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Metal hydrides, based on transition metals, are a promising class of materials for hydrogen
storage purposes. Understanding the effects of finite size and the presence of surfaces and
interfaces in thermodynamics of hydrogen in these materials is an important step towards
engineering hydride-based storage systems. In this work, hydride systems based on vanadium
were studied by means of ion beam analysis (IBA), x-ray diffraction (XRD) and optical
experiments. A series of thin vanadium films was grown using magnetron sputtering, with
the aim of optimizing the growth conditions of the vanadium layer, in order to improve the
crystallinity of the produced film. Moreover, the correlation between the optical transmittance
and the hydrogen concentration, probed through nuclear reaction analysis (NRA), of a Cr/
V superlattice was studied, as a part of an on-going, large-scale investigation of proximity
effects. Finally, motivated by the implications caused by the loss of hydrogen during the ex-
situ hydrogenation and ion irradiation, a gas-cell aiming at performing IBA with the sample
immersed in gaseous environment was designed. The effect of silicon-rich nitride membranes,
holding the pressure gradient between vacuum and atmospheric pressure, on the energy and
angular distribution of the primary ion beam, was studied theoretically and experimentally,
proving the possibility of conducting real-space crystallographic studies using the proposed
setup.
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1. Introduction

1.1. Hydrogen as an energy carrier

In the last 3 decades the global energy demand is continuously increasing [1],
with the energy industry still having a strong dependence on fossil fuels and
the yearly energy production, through their use, being in the order of 10** kwWh
[2]. This reliance on fossil fuels has resulted in the release of large quantities
of greenhouse gases in the atmosphere, with CO- being the main contaminant
[3], with the majority of these CO, emissions, being the result of covering the
energy needs of the industrial, heating and transport sectors [4]. The detri-
mental environmental impact of the reliance of fossil fuels, along with their
limited inventory [5], highlight the need for energy carriers, which can be pro-
duced in a sustainable manner.

The utilization of hydrogen, as the primary energy carrier, in the context of
a hydrogen economy [6,7], has been considered as a potential solution to the
energy crisis, for many years [8]. Both the direct combustion of hydrogen gas
[9] or its use in a fuel cell [10,11] can release the stored energy. Fuel cells
have been used in the space program for many decades [12] and have begun
to also be integrated into road vehicles [13]. Furthermore, both the direct com-
bustion of hydrogen and its use in fuel cells, do not result in CO, emissions,
thus, a shift towards the use of hydrogen can contribute to the reduction of the
annual emission of greenhouse gases. Finally, hydrogen is a non-toxic energy
carrier, in comparison to commonly used fuels such as petrol, while it is also
characterized by three times higher stored chemical energy per mass, namely
142 MJ/kg [14], compared to hydrocarbons.

Despite being the most abundant element on Earth [15], hydrogen is mainly
found in hydrocarbon molecules and water (H20), with the molecular hydro-
gen, namely Hy, corresponding to less than 1 % of the total hydrogen available
[16]. The production of additional molecular hydrogen can be achieved
through different means [17], with the electrolysis of water [18] being a com-
monly employed method for “green” production. However, it is important to
note that the extent that hydrogen can be considered as a “green” carrier is
directly tied to its means of production [19] and their corresponding carbon
footprint.
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1.2. Hydrogen storage options

The transition towards a hydrogen economy requires reliable means of hydro-
gen storage. The presently available storage options can be divided into chem-
ical storage, where the energy is stored in chemical bonds [20] and physical
storage, which is related to the topic of the present thesis and includes gaseous
[21], liquid and solid-state storage options. Concerning the gas storage, the
need for high pressures is a major issue, which, in the case of Hz gas, becomes
even more pronounced, due to its low molecular mass. In practice, pressures
up to 800 bar are commonly utilized, which correspond to a volumetric density
in the order of 40 kg/m3. The construction and management of high pressure
containers, as well as the pressurization process itself are always followed by
significant costs [22]. Moreover, further increasing the pressure, to achieve a
higher density, is not favored by the physical behavior of the hydrogen gas,
which presents non-ideal gas behavior, in these pressure regimes [23]. The
flammability of the H. gas also introduces major safety concerns, especially
in the case of mobile applications. A alternative storage option is the storage
of hydrogen in liquid form, which is characterized by a higher achievable den-
sity of 70 kg/m? [24]. However, the liquification of hydrogen requires low
temperatures, with conventional cryogenic tanks operating at 21.2 K [16],
which introduces a high energy cost for both the liquification process itself, as
well as a high upkeeping cost.

Solid-state storage, which includes the formation of a hydride phase in the
material, is an option that has amassed a lot of interest as a potential solution
for the hydrogen storage problem, for numerous reasons. First of all, one of
the key advantages offered is the elimination of the major security issues, that
accompany the conventional storage options. Furthermore, the hydride stor-
age offers the possibility to achieve a higher mass of stored hydrogen per vol-
ume, compared to the liquid and gas storage [25]. A description of the prop-
erties of the ideal hydrogen storage material, was recently provided by the US
department of energy [26]. Specifically, a goal of a metal hydride character-
ized by 5.5 wt% H gravimetric density is stated, with the long-term goal being
7.5 wt% H. The storage in a temperature range near 100 °C and close to am-
bient pressures are also included in the required properties.

There are presently many categories of candidate materials for solid-state
storage, but unfortunately none of them meet all the aforementioned criteria.
Hydrides based on alkali metals, offer a high gravimetric density, with MgH-
being the most characteristic example, storing 7.6 wt% H [27]. However, these
materials require high temperatures for absorption and desorption [28], at am-
bient pressures, due to the strong bonds formed. Studies on light materials,
such as carbon nano-structures that could potentially achieve high gravimetric
densities revealed a need for high temperatures, therefore marking them as an
unlikely candidate. The hydride category that this thesis will focus on is the
hydrides formed by transition metals.
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1.3. Improving the thermodynamic properties of
interstitial hydrides

Hydrogen can be absorbed in transition metals and reside in their interstitial
sites, in a self-trapped state [29]. An element of particular interest, which will
be the main focus of this thesis, is vanadium (V) [30]. It is a light element
(Z=23), which is characterized by fast hydrogenation kinematics [31]. These
traits mark it as an attractive starting point for engineering a storage material
with all the desirable properties. Its bulk properties have been extensively
studied [32,33,34,35], but the thermodynamics of hydrogen in vanadium can
be further tailored. A common approach to achieve this, is through alloying
[36,37]. However, studies over the last decades have also revealed changes in
the H thermodynamics that are related to changes in the size of the system
[38], the presence of strain [39,40] and even its shape [41]. The reason behind
it, is the elastic nature of H-H interactions [42]. The presence of foreign atom
species and the resulting proximity effects [43] have also been under investi-
gation in the recent years [44]. Thin films and especially superlattice structures
[45] are chosen as samples, due to the tunability of their layers, which allows
an in-depth look at all the finite size, strain and proximity effects. Finally, it
should be noted that such investigations are relevant even in a bulk hydrogen
storage system, since important hydrogen transport phenomena are occurring
in the proximity of surface and interface regions.

In order to extract information on properties, such as the electronic struc-
ture or the strain in the lattice, in thin-layer metal hydride structures, a wide
range of techniques can be employed. The effects of hydrogen intake to the
optical properties of materials were noticed early, through induced phase tran-
sitions [46], with optical methods, such as “hydrogenography” [47], gradually
becoming well-established tools to study hydride systems [48], even within
the same phase. Moreover, the volume changes induced in the unit cell from
the presence of hydrogen in interstitial positions, are often studied with the
means of reciprocal space methods, such as x-ray diffraction (XRD) [49,50].
Studies on resistivity [51] are also a tool to obtain information on the disorder
of a hydride system. Finally, gravimetry [52], can be employed in the study of
bulk metal hydride systems, but cannot provide information on the physical
properties near interfaces. In general, all of these techniques offer limited
real-space information on the hydrogen content, because the changes observed
in the physical properties under investigation, correspond to the effect of the
total hydrogen amount in the sample.
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1.4 Aim of the thesis

The ion beam analysis (IBA) methods [53] allow for the extraction of a
depth-dependent profile of the distribution of hydrogen, as well as of
real-space information on its site location in the crystal, which highlights them
as a unique analytical tool for the study of metal hydrides. In this thesis, ex-
perimental work on V-based systems, using IBA techniques, is presented. A
number of practical analytical challenges, as well as some proposed infrastruc-
ture modifications to overcome them are discussed in-depth. Specifically,
chapter 2 will include a brief overview of the theory of metal hydride systems,
with emphasis on vanadium hydride, while chapter 3 will introduce the key
IBA techniques utilized in this work. The study of all the properties discussed
in this section, requires a sample of good quality, so chapter 4 will cover the
growth and characterization of V films, while commenting on the optimization
of some of the growth parameters. Next, chapter 5 involves a study on the
optical properties of a Cr/V superlattice structure and their dependence on the
hydrogen content. This experiment also highlights some of the practical limi-
tations of studying metal hydrides using IBA methods. A potential solution to
such limitations, will be discussed in chapter 6, where a concept for an in-situ
setup, aiming towards IBA experiments in a gaseous atmosphere, will be pre-
sented in detail.
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2. Metal hydrides

2.1. Hydride formation in transition metals

From the perspective of minimizing the energy of a system, the absorption of
hydrogen is not equally energetically favorable in all transition metals. An
early theory was developed by Ngrskov [54], where the energy gain from in-
serting a hydrogen atom in a volume characterized by a homogeneous density
of electrons was calculated. Despite its simplicity, it managed to highlight the
general trend of a more energetically favorable hydrogen absorption from the
transition metals closer to the left side of the periodic table, which have, in
general, lower electronic densities compared to the elements on the right side
of the same row of the periodic table.
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Figure 2.1: Enthalpy of solution for hydrogen absorption, for transition metals in rows
3-5 of the periodic table. Data adapted from [55]

From a thermodynamic point of view, the quantity expressing the energy
change per hydrogen atom added to the system is the enthalpy of solution H
and it is conventionally expressed in eV per atom or kJ per mole. Figure 2.1
presents experimental data for the heat of solution of different transition met-
als, for infinite dilution [55]. The elements with a positive heat of solution
require energy for the hydrogen intake to occur, in an endothermic reaction,
while the elements with negative heats of solution, including V, can absorb
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hydrogen exothermically. The results in Figure 2.1 experimentally showcase
the trend proposed by Narskov’s theory.

2.2. Hydrogen in interstitial sites

In metal hydride systems, where the host lattice is a transition metal (M), the
hydrogen atoms will occupy interstitial positions that are characteristic of the
lattice structure. For a body centered cubic (BCC) structure, such as V, two
types of interstitial sites can be discerned: tetrahedral sites (T) and octahedral
sites (O). Figure 2.2 presents a BCC unit cell with two atoms, along with char-
acteristic T and O locations. For the two occupation types, one can extract the
maximum number of interstitial sites that are available for hydrogen (H) oc-
cupation, namely H/M = 3 for octahedral sites and H/M = 6 for tetrahedral
sites. However, those values only represent a theoretical maximum, because,
if two H atoms were to occupy neighboring sites they would exhibit a repul-
sive interaction [56], making such configurations energetically unfavorable.
For single element lattices, the highest hydrogen-to-metal ratios observed in
most cases are di-hydrides and tri-hydrides.

. M o osite O Tsite

Figure 2.2: Illustration of a unit cell in BCC structure, with the characteristic octahe-
dral (left-side) and tetrahedral (right-side) interstitial site locations being highlighted.
Adapted from [57]
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2.3. Equilibrium thermodynamics of hydrogen in
transition metals

Hydrides are conventionally created by placing a transition metal inside a gas-
eous hydrogen atmosphere, at fixed temperature and pressure conditions. The
thermodynamic potential that is suitable to describe such a configuration is
the Gibbs free energy: G = H — TS (2.1). In this equation, H denotes the en-
thalpy, T is the absolute temperature and S denotes the entropy of the system.
In an exothermic reaction, the changes in the Gibbs energy are described by
the relation: AG < 0 (2.2), with G being minimized when the system reaches
thermal equilibrium. An infinitesimal change in Gibbs energy, in a system at
a fixed temperature (dT=0) and pressure (dP=0), where only one kind of spe-
cies is added/removed and no work is produced by electromagnetic forces, can

be described as:
dT=0=dP
dG = —=S*dT +V *dP + udN «——— dG = u * dN (2.3)

The partial differential of the Gibbs energy G, with respect to the number
of particles N, is referred to as chemical potential, which is conventionally
denoted as u and it expresses the energy per atom required to add or remove a
species from the system. The chemical potential can be connected to the en-

thalpy and the entropy changes per atom, at fixed temperature and pressure:

U= Z—; =Y 7. Z—f] (2.4). By considering the MH & M + %HZ chemical

reaction, the equilibrium between the metal hydride (MH) and the surrounding
hydrogen gas requires that: pyy = % tu, (2.5)

In practice, the chemical potential of the hydrogen contained in metal hy-
dride system is not known a priori, but, its value can be obtained from the
chemical potential of the H, gas, through eg. 2.5. The standard chemical po-
tential, at a fixed absolute temperature T and pressure Py, can be analytically
calculated (Eq. 2.6).In the formula below E;;,; denotes the dissociation en-
ergy of the H, molecule, which has an absolute value of 4.477 eV [58] , K is
the Boltzmann constant and P, (T) denotes a reference pressure that can be
calculated for a temperature of choice and is dependent on the physical prop-
erties of the H, molecule:

P
b, = Eaiss + KT+ In (;2225) (26)

Metal hydride systems can be described as a lattice gas system [59], which
can provide an expression for the chemical potential of the hydride, based on
the microscopic properties of the system. In general, this model describes a
system of hydrogen atoms, interacting with the host metal atoms and between
themselves, denoted as H-H interaction. The key assumptions include the H-
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H interaction being dependent on the average hydrogen concentration c. The-
oretical calculations yield a dependence of the chemical potential on the inter-
action energy between the hydrogen and the metal host, namely U, and the

average H-H interaction, namely J: uyy = U +c *J + KT *In (%) (2.7).
In the model, the critical temperature for a transition can also be extracted and
is dependent on the mean H-H interaction energy: T, = —# (2.8).

2.4. Vanadium hydride

The resemblance of the phase diagrams of metal hydrides based on transition
metals, such as vanadium (V), palladium (Pd) and niobium (Nb), to the phase
diagrams of one-component systems was initially highlighted by Alefeld [42].
Specifically for the case of V, which is described as “ice-like” in Alefeld’s
analogy, a detailed phase diagram, for bulk vanadium hydride, referred to as
VH, was compiled by Pesch et al. [60]. Figure 2.3 illustrates a part of the VH
phase diagram that is relevant to the present work, which is presented in terms
of temperature, expressed in °C, and the hydrogen concentration, expressed in
H per V atom. Phase a is characterized by low order in the contained hydro-
gen. In bulk hydrogen, this phase is characterized by tetrahedral occupation
and is referred to as solid-solution phase. The lattice gas model that was pre-
sented in the previous section is better suited to be applied in the o phase due
to the lack of order, marking it as more suitable for statistical descriptions to
be applicable. By increasing the hydrogen concentration, different phases can
be formed depending on the temperature. For temperatures below, approxi-
mately 200°C, an increase of the H content results in the formation of a new
phase, denoted as . The B phase is ordered, with the hydrogen occupying
octahedral positions in every second (110) plane. As the hydrogen concentra-
tion is increased, other interstitial positions begin to be filled, resulting in a
phase denoted as B’. For higher temperatures the ordered  phases no longer
form with the addition of hydrogen, but a high-concentration, disordered o’
phase is formed instead.

In both o and P phases, the presence of hydrogen will affect the electronic
structure of the host metal. In the case of vanadium, the interstitial hydrogen
triggers a hybridization between the 1s orbital of H and 3d band of V, creating
new localized electronic states. x-ray emission spectroscopy revealed the most
pronounced changes at 7 eV below the Fermi energy [61], while similar results
were later obtained by Andersson et al. through first-principles calculations
[62]. The metal electrons populating these new states, result in a local weak-
ening of the metallic bonds, leading to a local expansion, which propagates in
the lattice. The expansion stops when it is counterbalanced by the repulsive
forces exerted to the displaced metal atom, from other metal atoms, further
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away from the site occupied by H. The H-induced strain field is dependent on
the occupancy type, with tetrahedral expansion being characterized by a
spherical symmetry, while octahedral is more pronounced on specific direc-
tions [40]. These different strain profiles become a practical problem during

the transition from o to B phase, when a strain gradient is generated in the
material, leading to embrittlement [63].
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Figure 2.3: Part of the VH phase diagram. Data adapted from [64]
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3. lon Beam Analysis

For several decades [65], ions with kinetic energies in an energy range from
few keV/u up to many MeV/u, with u denoting the atomic mass unit, have
been employed in order to extract information on both the composition and
the structure of materials. These so-called ion beam analysis (IBA) tech-
niques, allow for absolute quantification of the elements present in a sample,
while also featuring isotopic sensitivity, with simultaneous extraction of depth
information. In a typical IBA experiment, only an area of few mm?of the sam-
ple surface is irradiated by the ion beam, with the irradiation resulting in neg-
ligible changes to its structure. For this reason, the IBA techniques are con-
sidered a virtually non-destructive tool for material analysis. Moreover, IBA
techniques are also characterized as ‘““accelerator-based”, since large infra-
structure is required in order to produce a primary ion beam with Kinetic en-
ergies above a few hundred keV. The aim of this chapter is to provide an over-
view on the fundamental physics that govern ion-solid interaction, as well as
a selection of the IBA techniques that were relevant to the studies presented
in this thesis.

3.1. lon-Solid Interaction

An energetic ion, of mass My, atomic number Z; and initial kinetic energy Eo,
can interact with both the electrons and the atomic-nuclei of a target material.
Each individual collision between two charged particles results in an energy
transfer between them. In the case of an ion-electron collision, between the
primary beam ion and the electrons of the target, the maximum energy trans-
ferred to the electron, namely T,,,,, can be approximated by the formula:

Tmax™~ % E, (3.1), which is in the order of 15‘50. The collective result of sev-
1

eral such binary collisions is the gradual reduction of the kinetic energy of the
primary particle, as it traverses the material, as well as its divergence from a
straight trajectory. On the other hand, individual collisions between the ions
of the primary beam and the nuclei of the target can result in larger energy
transfers between the two and, depending on their masses, in severe deflection
of the primary ion from its initial trajectory. Once the primary particle losses
all of its kinetic energy, it stops inside the target material. The two separate
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interaction types, namely electronic and nuclear, between the primary ion and
the target are treated separately by theoretical models.

The physical quantity that is conventionally used to quantify the energy
losses is the stopping power, denoted as S, which is expressed in units of en-
ergy lost per traversed length. It is customary to separate the contributions of
the nuclear (S,) and the electronic (Se) collisions to the total stopping, due to
their different physical origin. The former is the dominant stopping contribu-
tion in lower velocities and higher atomic number of primary beams.

For velocities exceeding, approximately, v=2;%%vo, with vo = 2.18810° m/s
being the Bohr velocity, the ion is expected to be stripped of its electrons [66].

In this energy range the electronic stopping is dominant and can be modelled
. . dE 2mzie* M 2mev?
using the formula derived by Bethe: Ty El NZ, (m—:) ln(T)
(3.2). In the previous equation, I denotes the average excitation energy, N re-
fers to the atomic number density of the target, and v is the velocity of the
primary particle. For the energy range, corresponding to velocities below
Z1vy, the ion is retaining some of its electrons. In general, the complex topic
of the changes in the charge state of an ion and the corresponding stopping
power, at low velocity regimes, is still being studied experimentally [67], as

well as approached using empirical modelling [68].

The process by which an ion loses energy is purely statistical in nature.
Therefore, the amount of kinetic energy lost per unit length traversed in the
material will vary for each individual ion of the primary beam. As a result, the
kinetic energies of the ions, after they traverse through a slab of a material,
will form a distribution. The energy straggling, denoted as ©Q, can be related
to the full width at half maximum (FWHM) of this energy distribution, which
is equal to 2.235Q. For an ion traversing a path of thickness At, in material of
atomic density N, the energy straggling can be approximated by the analytical
formula calculated by Bohr: Q = 4w Z? e*NZ,At (3.4). It is noteworthy that
in this model the energy straggling is not dependent on the energy of the pri-
mary particle.

The existence of analytical models for ion energy-loss and energy strag-
gling, for high velocities, allows for quick calculations in simple systems.
However, in order to extract a more accurate estimate on the energy loss of a
particle in multi-layered structures with several multi-element layers, the use
of a simulation software is considered a better approach. An example of a
software package, which is widely adopted by the IBA community, is the
SRIM [69] program. This Monte Carlo simulation tool, can aid in the predic-
tion, typically within an uncertainty range of 5-10%, of both the energy and
angular distribution of the ions, in a wide range of mass and energy, in multi-
layered structures. It is noteworthy that SRIM, still relies on the binary colli-
sion approximation and is based on a universal scattering potential [70], with
the electronic stopping power being extracted as an integral over the available
energy transfers T. Figure 3.1, illustrates the stopping power calculated using
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the SRIM software, for *He and *°N ions incident on a V target, over a wide
energy range. The two distinct regions of the electronic stopping and their
corresponding energy dependence can be clearly seen in both cases, with the
“*He stopping power, achieving its maximum at a lower energy, due to its lower
atomic number, compared to °N. Finally, in the case that a more detailed in-
vestigation on the stopping power of a specific ion-target pair is required, a
collection of experimental data on stopping power is provided by the Interna-
tional Atomic Energy Agency (IAEA) [71].
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Figure 3.1: The Stopping power of “He and *°N ions in V, calculated using the SRIM
software.

3.2. Kinematics of binary collisions

The interactions of ions with matter are often treated as a sequence of inde-
pendent two-body collisions. The rest-mass energy of a typical nucleus is in
the order of GeV, thus, the motion of ions with kinetic energies up to few MeV
can be modeled using non-relativistic formulas. For primary-beam ions of
mass Mg, illustrated as green circles in Figure 3.2, with a kinetic energy equal
to Eo, being elastically scattered towards an angle 8 from a target nucleus of
mass M, illustrated as red circles, the conservation of energy and momentum
principles can be used to extract the kinetic energy E; =K, Eo of the projectile
after the collision. The quantity K, is referred to as kinematic factor and is
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independent of the energy of the primary beam and the interaction mechanism,
namely electrostatic or nuclear and can be calculated by Eqg. 3.5. In the case
that M1<M,, the kinematic factor increases with increasing Mo, since scatter-
ing from a heavier target results in more energy retained by the projectile.

2

[ 1- %sin(G) + My cos(6) ]
J17 1, M,
K, = | | 3.5)
M,
E

In the case that M;>M, i.e. a heavy projectile being scattered by a lighter
target, the projectile cannot be backscattered and it is confined within a scat-
tering cone with a half-angle equal to a maximum deflection angle 6,44,

2
which can be calculated using the formula: cos?(6,,qx) = 1 — (%) (3.6)
1
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Figure 3.2: Simplified illustration of a binary collision between primary ion (green)
and target particle (red).

The kinematic expressions for the elastic scattering are valid regardless of
the type of forces exerted between the ion and the target, i.e. electrostatic or
nuclear, but do not contain any information on the probability of the elastic
interaction to occur. The physical quantity expressing the probability of a pri-
mary particle, with a fixed kinetic energy, to be scattered from an impact pa-
rameter element do into an infinitesimal solid angle dQ, at an angle 9, is the

differential cross-section: 3—2(0). The nature of the interaction between

charged ions and nuclei is dependent on the kinetic energy of the ion and the
electrostatic Coulomb barrier between them. If the kinetic energy of the pri-
mary ion is not sufficient to exceed the Coulomb barrier, the interaction is then
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purely electrostatic and the scattering cross-section is expressed by the Ruth-
erford differential cross section formula [72]. An expression for Rutherford’s
.. . . do 2,2,e2)° 1

formula, is given by the analytical equation: 0= ( (45)2) S (3.7),
which is valid in the center-of-mass frame. For the case of high-Z target nu-
clei, a correction is needed due to the screening of the nuclear charge from the
1S orbital electrons. For backscattering angles above 90°, the analytical for-
mula by L’Eculier [73] can provide a satisfactory correction.

If the kinetic energy of the particle is high enough to overcome the Cou-
lomb barrier, or sufficient for the particle to have a non-negligible probability
to bypass the barrier through quantum-tunneling, then Rutherford’s formula
no longer applies. In order for the IBA techniques to remain applicable in this
energy regime, experimental data must be available for the cross section of
the interaction between the primary beam and the light elements present in the
target. A collection of experimental cross-section data is publicly accessible
in the IBANDL online library [74]. Finally, some sets of experimental data
have been further evaluated, using complementary theoretical calculations
[75], in order to allow interpolation for angles and energies that have not been
directly measured experimentally. Such datasets are referred to as “evaluated
datasets” and can be generated via the SigmaCalc tool [76].

3.3. Rutherford Backscattering Spectrometry (RBS)

The analytically-known kinematics of both the binary collisions and the elec-
tronic stopping power at high velocities, allow charged ions to be used as a
tool to extract structural information. In order to detect heavier elements in a
matrix comprised of lighter elements, a light primary beam and a backscatter-
ing geometry is conventionally chosen. The energy of the beam is also tuned
to a regime where the interactions with the target’s nuclei are of electrostatic
nature and therefore the cross-section of the interaction is analytically known.
This method is referred to as Rutherford Backscattering Spectroscopy (RBS),
with 2 MeV “He ions, being a commonly employed primary beam to study
most elements that are heavier than carbon. The energy of a particle backscat-
tered from a nucleus at depth t, for an incidence angle o of the primary beam
and an exit angle S of the scattered beam particle can be analytically calculated
using equation 3.8:

t/cos(a) t/cos(b)
Egetectea = Ks(0) | Eg — _[ S(E)dx | — j S(E)dx (3.8)
0 0
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In the context of analyzing thin films, such as metal hydride layers, that are
deposited on light substrates, the RBS technique can provide accurate infor-
mation on the thickness of the layers, expressed in units of atoms/cm?, as well
as information on the layering order and roughness.

Finally, in order to facilitate the data analysis procedure, software packages
are often utilized, as they integrate all the analytical equations needed for the
analysis, along with empirical and experimental data on the stopping and
cross-sections. For the analysis of RBS data, SIMNRA [77] is an example of
a commonly used software.

3.4. lon Channeling & Blocking Patterns

Initially discovered in computer simulations [78], the channeling effect origi-
nates from the structure of the target material. Numerous, naturally occurring
materials, as well as artificially created nano-structures, present a high degree
of crystallinity, therefore, the channeling effect is of high importance in the
interpretation of experimental data. When a charged particle travels through a
crystalline material in a direction that is aligned with a major crystalline axis,
it undergoes a series of small-angle collisions and is steered away from the
scattering centers. The result is a change in the number of the scattered parti-
cles for this orientation of the sample.

The presence of crystallinity can also affect backscattered particles. If the
exiting direction of a particle, after the scattering, is aligned with a crystal axis,
then a shadowing effect occurs, with the particles being blocked from exiting
in that particular direction. The blocking patterns and the channeling patterns
are extremely similar, for a fixed energy of primary beam [79] and, in theory,
with the correct sample orientation and detector placement it is even possible
for the two effects to occur simultaneously. Since the effects originate from
the crystalline structure, they can be utilized in order to extract crystallo-
graphic information on an unknown structure. Additionally they can allow for
the study of structures that are distorted by stress [80]. Examples in vanadium
structures, relevant for the metal hydride research, will be presented in the
following chapters.

3.5. Particle-Induced X-Ray Emission (PIXE)

A technique that is often employed simultaneously to the RBS, is called Par-
ticle Induced X-ray Emission (PIXE) [81]. The interaction of the primary ions
with the electrons of target material creates vacancies in the electronic levels,
due to the kinetic energy transfer that occurs. Electrons from higher energy
levels can then undergo a transition to fill the existing vacancy. The energy
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difference, which is characteristic for each element [82], can be either be emit-
ted in the form of a photon, i.e. the characteristic x-ray, or be transferred to an
Auger electron. The decay rates of the atomic levels can be calculated theo-
retically [83], but, overall, the x-ray emission probability decreases with de-
creasing atomic number of the target atom. The PIXE technique can be uti-
lized for qualitative analysis of the elemental content of a sample, but the ex-
traction of quantitative information can be quite complex and is outside the
scope of the present thesis.

3.6. Nuclear Reaction Analysis (NRA) for hydrogen
detection

In order to study the depth profile of hydrogen in a material of interest, which
in this case is a metal hydride system, the nuclear reaction analysis (NRA)
technique is conventionally employed. For the detection of hydrogen, the nu-
clear reaction *H(**N,ay)*2C has been of particular interest for many decades
[84], due to a narrow 1.8 keV resonance occurring when the energy of the
primary particle is equal to Er = 6.385 keV, measured in the frame of reference
of the laboratory [85]. After the nuclear reaction takes place, a *2C nucleus is
created in its first excited state [86], which afterwards relaxes to the ground
state, with a simultaneous release of a characteristic 4.4389 MeV gamma-ray.
The resonance cross section is approximately 20000 times higher than the cor-
responding off-resonance cross section, reducing the contribution of the latter
to a negligible fraction of the produced gamma-ray yield and therefore ensur-
ing that the detected yield is proportional only to the hydrogen content of a
specific depth inside the sample.

A typical NRA experiment, aiming at detecting H, involves irradiating the
sample with *N ions of different kinetic energies, starting from an energy
slightly lower than the resonance energy and increasing the energy in steps.
As a N ion, with initial energy E>ER, traverses the material, its kinetic energy
gradually drops, eventually reaching the resonance energy and yielding a high
gamma-ray yield. Afterwards, the particle will continue losing energy until it
comes to rest, producing a negligible off-resonance gamma-ray yield. A depth
scale can be extracted from the energies used, only if the stopping power of
the °N ions is well known. Finally, the depth resolution of the technique is
dependent on the stopping power of the **N ions on the target material and the
energy resolution available. Specifically for V, the stopping of *N ions has
been recently evaluated [87]. Despite the width of the resonance being less
than 2 keV, the presence of a doppler effect, originating from the zero-point
vibration [88] of the confined hydrogen results in a deteriorated energy reso-
lution, in the order of 12 keV, near the surface. For most materials the resulting
depth resolution, for hydrogen detection using *°N, is in the order of few nm.
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4. Growth and Characterization of thin V films

During the duration of the dissertation, more than fifty thin V epitaxial sam-
ples, with V layer thicknesses in the range of 20-80 nm, were synthesized and
characterized. The growth process took place in the sputtering setup that is
located at the Tandem Laboratory, at Uppsala University. The initial sample
batches were grown for the purpose of optimizing some of the V growth pa-
rameters, while the samples that followed had their layers tailored to facilitate
different types of studies, including medium energy ion scattering (MEIS) car-
tography. In this chapter an example of a 2D MEIS crystallographic map ob-
tained from a thin V film is presented. In general, the V films were prepared
for a wide range of studies including MEIS cartography of H-loaded V layers,
studies on H desorption and ion-assisted H loading, but the details of those
studies are not part of the present thesis.

4.1. Sample growth

The V thin films were grown through DC and RF magnetron sputtering [89],
on single-crystalline MgO (001) substrates. Before the growth, the back-
ground pressure in the chamber was of the order of 10 mbar. This ultra-high
vacuum (UHV) environment was vital to reduce the presence of contaminants
in the grown film. The substrates were kept at a temperature range of
280-320 °C, measured through a K-type thermocouple. In practice, the current
of the resistive heater was being set to a desired value in the range of 2.8-3.2 A.
The substrate temperature, during the growth, was in the range of 280-320°C
and it was continuously monitored over time, in order to ensure that thermal
equilibrium had been achieved, which corresponded to a temperature stability
within 0.1 °C. The sputtering of the V layer took place in argon (Ar) atmos-
phere, with the Ar gas being supplied to the vacuum chamber through a
mass-flow-control system. The stability of the Ar plasma, was dependent on
the flow values set, ranging within 5.3-5.7 sccm, with a throttle valve, which
was controlling the access to the turbomolecular pump sustaining the vacuum,
being set to 78% opening. The pressure readings, during the sputtering pro-
cess, were obtained through a gas-dependent cold cathode gauge (Pfeiffer IKR
361). A pressure-dependent correction factor, provided by the manufacturer,
was applied to extract the pressure range, namely 5 — 12 * 10~3 mbar. The
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substrates were fixed on a rotating stage, with a rotation rate of 10%sec, in
order to ensure lateral homogeneity. During a single growth cycle, the growth
conditions were reproducible. Before the sputtering process, the growth rate
of the different layers was estimated using a quartz crystal microbalance [90],
in order to choose the growth time needed to reach the desired thickness.

Bulk crystalline V crystal is characterized by a body-centered cubic struc-
ture, with a lattice constant equal to 3.024 A [91], while MgO is characterized
by a halite structure, with a lattice constant of 4.214 A [92]. The registry of a
V layer to an MgO substrate is thus possible only if the former is grown rotated
by 45° in-plane. In other words, the <100> crystalline direction of the V is
parallel to the <110> direction of the MgO. Moreover, the atomic distance in
the <110> direction of MgO is 2.98 A, which is lower than the lattice constant
of V, resulting in a compressive, in-plane stress being applied to the V crystal.
An elastic response is then triggered, leading to an out-of-plane expansion.
The strained V layer therefore exhibits a body-centered tetragonal symmetry.
The out-of-plane expansion has been quantified, in past studies, to be in the
order of 1.5% [93].

Next, a thin palladium (Pd) layer was grown, for oxidization protection
purposes, while the samples were still at high temperature. The pressure of the
Ar gas, during the Pd growth was equal to 1.5 * 10~2 mbar. The thickness of
the Pd layer varied in the 1-7 nm range, depending on the type of the experi-
ment the sample was being produced for. For example, in the case of a sample
tailored for blocking pattern mapping, the thickness of the Pd layer was re-
duced to minimize the de-channeling effect on the outgoing particles. The Pd
layer is not expected to be epitaxially grown due to a significant lattice mis-
match with the V underlayer. The Pd layer also allows for the spontaneous
dissociation of H, molecules, leading to accelerated thermal hydrogen loading
capabilities. Finally, a thin aluminum oxide (Al.O3) capping was deposited,
after the sample had cooled down to room temperature. The pressure of the Ar
during the Al.Os; growth was the same as during the Pd growth. The oxide
coating sets a potential barrier [94], which allows the retention of any hydro-
gen introduced in the V layers, during an ion irradiation, as well as during a
thermal hydrogen loading process. In each batch, an amorphous C substrate
was placed next to the MgO substrates. The sputtering deposition would then
result in the production of polycrystalline V layers, on top of the C. These
samples were produced to quantify, through RBS measurements, the amount
of O in the V layers, which never exceeded few %.

4.2. Study of sample structure through IBA

The structure of all grown samples was characterized using IBA methods. Fig-
ure 4.1 presents a typical RBS spectrum, obtained from an Al>Os/Pd/\VV/MgO
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structure, using a primary beam of 2 MeV “He. The backscattered particles
were detected using a solid-state detector, fixed at a detection angle of 170°,
with an energy resolution, for *He particles, in the order of 14 keV. Since the
samples were epitaxial structures, the <001> channel of both V and MgO lay-
ers is parallel to the surface normal. In order to avoid any channeling effects,
the sample was tilted by 5° and its orientation was simultaneously varied
within an additional two-degree range during the acquisition of the RBS spec-
trum. The backscattering signal from Mg atoms was used to normalize the
solid angle-charge product, since the “He-Mg interaction is electrostatic, in
this energy range, and thus the cross section is analytically known. For the
RBS spectrum, the conversion factor from channels to energy was obtained
by scanning bulk reference samples of high purity, since the ions backscat-
tered from their surface reach the detector with a known energy, that is equal
to: K, (M) * E,.
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Figure 4.1: Typical RBS spectrum for an Al,O3/Pd/VV/MgO structure. The elastic scat-
tering peaks are labeled. The red curve represents a fit using SIMNRA 7.03 software.

In the sample corresponding to Figure 4.1, both the V and the Pd layers are
too thin, compared to the depth resolution of the measurement, so their RBS
signal appears as a gaussian-shaped function. Figure 4.1, also illustrates a fit
calculated through SIMNRA software. In the presented fit, the layer thick-
nesses obtained for Al.Os, Pd and V layers are 117, 44 and 204 * 10%° at/cm?,
respectively. Using the density of bulk V, an approximate thickness value of
29 nm can be extracted, which, at a first order, is close to the nominal one,
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namely 25 nm. It should also be noted that the density of V changes when it
is in a strained state.

A complementary PIXE spectrum, was simultaneously acquired, in order
to ensure the absence of contaminants in the samples. The PIXE data was not
used for any quantitative analysis, but for a qualitative study of the elements
present in the sample. Figure 4.2 illustrates a typical PIXE spectrum, from the
same sample, with two peaks from V-K, and V-Kg lines being the most pro-
nounced. A mixed signal comprised of the L, and Lg lines from Pd and the
Ar-K, line was observed in the energy range near 3 keV. Finally, the lower
energy range, shows less pronounced peaks corresponding to the K lines of
magnesium (Mg) and aluminum (Al).
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Figure 4.2: Typical PIXE spectrum for an Al,O3/Pd/\VV/MgO structure. The character-
istic x-ray peaks are labeled.

4.3. Study of sample crystallinity

The crystallinity of the samples was evaluated, through 6/20 x-ray diffraction
(XRD) scans. The primary x-rays used were Cu-K,, with the weighted char-
acteristic wavelength of K,; and K, being equal to 1.5418 A, with the x-ray
source and the detector maintaining a Bragg-Brentano geometry, during the
scan. In this configuration, the momentum transfer vector Q is parallel to the
surface normal of the epitaxial structure. Figure 4.3 illustrates a typical XRD
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spectrum, for the same V sample. The peaks of the (002) and (004) reflections
of the MgO substrate are the most pronounced, with the V (002) peak being
visible at 26 angle of 60.7°. Using Bragg’s law [95] and assuming an error of
56=0.02° in the setup, a value of 3.056+0.001 A was obtained for the
out-of-plane lattice parameter, verifying the presence of initial strain. Using
the extracted FWHM values and Scherrer’s formula [96], a coherence length
could be extracted, which was, for most samples, in the range of 22-27 nm.
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Figure 4.3: Typical XRD spectrum for an Al,O3/Pd/V/MgO epitaxial structure.

The FWHM of the V (002) peak was chosen as the main comparison factor,
to estimate which samples were of better crystal quality. No rocking curves
were recorded for the samples. Figure 4.4 illustrates some of the FWHM val-
ues obtained in the early stages of the project, for different combinations of
pressure readings and heater currents. The lowest pressure values were ac-
companied by plasma instabilities, which resulted in deteriorated crystal qual-
ity. The FWHM values, for fully-coherent V superlattices, of similar thickness
to our samples, that are available in the literature [93], are also included in
Figure 4.4, in order to indicate a lower limit for the FWHM value. In practice,
the thin V films are expected to exhibit an elastic relaxation as they grow fur-
ther away from the MgO/V interface, which will result in higher FWHM val-
ues, compared to a Fe(Cr)/V superlattice, which is characterized by a homo-
geneous strain profile, due to its intermediate layers. The FWHM obtained
using a 3.2 A current in the heating unit, which corresponded to a temperature
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of 298+2 °C, and an effective Ar pressure of 7 x 10~3 mbar, approximately,
was deemed as satisfactory at that stage and set as a reference point for all the
future growths.
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Figure 4.4: FWHM of the V (002) reflection peak in XRD, for different growth pa-
rameters of thin V films. The horizontal dotted line expressed the corresponding
FWHM of V superlattices of similar thickness.

Finally, a complementary real-space view on the crystallinity of the sam-
ples was obtained through the study of blocking patterns, in the ToF-MEIS
setup at Uppsala University. The setup is equipped with a position-sensitive
detector, with a radius of approximately 6 cm, which is fixed at a distance of
29 cm from the sample, thus covering an angular range of 22°. Figure 4.5 il-
lustrates the blocking pattern of the <001> channel, obtained using a sample
that covered with a Pd layer of sub-nm thickness. The sample was irradiated
with a pulsed beam 200 keV H." ions, while rotated by 20°, to ensure irradia-
tion in the random direction, and the center of detector was approximately
aligned with the <001> channel, to record the blocking pattern of the
backscattered particles. In Figure 4.5 both axial and planar channeling patterns
are clearly visible.
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Figure 4.5: 2D Blocking pattern map of the <001> channel of a thin 50 nm V sample.
The spatial dimensions in the axes correspond to an angular range of approximately
22°, Primary beam: 200 keV H,*
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5. Correlation of optical transmittance and H
concentration in Cr/\V

In recent years, Fe/V and Cr/V superlattice structures have been studied in
order to study the impact of the proximity effects [97]. Multilayer films of
these two systems, with a nominal Fe(Cr)/V thickness ratio of 2/14, repeated
23 times, were grown prior to this dissertation and characterized extensively
through transmission electron microscopy (TEM), x-ray reciprocal-space
mapping and neutron scattering measurements [93,98]. For both systems, op-
tical isotherms had also been recorded, but, in order to correlate the changes
in the optical transmittance of the films with the concentration of hydrogen in
them, a separate series of measurements is required. This chapter will focus
on the experimental measurements that were conducted with the aim of corre-
lating the optical changes of the Cr/V system with the hydrogen concentration.
This experimental study had the following procedure: First, the superlattice
was hydrogenated at an arbitrarily chosen pressure and the changes in optical
transmittance were recorded for a wavelength range of 600-1000 nm. Next,
the hydrogen concentration was determined using NRA, based on the
YH(*N,oy)'?C reaction. The procedure was repeated for different hydrogen
concentrations, covering a wide concentration range and the resulting points
were fitted with a linear function to obtain the conversion factor. The conver-
sion factors obtained assisted in the comparison of the optical properties of the
Fe/V and Cr/V systems, in a recent study [44]. All studies were conducted at
the Tandem Laboratory [99], at Uppsala University and are presented in detail
in Paper | [100].

5.1. Optical measurements

The optical study was conducted at the OSFOLD setup [101], which consists
of a vacuum chamber that can be filled with hydrogen gas, with two windows
on opposing flanges that allow light to pass through the sample. The optical
measurements were carried out in a simple transmission geometry, illustrated
in Figure 5.1, using the light from a polychromatic source, which produced a
light beam in the wavelength range of 200 — 1000 nm. The light beam was
collimated and sent through the sample, before being collected by an optical
sensor. The base pressure of the chamber was in the order of 10-° mbar before
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the introduction of the hydrogen gas. The pressure of the chamber was meas-
ured by two independent sensors. Moreover, the chamber offered annealing
capabilities, with the temperature of the sample being measured using a K-
type thermocouple.

Figure 5.1: Illustration of the setup used for the optical measurements.

The experimental procedure for the optical measurements is described in
detail in Paper I, but the key points will be summarized in this section. Before
each loading procedure, the Cr/V sample was annealed, at UHV conditions, at
a temperature of 140°C and then cooled down to room temperature, hamely
23°C, to ensure that no hydrogen remained in the V layers from previous load-
ings. The optical transmittance of the sample was then recorded for wave-
lengths in the range of 200-1000 nm, at room temperature, to obtain a trans-
mission spectrum representing the non-hydrogenated/pristine sample. Next,
the sample was annealed to 140°C and it was exposed to hydrogen gas of con-
trolled pressure. The V layers in the Cr/V stack absorbed hydrogen, changing
the optical properties of the film, which was indicated by a decrease in the
intensity for all wavelengths. During the whole process the average intensity
in a selected wavelength range, namely of 630-1000 nm, was recorded as an
indicator of the changes in the transmittance. When optical changes were no
longer observed, equilibrium was deemed to have been reached. The final step
included cooling down the sample and pumping out the hydrogen gas. The
optical transmittance of the hydrogenated superlattice would then be recorded
again, at room temperature, to obtain a spectrum characteristic for the hydro-
genated state. Afterwards, the hydrogenated sample was moved to the IBA
setup.

Figure 5.2 presents characteristic transmission spectra that were obtained
prior to and after the hydrogenation, along with their ratio, presented in blue
points. The low intensity at lower wavelengths, resulted in higher noise-to-sig-
nal ratio in that region, which is the reason that the analysis was focused in the
wavelength region above 600 nm. A major advantage of the present experi-
mental approach is that it can provide quantitative information on how the
optical properties change in different wavelength regimes, upon hydrogena-
tion. In Figure 5.2 it can be seen clearly that the ratio is not the same for the
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total optical range scanned. A detailed plot with the ratios obtained for all the
different loading pressures can be found in Paper I.
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Figure 5.2: Characteristic optical transmittance spectrum for the pristine (black) and
hydrogenated (red) superlattice, at a nominal pressure of 20 mbar, in the wavelength
range of 400-1000 nm. The ratio of the two is indicated by the blue points.

The simultaneous cooling down of the sample and the removal of the H;
gas from the chamber allows the quenching of the hydrogen contained in the
sample. If the heating was turned off with the sample still being immersed in
H, atmosphere, then it would absorb a high hydrogen amount and could po-
tentially break. On the other hand, if the H, gas was removed while the sample
was kept at high temperature, then the hydrogen in the sample would simply
leak out. Therefore, it is crucial that these two processes happen simultane-
ously. In this stage, the Al,O3 capping layer plays an important role by signif-
icantly slowing down all hydrogen transport in the surface, until the sample
cools down to a temperature where the thermal energy of the contained hy-
drogen atoms is not sufficient to overcome the potential barrier of the capping.
As a result, the sample would reach room temperature while retaining most of
the hydrogen that was loaded. It is vital to note that even if the amount of
hydrogen was slightly altered during the cooling down process, it was not a
problem for these series of measurements, because the final aim was to record
pairs of optical transmittance and hydrogen concentration, in a wide concen-
tration range.
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5.2. IBA measurements

The IBA measurements took place in a scattering chamber that is electrically
isolated to allow the integration of current of the incoming °N ions. The base
pressure of the vacuum chamber during the measurements was in the order of
10® mbar. A simplified illustration of the setup is presented in Figure 5.3 be-
low. A bismuth germanate (BGO) gamma detector was positioned outside of
the vacuum chamber, in order to record the gamma-rays produced by the
H(*™N, ay)!?C reaction. This gamma-ray detector was also surrounded by a
lead shield, in order to reduce the interactions of the detector with the natural
radiation background and therefore minimize its dead-time. Additionally, the
chamber was equipped with a solid-state detector, fixed at 170° with respect
to the direction of the primary beam that recorded the backscattered *N par-
ticles. The setup was also equipped with a camera to assist with the alignment
of the ion beam. The sample manipulator allowed for independent XYZ trans-
lational movement and rotation around the primary axis of the manipulator,
denoted as X axis in Figure 5.3.

NRA Det. RBS Det,

]

BGO ] pa—E

Samples

X
24-1 Camera

Figure 5.3: Simplified illustration of the setup for the simultaneous NRA and RBS
measurements.

A gamma-ray spectrum of the hydrogenated superlattice is presented in
Figure 5.4. The most pronounced peaks in the low energy regime correspond
to natural radiation background from the radioactive decay of the isotopes “°K
and 2%8TI. The 4.43 MeV gamma-rays from the H(**N, ay)*C reaction re-
sulted in the presence of both a distinct peak and a low-energy tail in the spec-
trum. This low-energy tail corresponds to Compton scattering events of the
4.43 MeV gamma-ray with the material of the detector, resulting in only a part
of the photon’s energy being deposited in the detector. The events in the
Compton tail still correspond to interactions of the primary **N beam with the
hydrogen in the material, therefore they are included in the integration window
chosen. In practice, a region of interest (ROI) starting from, approximately, an
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energy of 3 MeV, below of which the natural radiation peaks become pro-
nounced, was chosen. The ROl is extended to approximately an energy of 4.75
MeV to include the main gamma peak of the 12C” deexcitation, which is broad-
ened due to the limited energy resolution of the BGO detector. In the energy
range beyond 3 MeV, the interactions of the detector with cosmic muons con-
stitute the dominant contribution in the background of the energy spectrum.
The acquisition time of a single spectrum was in the order of 200-300 sec.
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Figure 5.4 Characteristic gamma-ray spectrum from the hydrogenated Cr/V superlat-
tice.

The first step of an IBA measurement on the Cr/V superlattice, was an an-
gular scan to ensure that no channeling would affect the NRA scan. In general
the sample was always mounted in a stage, with a 5-7° tilt and it was given an
additional rotation, between 10-20°, around its surface normal, with the aim
of irradiating it as close as possible to the random direction. An angular scan
was then performed, typically within a range of few degrees, in order to accu-
rately determine an orientation where the channeling effects were minimized.
During the scan, the gamma-ray yield from the ROI and the backscattered V
events were simultaneously recorded. Figure 5.5 presents a typical channeling
pattern recorded. Based on this pattern, by giving the sample a rotation of ap-
proximately 2°, in this example, the *N irradiation was considered to be in the
random direction.
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The energy of the N beam was initially set to 6.37 MeV, which was an
energy below the resonance energy that always resulted in a gamma-ray spec-
trum with only background contributions in the ROI. Next, the energy of the
beam was increased in steps of 15 keV, resulting in the resonance interaction
between hydrogen atoms and °N ions occurring in an increasingly greater
depth. The energy scans were terminated in an energy of, approximately,
6.7 MeV, which corresponded to the first layers of the MgO substrate that
contained negligible amount of hydrogen. An additional scan in the backward
direction was always performed in order to ensure that no major hydrogen loss
[102] was occurring during the measurement. Figure 5.6 illustrates a typical
NRA energy scan for the hydrogenated superlattice. The regions below
6.5 MeV correspond to the capping layers, namely Al,Os and Pd, followed by
a plateau in intensity, which corresponds to the hydrogen contained in the
Cr/V layers. In order to extract the hydrogen concentration, an average of the
gamma-ray yield was calculated for the 6.505-6.64 MeV range. The NRA
scans for all nominal loading pressures are presented in Paper I.
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Figure 5.5 Angular scan from the hydrogenated Cr/V superlattice, using **N ions. The
Y axis presents the yield per pulse from the current integrator unit.

The NRA study was a relative measurement that was based on a reference
sample [103], which was a silicon (Si) wafer with an amorphized, H-im-
planted layer of known concentration C;; = 18.5%, extending approximately
250 nm deep in the Si. This approach eliminates the dependency on physical
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guantities that are not easy to determine accurately, such as the solid angle and
the efficiency of the detector, as well as on the exact value of the cross section
and the width of the resonance. The average hydrogen concentration, ex-
pressed in at/cm?, was obtained by:
Y T Nre S T
ny = ;r—e/:ﬁr/’;;r—;’ Nyer (5.1)

in which, Y denotes the gamma yield, N is the total number of atoms that
reached the sample, S the stopping power of the hydrogenated layers and nrer
denotes the atomic concentration, in atoms/cm?, in the reference sample.
Equation 5.1 was used in an iterative approach, where an initial stopping
power value So was used to extract an atomic hydrogen concentration no,
which was afterwards used to extract the stopping power S for the next itera-
tion, using the SRIM code. The full details on the iterative procedure can be

found in Paper I.
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Figure 5.6 Characteristic NRA energy scan from the hydrogenated Cr/V superlattice.
Part of the scan was repeated in the backwards direction, indicated by red points, in
order to ensure that no hydrogen losses occurred during the irradiation.

5.3. Correlation of NRA and optical measurements

The different pairs of hydrogen concentration and optical transmittance values
are presented in Figure 5.7. A total of six loadings took place during the study,
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covering a wide range of hydrogen concentrations, expressed in H/V ratio. For
each loading the optical changes were extracted for different wavelengths re-
gimes, namely 600, 700, 800, 900 and 1000 nm and all revealed a linear rela-
tionship between the optical changes and the H concentration. Moreover, a
linear fit was performed to the data for each wavelength, in order to extract
the conversion factor. The results of the fit are presented in Table 5.1, reveal-
ing a stable slope on the wavelength range of 700-1000 nm, but an increase in
slope for wavelengths near 600 nm, which confirmed a wavelength depend-
ence on the changes in the optical properties. A minor positive offset was also
observed in the fitted curves, which was attributed to a minor drift in the in-
tensity of the light source, which resulted in a slightly increased recorded in-
tensity drop in the optical transmittance.

Table 5.1 Results of the linear fitting procedure in different wavelength ranges.

Wavelength (nm) Slope Intercept
60045 0.86+0.05 0.014+0.004
70045 0.64+0.03 0.015+0.002
80045 0.60+0.03 0.022+0.004
90045 0.65+0.03 0.018+0.003
10005 0.65+0.04 0.021+0.003
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Figure 5.7 Correlation of the optical transmittance and the hydrogen concentration, at
room temperature for different wavelength regimes in the range of 600-1000 nm.
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6. Towards an in-situ setup

The present experimental approach, which involved the ex-situ formation of
hydrides and the subsequent analysis of their concentration through NRA, is
characterized by some inherent limitations. The consequences of using this
hydrogen guenching procedure and other effects such as the hydrogen loss
during the irradiation, will be discussed in this chapter. Furthermore, a poten-
tial solution for all the aforementioned issues, will be presented, in the form
of an in-situ gas-cell, which will allow the hydride formation and the IBA to
occur in the same setup. In the sections below, the practical constraints in
terms of pressure and temperature range for such studies, as well as the poten-
tial limitations of the proposed setup will be discussed, along with the results
of complementary theoretical and experimental studies. A more extended de-
scription of the aforementioned points can be found in paper II.

6.1. Present limitations

The IBA techniques allow for quantification of the hydrogen concentration
and extraction of real-space information on the interstitial location at room
temperature or at cryogenic temperature ranges [104], but measurements with
the sample being in high temperature are prohibited due to the thermal hydro-
gen losses. Since the IBA measurements are carried out in UHV, if a hydride
was to be exposed to high temperatures, the contained hydrogen would obtain
enough thermal energy to overcome the surface barriers and be released from
the V layers. The hydrogen quenching procedure followed in the previous
chapter can allow one to partially overcome this issue by loading a sample
with a range of hydrogen concentrations that could not be achieved in room
temperature and then trapping the hydrogen in the V using the oxide layer.
This approach is indeed rigid in the context of some studies, such as correlat-
ing H concentration to physical properties such as optical transmittance that
was presented in Chapter 5. However, the potential addition or removal of
hydrogen during the cooling down stage means that it is no longer possible to
correlate the amount of hydrogen measured with NRA with the pressure and
temperature used during the loading.

Even by employing the hydrogen quenching procedure, which was de-
scribed in the previous chapter, and conducting the IBA measurements at
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room temperature, there is an additional limitation originating from the use of
an ion beam as a probing tool. The sample can experience irradiation-induced
hydrogen losses [102], referred to as H-losses in the following text, that result
in the alteration of the hydrogen concentration profile during the profiling
measurement. Estimating the H-loss rate can be challenging and any correc-
tions applied during the data analysis stage will, inevitably, introduce addi-
tional uncertainties. In practice, in order to limit the H-losses one must restrict
the beam intensity, which refers to the power delivered per unit area. It is
achieved by deliberately defocusing the ion beam, to cover a larger area, as
well as reducing the value of its current. Furthermore, the presence of the
Al,O3 capping layer plays a vital role in reducing the hydrogen losses, due to
its ability to act as a barrier for the hydrogen bound in the V. In fact, when
measurements took place without this capping layer, H-loss was observed
even after having minimized the **N intensity. However, the reduction of cur-
rent results in a lower NRA vyield, which corresponds to a higher sig-
nal-to-background ratio and leads to longer measurement times, if one wishes
to retain the precision of the measurement. Moreover, this approach forbids
the study of samples with a smaller area, for example in the order of 5x5 mm?,
since a part of the ion beam would most likely irradiate the sample holder and
affect the gamma-ray yield recorded.

Figure 6.1 illustrates an example of H-losses that occurred in a measure-
ment of the hydrogenated Cr/V superlattice. The plot excludes the energy
range corresponding to the surface, for a better showcasing of the H-loss ef-
fect. In this particular case, the loss occurred due to the N beam being fo-
cused to an area of few mm?, in contrast to the 20-30 mm? area that was com-
monly irradiated in that series of experiments. The duration of the spectrum
acquisition was 200 sec and the backwards scan, revealed the H-losses. By
focusing on the two data points on 6.595 MeV, which were recorded approx-
imately 45 minutes apart, a reduction of approximately 40% can be observed.
It is important to note that, given the H-losses, the forward direction scan rec-
orded in this case also does not correspond to the initial hydrogen depth dis-
tribution in the superlattice, since the hydrogen inventory in the V layers was
being reduced as the capping layers were scanned. The NRA scan of the com-
plete energy range is presented in Paper I1. In the presented measurement the
value of the beam current, was restricted below 1.5 nA and losses were still
clearly observed.

6.2. Design of an in-situ gas-cell

Our proposed approach for overcoming the aforementioned limitations, is to
combine the hydrogenation setup with the IBA setup. The key concept, based
on which this new in-situ IBA setup was designed, involves keeping a thin
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metal hydride film continuously immersed in a gaseous H, atmosphere, while
it is irradiated with *N ions. The advantages are numerous: First of all, the
sample can be in gaseous atmosphere at a temperature beyond room tempera-
ture, permitting measurements in thermal equilibrium without losses. In fact,
any hydrogen loss that occurred, would immediately trigger a hydrogen ex-
change between the gas and the metal hydride to restore the equilibrium H
concentration in the latter. For the same reason, the issue of ion-induced H-
losses would also be solved, as the sample would continuously attempt to ther-
mally equilibrate with its gaseous environment, thus recovering any lost hy-
drogen due to the irradiation. Moreover, the kinetics of this exchange could
be accelerated by the removal of the Al.O; capping layer to allow the direct
contact of the H, gas with the Pd layer that catalyzes the dissociation of Ha.
Finally, the quenching process that was described in the previous chapter is
no longer needed in this in-situ approach. By controlling the pressure and tem-
perature of the surrounding H; gas a wider range of loading concentrations are
accessible in this configuration. A detailed technical drawing, along with the
corresponding description of the design can be found in Paper II.
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Figure 6.1: Gamma excitation function of MgO/CrV/Pd/Al,Os; hydrogenated super-
lattice, using the *H(**N,ay)*?C resonant reaction.

The gas-cell is designed to be integrated in a commercial sample holder,
which will be responsible for the translational motion in the three major Car-
tesian axes and two independent rotations. The choice of the sample holder
aims to correct for the offset between the plane of the surface of the sample is
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on and the plane of the holder. The gas-cell is comprised of two parts, a main-
body and a lid, with the total volume occupied being in the order of 40 cm?,
The proposed material of construction is high purity aluminum (Al), because
it allows the part to be light-weight, meaning that it can be easily rotated by
the commercial holder with the minimum strain in the rotation mechanisms.
Moreover, the backscattering signal from a low-Z element such as Al would
not interfere with RBS spectra from transition metals such as V, if a part of
the beam intensity was irradiating the gas-cell. Finally, the effect of embrittle-
ment [63] due to the presence of H is also less pronounced in Al, compared to
stainless steel.

Allowing IBA measurements of metal hydrides in high temperatures is a
major advantage of this system, thus it is important to consider the upper limits
of the working temperature range. The choice of the Al as the primary material
will be accompanied by the choice of an O-ring sealing, which is indicates
that the temperature of the current setup should not exceed, under normal cir-
cumstances, 210 °C. It should be noted however that the vacuum sealing can
still be maintained during an intermittent heating beyond 210 °C, but it will
severely reduce the lifetime of the seal. The heating process can be automated
through the use of temperature controller connected to a heating sensor and a
resistance heater. Moreover, in order to achieve a precise control of the tem-
perature, both of these elements are designed to be in direct thermal contact
with in the main body of the gas-cell. Both the heating and sensor elements
selected have a thin oxide coating, to insulate them electrically, that way the
main body can also collect the current of the primary ion beam for charge
normalization purposes. An electrical bias can also be applied, to the isolated
part, to suppress any secondary electron emission.

The O-ring sealing between the main body and the lid, creates a low-vol-
ume, enclosed space which will accommodate the H gas, in the order of few
cm®. A detailed description of the gas piping system is given in Paper Il, but
the main principle is that the H, gas is transferred from the outside of the
chamber, through a stainless-steel bellow and is then sealed in the part. The
lid is designed to accommodate both the sample and the membrane window,
while minimizing the distance between the membrane and the surface of the
sample and therefore the path of the incoming ions through the gas cloud, be-
low 1 mm. The details on the sample mounting can be found in paper Il. Fi-
nally, a silicon-rich nitride (SiRN) window is needed to simultaneously retain
a vacuum sealing but also allow the **N ion beam to reach the sample. The
maximum pressure to be reached is in the order of 1 bar, in contrast to setups
based on differential pumping [105], which can achieve maximum pressures
in the order of 1 mbar.
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6.3. Theoretical and experimental results on N ions
through SiRN

The SiRN membrane will interact with the *N ions before they reach the sur-
face of the sample, reducing their energy and widening the distribution of their
energies, due to the effect of energy straggling. Additionally, a geometrical
divergence of the primary ions from the straight trajectory is also expected,
which will prevent some of these ions from being steered in a channel even if
the ion beam is aligned with a crystallographic axis. In order to quantify such
effects, the trajectories of °N ions, with a kinetic energy of 6.4 MeV, were
simulated using the TRIM code. In the simulation, a two-layer structure was
created, which included an initial layer of silicon-rich nitride and a second
layer of H; gas. In the first layer, the N/Si ratio was set to 1.1 and the density
to 3 g/cmd, as suggested by the manufacturer. It should be noted that experi-
mental results have reported density values for the silicon nitride layer that are
20% lower from the suggested value [106], so the presented results will indi-
cate an upper limit. The result of the simulation includes the final energy and
direction of each simulated ion that exits the two-layer structure. With satis-
factory statistics, namely in the order of 250.000 events, the energy distribu-
tion of the ions can be clearly defined, as seen in Figure 6.2.
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Figure 6.2: Simulated angular distribution of 6.4 MeV N ions through a 100 nm
SiRN layer and 1 mm gas H.. Number of simulated events: 250.000.

The exiting direction of each simulated projectile is provided in the form
of the three directional cosines, which, allows for the calculation of the angular
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divergence of each simulated ion and therefore their angular distribution, after
passing through these layers. It should be noted that in a simulation using the
TRIM software the x axis, characterized by the (100) vector, represents the
axis of the primary beam. Figure 6.3 illustrates the distribution for a SiRN
layer of 100 nm and 1 mm of H; gas.
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Figure 6.3: Simulated angular distribution of 6.4 MeV N ions through a 100 nm
SiRN layer and 1 mm gas H» (Pressure: 1 bar), Number of simulated events: 250.000.

Simulations were run for different combinations of the thicknesses of the
two layers. Figure 6.4 showcases a series of runs where the thickness of nitride
layer was fixed to 150 nm and the thickness the H. layer was varied in the
range of 0.5 - 4 mm. This SiRN thickness corresponds to a window that can
withstand a pressure difference of 1 bar, so it was chosen to showcase the
relative contribution of the two layers to the beam divergence. As seen in Fig-
ure 6.4, the angular distributions of the *®N ions produced by the simulation
for Hy gas layer, corresponding to a pressure of 1 bar, and a thickness in the
range of 0.5 - 4mm present negligible difference. Moreover, by considering
that many experiments will be carried out at a lower pressure regime, namely
0.1-10 mbar, the straggling effect produced by the gas will be insignificant
compared to that produced by the membrane. Based on this result, a follow-
up series of simulations was run, with the thickness of the H- layer fixed to
1 mm and the thickness of the nitride layer being varied in the range of 30-
200 nm. The results are discussed in detail in Paper II.
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To validate the simulation results, which showed the thickness of the SiRN
to be the dominant factor in defining energy and angular straggling, an exper-
imental study was carried out. For this purpose, a new series of experimental
measurements was conducted, with a sample configuration as follows: A
SiRN, with a thickness of 150 nm was fixed on top of the reference Si-H sam-
ple and an NRA energy scan was carried out. The obtained excitation function
is presented in Figure 6.5, where the range up to 6.65 MeV corresponds to the
hydrogen content of the membrane itself, followed by the homogeneous H
distribution. This offers a first look on the characteristic traits that all NRA
measurements will have on the designed setup. Furthermore, the H content on
the window surface can be used for accelerator calibration purposes to calcu-
late the offset between the nominal and the real energy of the N ions.
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Figure 6.4. Angular distribution of simulated 6.4 MeV N ions, after passing through
a 150 nm SiRN membrane and a H; gas layer (Pressure: 1 bar) of varying thickness.

A similar experiment was conducted with a hydrogenated Cr/V superlat-
tice. The corresponding NRA energy scan yielded a similar excitation func-
tion, which is presented in Paper II.
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Figure 6.5: Excitation function of an amorphized Si-H irradiated with >N ions through
a SIRN membrane, with a thickness of 150 nm.

Afterwards, an angular scan was conducted, over an angular range of 6°, in
order to search for channeling patterns. Figure 6.6 presents a recorded planar
channeling pattern, which proves that even for a membrane of 150 nm thick-
ness it is still possible to obtain real-space crystallographic data. It should be
noted that this particular membrane thickness is expected to be able to with-
stand a pressure gradient of 1 bar. This experimental result is in agreement
with the theoretical simulations, presented in Paper I, which predicted that a
large percentage of the *N ions will be able to remain in a trajectory that will
allow them to be channeled, after passing through the SiRN membrane. A
more detailed analysis on the obtained pattern is included in paper II.
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Figure 6.6. Excitation function of a hydrogenated Cr/V superlattice, irradiated with
5N ions through a SiRN membrane, with a thickness of 150 nm.
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7. Conclusions and Outlook

Metal hydrides have been studied for many years for hydrogen storage pur-
poses, but, in order to engineer storage materials with improved thermody-
namic properties, the effects of finite size, strain and proximity of foreign atom
species need to be fully understood. This work has focused on the utilization
of IBA techniques, as well as complementary optical and x-ray techniques, in
order to study different aspects of the vanadium hydride system.

First, as a part of this work, the growth process of thin V films, in a thickness
range of 20-80 nm was optimized, through x-ray measurements. Improving
the quality of samples is an important step, with the samples grown during this
dissertation being included in different projects that were studying the VH
system. Moreover, during this work, the growth conditions and thicknesses of
the Pd & Al,O3 capping layers was reviewed, with sub-nm Pd layers yielding
the blocking patterns with high channelling intensity contrast, using
ToF-MEIS.

Taking a step further in the study of V-based systems, this work has exam-
ined superlattice structures. Understanding the proximity effects in the Fe/V
and Cr/V systems featuring similar strain profiles from existing optical iso-
therm data required a conversion factor between optical transmittance changes
and hydrogen concentration. For this reason, the Cr/V system was studied in
order to correlate the changes optical transmittance upon hydrogenation to the
concentration of hydrogen in the V layers. The study was conducted over a
wavelength range of 600 - 1000 nm. A linear relationship was revealed in all
wavelengths, with the range of 700 - 1000 nm, showing negligible wavelength
dependence, in contrast to the 600 - 700 nm range. This effect was attributed
to the wavelength dependence of the dielectric function of the system.

While studying both the V and the Cr/V systems, some limitations of the
IBA techniques were highlighted. The capabilities of the IBA techniques in-
clude quantitative extraction of a depth profiling of the hydrogen concentra-
tion, as well as of real-space crystallographic information. However, the H-
loss effect can create problems in room temperature measurements and the
thermal desorption forbids the studies at high temperatures. In order to over-
come these limitations, a design for a system allowing in-situ and in-operando
IBA studies on metal hydrides, immersed in H» gas, was proposed. This ap-
proach involves an electrically-isolated gas-cell, with controlled temperature
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up to 210°C. The transition from the UHV environment of the scattering cham-
ber to a gaseous H, atmosphere of up to 1 bar, which is inside the gas-cell, is
possible through a SIRN window. The effect of this window in the energy and
trajectory of the primary **N ions used for NRA and planar channeling meas-
urements was quantified with theoretical simulations and experimental stud-
ies. The NRA scans showcased the characteristics of the excitation functions
that can be expected, as well as some information on the H-content and energy
loss on the SiIRN membranes themselves. Planar channeling patterns were also
revealed, providing a proof of principle for channeling measurements with the
proposed setup.

Extending the capabilities of the IBA techniques with improved infrastruc-
ture will allow the direct probing of more phases in the phase diagram of hy-
dride systems based on elements such as V and Pd. Furthermore, it will allow
cross-checking with the thermodynamic data that currently exists in the liter-
ature, from studies that employed reciprocal space techniques or chemical
techniques.
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