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Abstract. Vanadium oxide (VOx) thin films are promising materials, exhibiting electrical, 

optical, and mechanical properties highly tunable by processing and structure. This work 

uniquely applying atomic force microscopy (AFM) nanoindentation correlated with X-ray 

diffractometry and Raman spectroscopy structural analysis to investigate the intricate 

connections between VOx post-annealing, phase composition, and resulting nanoscale 

mechanical functionality. Utilizing an ultra-sharp diamond tip as a nanoscale indenter, 

indentation is performed on VOx films with systematic variations in structure – from mixed 

insulating oxides to VO2-dominated films. Analytical modeling enables extraction of 

hardness and elastic modulus with nanoscale resolution. Dramatic mechanical property 

variations are observed between compositions, with order-of-magnitude increases in 

hardness and elastic modulus for the VO2-rich films versus insulating oxides. Ion 

implantation further enhances nanomechanical performance through targeted defect 

engineering. Correlating indentation-derived trends with detailed structural and 

morphological characterization elucidates explicit structure-property relationships 

inaccessible by other techniques. The approach provides critical mechanics-driven insights 

into links between VOx synthesis, structure evolution, and property development. Broader 

implementation will accelerate processing optimization for electronics and advanced 

fundamental understanding of nanoscale structure-functionality relationships. 
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1. Introduction 

Vanadium oxides (VOx) are renowned for their diverse 

electronic and optical properties, positioning them as 

potential candidates for advanced electronic applications. 

Among these, VO2 is particularly noteworthy due to its 

metal-insulator transition (MIT) around 68 °C, which is 

concomitant with a structural phase transformation [1–3]. 

This sharp MIT in VO2 not only paves the way for ultra-

fast switching in field-effect transistors and data storage 

devices but also qualifies it as an efficient thermo-

chromic material. These properties cover applications 

like bolometers and thermally adjustable filters in 

infrared sensing [4–6]. V2O3 is another member of the 

vanadium oxide family, also exhibits MIT, making it a 

potential material for neuromorphic computing systems 

that emulate biological neural networks [7, 8]. The  

 

transition temperature of both VO2 and V2O3 can be fine-

tuned by doping with elements such as W, Mo and Ti, 

optimizing their performance in various devices [9, 10]. 

Magnéli phases, including V4O7 and V6O13, are 

metallic vanadium oxides known for their high electrical 

conductivity. Their potential as low-resistance electrodes 

in VLSI circuits (Very-Large-Scale Integration) and as 

thermoelectric materials are currently being explored 

[11–13]. Furthermore, amorphous vanadium oxides, 

represented as VO2+x, are becoming popular in resistive 

memory devices due to their inherent memristive 

properties [14–16]. Beyond these, vanadium oxides also 

are known to be applicable to smart windows, e-paper 

displays, and Li-ion batteries [17, 18]. 

Investigating the mechanical parameters of 

electronic materials provides vital insights into the 

complex relationship between atomic structures, defects  
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and overall material behavior [19, 20]. In the case of 

vanadium oxide, the main factor in these properties is the 

crystal structure. Different polymorphic structures, 

including monoclinic VO2, orthorhombic V2O5 or various 

amorphous phases, can greatly impact the material 

hardness and elasticity [21–28]. It’s noteworthy that even 

within the same VO2 phase, temperature-induced 

polytype transformations lead to an abrupt increase in the 

elasticity modulus of VO2 – up to approximately 17 GPa 

– during the phase transition from the isolating 

monoclinic to the metallic rutile phase [29]. For 

polycrystalline thin films, the size and distribution of the 

crystalline grains are also significant determinants of 

material properties. Smaller grain sizes result in higher 

hardness. Moreover, the properties and behavior of the 

grain boundaries themselves can also impact the material 

overall mechanical behavior. The composition of 

vanadium oxide, in terms of stoichiometry and the 

incorporation of dopants, can dramatically influence 

mechanical properties. Changes in the vanadium-to-

oxygen ratio, or the addition of other elements, can 

induce alterations in the crystal structure, defect behavior 

and electronic structure. All these changes can, in turn, 

affect both the hardness and elasticity of this material. 

Ion beam processing is recognized as a technique that 

facilitates systematic adjustments to the structural order, 

charge carrier interactions, resistive switching, and optical 

absorption features of VOx thin films [29]. Through ion 

implantation, there is the capability for precise manipula-

tion by the atomic-scale structure and attributes of vana-

dium oxide thin films. Subjecting VOx to high-energy ion 

beams introduces defects and dopants, which in turn 

modify the material crystalline structure, electronic band 

configuration, electrical conductivity, and optical trans-

missivity. These radiation-induced damage and lattice 

doping interfere with electron mobility and metal-

insulator transitions, while concurrently altering optical 

bandgaps [30–32]. It is pertinent to examine how these 

structural alterations manifest in the nanomechanical 

properties of thin vanadium oxide films. Yet, there is a 

lack of information regarding these effects in VOx films. 

Therefore, this work employs AFM-based nano-

indentation [33, 34] to investigate the nanomechanical 

properties of magnetron-sputtered VOx thin films of 

different phase compositions, both post-annealed in 

various atmospheres and modified by ion beam 

irradiation. The high localization and force sensitivity of 

AFM nanoindentation enables delineation of variations in 

nanomechanical performance arising from crystalline 

phase and irradiation-induced defects in the complex 

functional oxide films. Relating measured nanomecha-

nical trends to structural and functional properties will 

provide critical insights into the structure-property 

relationships in this technologically important class of 

electronic materials. The aim is to demonstrate the 

efficacy of AFM nanoindentation for express estimation 

of the multiphase balance and structural defects in VOx 

thin films, to facilitate process optimization and 

performance improvements for electronics applications.  

 

The results will also provide further fundamental 

understanding of the links between structure evolution 

and nanoscale mechanical behavior in post-processed and 

ion beam engineered oxide thin films. 

2. Experimental details 

Preparation of the vanadium oxide thin-film samples was 

performed following the methodology established in our 

group’s prior studies [35–39]. Specifically, the films 

were deposited on Si substrates using magnetron 

sputtering from a VO2 target, with the current of 70 A, 

250 V bias, and the substrate temperature set to 

200 ± 5 °C. Throughout the sputtering, the pressure in the 

chamber was maintained at ~10
–6

 Torr. The resulting film 

thickness ranged between 100…200 nm. Post-deposition, 

the samples underwent thermal annealing at the 

temperatures 300…450 °C for 15 min in an N2 

environment. A parallel set of samples was annealed in 

an oxygen-rich atmosphere, serving as reference samples 

to accurately identify various VxOy compounds within 

the VO2 films. Some of the VO2/Si films were subjected 

to Ar
+
 ion implantation at the energy 180 keV and the 

dosage 4.4·10
14

 ions/cm². The process was carried out at 

the current density 0.1 mA/cm². This treatment resulted 

in a nearly uniform distribution of microdeformations 

and defects throughout the depth of the VO2 film. 

The NanoScope IIIa Dimension 3000 scanning 

probe microscope was used to study the surface 

topography and nano-mechanical testing of the VxOy 

films. The tapping mode of an atomic force microscope 

(AFM) and the ultra-sharp silicon tips were used for 

topography measurements. The nanoindentation mode 

and the cube corn diamond indenter with the apex radius 

50 nm (135 N/m spring constant) were used for hardness 

and elasticity measurements. 

Raman spectra were excited with 457 nm emission 

of a solid-state laser 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
3
 W/cm

2
, to 

preclude any thermal or photo-induced modification of 

the samples. A spectral resolution did not exceed 4 cm
–1

 

for all excitation radiation wavelengths and was 

determined from the Si phonon peak width of a single 

crystal Si substrate. The crystal structure of the VOx 

films was analyzed using an X’Pert ProMPD X-ray 

diffractometer, employing the CuKα radiation with a 

wavelength of λ = 0.15418 nm. 

3. Results and discussion 

Upon examining the surfaces of the oxygen-reach 

annealed VxOy films (Figs 1a, 1b), we observed a 

relatively uniform distribution (with a root mean square 

(RMS) roughness close to 3.5 nm) featuring scarcely 

detectable nano-grains and micron-sized blocks, which 

were separated by nanopores and depressed boundaries. 

Contrastingly, the nanocrystalline surfaces produced  

by annealing in an argon environment (Figs 1c, 1d)  
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demonstrated a significant decrease in grain sizes from 

approximately 50 to 20 nm, as the annealing temperature 

was increased from 400 to 450 C. It is noteworthy that 

there were some dips observed at higher temperatures 

(the black spots in (d)), which led to an increase in the 

RMS value from 1.4 up to 2.1 nm. 

To characterize the nanomechanical properties of 

VxOy films, we gathered numerous load-penetration  

(L-P) curves at 11, 15, and 20 μN load levels. These 

curves were collected from diverse surface areas with the 

lateral spacing 2 μm. Fig. 2 shows a representative set of 

L-P curves for the annealed VxOy films. We used the 

Hertz and Oliver–Pharr fits to depict the purely elastic 

and elastoplastic behavior of the films under indentation, 

respectively [34, 40, 41]. 

The Hertz model assumes that the material is 

isotropic, linearly elastic, and that the contact area is 

much smaller than the tip radius. The Hertz model for a 

spherical indenter is given by 

  5.1

0
4

3
hhrEF tip   ,      (1) 

where F is the loading force, E
*
 is the reduced modulus, 

rtip is the indenter tip radius, and h − h0 is the penetration 

depth. The reduced modulus E
*
 is related to Young’s 

modulus E and the Poisson ratio  by  21  EE . 

The fitting parameters include the reduced modulus E
*
 

and the contact point h0, and these are applicable only 

during the initial phase of indentation (e.g., penetration 

depth 5…10 nm). 

For larger penetration depths, the Hertz contact 

model may be insufficient. Therefore, we employed the  

 

 

 
Oliver–Pharr model, an extension of the Hertz model that 

incorporates plastic deformation. This model presumes 

the material to be isotropic and that the deformation 

reaches complete plasticity at the maximum load. The 

model is based on the approximation of the unloading 

curve by a power law:  mfhhF  . Here, hf repre-

sents the final displacement after complete unloading, 

while α and m are material-dependent constants. With the 

known area function of the indenter A and the initial 

slope S of the unloading curve, we can determine the hard-

ness H and elastic modulus E of the material as follows: 

A

E
H max ,       (2) 

A

S
E

2




.       (3) 

As observed in Fig. 2, the oxygen-reach annealed 

samples exhibit remarkably low hardness, with the tip 

penetrating to a depth of over half the film thickness. 

This suggests a significant influence of the substrate on 

film deformation. The unloading curves display an 

unusual slope at the maximum load, which diminishes as 

the penetration depth decreases. However, the Hertz 

model fit provides an accurate approximation to the 

experimental data under low load conditions. In light of 

this, we estimated the values of Young’s modulus by 

using both models, considering them as the elastic and 

plastic limits. We also applied a correction factor to 

account for the substrate influence for both sets of 

samples. A frequently used model to quantify the 

substrate effect is that proposed by Doerner and Nix [42].  

 

Fig. 1. AFM images of VxOy films annealed in the oxygen-reach (a, b) and in the inert atmosphere (c, d). The annealing temperatures 

were 300 C (a), 400 C (b), 400 C (c), and 450 C (d). 
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According to this model, the substrate effect factor 

g is given by the following expression: 

  thEEg sf 8.0111   ,     (4) 

where 

fE  is the reduced modulus of the film and 

sE  is 

the reduced modulus of the substrate, t is the film 

thickness. 

The penetration depth is drastically reduced for 

films annealed in an argon atmosphere (the maximum 

loading forces are slightly lowered to avoid tip cantilever 

instability). Hertz and Oliver–Pharr models fit well at the 

same time. 

Fig. 3 provides a summary of the measured 

hardness and Young’s modulus values. Generally, the 

hardness of the oxygen-reach annealed samples is 

approximately an order of magnitude less than that of the 

argon-annealed samples. It equals 0.32 ± 0.02 GPa to 

0.53 ± 0.04 GPa for films annealed in oxygen-reach 

atmosphere at 300 and 400 C, while the hardness for  

the films annealed at the same temperatures in N2 is 

3.82 ± 0.42 GPa and 3.24 ± 0.23 GPa, respectively. 

Additionally, the data reveal an indentation size effect, as  

 
 

 

 

seen from the decrease in hardness with the increased 

indentation depth, when testing under varying loads 

(Fig. 2). This phenomenon is characteristic of materials 

that exhibit significant plasticity.  
Fig. 3b depicts similar trends for the measured 

elastic modulus. As anticipated, a discrepancy exists 
between Young’s modulus values derived from the Hertz 

model and the Oliver–Pharr model for both softer and 
harder films. For a soft material, more susceptible to 

plastic deformation, the Hertz model might overstate 

Young’s modulus, since it doesn’t account for energy 
dissipation through plastic deformation. On the other 

hand, the Oliver–Pharr model could provide more 
accurate estimation of the Young’s modulus for soft 

materials, since it incorporates energy dissipation 
through plastic deformation. However, for hard 

materials, which are less prone to plastic deformation, the 
assumptions of the Hertz model may prove better fitting. 

Yet, should there be any plastic deformation, the Hertz 
model might underestimate Young’s modulus. The 

Oliver–Pharr model might overestimate Young’s 
modulus for hard materials, if there is substantial elastic 

recovery during unloading. 

 

Fig. 2. Load penetration curves for the VxOy films annealed in the oxygen-reach (a, b) and in the inert atmosphere (c, d). 

Corresponding annealing temperatures are indicated. The Hertz model fit for the loading curve of the minimum loading force and 

the Oliver–Pharr model fit for the unloading curves are shown by the dashed curves. An enlarged part of the initial loading stage 
and the corresponding Hertz model fit are shown in (b). 
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For the purpose of this study, there’s no need to 

employ more complex elasticity models; the estimates 

within the models currently used are sufficient to charac-

terize the differences between the films. Thus, within the 

Hertz model, Young’s modulus of the annealed films 

corresponds to the values of 1.43 ± 0.16, 2.28 ± 0.26, 

44.50 ± 3.92, and 29.85 ± 1.41 GPa. The Oliver–Pharr 

model yields values of 3.30 ± 0.38, 5.60 ± 0.63, 

28.45 ± 2.51, and 17.90 ± 0.84 GPa for the VxOy films 

annealed in oxygen-reach and argon atmospheres at 

temperatures of 300, 400 and 450 C, respectively. The 

values are shown for the minimal load of 11 N. 

The mechanical properties of vanadium oxide films, 

specifically hardness and elasticity, are contingent on a 

multitude of factors. A discernibly higher hardness and 

Young’s modulus are observed in vanadium oxide films 

after post-annealing in N2 atmosphere, as opposed to 

oxygen-reach annealing. This enhancement can be 

attributed to alterations in phase composition, reduced 

oxidation levels, changes in grain size, decrease in the 

density of defects and dislocations, and reduction in 

phase interactions. 

Notably different hardness of the films annealed in 

oxygen-reach and argon atmospheres correlate with 

different phase compositions of the films, ascertained 

from Raman and XRD studies discussed below. In 

particular, according to Raman data, VO2 is the main 

phase of the films annealed in argon, with secondary 

phases of V4O9 and V3O7 (Fig. 4). Surprisingly, XRD 

gives for this sample 55% VO2 and 45% V4O9. In the 

oxygen-reach annealed samples, VO2 is the minority 

phase, according to XRD (28%), and the dominant part is 

nearly equally distributed between V2O5 (27%), V4O9 

(22%) and V3O7 (23%). Notably, in the Raman spectra of 

the latter samples the vibrational peaks of VO2 were not 

detected, indicating to much lower sensitivity of this 

method to the VO2 phase in composite where other VxOy 

phases dominate. We may also make an assumption  

that the intensity of Raman scattering is not simply 

 

 

 

proportional to the total volume of the particular phase, 

but it may be noticeably higher, if the same amount of 

material forms large crystalline domains. Although the 

same dependence can be expected for XRD reflexes, the 

effect seems to be more pronounced in the Raman 

spectra. Therefore, with the assumption that the VO2 

phase in the oxygen-reach annealed samples is not only 

smaller in the net volume but exists in the form of 

smaller crystallites, this can be an additional reason for 

the lesser hardness of these films, as compared to the 

argon-annealed films, where the VO2 phase has a large 

total volume and presumably larger domain size. 

Moreover, the M1 phase of VO2 is renowned for its 

distorted V–O–V bonds, which offer high covalency and 

thereby significantly contribute to the hardness of the 

material [43]. Hence, the higher amount of VO2 phase in 

the N2-annealed samples potentially explains the 

augmented hardness and Young’s modulus observed. On 

the other hand, V4O9 (as well as V3O7) has a more 

complex crystal structure with weaker bonding, which 

can result in lower hardness. Even the smaller hardness 

difference between the films annealed at different 

temperatures in the same environment can similarly be 

explained by the smaller difference in the phase 

composition. Thus, the higher intensity of the secondary 

oxide Raman peaks for the film annealed in N2 at 450 C 

correlates with its slightly smaller hardness (3.24 GPa) as 

compared to that annealed at 400 C (3.82 GPa). The 

relatively small decrease in hardness and modulus values 

upon N2 annealing at 450 °C can be attributed to 

structural changes in the vanadium oxide film. This 

structural rearrangement leads to an increase in the RMS 

value together with the appearance of nanograins and 

surface depressions. These indicate a small general 

deterioration in the crystalline quality of the film and 

may contribute to the observed decrease in these 

mechanical properties. 

Even in presence of the large portion of other  

VxOy phases, the VO2 phases exhibit a pronounced  

 

 

Fig. 3. Hardness (a) and Young’s modulus (b) values of the annealed VxOy films. Young’s modulus was determined using the 

elastic (Hertz model) and elastoplastic (Oliver–Pharr model) approaches. Horizontal bars indicate the oxygen-reach and argon 

atmospheres. The line is the guide to the eye only. (Color online) 
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Fig. 4. Raman spectra of VOx film deposited on Si at 
Tsub = 200 °C and annealed at different temperatures Tann in N2 

(a) or oxygen-reach and argon ambient atmospheres (b). 

Spectra were measured at room temperature with exc = 457 nm. 
 

 

semiconductor-to-metal phase transition (SMT), with a 

characteristic transition temperature of 58 to 68 °C, 

which correlate with the previous works on similar thin 

films [30, 35–39]. A detailed study of the SMT transition 

in the films investigated in this work, as well as 

ascertaining the vibrational fingerprints of different VxOy 

phases in the Raman spectra will be reported elsewhere. 

As previously noted, ion implantation, particularly 

with Ar
+
 ions, is a technique with the potential to alter 

the mechanical properties of thin films. Implantation of 

Ar
+
 ions into these films results in creation of lattice 

defects, including vacancies, interstitials and disloca-

tions, due to the high-energy interactions between the 

ions and the film atoms. The presence of these defects 

can enhance the film hardness and elastic modulus. This 

enhancement could arise because the defects impede the 

movement of dislocations, which are the primary agents 

of plastic deformation. By restricting dislocation move-

ment, the film resistance to deformation is heightened, 

leading to increased hardness. Additionally, the ion 

implantation can induce changes in the film residual 

stress. These stresses can affect the film adhesion  
 

to its substrate, with potential outcomes including 

delamination or cracking, if not adequately addressed. 

Moreover, the defects generated by Ar
+
 implantation can 

act as initiation points for phase transitions or grain 

growth, both of which can have significant implications 

for the film mechanical and electronic properties. 

Indeed, both X-ray diffraction and Raman 

spectroscopy reveal significant structural alterations in 

the Ar
+
 implanted VOx films. The intensity of the X-ray 

diffraction peaks diminished, and their angular positions 

shifted upon implantation. In addition, the full width at 

half maximum (FWHM) of the peaks increased, sugges-

ting a relaxation of residual strains and the introduction 

of structural defects. In parallel, the intensity of all Raman 

bands dramatically decreased for the Ar-implanted 

samples. Notably, there were non-monotonic shifts in the 

Ag band at 616 cm
–
¹, which indicates an initial strain 

relaxation followed by an anisotropic redistribution of 

residual strains, since the implantation dose increased. 

Comprehensive findings from the XRD and Raman 

analyses of the implanted VOx samples, along with their 

implications on MIT, will be published elsewhere. 

The outcomes of nanoindentation, based on AFM, 

for the sample annealed in N2 atmosphere and 

subsequently implanted up to a dose of 4.4·10
14 

cm
–2

, are 

shown in Fig. 5. Each case displays a series of three load-

penetration curves, representing the uniformity of the 

nanomechanical properties across the VOx film surface. 

The annealing temperature close to 300 °C does not 

adequately homogenize the vanadium oxide films 

produced by magnetron sputtering. In comparison with 

the data presented in Fig. 3, both the hardness and 

Young’s modulus values are reduced (1.7, 12 GPa). 

Besides, there is a more noticeable variation in values 

when measurements are taken from different surface 

regions. The alignment between the loading and 

unloading segments of the indentation curves is not 

optimal. In contrast, the series of curves for the 

implanted film distinctly demonstrate an enhancement in 

both hardness and elastic modulus (2.8, 18 GPa), as well 

as a more consistent surface homogeneity. 
 

 

 

Fig. 5. Series of as-measured load-penetration curves obtained 

for the VOx film annealed in N2 at 300 °C and the film 

subsequently implanted with Ar+ ions. 
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4. Conclusions 

This work demonstrates the efficacy of AFM-based 

nanoindentation for sensitive quantification of phase 

composition and defect characterization in complex VOx 

thin films. The high localization and force sensitivity 

enables clear delineation of variations in nanomechanical 

properties arising from different phase balances and ion 

beam induced damage in the functional oxide systems. 

The measured hardness and Young’s modulus values 

exhibit extreme sensitivity to the relative amounts of VO2 

versus V2O5 and Magnéli phases, as well as more subtle 

changes in crystallinity and microstructure. Employing 

both the Hertz and Oliver–Pharr analytical models offers 

a comprehensive perspective on the nanomechanical 

behavior in both the elastic and elastoplastic domains. 

Furthermore, Ar
+
 ion implantation is shown to enhance 

the hardness and elastic modulus of VOx films by 

introducing lattice defects that impede plastic 

deformation. 

Relating the measured nanomechanical trends to 

structural changes revealed via XRD and Raman 

spectroscopy provides critical insights into the structure-

property relationships in this technologically relevant 

class of electronic materials. It was shown the AFM 

nanoindentation can serve as an express diagnostic tool 

for process control and optimization in VOx thin film 

synthesis and modification for electronics applications. 

On a more fundamental level, this technique elucidates 

the intricate links between atomic structure evolution and 

nanoscale mechanical response in complex functional 

oxide systems, contributing to advancement of materials 

physics and mechanics. 
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Наномеханічні властивості тонких плівок полікристалічного оксиду ванадію різного фазового складу 

П.М. Литвин, В.М. Джаган, М.Я. Валах, А.А. Корчовий, О.Ф. Ісаєва, О.А. Стадник, О.А. Кульбачинський, 

О.Й. Гудименко, Б.М. Романюк, В.П. Мельник 

Анотація. Тонкі плівки оксиду ванадію (VOx) є багатообіцяючими матеріалами, котрі мають електричні, 

оптичні та механічні властивості, які можна коригувати, задаючи параметри структури при рості та за 

допомогою післяростових обробок. У цій роботі поєднано атомно-силову мікроскопію (АСМ) та 

наноіндентування, корельовані з рентгенівською дифрактометрією та раманівською спектроскопією, для 

дослідження складних зв’язків між впливом атмосфери відпалу плівок VOx, їх фазовим складом і 

результуючими наномеханічними властивостями. З використанням алмазного вістря як нанорозмірного 

індентора, наномеханічні випробування проведені на плівках VOx із систематичними варіаціями структури – 

від змішаних оксидів до плівок з домінуванням фази VO2. Значення твердості та модуля пружності отримано з 

використанням аналітичного моделювання контакту зонд-поверхня в нанометровій шкалі розмірів. Між 

плівками різного фазового складу оксидів спостерігаються значні коливання механічних властивостей із 

підвищенням твердості та модуля пружності на порядок для плівок з переважанням фази VO2 порівняно з 

оксидами іншої стехіометрії. Іонна імплантація додатково покращує наномеханічні параметри завдяки 

спрямованій інженерії дефектів. Порівняння тенденцій наномеханічних характеристик із детальними 

структурними та морфологічними параметрами дозволило проілюструвати зв’язки між структурою та 

механічними властивостями, що недоступно іншим методам. Широке використання запропонованого підходу в 

діагностиці матеріалів оксидів ванадію сприятиме оптимізації параметрів отримання та післяростових обробок 

для електронних застосувань, а також поглибленню розуміння фундаментальних взаємозв’язків 

наноструктурних особливостей та функціональності. 

Ключові слова: полікристалічні тонкі плівки оксиду ванадію, фазовий склад, атомно-силова мікроскопія, 

наноіндентування, рентгенівська дифрактометрія, раманівська спектроскопія, іонна імплантація. 
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