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This review summarizes results of our study of the application of ion-beam assisted deposition (IBAD) technology for creation
of nanoporous thin-film structures that can absorb more than 6wt.% of hydrogen. Data of mathematical modeling are presented
highlighting the structure formation and component creation of the films during their deposition at the time of simultaneous
bombardment by mixed beam of nitrogen and helium ions with energy of 30 keV. Results of high-resolution transmission electron
microscopy revealed that VNx films consist of 150–200 nmparticles, boundaries of which contain nanopores of 10–15 nmdiameters.
Particles themselves consist of randomly oriented 10–20 nm nanograins. Grain boundaries also contain nanopores (3–8 nm).
Examination of the absorption characteristics of VNx, TiNx, and (V,Ti)Nx films showed that the amount of absorbed hydrogen
depends very little on the chemical composition of films, but it is determined by the structure pore. The amount of absorbed
hydrogen at 0.3MPa and 20∘C is 6-7wt.%, whereas the bulk of hydrogen is accumulated in the grain boundaries and pores. Films
begin to release hydrogen even at 50∘C, and it is desorbed completely at the temperature range of 50–250∘C. It was found that the
electrical resistance of films during the hydrogen desorption increases 104 times.

1. Introduction

Vanadium and titaniumhydrides are deemed to be promising
as solid state hydrogen storage. The total mass of stored
hydrogen in VH2 approaches value of 2.1 wt.%. TiH2 absorbs
4.0 wt.% H2. Therefore, the amount of absorbed hydrogen
atoms comes to be 11.2 inVH2 and 9.1 in TiH2 (at/cm

3,×1022).
Amounts are essentially higher than, for example, in popular
MgH2 hydride (2.5 at/cm

3, ×1022) [1].
V-H system includes the following phases: 𝛼- solid

solution; 𝛽-(VH0.45–VH0.95) with body-centered tetragonal
lattice (bct), and 𝛾-VH2 with fcc-lattice (it is unstable at the
atmospheric pressure). The 𝛽 + 𝛾 phase mixture is in the
VH1.0–VH2.0 concentration range.

Absorbed hydrogen atoms in vanadium occupy the tetra-
hedral sites in 𝛼- and 𝛾- phases and octahedral sites in 𝛽-
phase. Diffusion mobility of hydrogen in bcc metals is much
higher than in the fcc and hcp metals. According to [2] the
diffusion activation energy in 𝛼-VHx at x = 0.17–0.38 changes
in the range of 0.087⋅ ⋅ ⋅ 0.132 eV/at. (10⋅ ⋅ ⋅ 15.2 kJ/mol). In the
range of 0.486 < x < 0.736, where 𝛽-phase exists, energy is

nearly steady, that is, 0.230⋅ ⋅ ⋅ 0.240 eV/at. [3]. Comparing the
diffusion activation energy of hydrogen and its solubility it is
important to note that the diffusion of hydrogen in vanadium
is not a limiting factor that determines the stability of its
hydride phase. However, it becomes impossible to accumu-
late and retain the desired weight fraction of hydrogen at the
room temperature and atmospheric pressure, which presents
the main problem.

Therefore, in order tomeet theU.S.Department of Energy
requirements [4] for vanadium hydride (gravimetric capaci-
tance: >5.4 wt%; hydrogen release temperature range: <85∘C:
the time period required to achieve the maximum hydrogen
flux: 4 seconds; the equilibrium pressure: <0.4MPa), it is
necessary to solve several challenging problems:

(1) To increase the stability of 𝛾-phase, that is, to lower
the equilibrium pressure of the second plateau in P-
C-T diagram.

(2) To develop such hydride structure that would ensure
high diffusion mobility of hydrogen at its accumula-
tion and, in particular, its release.
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(3) To increase the gravimetric capacity by forming addi-
tional traps in hydride structure based on vanadium
to retain hydrogen at atmospheric pressure and room
temperature.

Additionally, there are three phases in Ti-H system: 𝛼-
solid solution;𝛽-(TiH0.5–TiH0.9) with bcc-lattice; and 𝛿-TiH2
with fcc-lattice. During absorption, hydrogen initially occu-
pies the tetrahedral interstitial sites in titanium. As the H/Ti
ratio approaches 2, the transition from𝛽-phase to fcc 𝛿-phase
takes place.

Diffusionmobility of hydrogen in titanium ismuchworse
than in vanadium; it varies in the range of 0.45⋅ ⋅ ⋅
0.52 eV/atom (52⋅ ⋅ ⋅ 60 kJ/mol) [5, 6]. Therefore, unlike the
case with vanadium, it is necessary to reduce the thermody-
namic stability of 𝛿-phase in titanium,while paragraphs 2 and
3 set out above for vanadium remain relevant for titanium.

The objective of this review is to justify the principles
of efficient solid state hydrogen storage formation and to
show, in the case of titanium and vanadium, how to create
structures with the desired gravimetric, thermodynamic, and
kinetic characteristics.

2. The Main Principles of the Hydrogen
Storage Structure Formation

Problem 1. There are two solutions to the problem of increas-
ing the stability of 𝛾-VH𝑥 phase: one solution will have no
changes in crystal structure the hydride and the second will
have transition to more close-packed structures. In the first
case, the process of alloying of vanadium by metal additives
is carried out. The most detailed analysis of the influence of
3D-, 4D-, and 5D-transition metals and some metametals on
the absorption characteristics of vanadiumhydride wasmade
in [7]. It was shown that these additives mainly influence the
value of hydrogen pressure of corresponding plateau in P-
C-T (pressure-concentration-temperature) curves. However,
the amount increase of the absorbed hydrogen has not been
achieved as the maximum concentration corresponded to
VH1.85 phase. Stability of the 𝛿-TiH2 phase can be reduced
by titanium alloying [8].

The second option for improving the thermodynamic
characteristics of vanadium and titaniumhydrides is aimed at
forming more “dense” VN fcc-lattice instead of “loose” bcc-
vanadium lattice and TiN fcc-lattice instead of hcp-titanium
lattice. The nitrogen-containing complex hydrides (VN𝑥-H𝑦
and TiN𝑥-H𝑦) may be formed by hydrogen absorption at
these nitrides.

Problem 2. In order to improve kinetic characteristics of any
solid state storage, that is, to increase the hydrogen diffusion
mobility, it is necessary to transform the structure as such so
that the time of hydrogen absorption would be minimal. A
natural approach to this challenge is to create materials with
an extensive network of grain boundaries, that is, at this stage
of the transition from a polycrystalline to a nanocrystalline
structure. Orimo et al. [9] demonstrated that it is possible
to improve the hydrogen absorption kinetics in vanadium
turning to the nanocrystalline objects. It has been shown

that hydrogen diffusion in the films with a grain size of
about 10 nm occurs exclusively along the grain boundaries.
Diffusionmobility of hydrogen in suchmaterial is exactly the
same as in the solid solution.

VN𝑥 and TiN𝑥 nitrides (fcc phases) can be formed using
the ion-beam assisted deposition (IBAD) technology [10].
The film structure produced by this method is nanocrys-
talline. Consequently, the nitride phases are nonstoichiomet-
ric compounds, and nanograins contain a large number of
additional sites at the locations of nitrogen atoms. According
to [11, 12], such vacant voids can hold up to 4 hydrogen atoms
creating additional traps for them. Additionally, increased
concentration of vacancies contributes to an increase of
hydrogen diffusivity.

Problem 3. It is clear that the implementation of the first
two objectives does not achieve the main goal of increasing
the gravimetric capacity of vanadium and titanium hydrides.
Therefore, a search for different ways to create a system of
additional sites for hydrogen holding is needed. Nanopores
of 2–4 nm in size formed in the nanocrystalline structure
of vanadium and titanium nitrides during deposition could
become such sites along with the vacancies inside the grains
at nitrogen atoms locations. Such pores conjoined by grain
boundaries form an open porosity, which can accumulate
the molecular hydrogen in large quantities and support its
intergranular diffusion.

Thus, the following objectives need to be met in order to
form vanadium and titanium based structures that can accu-
mulate hydrogen in adequate quantities and release it at the
desired temperature range in a short period of time: increase
in the absorption enthalpy, improvement of the kinetics of
hydrogen desorption, and increase in the absorption capacity.
Creation of the complex nitrogen hydrides is acceptable for
increasing the enthalpy of absorbents based on vanadium
and titanium. To improve the kinetics, a nanocrystalline
structure with minimum grain boundaries size and the most
advanced boundary system should be formed. To achieve
the gravimetric characteristics improvement, it is necessary
to create a nanocrystalline structure, which will have the
opportunity to store hydrogen not only in atomic but also in
molecular state.That is, the requiredmaterial should combine
nanograin structure and the intergranular porosity.

3. Ion-Beam Assisted
Deposition as the Method of Producing
Nanoporous Structures

It is currently known that production of nanocrystalline
thin-film structures requires fulfilling one of the two (or
simultaneously both) conditions: the high concentration of
gasmolecules in vacuumchamber atmosphere and bombard-
ment of the substrate with heavy charged particles during
the deposition process (see, e.g., [13]). In the first case, a
reactive gas, while adsorbing on the freshly forming film
surface, reduces themobility of grain nuclei and inhibits their
coalescence. This process results in the columnar structure
grinding and in nucleation of the grains with different tex-
tures [14]. At the bombardment of deposited film with heavy
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Figure 1: Thickness dependencies of damage distribution (displacement per atom) (a) and implanted helium and nitrogen atoms (b) in the
V-N-He film; 𝑈 = 30 kV, V/(N2 + He) = 0.5 at/ion.

0.02–2 keV ions, the intensification of diffusion processes on
a substrate surface and introduction of the gas ions to a depth
of 5–10 nm take place. As a result of this treatment, the film
density increases, the grain size decreases, and the columnar
structure formation is suppressed [15, 16].

However, the best opportunities for the nanocrystalline
films formation arise when the substrate in the course of
metal vapor deposition is bombarded by gas ions with ener-
gies greater than 10 keV [17, 18]. It is an exact combination of
the metal evaporation and irradiation by ions that is realized
in IBAD technology. Ions with such energies bombarding the
filmduring its deposition create a large number of defects that
become the centers of grain nuclei formation. Consequently,
the nanocrystalline structures with grains less than 10 nm are
created [19, 20].

The IBAD technology produces both dense and porous
nanocrystalline thin-film structures [19, 21]. It is known that
the path depth of ions with an energy of several tens keV
in the solid body crystal lattice is 50–100 nm. This means
that during the film growth there is a change of the crystal
structure of material at a depth of 50–100 nm as compared to
the structure that formed in its infancy. In particular, there is
an increase in the concentration of interstitial gas impurities.
By adjusting the ion-beam density, the deposition rate of
metal, and the substrate temperature, it can be achieved
that the part of gas molecules will condense at the grain
boundaries forming the system of gas-filled pores that are
preventing the grain boundaries densification. Such pores
combined by the grain boundaries create an open pore
structure, which can be used for storing hydrogen in large
quantities.

The presented overview is a consolidation of findings re-
lated to the creation of nanocrystalline porous VN𝑥 and TiN𝑥
thin films and study of their absorption characteristics. The
films were prepared by evaporation of the vanadium and
titanium from electron-beam crucible at simultaneous irradi-
ation bymixed beam of nitrogen and helium ions with energy
of 30 keV. The experiments on the hydrogen absorption and

desorption were carried out using the purpose made equip-
ment. Examples of preparation and examination techniques
were described in the original papers [19–23].

4. Results and Discussion

4.1. Structure of VNx Films. The inhomogeneous zone is
always observed in the surface layer of deposited film as a
result of bombardment by gas ions with energy of several
tens keV. Using SPURT program as described previously in
[24], we performed a mathematical simulation of the defect
formation (Figure 1(a)) and ion implantation of nitrogen
and helium (Figure 1(b)) in deposited vanadium films. The
number of generated defects and implanted gas concentration
are increased successively deep inside of the zone starting
from the film surface.The extent of this zone is determined by
the path depth of ions used for the bombardment of deposited
material. At the given experimental conditions, the width of
the inhomogeneous growth stage is up to 250 nm.

Analysis of dependencies (Figure 1) shows that there is
a steady increase of the number of created defects and an
increase of the concentration of implanted ions at this stage.
Most of the damage in the film at the thickness <80 nm
arises from the nitrogen ions. The extent of damage at the
thickness of more than 80 nm increases slightly exclusively
due to the helium ions.The quantity of implanted nitrogen at
the thickness of >80 nm is 6.5⋅1021 ions/cm3, and helium con-
centration at the thickness of >250 nm is 4.8⋅1021 ions/cm3.
Thus, calculations show that the structure and composition
of the film of less than 80 nm thicknesses can be determined
by the concentration of implanted nitrogen ions and number
of radiation defects generated by these ions. In the thickness
range of 80–250 nm, the film structure can be transformed
due to implanting helium ions. Total estimated amount of
nitrogen and helium in the vanadium film of thickness
>250 nm should not exceed 12.0 at.%.

Our electron microscope studies [20–22, 25] of VN𝑥
films structure at the inhomogeneous phase of their growth



4 Journal of Nanotechnology

100nm

5nm

100nm

20nm

Figure 2: Electronmicroscopy images of the structure of VN𝑥 films at different deposition stages.The given film thicknesses are all estimated
values. The figures present the negative images for better visualization of the grain boundaries and pores.
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Figure 3: The structure of the surface (a) and particles and interparticle boundaries (b) of already formed VN𝑥 film.

(thickness of 5–50 nm) revealed that they are continuous even
at the thickness of 5 nm and have a nanocrystalline structure
with grain size of 10–15 nm. The grains are arranged in a
single layer; 3–5 nm pores are observed almost in all triple
and quadruple intergranular joints (Figure 2).

Specific ruptures of 100 nm length and ∼10–15 nm width
appear in films starting from the thicknesses of 15 nm and
there are large (∼50–150 nm) areas (hereinafter referred to
as particles) that are visible between the adjacent ruptures.
Particles display heterogeneous structures and consist of
nanograins separated by porous boundaries. Filling the rup-
tures by the grains of new population takes place simultane-
ously with the subsequent layers formation.Their average size
is approximately the same as the size of the grains inside the
particle, namely, ∼15–20 nm. At film thicknesses more than
30–40 nm the ruptures are completely filled with nanograins
and formation of subsequent layer of particles and grains
begins. The crystal structure of VN𝑥 films at all stages of
their formation corresponds to the fcc-structure of vanadium
nitride.

Figure 3 shows SEM (a) and TEM (b) images of VN𝑥 films
deposited on silicon substrates. In the first case, the electron

beam was directed at the film surface. In the second case, the
sample was prepared by ion thinning of the end face of the
substrate with the deposited film. It can be seen (Figure 3(a))
that film structure consists of particles with a diameter of 150–
250 nm. Particles are nonhomogeneous and consist of grains
of irregular shape and size of 10–20 nm arbitrarily distributed
in space.

The results of TEM study shown in Figure 3(b) confirm
the SEM investigation data. The particles are not homoge-
neous formations and consist of nanograins. The boundaries
are loose; and the connections of 3-4 particles contain pores
of 5–10 nm in size.

In order to explore the structure and orientation of the
individual grains in detail high-resolution TEM (HRTEM)
was used. Figure 4(a) shows the area inside a single particle. It
can be seen that the particle consists of nanograins of 5–15 nm
size. Moreover, the crystallographic planes in each grain are
arbitrarily oriented with respect to the film plane.

It is difficult to calculate with high accuracy the inter-
planar spacings in each individual grain using Figure 4(a).
The particle morphology and size distribution were analyzed
by transmission electron microscopy (JEOL 2100) that was
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Figure 4: TEM image inside the particle structure of VN𝑥 film (a) and its fast Fourier transform (b).

operated at 200 kV. Using the Digital Micrograph Ver. 3.10.0
(Gatan) program, a fast Fourier transform (FFT) pattern of
the high-resolution image was obtained. Figure 4(b) demon-
strates the results of these investigations. It can be seen that
the grains are randomly distributed in the particle volume.
Parameter of fcc-crystal lattice of VN𝑥 film calculated on the
base of interplanar spacing was 0.4052 nm.

4.2. Absorption/Desorption Processes. We carried out the
electron microscopy studies of structural and phase changes
inVNx-Xy films during the hydrogen absorption and desorp-
tion. Figure 5 outlines the data of the transmission (a, b, c)
and scanning (d, e, f) electron microscopy of VN𝑥-H𝑦 films
of 3𝜇mthickness in their initial state (a, d), after the hydrogen
uptake (b, e) and hydrogen desorption (c, f).

It is seen that in their original state the films consist of
disordered nonequiaxial particles.The particles of cylindrical
shape are of 50−70 nm in length with bottom diameter of
10 to 15 nm. Due to the fact that the particles are arranged
randomly, the bulk of the film contains the pores of an
arbitrary shape with the size that is impossible to measure.

Hydrogen-saturated films acquire a round shape and their
diameter varies in the range of 30⋅ ⋅ ⋅ 100 nm (Figure 5(e)).
After the hydrogen desorption, the size and shape of the
particles are very close to those they have in their initial state.
However, it cannot be excluded that some particles merge
forming larger objects of irregular shapes. The microdiffrac-
tion analysis of initial and hydrogen-saturated films revealed
no other phases but the fcc-structure of vanadium nitride.
The quantitative microanalysis showed that the content of
nitrogen in the original film and in the film after the
gas release remains unchangeable, that is, <3 1t.%. The He
content in the films estimated using the Rutherford proton
backscattering spectra was 1 at.% or less.

Rutherford backscattering, neutron spectroscopy, and
BET (Brunauer, Emmett, Teller) absorption method were

used to determine the film porosity, the pore size distri-
butions, and the specific area of the adsorbing surface,
respectively.

To determine the film porosity, the procedure proposed
in [26] was used. The elemental composition and the film
thickness in units of “the number of arbitrary atoms per
square cm” were determined using the data of Rutherford
1.8 MeV He ion backscattering spectrometry. In our case, the
film thickness𝐷was 2.35× 1018 arb.at/cm2.The thickness𝑑 of
the same filmmeasured using a profilometer was 3 × 10−5 cm.
To calculate the film density, the following formula was used
[26]:

𝜌 =
𝐷𝐴

𝑑
, (1)

where 𝐴 is the mass of the arbitrary film atom in grams
and 𝑑 is the film thickness. If the mass of the arbitrary
film atom is 5.51 × 10−23 g, then the calculated film material
density according to the formula is 4.3 g/cm3. Correlating the
calculated density with the density of nitrides in the film, we
have found that the film material porosity is 27 ± 3%.

Data obtained in the study of neutron scattering show
that there is no fundamental difference between the size
distributions of pores for VN𝑥 and TiN𝑥 films [25].Themain
group of pores includes pores of 7–14 nm in size; and the small
group of pores includes pores of 0.5–5𝜇m in size. There is
a small fraction of the pores with sizes greater than 0.5 𝜇m.
Their presence can be explained by some peculiarities of the
process of ion stimulated deposition, during which a region
with 50–80 nm thickness always exists in the coating. In this
region, the process of the pore formation is not completed
and there are cavities with sizes much greater than those in
the main material.

The specific area of the adsorbing surface was measured
at the temperature of boiling liquid nitrogen (77K). Its value
was determined using the difference between the pressures
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Figure 5: The structure of VN𝑥-H𝑦 films: (a), (d) original state; (b), (e) hydrogen storage films, and (c), (f) annealed films.

Δ𝑃 at 77 and 293K. The specific surface measured according
to the BET method was 12.4m2/g for TiNx and 13.2m2/g for
VN𝑥.

Hydrogen absorption was evaluated using the volumetric
method by plotting absorption isochores and calculating
absorption isotherms. Figure 6 shows the results for VN𝑥 and
TiN𝑥 films. The data on hydrogen absorption by vanadium
and titanium taken from [27–29] are also presented in this
figure to compare. Change in the inclination angle of the
absorption isochores in the temperature range of 170–250∘b
is observed for both films; the knee of the curve is shifted
toward lower temperatures as the amount of hydrogen is
increased (Figure 3, [25]). The presence of this knee could

be considered as the evidence of the existence of at least
two types of porous structures with different absorption heat
in tested films. The values of hydrogen absorption are very
high in spite of a small specific film surface. The shapes
of the hydrogen absorption isotherms are similar for all
samples. For the VN𝑥 film at pressures of 0.1–0.125MPa,
bends in the curves are observed; they are more visible
while the temperature increases. This may be due to the
successive filling of traps of various activities by hydrogen and
penetration of hydrogen into the grains.

The interpretation of obtained results is difficult because
the physical and chemical adsorptions can be involved in
the process of hydrogen uptake by (V,Ti)N𝑥 films. Physical
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Figure 6: Pressure-concentration dependence for (a) VN𝑥-H𝑦 and (b) TiN𝑥-H𝑦 films. Pressure-concentration diagrams for hydride VH𝑥
[27] and TiH𝑥 [28, 29].
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Figure 7: Spectra of knocked out hydrogen nuclei obtained for (a) [H10C22N2O5]𝑛 and (b) VN𝑥-H𝑦 film.

adsorption is related to uptake of hydrogen by porous struc-
tures and it decreases usually with an increase in temperature.
This dependence is typical for all films; and this fact makes
it possible to state that the hydrogen capture occurs mainly
in pores. Chemical adsorption can be related to formation of
hydrides and amides MeNH and must become more intense
with temperature increase. Vanadium hydride decomposes at
200∘b, and titanium hydride TiH2 is stable in the interval of
experimental temperatures [30]. Nevertheless, the isotherms
for VN𝑥 and TiN𝑥 films are almost the same confirming
the insignificant role of metal-nitrogen hydrides in hydrogen
uptake.

In addition to the adsorption method, we used the
method of elastic recoil detection to study the absorbing
capacity of VN𝑥-H𝑦 films [31]. A helium ion beam of 1.8MeV
generated by “SOKOL” accelerator was directed at an angle
of 15∘ to the hydrogen-saturated target. The hydrogen nuclei

knocked out of the target were recorded by detector arranged
at an angle of 30∘ and scattered helium ions were absorbed
by Al foil of 7 𝜇m thickness, which was placed in front of
detector.

The amount of hydrogen contained in the sample was
determined by comparing the spectra of knocked out hydro-
gen nuclei that were obtained for the test specimen and
standard sample taking into consideration the slowing-down
power. A kapton film ([H10C22N2O5]𝑛) with hydrogen con-
tent 2,64wt.% was used as a standard sample. Figure 7 shows
the appropriate spectra of knocked out hydrogen nuclei. The
measurements showed that the amount of hydrogen in VN𝑥
sample was similar to the sample that was used for the
adsorption analysis and was equal to 7.4 wt.% that confirmed
the data from adsorption studies.

Figure 8 (curve 1) shows dependence of the released
hydrogen amount from VN𝑥 film on annealing temperature
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Figure 8: The relationship of the change in the hydrogen amount in the chamber during heating (1) and cooling (2) of VN𝑥-H𝑦 film; the
repeated heating (3) and cooling (4) (a). The change in the VN𝑥-H𝑦 film resistivity during its heating and cooling (b).

(detailed description of hydrogen desorption experiment is in
[22, 23]). It is seen that the hydrogen desorption starts already
at 30∘b. The number of molecules of desorbed hydrogen
reaches 1.5 × 1019 (3,5 wt.%) at 200∘b. A further increase in
temperature results in a marked increase in hydrogen release
rate. At 250∘b the total mass of released hydrogen exceeds
7wt.%. At specimen cooling (curve 2), decrease in pressure
inside the working chamber starts at 130∘b indicating that the
portion of released hydrogen is readsorbed by the VN𝑥 film.
Total decrease in pressure inside the chamber during cooling
to 20∘b corresponds to the absorption of 8⋅1018 hydrogen
molecules that conforms to 2wt.% H2.

To prove this statement we exposed the films to repeated
annealing. Figure 8 (curves 3 and 4) shows the change in
pressure in annealing chamber during the repeated heating
and cooling of films. It can be seen that the amount of released
hydrogen is close to the value of 2 wt.%. During the cooling
the film reabsorbs hydrogen.

It should be noted that during the repeated cooling of the
films (without previous hydrogen saturation) the hydrogen
absorption in amount of 2 wt.% takes place at a total pressure
in the chamber not more than 2⋅10−1mmHg.The adsorption
of hydrogen in such amount at such low pressure indicates
that the film surface and the system of intergranular channels
and pores have not been “poisoned” by oxygen-containing
molecules. At these conditions the absorption of molecular
hydrogen by open intergranular porosity can occur at partial
hydrogen pressures 2⋅10−1mmHg.

Taking into account the structural irregularity of VNx
films, the change of resistivity in absorption and desorption
processes can provide the important information about the
pores state and kinetics of hydrogen release from them. For
multicomponent materials the presence of gas-containing
pores in such a structure leads to the appearance of an
additional conduction mechanism which is either in the
occurrence of thermionic conduction electrons due to emis-
sion from the gaseous impurities (nitrogen, oxygen) located

on the pore surfaces and/or in their volume or due to the
tunnelling effect [32]. Consequently, the resistivity ofmaterial
with pores filled with gas in whole or in part will be less
than that for the material with vacuum pores. In this case
the electrical resistivity of material will be determined by
the scattering of electrons by phonons and boundaries of
nanograins and nanopores.

Figure 8(b) shows the corresponding dependence of VN𝑥
film resistance on annealing temperature. Resistance decrease
in the temperature range of 20 to 60∘C is observed. It is
typical for the films with negative temperature coefficient
of resistance. Further temperature increase results in rapidly
increasing resistance.

At 260∘C the resistance of VN𝑥 films is 104 times greater
than the resistance of the hydrogen-saturated samples. Resis-
tance at the cooling remains unchanged leading up to 180∘C
and then decreases. The final value of resistance is 15–20%
lower than resistance of the films saturated with hydrogen.

The increase in resistivity of VN𝑥-H𝑦 film is correlated
with increase of hydrogen desorption (see Figure 8(a)). In
our view, it indicates that an increase in annealing tem-
perature results in the complete evacuation of hydrogen
from intergranular boundaries and pores. Consequently, the
space between grains becomes practically impassable for
conductivity electrons, and it leads to dramatic increase in
resistivity. At the cooling, the conduction of VN𝑥 film is
virtually restored due to the reverse hydrogen absorption
from the chamber.

Comparing the curves in Figures 8(a) and 8(b), one can
distinguish three temperature ranges: 40–135∘C, 135–185∘C,
and 185–250∘C, each possessing its own rate of hydrogen
desorption and the growth rate of resistance. We assume that
the hydrogen evolution in each temperature range occurs
from a certain type of traps. At relatively low temperatures
(40–135∘C), hydrogen leaves the vacant sites in nanograins
moving into the grain boundaries and intergranular pores. At
the same time due to the pressure increase in nanopores, the
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hydrogen excess is released from them. The resistivity varies
little because the total resistance is mainly dependent on the
level of grain boundaries and pores filling by hydrogen.

In the temperature range of 135–185∘C, hydrogen leaves
the grain boundaries and nanopores.The electrical resistance
of substance in individual particle becomes sufficiently large.

Desorption process ends after the hydrogen is released
from interparticle pores and boundaries (185–250∘C). At the
same time the resistivity reaches a value more than 105Ω⋅cm.

5. Conclusion

The results of our studies have shown that V and Ti deposi-
tion at bombardment by high-energy N and He ions leads
to formation of nanostructured nitrides, in which the inter-
grain spaces are occupied by pores. The presence of two
components in the ion beam, the difference between the
distributions of ion energy losses, and the implantation
of gas atoms during the process of metal deposition are
factors that determine the formationmechanism for material
structure and pores. Unlike plasma and thermal deposition,
the process of grain nucleation is not finished after the metal
condensation and nitride formation; it has the stage of partial
destruction of the primary structure with nucleation of the
next population of grains, growth of the grains, and formation
of a solid film. The progressive filling process of substrate
surface leads to formation of cavities in the film volume; they
have different hydrogen adsorption capacities and different
heats of their adsorption.

Thus, it was shown that the ion-beam assisted deposition
technology makes it possible to form composite nanocrys-
talline structures with disperse nanoporosity. Using this
technology, the size of pores and their distribution density
play a more significant role than the composition of the
film material. The possibility of independent and controlled
parameters changing makes it possible to modify purpose-
fully the porosity and composition and thus to produce the
materials with different hydrogen adsorption capacities.
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