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Vanadium oxide thin films were fabricated using a multi-step deposition process involving magnetron
sputtering and sequential annealing. The structural, vibrational, and nanomechanical properties of the films were
investigated to elucidate the impact of phase composition on the performance of metal-insulator phase transition
(MIT). X-ray diffraction (XRD) and Raman spectroscopy revealed a structural evolution from quasi-amorphous to
nanocrystalline phases upon annealing, with transitions from VO, to textured V,Oy dominating the annealing
process. The observed phase transition is accompanied by hardness increase from 0.9 GPa in the amorphous first
layer to 11-18 GPa in all (crystalline) multi-layers. The hardening is attributed to development of well-ordered
crystalline texture, which improved interatomic bonding and resistance to deformation. The vibrational Raman
spectra obtained at various excitation wavelengths exhibit resonant sensitivity to different oxide phases, including
the minority V307 phase not detectable by XRD and selective resonant probe of V409 phase only with 671 nm
excitation. Temperature-dependent Raman and electrical resistivity measurements revealed superior MIT
characteristics for samples with higher VO, content, despite the presence of other V1O, phases. These findings
underscore the critical role of structural ordering in tuning the mechanical and functional properties of vanadium
oxide films for advanced electronic and optical applications.

Keywords: Vanadium oxide, VO,, V4,04, V307, Raman spectroscopy, X-ray diffraction, nanoindentation,

metal-insulator transition, phase transition.

Received 25 July 2024; Accepted 06 December 2024.

Introduction

Vanadium oxides have been an area of intense
research for a few decades, due to high promises of
applications in uncooled microbolometers,
thermochromic windows, catalysis, and many other [1-3].
The most attention has been paid to VO phase, because it
has an insulator-metal (MIT) transition at temperature of
68 C, with a suitable temperature coefficient of resistance
(TCR) [4, 5]. The efforts of researchers and technologists
have been mainly focused on obtaining the monophase
and crystalline layers of VO, and reducing its transition
temperature close to room temperature by inducing strain,
changing V:O stoichiometry, or introducing dopants [2, 6
-10]. Although less intense, other oxides have been
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investigated, such as V203, V30s, V7016, V4Og, and V205
[11-14]. The importance of investigation of these oxides
is twofold: to enable their identification as minor
inclusions in the VO layers and to find most efficient
applications for these oxides. The V.03 phase has very
low resistivity, but the TCR value is too small to be
applied as a microbolometer. The V,0s phase has a large
TCR value, but the resistivity is too large to be used for
the microbolometer. Monoclinic VO3 has low resistivity
and high TCR value at the same time, however, due to the
MIT phenomenon, hysteresis occurs in the temperature-
resistance graph and stable operation is difficult in
microbolometer. Therefore, mixed phase thin films of
vanadium oxides, VO and V205 [15], or to mix vanadium
metal and V>Os phase into a sandwich structure have been
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studied [16]. Besides, obtaining vanadium oxide films as
a mixture of two or more phases is much easier than phase-
pure VO, but still can have competitive characteristics.
For example, the mixed oxide VO,:V,0s (ratio of 36:64)
exhibited TCR of 3.2 with a reasonable low resistance
(120 Ohm/square) [15]. The films containing even more
phases exhibited a TCR of 2-3 [17-20], which is
comparable to pure VO, phase materials.

Another challenge is to obtain application-ready VO,
(or other oxide) films of large enough thickness. Both the
epitaxial and polycrystalline growth has certain critical
thickness around 100-200 nm, beyond which the film
loses its structural perfection or integrity with the
substrate, while films up to 500 nm thick films are more
suitable for applications. Various approaches have been
demonstrated to attain thicker films of required quality:
using various buffer layers (to reduce the strain in the film
or improve adhesion), dopants, reducing the growth
temperature [21, 22]. An original approach was proposed
recently by or group —a multistep deposition of VO, films
[9], which consists in several alternating cycles of
deposition and annealing of layers of “subcritical”
thickness (< 200 nm). In the present work, for the films
obtained by multi-step deposition we investigate in detail
the vibrational and nanomechanical properties.

Nanomechanical investigations of vanadium oxides
(VO,) have revealed critical insights into their mechanical
and functional properties, especially in relation to
structural phase transitions and synthesis conditions. The
mechanical behavior of VO,, for instance, is profoundly
influenced by its metal-insulator transition (MIT), where
the elastic modulus increases sharply by approximately
17 GPa as the material transitions from the insulating
monoclinic phase to the metallic rutile phase. This
highlights the potential for VO,-based applications in
electrical, mechanical, and sensor devices due to its
unique coupled electronic and mechanical properties [23].
In situ investigations using advanced techniques, such as
TEM-based stress-strain analysis of VO, nanowires,
further demonstrate that tensile loading can modulate
phase transition temperatures, providing a mechanism to
actuate nanostructures or detect local thermal changes
induced by external stimuli [24].

Nanomechanical tuning of VO, has also been
achieved through controlled pressure application via
scanning probe methods. Conductive AFM (C-AFM)
studies reveal that applied pressures of approximately
5 GPa can reversibly induce the MIT at room temperature,
enabling nanoscale switching between insulating and
conductive states. This technique provides valuable
insights into the coupled structural and electronic
transitions in VO, and aids in the design of nanoscale
oxide-based devices [25].

The mechanical properties of amorphous VOy films
are highly dependent on deposition conditions, such as the
Ar, ratio during sputtering, which governs film density
and microstructure. Hardness values range from 0.3 GPa
for oxygen-rich porous films to 2.1 GPa for densely
packed films deposited with higher argon content.
Annealing induces phase transitions, such as the
transformation of V,0s from amorphous to
polycrystalline states, leading to a marked increase in
hardness from 3.2 GPa to 6.4 GPa, underscoring the
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impact of structural evolution on mechanical properties
[26].

Our recent studies combining AFM nanoindentation,
X-ray diffraction, and Raman spectroscopy have revealed
order-of-magnitude increases in hardness and elastic
modulus for VO,-rich films compared to insulating
oxides. These advances elucidate structure-property
relationships, with systematic correlations between post-
annealing, phase composition, and nanoscale mechanical
performance. Innovations such as ion implantation further
enhance  mechanical  properties through  defect
engineering, paving the way for optimized processing and
a deeper understanding of nanoscale functionality in VOx
materials [17].

Experimental

VO, thin films were grown as described in the
previous work of our group [27]. Magnetron sputtering of
the VO, target at the background pressure of
(1...2)-10 Torr and Ar (high purity 99.999%) pressure
of (2...4)-10 =3 Torr. The power of magnetron was kept
at 50...70 W, and substrate temperature was 235 + 15 °C.
After deposition, the sample was annealed at 350 °C for
30 min in Ar ambient, and then next layer was deposited
on top of the annealed layer. This procedure was repeated
three times. After each deposition or annealing step, a part
of sample was cut and numbered correspondingly
(Table 1): 1,2,3 for samples after deposition and 1a, 2a, 3a
for corresponding samples after annealing.

The crystal structure of the films was investigated
using an X'Pert ProMPD X-ray diffractometer with the
CuKoa wavelength (A = 0.15406 nm) in a sliding mode,
with a scan step of 0.025 degrees. Attribution of XRD
reflexed was performed according to the ICDD database
(International Centre Diffraction Data). The film thickness
was determined using a profilometer. The surface
morphology and nano-mechanical properties of the films
was studied using a scanning probe microscope
NanoScope Illa Dimension 3000TM. Surface relief
measurements were performed in the tapping mode by
using the ultrasharp silicon tips with the nominal radius of
8 nm. The nanoindentation mode and the cube corn
diamond indenter with the apex radius 30 nm (135 N/m
spring constant) were used for hardness and elasticity
measurements.

The resistances and TCR values of the films were
measured using a two-point probe system with a heating
unit within the range 25 °C C to 90 °C.

Raman spectra were excited with Aex Of 457, 532,
671, or 785 nm solid-state lasers, and acquired using a
single-stage spectrometer MDR-23 (LOMO) equipped
with a cooled CCD detector (Andor iDus 420, UK). The
laser power density on the samples was less than
10° W/cm?, to preclude any thermal or photo-induced
modification of the samples. A spectral resolution for all
excitation radiation wavelengths was about 4 cm™, as
determined from the Si phonon peak width of a single-
crystal Si substrate. The Si phonon peak position of
520.5 cm™ was used as a reference for determining the
position of the peaks in the Raman spectra acquired at
different Aex’s. Variation of the sample temperature
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during Raman measurements was performed using a
home-built stage with temperature control from room
temperature up to 190 °C.

I. Results and discussion

Structural and nanomechanical characterization

The X-ray diffraction patterns of sequentially
deposited VxOy layers are presented in Fig. 1. After the
deposition of the first layer (sample 1), the film exhibits a
predominantly amorphous structure, as indicated by the
broad halo in the low-angle region (curve 1). This
amorphous nature is attributed to the initial layer's
interaction with the silicon substrate, where the deposition
conditions promote the formation of an amorphous film.
At the interface, a thin nucleation layer containing small
crystallites may exist, but their size and distribution are
not sufficient to generate distinct diffraction peaks.
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Fig. 1. X-ray diffraction patterns of sequentially deposited
and annealed multiphase VxOy films, corresponding to
samples 1, 1a, 2, 2a, 3, and 3a, illustrating the structural
evolution through deposition and annealing cycles.
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Subsequent annealing of this layer (sample 1a)
induces partial crystallisation, as evidenced by the
appearance of broad diffraction peaks corresponding to
vanadium oxide phases, including VO,, V,03; and V,Oq,
as determined by phase analysis software and confirmed
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by Refs [5, 8, 13, 28]. This transformation suggests that
annealing overcomes the energy barriers for crystal
nucleation and growth in the initially amorphous structure.

The XRD pattern of the second VxOy layer (sample 2)
reflects contributions from both the annealed bottom layer
and the newly deposited top layer. Unlike the first
deposition, the second layer benefits from more
favourable growth conditions, likely due to homoepitaxial
growth on the partially crystallized bottom layer. These
conditions result in a pronounced crystalline structure with
well-defined diffraction peaks. The annealing step further
promotes recrystallization, resulting in the dominance of
the V4O, phase. This phase exhibits a strong texture along
the <001> crystallographic direction, as evidenced by the
presence of (001) and (002) reflections only in the XRD
pattern.

A similar trend is observed during the third deposition
and annealing cycle. The XRD pattern reveals a more
pronounced crystalline structure in the newly deposited
film (curve 3) and a well-defined texture in the annealed
layer (curve 3a).

Figure 2 presents the atomic force microscopy height
maps of the deposited and annealed V)Oy films,
highlighting the evolution of surface morphology. The
XRD-observed sequential transformation of the
crystalline structure correlates closely with the surface
nanomorphology changes revealed by AFM, providing
complementary insights into the film's structural
development at different stages of deposition and
annealing.

The first layer (sample 1) exhibits a non-uniform,
wavy surface characterized by nearly flat hillocks, with
identifiable grains up to 10 nm in size, and dendrite-like
structures ranging from 150 to 300 nm located in the
valleys. Upon annealing (sample 1a), the surface
transforms, displaying nanograins with sizes between 30
and 80 nm, which cluster into aggregates approximately
300-350 nm in lateral dimensions.

Sequential deposition of the second layer (sample 2)
produces a relatively flat surface, where nanoscale grains
of 15-20 nm are barely discernible. Additionally, large-
scale defects, as deep as the film's thickness, are observed,
potentially corresponding to regions not fully covered by
the newly deposited material. Subsequent annealing
(sample 2a) significantly alters the morphology, resulting
in the formation of well-defined grains with sizes in the
range of 100-130 nm.

During the third cycle of deposition and annealing
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Fig. 2. The AFM height maps of the sequentially deposited and annealed multiphase VxOy films in samples 1, 1a, 2,
2a, 3 and 3a.
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(samples 3 and 3a), a similar behaviour is observed. The
deposition leads to surface flattening, while annealing
promotes the development of grains, following a trend
consistent with the transformations in stage 2.

The nanomechanical properties of samples 1, 1a, 2,
2a, 3, and 3a were investigated using the AFM
nanoindentation option. Force-displacement curves
obtained from AFM measurements were transformed into
load-penetration curves through appropriate calibration
procedures (Fig 3a) [29-31]. Since the surfaces are not
uniform, a statistically significant number of
nanomechanical measurements were collected across the
surface. The most probable values, representing the peak
of the data distribution, were selected for analysis to
ensure reliability and reproducibility of the results.
Hardness values were calculated as a function of
maximum applied loading force and penetration depth,
considering the projected area of the indent. Alternatively,
the hardness values were checked by direct observation of
nanindents in the tested surfaces, as shown in Figure 3b.
Elastic moduli were determined by fitting the initial
portion of the loading curve, where surface deformation is
primarily elastic, using the Hertzian contact mechanics
model. The results are summarized in Table 1.

The hardness and elastic modulus values show a clear
correlation with the structural evolution of the VxOy films
as observed through XRD and AFM surface morphology.
Sample 1, with a predominantly amorphous structure and
non-uniform surface morphology, exhibits the lowest
hardness (0.9 GPa) and elastic modulus (9 GPa). These
values reflect the weak interatomic bonding and structural
disorder typical of amorphous films.
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Annealing of sample 1 (sample 1a) results in partial
crystallization, as evidenced by the formation of
nanograins. This structural transition increases hardness
(1.5 GPa) and elastic modulus (13 GPa), consistent with
enhanced atomic ordering and reduced structural
compliance.

Sample 2, representing a sequentially deposited layer,
shows a significant improvement in mechanical properties
(hardness: 3.3 GPa, elastic modulus: 17 GPa),
accompanied by a more uniform grain size distribution.
The observed enhancement likely arises from improved
deposition conditions facilitated by the crystallized
substrate. Subsequent annealing (sample 2a) yields well-
defined grains and dramatic increases in hardness
(18.0 GPa) and elastic modulus (270 GPa). These values
align with the dominance of the crystalline V,O4 phase, as
observed in XRD data. The role of crystalline texture in
this improvement is significant; the well-ordered atomic
arrangement along specific crystallographic directions,
such as the observed <001> texture, enhances mechanical
stability. This texture minimizes dislocation motion and
improves load distribution under applied stress, resulting
in higher hardness and elastic modulus values.

Samples 3 and 3a, representing the third deposition
and annealing cycle, exhibit trends similar to stage 2. The
as-deposited sample (sample 3) shows hardness and
elastic modulus values (10.3GPa and 165 GPa,
respectively) slightly lower than the annealed state
(sample 3a: 11.2 GPa and 263 GPa). The observed
crystalline texture of previous layer further contributes to
mechanical enhancement by providing well-aligned grains
that resist deformation and optimize load transfer across
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Fig. 3. Representative AFM nanoindentation curve pairs of samples with different VOy layer numbers and
annealing stages (a). Nano-indents in the first layer of V/xOy (sample 1), produced by different maximum loading
forces (b).

Table 1.

Parameters of the samples derived from the scanning probe study

Total thickness, L Hardness, Elastic modulus,
Sample am Grain size, nm GPa GPa
1 as deposited 135 5-10 /150-300 0.9 9
la annealed 30-80 /300-350 15 13
2 as deposited 365 15-20 3.3 17
2a annealed 100-130 18.0 270
3 as deposited 573 15-20 10.3 165
3a annealed 30-60 /90-130 11.2 263
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the material.

I1. Raman spectroscopy

The Raman scattering spectra of the samples were
studied at different excitation wavelength, Aexc (457, 532,
and 671 nm), because it may allow selectively probe
(resonantly enhance) different phases, as have been
demonstrated for various semiconductor and oxide
composite (nano)structures [14, 32-35]. Moreover, in the
case of thin films, longer wavelength usually can penetrate
deeper into material, allowing certain degree of depth
resolution [36]. The Raman spectra are summarized in
Fig. 4. Sample 1 exhibited no features of any crystalline
phase of VO,, in agreement with the XRD data that
detected purely amorphous material. The tiny Raman
peaks in the range of other Oy oxides may an indication
of their formation in the process of Raman measurement,
as a result of a slight local photoinduced crystallization of
the film. Alternatively, these peaks may result from very
small amounts of (nano- or micro) crystalline phase, not
detectable by XRD, but resonantly enhanced in the Raman
experiment [32, 33, 35]. Much more surprizing was
observing no strong Raman peak for sample la (i.e.
annealed first layer), because in the XRD this sample
showed weak peaks of V,03 (Fig.1). Therefore, one can
assume that Raman spectroscopy is relatively not sensitive
to this compound, at any of the excitation wavelengths
used.

Upon deposition of the second amorphous oxide layer
(sample 2), no significant changes occur in the XRD and
Raman spectra. The significant weakening of the Raman
peak of the Si substrate (at 520 cm™) at all three hex’s
indicates that the amorphous vanadium oxide rather
strongly absorbs light in the whole visible range.
Annealing of the two-layer structure (sample 2a) results in
appearance of strong Raman peaks of VO, and weaker
features in the range of other V4O, compounds (Fig. 4, a-
¢, curves 2a). This is in agreement with XRD that showed
increase of the VO,. From Fig.4, a-d we see that the
shorter Aexc produce stronger Raman signal of both VO,
and other VxOy compounds. At dexc =671 nm, only the

feature at about 760 and 907 cm™* are detected, which can
be attributed to 4Oy [28]. The absence of these peaks in
the Raman spectra at other Alec indicates that
Aexc = 671 nm (1.85 eV) is resonant for VO, but the
Raman cross-section of this phase is obviously than that
of VO, and V307 phases.

Upon deposition of the third amorphous layer (sample
3), again no Raman features of vanadium oxide are
observed and the peak of Si substrate disappears
completely. These observations can be explained by the
strong optical absorption of the amorphous vanadious
oxide, noticed above for the second layer.

Annealing of the three-layer structure (sample 3a)
produces weaker and broader Raman peaks of the VO,
phase (Fig.4 and Fig 5a), as compared to sample 2a, which
may have negative effect on the parameter of MIT
transitions of this multilayer film. On the other hand, the
peaks of other VO, phases are absent in this sample,
which is presumably advantageous for MIT. In order to
find out which of the two major differences detected for
the samples 2a and 3a results in better parameters of the
MIT transition, we have investigated MIT transition by
two independent temperature-dependent methods —Raman
spectroscopy and electrical resistivity measurements.

The possibility to observe MIT in VO, by means of
vibrational (phonon) Raman spectroscopy is based on the
fact that the Raman-active phonon modes of the isolator
(semiconductor) type of the VO structure gradually
vanishes with increase of the sample temperature and
transformation of the structure into the metallic anatase
structure which does not exhibit measurable phonon
Raman peaks [20]. Such dependence was also studied for
the present samples and is illustrated in Fig. 5b by the set
of spectra of sample 2a as a representative example. By
plotting the integral intensity of one of the Raman peaks
of the VO, phase, e.g. the one at 615 cm™, as a function of
temperature in the range of MIT, one obtains a lineshape
(hysteresis curves) qualitatively similar to the one more
commonly derived from the temperature dependence of
electrical resistivity [1, 5, 27]. In Fig. 6a the MIT curves
derived from Raman and resistance are compared for
samples 2a and 3a.

One fact that can be concluded from the Fig.6a is that
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Fig. 4. Raman spectra of the samples 1-3a at different Aexc, 457 (a), 532 (b), 671 nm (c), A and a comparative
plot of the spectra obtained with different Aex for the same sample 2a (d). presented along with the schematic of the
sample series.
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Fig. 5. (a) Raman spectrum of the samples 2a and 3a (Aexc=457 nm) with indication of the peaks observed. (b)
Temperature dependence of the Raman spectrum of sample 2a.
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the sample 2a exhibit much better
3a. This fact allows us to conclude

AT values (the legend is

TCR value than sample
that the superior quality

of the VO, phase (recoded by Raman for the sample 2a) is
more important for higher quality of the MIT transition

than the absence of the “impurity
oxides (recoded by Raman for the

phases”, i.e. other V,Oy
sample 3a).

The second important observation in the Fig.6a is that
for the sample 2a that exhibit superior TCR of MIT, the
hysteresis curves derived from Raman a well matching the

curves derived from the electrical

measurements. For the

sample with worse TCR (3a), the Raman and resistance
curves are pretty apart from each other — the structural
transformation seem to occur faster than the drop of the

resistance. Noteworthy is that
significant content of “impurity

the presence of the
phases” of other VxOy

oxides in the sample 2a does not hinder the MIT of the
VO, phase to occur and the magnitude of the TCR and
lineshape of the MIT hysteresis are comparable to
numerous works on monophase VO; films [5-10].

Conclusions

Vanadium oxide films

obtained by multiple
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deposition steps consisting of magnetron sputtering and
annealing have been investigated. The highest TCR value
was obtained after the annealing of second deposited
layer. Inspection of the phonon Raman spectra indicate
that the superior quality of the VO, phase is more
important for higher quality of the MIT transition than the
absence of the “impurity phases”, i.e. other VxOy oxides.
For the sample that exhibit superior TCR, the hysteresis
curves derived from Raman are matching the curves
derived from the electrical measurements. For the sample
with worse TCR, the structural transformation reflected in
Raman spectra occur faster than the drop in resistance.
The mechanical hardness of the first layer increases
from 0.9 to 3.3 GPa, and with subsequent sputtering and
annealing of the layers, it stabilizes at the level of 11-
19 GPa. Based on XRD and Raman data on the content of
various oxide phases in the samples, it was established that
mechanical properties are the consequence of the
structural transformation of the first layers from the quasi-
amorphous to the nanocrystalline phase and the
corresponding changes in the stoichiometry of vanadium
oxide from the predominant phase V4Og to VO,, because
VO has a higher density and a more ordered structure than
V40y. The Aexc=671 nm is found to be resonant and
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HanoMmexaHiuHi Ta KOJIMBHI BJIACTUBOCTI TOHKHX ILUTIBOK OKCHY BaHAdIIO,
OTPUMAHUX METOA0M 0AraToCTyNmiHYIACTOr0 0CAIKEHHS

ITnemumym ¢hizuxu Hanienpogionuxie imeni B.€. Jlawkapvosa HAH Vkpainu, Kuis, Yxpaina, svezhentsova@ukr.net

ToHKi IJTIBKM OKCHLYy BaHaJit0 OyJIM BUTOTOBJICHI 3@ JIOIIOMOTOI0 0araToeTaHoOro MPOLeCcy OCaLKEHHS, 10
BKITIOYA€ MarHETPOHHE PO3IIIICHHS Ta TIOCIITOBHUH Bifgmat. JociiHKeHO CTPYKTYpHi, KOJIUBHI Ta HAHOMEXaHIuH1
BJIACTUBOCTI IUTIBOK, JUI 3’SICyBaHHs BIUIMBY ()a30BOTO CKJIaQy Ha SIKICTH (ha30BOTO MEPEXOoay METal-i30JsTop
(MIT). PentreniBepka mudpaxiis (XRD) i crieKTpockorisi KOMOIHAIIIHHOTO PO3CIFOBAHHS BHABHIIM CTPYKTYPHY
EBOJIFOIIIO BiJ KBa3iaMOp(HUX 10 HAHOKPUCTATIYHKX (a3 M BiAmaly, 3 JOMiHyBaHHAM mepexony Bin VO, 1o
TekcTypoBaHoro V,04. CriocTepexyBaHi (ha30Bi HepexoaH CyIpOBOIKYIOTECS 3pocTaHHAM TBepaocTi 30,9 I'Tla B
amopduomy nepiromy mapi no 11-18 I'Tla y Bcix GararomapoBux (KpUCTaNiYHUX) CTPYKTypax. IligBuIneHHs
MEXaHIYHOI MIIIHOCTI MOSICHIOETHCS PO3BUTKOM J00pE BHOPSIKOBAHOI KPUCTANIYHOI TEKCTYPH, IIO MOKPAILYE
MIDKaTOMHI 3B’s3KH 1 omip nedopmartii. PamaHiBChbKi KOJMBHI CHEKTPH, OTPUMaHi Ha Pi3HUX JOBXKMHAX XBHIIb
30y/PKSHHsI, BUSBIJIM PE30HAHCHY Yy TIMBICTh 0 Pi3HUX OKCHIHUX (a3, BKI0Yaodn MiHOpHY a3y V307, sika He
BUSBIAETHCA 32 fonoMoroio XRD, i cenextuBHuUil pe3oHancHui nposiB pazu V4Oo suie 3i 30ymKeHHM 671 HM.
TemneparypHa 3ajexHiCTh PaMaHIBCBKMX CHEKTPiB Ta MUTOMOTO EIEKTPUYHOIO OIOpY MOKa3add Kpari
xapakrepuctukd MIT mist 3paskiB i3 BunmMm BMictoM VO,, He3BaXa4n Ha MPHUCYTHICTh B IUX 3pa3Kax iHIINX
¢a3 V,O,. lle Bka3ye Ha BU3HAYANBHY POJb CTPYKTYPHOTO BIOPSAKYBaHHS IS MEXaHIYHUX 1 PYHKIIOHAIBHUAX
BJIACTHBOCTEH IUTIBOK OKCHY BaHA/Iit0, MPOMOHYIOYH MiHHY 1H()OPMAIIiO I ONTHMI3aIlil METOIiB 0OPOOKH JIIst
NIEPEIOBUX ENEKTPOHHHUX I ONTHYHHUX 3aCTOCYBaHb.

Kawuosi caoBa: Oxcun Banamio, VO, V4,0, V307, PamaHiBcbKa CIEKTPOCKOMIS, PEHTICHIBCbKA
nudpakiis, HAHOIHICHTYBaHHS, IEPeXi/l MEeTaI-130J14TOp, (ha30BUIl Iepexii.
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