] obviously causes a decrease
in the hydrophilic properties of the films. Some of the
hydrogen, carbon, and oxygen atoms remain in the
unbound state [54]. The source of these impurities in
the films is the residual atmosphere of the vacuum
chamber, which contains volatile hydrocarbon frac-
tions from the vacuum oil of the diffusion pump. An
increase in the free surface energy after cleaning the
face-centered cubic (fcc) surface of metals, including
the case without a change in the surface roughness
during treatment, was reported in [55]. Secondly, the
authors of [34, 53, 56, 57] explain the deterioration of
the wetting of aluminum materials by water when con-
tact angles θ lie in the range of 70°–90° by the forma-
tion of an oxide–hydroxide layer on the surface of the
samples in air, since the contact-angle value obtained
upon wetting of a coating with an aqueous drop also
depends on the concentration of OH groups on the
surface. Moreover, attention should be paid to the fact
that an Al–Ni alloy film on the surface substantially
reduces the hydrophilicity of the thin film–substrate
system formed during ion-assisted deposition. On the
TRON AND NEUTRON TECHNIQUES  Vol. 17  No. 2  2023
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contrary, the deposition of an Al–Mn alloy film
instead of aluminum on a glass substrate does not lead
to any considerable change in the hydrophilicity of the
system under study. This indicates that the formation
of a protective layer on the aluminum surface is sub-
stantially influenced by alloying elements of the alloy.
The alloying additives can be concentrated in the sur-
face layer of the resulting aluminum foils when the
alloys are synthesized under nonequilibrium condi-
tions (for example, through high-speed crystallization
by the method of centrifugal quenching of the melt)
[58], thereby increasing their resistance to oxidation.
From this point of view, the results obtained previ-
ously for rapidly solidified Al–Mn and Al–Ni binary
alloys are of particular interest [59, 60], according to
which the surface of the synthesized foils is depleted in
manganese, but enriched in nickel. Studies of rapidly
solidified foils of pure aluminum and Al–Cr alloys, in
which the surface regions of the samples are depleted
in the alloying element (chromium), just as in the case
of Al–Mn alloys, by photoelectron spectroscopy with
use of synchrotron radiation confirmed that the com-
position of the oxide film includes gibbsite γ-Al(OH)3,
diaspore α-AlOOH, and boehmite γ-AlOOH [61].
Moreover, highly dispersed inclusions (possibly clus-
ters) of chromium are unevenly distributed over the
surface of the foils, near which aluminum and chro-
mium are predominantly present in the metallic state.
This indicates that the complex behavior of the con-
tact-angle changes upon the transition from a pure
aluminum film to films of its binary alloys can be asso-
ciated with chemical inhomogeneity of the sample
surface. The wetting is inhomogeneous (mixed) in
nature when a water drop is in contact with the surface
containing heterogeneous regions with different wet-
tability and follows a heterogeneous mechanism [62,
63]. However, studies of recent years have shown that
theoretical investigations in this field face difficulty in
determining the fraction of a solid wetted with water
upon contact with a drop when the topography of its
surface is taken into account, which complicates the
analysis of the wetting phenomenon for nanoscale and
microsized systems. A review of unresolved issues and
problems of wetting, including consideration of the
factors that may affect the mechanism of wetting of
the surface of real bodies, is beyond the scope of this
study. These issues were the subject of a number of
reviews, for example, [64]. Therefore, the issues of
determining the role of the composition and chemical
state of the surface of metallic materials (in particular,
the ones based on aluminum) in the implementation
of homogeneous/heterogeneous wetting regimes upon
contact with aqueous media remain poorly under-
stood, and they are specially being analyzed from fun-
damental and applied points of view.

Thus, the results obtained in this study indicate a
strong correlation of the equilibrium contact angle
depending on the chemical composition of the mate-
rial of films deposited onto glass substrates by the
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
SIAD method with both the nanorelief roughness
parameters and the physical-chemical state of the het-
erophase surface of the samples. To determine the ele-
mental composition of the inhomogeneous structure
of the oxide–hydroxide layer on the surface of films of
aluminum and its alloys, additional studies are
required, which are planned to be carried out in the
future by the Rutherford backscattering method. The
structure formation patterns found in this study for
aluminum films during alloying can be used to control
the properties of thin-film structures (in particular, to
predict their wettability) and are in good agreement
with the preliminary data obtained for thin films of
Al–Cr and Al–Fe alloys in [27, 65]. The obtained
results indicate that it is promising to continue study-
ing the relationship between the roughness parameters
and the physical-chemical properties of films formed
during ultrafast crystallization on glass substrates by
modifying the composition of the coatings and the
conditions of ion-assisted deposition.

CONCLUSIONS

Comparative studies of the surfaces of thin films of
aluminum and its binary alloys with manganese and
nickel by the AFM and SEM methods have made it
possible to evaluate the dependences of the structural
uniformity of the films on their composition and the
time of deposition on a glass substrate with assistance
by their self ions and to reveal the correlation between
the topographic parameters and surface-structure
components, such as microdroplet fraction particles
from vacuum-arc-discharge plasma. The frequency
distributions are fitted using standard statistical meth-
ods in the OriginPro mathematical software package.
The AFM images show the film surface with island
structures. The arithmetic-mean roughness of coat-
ings varies in the range of 17–32 nm. The statistical
processing of the transverse and lateral sizes of the sur-
face-relief components of metallic films has made it
possible to determine a set of transverse, longitudinal,
and complex parameters for assessing the roughness of
the surface and its local microstructure. The experi-
mental distribution functions of the protrusions and
depressions of the film-surface nanorelief are uni-
modal in nature and are in satisfactory agreement with
the Gaussian distribution. The frequency distributions
of the microdroplet fraction over the particle sizes are
lognormal functions. It is established that the degree
of morphological surface inhomogeneity of the alloy
films compared to films of pure aluminum decreases
with the formation of a submicrometer cone-shaped
morphology. With prolonged deposition, the number
of microparticles on the surface of the samples
decreases with an increase in the diameter. The alloy
films are characterized by a spread of microdroplets in
size. The change in the arithmetic-mean roughness of
the films as a function of the volume fraction of micro-
droplets is described by a positive linear dependence.
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The described approach has made it possible to
reveal the dependence of the film-surface topography
on the structure of the glass substrate and to study the
effect of surface inhomogeneities on the wetting prop-
erties of the synthesized hydrophilic coatings. In par-
ticular, hybrid parameter k calculated with the use of
AFM tools during analysis of the sample surface-
roughness profiles to estimate the shape of irregulari-
ties can be used as a parameter that characterizes the
wetting of films with water. The methodology pro-
posed for determining the parameters of the surface
structure with application of the analytical profile and
topographic analysis of AFM images of films of alumi-
num and its alloys can be adapted for implementation
in the software packages used in industrially produced
devices and is suitable for quantitative analysis of the
morphology and topography of samples in the nano-
meter and micrometer ranges.
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