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Abstract. The correlation between the synthesis modes, chemical composition, crystal structure, surface microstructure,
and also the mechanical properties of thin nanostructured Ni — Fe films has been studied. Thin Ni—Fe films on the Si with Au
sublayer were obtained using electrolyte deposition with different current modes: direct current and three pulsed modes with
pulse duration of 1's, 107 and 107> s. It is shown that a decrease in the pulse duration to 10~ s leads to an increase in the film
elastic modulus and the hardness due to the small grain size and a large number of grain boundaries with increased resistance
to plastic deformation. The effect of heat treatment at 100, 200, 300, and 400 °C on the surface microstructure and microme-
chanical properties of the films was investigated. An increase in grain size from 6 to 200 nm was found after heat treatment
at 400 °C which, in combination with interfusion processes of the half-layer material, led to a significant decrease in hardness
and elastic modulus. Ni—Fe films with improved mechanical properties can be used as coatings for microelectronic body for
their electromagnetic protection.
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B.M. ®enociok, T. U. 3yb6aps, A.B. Tpyxanos

Hayuno-npaxmuuecxuii yenmp Hayuonanenoii akademuu nayx benapycu no mamepuanogeoenuio, Munck,
Pecnybnuxa benapyco

BJIMSHUE MAPAMETPOB 2JIEKTPOJIUTUYECKOI'O OCAXKIAEHU S HA CTPYKTYPY
U MUKPOMEXAHUYECKHUE CBOMCTBA IIJIEHOK Ni—Fe

AnHoTanus. [IpoBeneHbI HCCAENOBAHNS KOPPEIALNT MEKIY PSKMMaMH CHHTE3a, XUMUYECKHM COCTaBOM, KPUCTAJLIH-
4eCKOU CTPYKTYPOH M MUKPOCTPYKTYPOI MOBEPXHOCTH, a TAK)KE MEXaHMUECKIMH CBOMCTBAMU TOHKHX HAaHOCTPYKTYPHPO-
BaHHbIX M1eHOK Ni—Fe. Tonkue menkn Ni—Fe Obliay mosyueHbl B pa3inIHbIX PEKUMAX DIIEKTPOIUTHUSCKOTO OCAXKCHUSI:
B PeXUME MOCTOSHHOIO TOKA M B HMITYJbCHBIX PEKHMAX C JTHTEILHOCTHIO uMIybca 1 ¢, 107 u 107 ¢. Ilokasaso, uto
yMeHBIIEHHE TTHTETFHOCTH HMITYJTbca 10 10> ¢ IPUBOAMT K YBETHYCHHIO MOTYIS YIPYTOCTH ¥ TBEPAOCTH TIJICHOK 61aro-
Japsi MaJloMy pa3Mepy 3epHa 1, COOTBETCTBEHHO, OOJIBIIOMY KOIHUYECTBY TPAHMUI] 3€PEH C MOBBIIICHHBIM COMPOTHBICHUEM
njacTuueckor nedopmannu. McecnenoBano BuusiHue TepMmudeckoit oopadotku npu 7' = 100, 200, 300 u 400 °C Ha MHKpO-
CTPYKTYpY HOBEPXHOCTH U MUKPOMEXaHHYeCKHe cBOiicTBa mieHok. [Tocae Tepmoobpadotku mpu 400 °C Habnoaanocs yBe-
JIUYeHHe pa3Mepa 3epHa oT 6 10 200 HM, UTO B COYETAHUU C MporeccaMy B3anMoauddys3un MaTeprana mojciaos U MICHKH
MPUBEJIO K 3HAYUTEIHHOMY CHIDKSHHIO TBEPJAOCTH U Moxyis ynpyroctu. [Inenkn Ni—Fe ¢ ymydmeHHBIME MEXaHHUSCKUMHU
CBOHCTBAMHU MOTYT OBITH HCHONB30BaHBI KaK MOKPBITHS KOPITYCOB MUKPOIIEKTPOHUKH JUISI SICKTPOMATHUTHON UX 3aIIUTEL.
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KuroueBble ciioBa: Tonkue mieHkn Ni—Fe, anexkTponuTiuueckoe ocaxkJeHHe, CTPYKTypa, MEXaHU3M POCTa, MEXaHHUe-
CKHE CBOMCTBaA

s uutupoBanusi: Penocrok, B. M. BinsiHue napamMeTpoB 31€KTPOJUTHUECKOTO OCAXACHHS HA CTPYKTYPY U MUKPO-
MexaHudyeckue cBoiictea mieHok Ni—Fe / B.M. ®enoctok, T.U. 3ybaps, A.B. Tpyxanos / Bec. Hau. akaxa. HaByk benapyci.
Cep. diz.-axH. HaByk. —2020. — T. 65, Ne 2. — C. 135-144. https://doi.org/10.29235/1561-8358-2020-65-2-135-144

Introduction. The development of nanotechnology and the tendency to miniaturization are the main
trends of modern scientific and technological progress. Over the past decade, the global market of pro-
duction and use of thin and nanostructured films has increased by 2-3 times. After applying thin and
nanostructured films and coatings, the product surface can acquire new functional properties and, at the
same time, its performance characteristics increase [1-3]. Magnetic nanostructured films and separate
Ni—Fe nanoparticles are the basis for the development of a new generation of high-density magnetore-
sistive random access memory, quantum computers, and other topical applications of microelectronics
and spintronics [4—6]. In addition, the magnetic properties of nanoparticle ensembles have not yet been
sufficiently studied and, therefore, are of interest from fundamental perspective. For example, near the
percolation threshold of partially filled nanostructured films, there may occur a magnetic domain struc-
ture, ordered in a geometric cluster of single-domain magnetic particles [7]. The appearance of such
magnetic structure is due to the peculiarities of the microstructure dipole-dipole and exchange magnetic
interactions. In turn, the microstructure features are formed at the stage of film origin and largely de-
pend on the mechanisms of its growth [8—10]. The use of pulsed electrodeposition modes at the synthesis
of Ni—Fe nanostructured magnetic films allows controlling the microstructure parameters by controlling
the average grain size, the degree of film filling, and the mechanism of its growth, which opens up wide
opportunities for the synthesis of films with controlled functional properties [11, 12].

Thus, the purpose of this work is to study the effect of the parameters of electrodeposition of thin
nanostructured Ni—Fe films on their composition, crystal structure and surface microstructure, as well
as on mechanical properties.

Materials and methods of research. Thin Ni—Fe films were synthesized by electrolyte deposition
in various modes: stationary electrodeposition (at constant current) and in pulse modes with different
pulse durations. The films were deposited on a silicon plate with a crystallographic orientation (100) on
a 100 nm thick gold sublayer. Deposition of the films with the desired stoichiometry — NigyFe,o — was
performed from a standard combined electrolyte composition: NiSO4— 210 g/1, NiCl, — 20 g/1, H;BO; —
30 g/1, MgSO,4 — 60 g/1, FeSO,4 — 15 g/l, saccharin — 1 g/l. The electrolyte temperature was maintained at
30-35 °C, pH = 2.3-2.5. The current density of j = 25 mA/cm?.

The samples of thin Ni—Fe films, obtained by stationary (DC) and pulsed electrodeposition, differed
in the pulse duration (¢,,), which was equal to the pause duration(Z,¢r):

1) obtained by DC (DC mode), #,, = fxui;

2) obtained by the long-pulse mode, #,, = 1 s;

3) obtained by the medium pulse mode, 7o, = 1 ms =107 s;

4) obtained by the short-pulse mode, ., = 10 mcs = 107 s.

The total electrodeposition time (¢g,;) was 5, 30 and 60 s for each mode. Table 1 provides details of
the synthesis modes of nanostructured Ni—Fe films.

The chemical composition of the research objects was studied using Energy-dispersive X-ray spec-

troscopy (EDX) with spectrometer by Rigaku

Table 1. Features of electrodeposition modes Inc. Crystal structure and qualitative phase anal-
of nanostructured Ni—Fe films obtained with different . .

pulse durations for fr, = 60 s ysis were performed at. room temperature usmg

the DRON-3M X-ray diffractometer (XRD) with

Mode tans | fons | fows | N& | s | CuKy (A = 0.178 nm) in the range of 10-100°
Direct current (DC) | 60 60 - - 60 in increments of 0.05°. The crystal structure
Long pulse (LP) 60 1 1 30 30 was evaluated using the Rietveld method using
Medium pulse (MP)| 60 [1-107|1-1073|3-10*| 30 the FullProf.
Short pulse (SP) 60 [1-10°(1-10733-10°| 30 The surface microstructure was studied using

. . the HT-206 atomic force microscope (AFM) and
*N, — number of current pulses during the full deposition . . . .
time. the Hitachi TM3030 scanning electron micro-
** o — effective time of electrodeposition, Zug = £5nN,,. scope (SEM).
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Micromechanical parameters were measured using the nanoindenter 750 UBI (Hysitron, USA) by
introducing the Berkovich diamond pyramid with continuous registration of deformation curves. For
each sample, at least 25 measurements were made in the normal load range from 0.1 to 10 mN. Each
deformation curve included 4,000 measurements. Loading of materials was carried out according to the
scheme “10—10” (10 s of loading, 10 s of unloading). The Oliver—Farr method was used to calculate mi-
cromechanical properties [13]. The calculation of the inter-diffusion process of gold atoms into a Ni—Fe
film was carried out according to the basic diffusion equation (I Fick’s law) and the Arrhenius equa-
tion [14, 15]. The temperature dependence of the diffusion coefficient was determined by the equation 1:

D(T)=D,exp {—%}

Where D, — factor of diffusion (cm?/s), O — activation temperature of the diffusion process correspond-
ing to the activation energy (J/mol), 7 — thermodynamic temperature (K). For gold atoms diffusing in the
film, Dy = 1.01-1073 cm?/s and Q = 17,750 K [16].

Results and discussion. The results of studies of nanostructured films of the Ni—Fe system using
EDX (Fig. 1) showed that the Ni/Fe ratio is not constant for samples obtained using different deposition
process modes (DC and pulse modes with different pulse durations). The chemical composition of the
electrolyte used for electrodeposition was chosen in a way that the stoichiometric ratio of the synthe-
sized films was close to NiggFeyo. This alloy has a high magnetic permeability, low coercive force and
close to zero magnetostriction, as well as a significant magnetoresistive effect. The composition of the
film obtained in DC mode was as close as possible to the predicted one — Nizg 39Fey ¢;.

Switching to pulsed electrodeposition modes provided a deviation from stoichiometry that changed
non-linearly with decreasing pulse duration. Fig. 1, e shows the change in the stoichiometric ratio of Ni
and Fe in films obtained in different electrodeposition modes at #r,;; = 60 s. When switching from DC
mode to pulse mode with a pulse duration of 1 s and 107 s, an increase in the iron content from 20.61
to 24.45 at.% is observed. With a further decrease in the pulse duration and switching to the mode with
tyn = 107 s, a decrease in the iron concentration to 18.24 at.% was recorded.

The chemical composition gradient, exactly, the increase in the iron content in Ni—Fe films near the
substrate with subsequent stabilization of the composition, is a known phenomenon found in binary (Ni—
Fe, Co—Cr, Co—Fe) and triple (Co—Ni—Fe) alloys obtained by electrodeposition [17, 18]. The stoichiomet-
ric ratio in a binary Ni—Fe alloy is determined by the kinetics of the ion reduction process in the cathode
fall region. Changing the technological parameters can cause a significant shift in the equilibrium of the
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Fig. 1. Chemical composition of Ni-Fe films obtained
by DC and pulse modes with different pulse durations,
tran = 60 s: a — energy-dispersive X-ray spectra of Ni—Fe
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redox reaction: Fe?* + 2¢™— Fe’, which can lead to a substantial deviation from stoichiometry. For ex-
ample, an increase in the electrolyte temperature above 40—45 °C contributes to the transition of Fe?* —
Fe* (oxidation). Thus, electrodeposition at electrolyte temperatures 7> 40—45 °C results in Ni—Fe films
with a lower concentration of iron. The absence of electrolyte mixing during electrodeposition reduces
the concentration of Fe?* ions in the cathode region, which also leads to a decrease in the iron content in
films with small thicknesses at the initial stages of growth.

In nanostructured films consisting of individual grains, the maximum deviation from stoichiometry
is observed at the grain boundaries due to the high content of defects. This can cause a significant dif-
ference in the chemical composition at the grain boundary and in the volume. The boundaries of nano-
sized grains are characterized by an extremely high density of defects. In addition, when the grain size
decreases, the share of their borders increases significantly in relation to the volume.

The use of pulsed electrodeposition provides the growth of the grain structure, with each grain
growing within a single pulse. Reducing the pulse duration leads to a decrease in the average grain
size, which will be confirmed experimentally later. A decrease in the average grain size leads to an in-
crease in the percentage of grain boundaries and defects. The results of the chemical composition study
showed that switching to pulse modes and reducing the pulse duration to #,, = 10~ s causes a decrease
in the iron content, and further reducing the pulse duration to 7,, = 107 s leads to an increase in the
iron content in the films. Although, for the sample obtained in the mode with the minimum pulse dura-
tion, the percentage of defects at the borders should be higher than for the samples obtained with large
pulse durations, due to the reduction of grain sizes. From this, it can be concluded that the processes of
increasing the iron content during the transition from DC mode to modes with a pulse duration of 7, >
107 s and reducing its content during the transition to a mode with a pulse duration of 107 s have dif-
ferent natures. This nonlinear change is supposedly the result of a change in the growth mechanism of
nanostructured Ni—Fe films using different electrodeposition modes

It can be assumed that the increase in Fe content is the result of the interaction of two competing
processes (processes of repolarization in the cathode fall region and increase in nucleation centers).
Newertheless, a decrease in the Fe content for the mode with the minimum pulse duration is the result of
non-equilibrium processes of electrolyte depletion by iron ions in the cathode fall region with a simulta-
neous increase in the number of nucleation centers.

Figure 2 shows diffractograms of Ni—Fe films synthesized with different pulse durations at 60 s of
deposition, obtained by XRD. Diffractograms show two distinct peaks for three samples of films ob-
tained by pulsed electrodeposition, while three peaks are observed for the film synthesized in DC mode.
The most intense peaks correspond to the angles of ~51-52, ~59—-60 and ~88-90 deg. and characterize
the atomic planes (111), (200) and (220), respectively. Analysis of diffractograms showed that all the
studied samples of Ni—Fe films are single-phase isostructured samples with a cubic lattice and the Fm3m
(225) spatial group. With the switching from DC mode to pulse modes and with a decrease in the pulse

duration on diffractograms, there was a decrease

10000 in the intensity and an increase in the width of the

peaks, which was due to the changes in the con-

tent of microdefects and to the decrease in the av-
erage size of the crystallite.
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the atomic plane (220) and disappears with the transition to pulse modes, which confirms the isotropic
shape of the crystallites and the reduction of the size of the crystallites without a preferred orientation.

Table 2 shows the main crystallographic parameters of film samples obtained in various electrode-
position modes at full deposition time #¢,;; = 60 s. The parameter of the unit cell @ and the volume of the
unit cell 7 increase when switching to pulsed electrodeposition modes and reducing the pulse duration
to 107 s, and for a sample obtained at #,,= 107 s, a dramatic decrease in these values is observed. Thus,
with an increase in the iron content from 20.61 to 24.45 at.%, the parameter of unit cell @ increases from
3.553 to 3.573 A. This is due to the larger radius of the Fe atom (1.56 A) compared to Ni (1.24 A). A sig-
nificant decrease in the unit cell parameter a from 3.573 to 3.543 A, observed when the pulse duration
decreases from 107 to 107, can be caused not only by a decrease in the Fe concentration in the films,
but also by the influence of surface compression of the crystallites. Surface compression of crystallites is
observed in nanoscale particles when the proportion of the surface layer is comparable to the proportion
of the material in the volume of crystallites. Surface compression can reduce the unit cell parameter.

Table 2. Nominal chemical composition and main crystallographic parameters of Ni—
Fe films obtained with different pulse durations, determined by the results of EDX and XRD

Mode Nominal c}'le'mical Unit cell Unit cell Interplanar spacing, A
composition parameter, @, A | volume, ¥, A3 din oo daso
DC Nizg.39Fe€20.61 3.553 44.852 2.0513 1.7765 1.2562
LP, t,n=1s Niz7s6Fe22.14 3.565 45.308 2.0583 1.7825 1.2604
MP, t5, =105 | Niys.ssFessas 3.573 45.614 2.0629 1.7865 -
SP, 1,,=107s | Nig 76Feig24 3.543 44.657 2.0497 1.7675 -

Figure 3 shows the evolution of the surface morphology of Ni—Fe nanostructured films at the initial
stages of growth during the transition from DC to pulse modes and when the pulse duration decreases.
It was found that with the transition to pulse modes and with a decrease in the pulse duration, the sur-
face becomes more homogeneous, less porous and less defective. The film obtained in DC mode during
60 s of electrodeposition (Fig. 3, a, ) had a thickness of 800 = 70 nm. On the surface there are pores
with sizes from hundreds of nanometers to a few units of micrometers and conglomerates of grains with
sizes from 100 to 500 nm. The average surface roughness of the Ni—Fe film synthesized in DC mode
was Ra = 17.7 + 0.8 nm. With the transition to the pulse mode of electrodeposition at ¢, = 1 s, the rough-
ness decreases to the value Ra = 11.3 + 0.7 nm, and the porosity significantly declines, and the surface
uniformity increases (Fig. 3, ¢, d). When the pulse duration is further reduced, the roughness value is
reduced to 6.6 and 1.5 nm for the pulsed electrodeposition mode with z,, = 10~ s and 7, = 107> s, respec-
tively. The results of the AFM surface morphology study correlate well with the data obtained by the
SEM method.

The grain size distribution for films produced in different modes is shown in Fig. 4. The most
probably diameter of a single grain formed on the surface of a Ni—Fe film in DC mode is 41 nm at
ton=1s—20nm, a film with the most likely grain size of 13 nm is formed in the mode with #,, = 10~ s, and
in the mode with #,, = 107 s — 6 nm.

The decrease in the average grain size is due to a decrease in the duration of the current pulse during
electrodeposition. In DC mode, the growth of Ni—Fe system crystallites is performed continuously. This
is how films with a developed surface, high roughness and defects are formed. In pulse modes, at the mo-
ment of the beginning of the current pulse, an embryo is formed — the center of crystallization, on which
the recovery of ions from the electrolyte solution continues for the entire time of the pulse. Grain growth
stops when the current is turned off. Thus, the pulse duration determines the size of the film grains.

The surface morphology of films obtained in the mode with a minimum pulse duration of 107> s, dif-
fers significantly from the morphology of samples synthesized in other modes. There are no pores on the
surface of the film. The surface is characterized by high uniformity, extremely small grain size and low
roughness. The grains formed in the DC mode, long and medium pulse modes have a developed surface
and a tendency to form dendrite-like structures, while the grains formed at z,, = 10> s have the shape of
an ellipsoid and form a thin continuous nanostructured film.
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Fig. 3. Results of surface morphology study of nanostructured Ni—Fe films obtained in different electrodeposition modes
using AFM (g, ¢, e, g) and SEM (b, d, f; h): a, b—DC mode; ¢, d —ton=15; €, f—ton =107 5; g, h— 15, =107 s
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The distribution of grain sizes by fractions, shown in Fig. 4, shows that films, obtained in the mode
with the minimum pulse duration, have a minimum size spread of nanoscale grains. For example, during
5 s of pulsed electrodeposition in the mode with the minimum pulse duration, a film, 85 % of the grains
of which are less than 10 nm in size, is formed.
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Fig. 4. Grain size distribution of thin Ni—Fe films at the initial stages of growth obtained in different electrodeposition modes:
a-DCmode; b—ton=18;c—ty =102 8;d—ty, =107 s

The diagrams of changes in the modulus of elasticity (£) and microhardness (H) (Fig. 5) show that
experimental samples obtained in DC and pulse modes at #,, = 1 s and #,, = 10~ s are characterized by
a close value of the modulus of elasticity, ranging from 160 to 162 GPa. Microhardness during the transi-
tion from DC mode to pulse mode increased from 6.3 to 7.2 GPa, which is a consequence of reducing the
film’s defects and porosity, as well as reducing the average grain size from 40 to 20 nm. When the pulse
duration is reduced to 107> s, there is a significant increase in the modulus of elasticity and microhard-
ness to 189 GPa and 10.8 GPa, respectively. Micromechanical properties are determined by the grain
size and the number of grain boundaries. When switching to the mode with the minimum pulse dura-
tion, the grain size becomes less than 10 nm and the share of the interface between the grains becomes
comparable to the grain volume. In addition, the density increases due to the uniformity of the surface
and the cell parameter decreases — in other words, the density of the package increases, which leads to
a significant increase in micromechanical properties.

Figure 6 shows the results of the study of the modulus of elasticity and microhardness under the influ-
ence of heating. Films formed in the pulse mode at ., = 10~ s and characterized by maximum microme-
chanical properties were subjected to heat treatment. After heat treatment at 100, 200, 300, 400 °C, the mi-
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cromechanical properties of Ni—Fe nanostructured films decreased. The change in micromechanical
properties is due to the influence of many competing processes that are activated when the temperature
increases. The greatest contribution is made by the processes of heterodifusion of the sublayer material
(gold) into the permalloy film, as well as intergranular diffusion, which contributes to the homogenization
of the material, and recrystallization. At the same time, the surface is being oxidized.

E, GPa 189 H, GPa
190 12 108
10
180 -5 -
8 6.3
170 161 160 162 6
160
4
150 9
140 0
DC 1s 10°s 10°%s DC 1s 107%s 107

Fig. 5. Micromechanical properties of nanostructured Ni—Fe films obtained in different electrodeposition modes: ¢ — modulus
of elasticity, b — microhardness

198
E, GPa 189 191 H, GPa 108 7

10.2
200 166 153 12 g

Fig. 6. Effect of heat treatment on the modulus of elasticity, microhardness and microstructure of nanostructured Ni—Fe films

obtained by the pulsed electrodeposition mode at £, = 10~ s: a — elastic modulus of the Ni—Fe film obtained by the pulse mode

at t,, = 107 s; b — microhardness; ¢ — microstructure of the film without heat treatment; d — after heat treatment at 7= 100 °C;
e—T=200°C;f—T=300°C; g— T=400°C

Figure 6 shows the change in the mechanical properties and the morphology of the films surface af-
ter thermal treatment. When heated, there is a continuous increase in the grain size from 6 nm (at room
temperature) to 200 nm at 7'= 400 °C. Detailed analysis of the surface structure indicates that the grain
size increases due to unification, which is caused by increased mobility of atoms at the grain boundaries.

Based on the Arrhenius equation and the first Fick law, the temperature-time dependence of the het-
erodiffusion coefficient of the sublayer material (gold) into the Ni—Fe film was obtained. The results of
the calculations are shown in table 3. Taking into account that the values of microhardness and modulus
of elasticity are averaged values of the results of nanoindentation over the entire thickness of the film,
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the relative concentration of gold in the Ni—Fe lay- Table 3. Effectofheattreatment on the diffusion

er was also averaged over the entire volume. The of gold atoms from the sublayer into the Ni__sFe film
. . .. obtained in the pulsed mode at#,,=10""s
change in microhardness and modulus of elasticity
is proportional to the number of grain boundar- Calculated , _
. . . e diffusion Average relative Average grain
ies of the material, as well as the concentration of : coetiniomn | concentration of gold | size, nm
gold atio'ms diffusing from the sublayer, which is 20 4951030 = 0.000L y
an additional source of defects. =)
. 100 2.18-10 <0.0001 ~40
Analysis of the results showed that heat treat- 0
. . L 200 5.09-10 <0.001 ~ 100
ment at 100 °C and 200 °C leads to a slight in- -
in th dul f elasticit d microhard 300 3.56-10 ~0.12 ~ 180
crease in the modulus of elasticity and microhard- 200 332101 o036 200

ness by reducing internal voltages. A further de-
crease in A and E values is related to an increase
in the concentration of gold atoms in the Ni—Fe film, which has lower micromechanical properties. The
results of calculating the average relative concentration of gold atoms showed that before reaching the
temperature of 300 °C, the relative concentration of gold was negligibly small.

Conclusion. Thin Ni—Fe films on the Si with Au sublayer were obtained using electrolyte deposition
with different current modes: direct current and three pulsed modes with pulse duration of 1's, 10~ and
107 s. It has been established that a decrease in the pulse duration leads to a decrease in the grain size
of the film, an increase in uniformity and a decrease in surface imperfection and porosity. A decrease
in 5, to 107 s leads to the formation of grains with an average size of 6 nm. It was established that
films obtained with a minimum pulse duration (z,, = 107 s) have enhanced mechanical properties.
The elastic modulus of this film was 189 GPa, and the hardness was 10.8 GPa, compared with 161 and
6.3 GPa respectively for the film obtained at constant current. It has been shown that the enhancement
effect is exerted by a high number of grain boundaries in fine-grained films. This was confirmed by
a study of the effect of heat treatment on micromechanical properties. It was established that after heat
treatment with 7= 400 °C, the grain size increased from 6 to 200 nm and the mechanical characteristics
simultaneously decreased.
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