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Abstract

Hydrogen is gaining more and more importance as an energy carrier for mobile
and stationary applications as a consequence of both environmental and eco-
nomical realities. Thin film metal hydrides occupy an important place in this
context, providing technological answers to crucial detection and permeation
issues, but also turning out to be an excellent research solution for storage is-
sues, enabling for cheap and efficient large scale compositional studies for a wide
range of alloys. In these fields of applications, internal stress and microstruc-
tural effects are of fundamental importance, as they affect both hydride kinetic
and thermodynamic behaviours, which are key technological parameters that
determine, for instance, the autonomy of hydrogen vehicles, the filling time of
hydrogen tanks, the response time of hydrogen sensors, the energetic efficiency
of fuel cells or the resistance to embrittlement of hydrogen pipeline steels. How-
ever, these effects still suffer from a lack of understanding, especially as regards
their respective kinetic implications. More specifically, the separation of the in-
ternal stress contribution from the microstructural contribution - which would
bring fundamental information to the debate - is experimentally difficult to
perform.

In the present thesis work, a high resolution in-situ experimental approach
has been considered. It allows to accurately measure the internal stress evolu-
tion in a cantilevered thin film specimen during its deposition, hydrogen cycling
and annealing. Together with the construction of a self-consistent kinetic model
for thin film hydriding, and using Pd as a model system, that technique enabled
to propose, for the first time, a quantitative interpretation of the effect of inter-
nal stress on the hydriding properties independently of the microstructure, and
inversely, to quantitatively address the effect of microstructure independently
of internal stress. Our results show that both contributions are kinetically and
thermodynamically substantial, and may lead to interesting materials engineer-
ing applications.
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Introduction

In today’s industrialised society, hydrogen is gaining more and more impor-
tance as an energy carrier for mobile and stationary applications. This energy
transition requires many challenging technological advances, as the hydrogen
molecule is highly volatile and carries an important amount of energy. One can
cite hydrogen storage, hydrogen detection and hydrogen permeation as critical
fields of applications. Metal hydrides provide effective solutions in this context
because they can bring hydrogen to a solid-state form at room temperature, and
because they can react rapidly, selectively, and efficiently with gaseous hydro-
gen. Their study is also fundamental in the context of hydrogen embrittlement
in steels, which is a critical field of research regarding applications like hydro-
gen pipelines or high pressure vessels. Metal hydrides are known for more than
one century, but their understanding is still in progress. The metal-hydrogen
bond is complex and sensitive to any modification in the material structure and
composition, or in the environment. Moreover, the possibilities are infinite in
terms of alloy design, continuously giving rise to new metal hydrides and new
hydriding properties.

In these domains, metal hydrides are particularly useful in thin film form.
At a scientific level, the use of thin film technologies enables to take advantage
of specific surface properties and to perform advanced nanostructuring, but
also to study a wide range of metals and alloys efficiently and at reduced cost.
At a more technological level, thin films are suitable materials for the design
of miniaturised, cheap and low-consumption hydrogen sensor and permeation
systems.

A crucial parameter in the use of solid-state hydrides - as well as in the use
of thin film materials - is the internal stress state of the thin film system. The
deposition process itself introduces stress components in the thin film, and the
interaction of thin metal films with hydrogen gas also produces large amounts
of stress. On the one hand, the effect of internal stress on the hydriding prop-
erties of metals is promising in terms of applications and still needs scientific
investigation, especially at the kinetic level. One the other hand, the control
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of internal stress is crucial for the durability of such applications. The huge
amounts of stress undergone by thin metal films subjected to hydrogen cycling
frequently leads to film delamination and plasticity phenomenons.

The microstructural parameters of thin film metal hydrides are also of
primary importance regarding their hydriding behaviour. Crystalline defects
each interact with hydrogen in a specific way, which can substantially change
the material hydriding properties. The understanding of the kinetic and ther-
modynamic impacts of defects in the hydriding mechanism - especially in thin
film form, where fine defect engineering techniques exist - is important for the
effectiveness of metal hydride applications.

In particular, stress-related and microstructural contributions are difficult
to separate from each other. Many efforts are needed in this context, and the
present thesis work aims at the completion of this task, notably by means of
advanced control of thin film deposition conditions and by using Pd-H as a
model system. The objectives of this thesis work were then defined as:

� Developing a high resolution in-situ stress measurement technique com-
patible with thin film deposition, hydriding and annealing experiments.

� Determining the role of internal stress on the Pd thin films hydriding
properties.

� Determining the role of microstructure on the Pd thin films hydriding
properties.

A high resolution in-situ approach, based on the use of the multi-beam op-
tical sensor, has been combined, respectively, to a magnetron sputtering setup
and to a high vacuum chamber dedicated to hydrogen cycling. These combina-
tions are commonly used in vacuum environments. This is not the case of the
annealing setup, which is an original combination of annealing and hydrogen
cycling experiments with in-situ stress and temperature measurements. That
setup has been designed, installed and tested in the course of this thesis work.

The hydriding kinetics of the Pd thin films has been studied thanks to
the building of an original kinetic model. The effect of internal stress on the
hydriding kinetics has been studied by properly adjusting the deposition con-
ditions in order to obtain different internal stress states without significantly
changing the specimen microstructure. The effect of microstructure has been
investigated by performing annealing experiments on batches with a given in-
ternal stress state, thereby changing the microstructure and the internal stress
in the Pd thin films, the latter being adjusted so that it becomes close to the
internal stress state of a given as-deposited batch.

With respect to the objectives of this thesis work, the following contribu-
tions have been achieved:
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� The development of an original high resolution in-situ stress measurement
technique compatible with both thin film annealing and hydrogen cycling
experiments.

� The achievement of an original, self-consistent interpretation of the Pd
thin films hydriding kinetics.

� The proposal, for the first time, of a quantitative interpretation of the
effect of internal stress on the hydriding kinetics of Pd thin films, inde-
pendently of the microstructure.

� Inversely, the use of a similar approach to isolate and quantitatively study
the effect of microstructure on Pd thin films hydriding properties.

The structure of this text is organised as follows: the state-of-the-art on
thin film metal hydrides is firstly covered in Chapter 1, from their general role
in the so-called hydrogen society to the existing knowledge on their thermody-
namic and kinetic behaviour, and on possible internal stress and microstruc-
tural effects. Chapter 2 is dedicated to the description of the in-situ stress
measurement approach and its combination with thin film deposition, hydrid-
ing and annealing. The characterisation techniques used on the specimens are
described as well. In Chapter 3, the construction of the kinetic model for Pd
thin film hydriding is described in detail. Equilibrium and reversibility issues
are addressed as well. Chapters 4 and 5 present the results on the respective
effects of internal stress and microstructure on the hydriding properties of the
Pd thin films. Several remarks on the definition and implications of the hy-
drogen society are finally proposed as an appendix. It is important to realise
that the present work is a small brick in the huge wall of the construction of
a cleaner global energy production system. This vision is too often seen as
prophetic when presented to the society, the main reason being because it is
too often erroneously presented.
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Chapter 1

State-of-the-art on thin film
metal hydrides

This first chapter is dedicated to the presentation of the current existing knowl-
edge on the hydriding of thin metallic films, and to the positioning of the present
thesis in this field of research and technology.

The different types of applications of thin film metal hydrides will be
presented first. The main technological challenges that still have to be faced in
this context will be identified. It will also be explained how the current thesis
work can bring answers to these challenges.

The thermodynamics and kinetics of thin film metal hydride formation
will then be addressed, with an emphasis on the Pd hydride, explaining why it
has been chosen as a model system in this thesis. The chemical and mechanical
behaviours of the Pd hydride in thin film form will be presented.

We will then focus on the current issues on the role of internal stress on
the hydriding mechanism of thin metallic films. Although internal stress is a
key issue in the engineering of thin film metallic hydrides, a lack of extensive
studies still exists in this specific field of literature.

Finally, the existing knowledge on the impact of microstructure on the
hydriding behaviour of thin metallic films will be explained. This issue is of
primary importance in applications requiring solid-sate hydrides.
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1.1. Thin film metal hydrides: applications

1.1 Thin film metal hydrides: applications

Thin films are the object of more and more attention in today’s society. The
most widely spread applications of thin films are electronic semiconductor de-
vices and optical coatings. High-reflectivity mirror coatings deposited on insu-
lating substrates are used since the 1930s [1], while thin film electronics arose
in the 1970s with the birth of the Silicon Valley [2]. More and more applica-
tions arose since the first commercial uses of thin films. One can cite protection
against corrosion [3], solar cells [4] or sensing devices [5] as representative ex-
amples.

The definition of thin films is not completely rigid. The thickness of such
films is practically between several monolayers - down to a few nanometers -
and several micrometers. If the thickness of the film is above 1 µm, one will use
the term ‘thick film’ instead of ‘thin film’. The substrate onto which the film is
deposited is typically several hundred micrometers thick, but it can sometimes
be much thicker. In this type of multilayered structure, the surfaces have
a substantial influence on the materials physical properties. The relationships
between the thin film and its substrate - notably through their respective lattice
structures and thermal expansion behaviours - plays also a critical role on the
film properties.

A hydride comes from the bonding of one or more hydrogen atom(s) with
another element [6]. The bond can be covalent or ionic. In the case of crystalline
solids, hydrogen can occupy interstitial sites of the host lattice. In the case of
metal hydrides, these three cases are possible as well [7]. Alkali metals form
ionic hydrides (LiH, NaH), in which the hydrogen atoms have a negative charge.
Alkaline earth metals form iono-covalent bondings (MgH2, BeH2). Transition
metals form interstitial hydrides, where the hydrogen atoms occupy part of the
interstitial sites available in the host metallic lattice (PdHx, FeHx). Base metals
usually from iono-covalent hydrides, such as AlH3. The enthalpy of formation of
metallic hydrides can be positive of negative, which means that all the hydrides
are not necessarily thermodynamically stable. In the specific case of transition
metals, the sign and amplitude of the enthalpy of formation both depend on
the position of the metal in the periodic table of the elements [7].

In this section, the two main fields of applications of metal hydrides in
thin film form are presented. It will be explained how the specific properties of
this films allow adapting hydrogen-sensitive materials to specific applications,
by improving their hydriding properties, by reducing their size or their cost.
We will also discuss the role of the present thesis work in these applications
fields.
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1. State-of-the-art on thin film metal hydrides

1.1.1 Hydrogen detection

The transition to a hydrogen economy cannot be carried out without effective,
cheap and low-consumption hydrogen sensors. In air, the LEL (Lower Explosive
Limit1) of hydrogen is only 4% [8]. The potential hazards are manageable in
stationary and transport applications involving the use of gaseous hydrogen [9],
but they have to be carefully managed. The explosion of hydrogen is indeed
extremely fast and devastating. Hydrogen sensing is also useful in medical
applications, for the detection of certain diseases and to detect environmental
pollution [10].

Thin film materials are used for the detection of various types of gases
such as carbon monoxide [11] and dioxide [12], nitrogen dioxide [13], water [14],
oxygen [15], methane [16], methanol [17], ethanol [18], ammonia [19], and as
will be discussed here, hydrogen [20]. The choice of the material depends on the
gas that must be detected, as well as on the other gases that can be present.
There exist many types of thin film gas sensors, based on different physico-
chemical phenomenons. The choice of the type of sensor used often depends on
the application considered. The choice of the substrate can be critical as well.

The different types of thin film hydrogen sensors can be classified as a
function of their respective detection principles:

� Catalytic thin film hydrogen sensors are based on the heat released by the
chemical reaction between hydrogen and oxygen adsorbed on the sensor
surface. The sensor response is important because of the large amount of
heat released by the combustion of hydrogen [21]. The sensing element
surface is activated with a catalyst such as Pd or Pt. There exist two
types of catalytic thin film hydrogen sensors: pellistor-type sensors [22],
where the electric signal is generated by a change in the resistivity if the
sensing element when the latter is heated by the combustion of hydrogen,
and thermoelectric-type sensors [23], where the Seebeck effect is used to
generate the signal. Both types of sensors require thin film micromachin-
ing techniques. These sensors are highly accurate, but they suffer from a
lack of selectiveness.

� Thermal conductivity thin film hydrogen sensors are based on the heat
losses from the sensing element to the surrounding gas [24]. If hydrogen
is present, the sensing element will loose more heat because of the high
thermal conductivity of hydrogen. This technique offers a wide detection
range, but is not very accurate [20].

1The Lower Explosive Limit of a flammable gas or vapor is its minimum concentration
required to support its combustion in air, in presence of an ignition source. Combustion is
possible between the LEL and the UEL (Upper Explosive Limit) of a flammable gas or vapor.
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1.1. Thin film metal hydrides: applications

� Electrochemical thin film hydrogen sensors can detect changes in charge
transport or electrical properties due to electrochemical reactions occur-
ring at a sensing electrode. The electrolyte present between the sensing
electrode and the counter electrode can be a solid, thereby allowing for
miniaturisation. These type of sensors can work in amperometric [25] or
potentiometric [26] mode, but the amperometric sensors are often pre-
ferred for their better sensitivity.

� Resistance-based thin film hydrogen sensors can be of two types: firstly,
metal-oxide sensors [27] rely on a change in the sensing layer resistance
when hydrogen reacts with oxygen previously adsorbed on a metal-oxide
surface (e.g. SnO2). Secondly, metal resistors [28] are based on the fact
that the resistivity of metals decreases when absorbing hydrogen. These
types of resistor have fast response times and a good selectivity. Palla-
dium is often the preferred metal because of its fast, reversible interaction
with hydrogen at room temperature.

� Work function semiconductor thin film hydrogen sensors are based on the
MOS (Metal-Oxide-Semiconductor) structure. They consist of a semicon-
ductor layer onto which an insulator layer and a catalytic thin metal film
(palladium is often preferred) are successively deposited. The hydrogen
atoms assimilated by the top metallic layer adsorb at the interface be-
tween the oxide and metal layers, creating a dipole layer which shifts
the energy levels at the metal-oxide interface [20]. This dipole layer cor-
responds to a measurable voltage change added to the applied voltage
∆V . Three types of detection principles can be considered, i.e. Shottky
diodes [29], transistors [30] and capacitors [31]. As can be seen in Fig. 1.1,
the voltage change ∆V is visible in the current-voltage or capacitance-
voltage relationship. The MOS capacitors are the most commonly used,
but the MOSFET models - which are still in development - are very
promising [20].

� Mechanical thin film hydrogen sensors are typically composed of a Pd
thin film deposited on one side of a cantilever [32]. These type of sensors
can exhibit very high sensing properties, but still need research effort be-
fore being commercialised [20]. One of the most frequently encountered
problems is delamination of the Pd film at high hydrogen concentrations.
This sensing technique is very close to the in-situ approach considered to
monitor the hydriding kinetics of out Pd thin films in this thesis work, as
will be seen in next chapter. More sophisticated micromachined mechan-
ical sensors also exist as prototype models [33].

� Optical thin film hydrogen sensors can also be designed using catalyst
metals such as Pd and Pt, or with chemochromic materials such as
WO3 [20]. The optical properties of certain materials indeed change when

18



1. State-of-the-art on thin film metal hydrides

Figure 1.1: Cross sectional view of a basic MOS-Schottky diode, MOS-
transistor and MOS-capacitor hydrogen sensor. Reproduced from Ref. [20].

interacting with hydrogen. Different types of optical sensors exist, i.e.
reflectivity-based sensors [34], interferometric sensors [35], surface plas-
mon resonance (SPR) sensors [36], evanescent field based sensors [37],
fibre Bragg grating (FBGs) sensors [38] and optical time domain reflec-
tometry (OTDR) sensors [39]. Optical sensors still suffer from serious
drawbacks such as surface poisoning or interference with ambient light.
But they have very specific advantages, e.g. they are less sensitive to
electromagnetic noise than the other types of sensors.

� Acoustic thin film hydrogen sensors are based on the change in the proper-
ties of acoustic waves due to hydrogen adsorption/absorption by a sensing
material. As the mechanical sensors, they don’t require the presence of
oxygen to function. But they are sensitive to humidity and temperature.
These sensors can be based on quartz crystal microbalances [40], surface
acoustic wave devices [41] or sound velocity measurements [42].

An intelligent choice of the sensor technology as a function of the ap-
plication can only be made through a systematic testing procedure. Some
technologies are cheaper and more advanced than others, but some of them
are at more early stages and will still improve significantly. A combination
of different types of sensors is often the good choice for an optimal hydrogen
sensing.
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1.1. Thin film metal hydrides: applications

1.1.2 Hydrogen permeation

Biomass dedicated to hydrogen production firstly undergoes pyrolysis and tar
decomposition, producing a mixture of gases containing H2, CO, CO2 and
CH4 [43]. At high temperature (800°C), the endothermic decomposition of
methane is possible by providing water to the system:

CH4 +H2O = CO + 3H2. (1.1)

The same reaction occurs in the steam reforming of natural gas [44]. The
carbon monoxide is converted into carbon dioxide by an exothermic reaction,
well-known as the water-gas shift reaction:

CO +H2O = CO2 +H2. (1.2)

Hydrogen produced by natural gas steam reforming or by biomass gasi-
fication must thereby be extracted from a gas mixture potentially containing
CO2, remaining CO and CH4, and also O2 and N2. Fig. 1.2 schematically
shows the principle of gas-phase membrane separation.

Figure 1.2: Simplified concept schematic of membrane separation. Reproduced
from Ref. [44].

Hydrogen separation from other gases can be carried out by two different
types of membranes:

Organic membranes can be biological or polymeric. They are used for
many years for hydrogen purification in industry [44]. They have the advan-
tages of being cheap and easy to process. They show an excellent selectivity to
hydrogen because of its high diffusion coefficient compared to all other gases
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1. State-of-the-art on thin film metal hydrides

except helium. Even if the intrinsic solubility of such membranes is weak, diffu-
sion dominates and determines the overall selectivity. But if these membranes
are suitable for industrial applications, this is not the case for reactors dedicated
to hydrogen production, which requires a good resistance to high temperatures
and harsh environments. This is not the case or organic membranes, which are
structurally weak and prone to contamination [44].

Inorganic hydrogen separation membranes are much more resistant to
high temperatures and contamination effects, but their price is higher than
that of organic membranes [44]. Inorganic membranes can be metallic (dense)
and ceramic (dense or porous). Dense metallic membranes are generally made
of palladium, alone or with another element (Pd-Ag membranes are the most
widely used [44]) and in the form of thin film, deposited by electroless plating
[45], chemical vapor deposition or (CVD) [46] or magnetron sputtering [47].
They show excellent permeation kinetics and selectivity, but the metallic films
can undergo phase transformations during the permeation process, leading to
pinholes and microcracks which shorten the membrane life [48]. This underlines
the importance of a well controlled alloy design adapted to the membrane
working conditions. Micro- or nanoporous ceramic membranes - prepared by
colloidal suspension [49] or by the sol-gel method [50] - achieve moderate to
high selectivity and an excellent resistance to high temperatures. Their major
drawback is a low hydrothermal stability.

Hydrogen permeation membranes are not only used for hydrogen purifi-
cation from natural gas and biomass. Similar thin film structures can also be
applied in solid oxide fuel cell (SOFC) and polymer electrolyte membrane fuel
cell (PEMFC) technologies. Conventional SOFCs must be operated at 1000°C
or more in order to achieve good power densities. Using thin film technologies
enable to minimize the resistive losses across the solid electrolyte and to achieve
reasonable power densities at lower operating temperatures [51]. Moreover, Pd
and Pt catalysts for SOFCs and PEMFCs have an important impact on the
fuel cell price. But these materials just need to be present at the surfaces of the
fuel cell. Using less catalysts materials and keeping acceptable performances is
possible by using thin film catalysts [52].

As an example of thin film fuel cell, Fig. 1.3 shows plane-view and cross-
sectional SEM micrographs of different parts of a SOFC with a Ni/yttria-
stabilized zircona (YSZ) anode, a YSZ solid electrolyte and a double-layer
La1−xSrxMnO3 (LSM)-YSZ cathode [53]. That fuel cell exhibits good per-
formances at 800°C, which enables to reduce the cost of materials and increase
the durability of system components.
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Figure 1.3: SEM micrographs of a thin film SOFC, showing: (a) fractured cell
(cross section); (b) part of anode (cross section); (c) double-layer cathode (cross
section) and (d) YSZ electrolyte film (plane-view). Reproduced from Ref. [53].

Figure 1.4: Cross-sectional view of a thin film micro-solid oxide fuel cell with
a ZrO2 solid electrolyte. A Pt anode covering the whole bottom is electrically
connected to the heating stage. Reproduced from Ref. [54].
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The design of such thin film SOFCs can even go further, by taking advan-
tage of the small size of the system in order to integrate it into portable elec-
tronic devices such as laptops, personal digital assistants and scanners [54,55].
The miniaturization of SOFCs gives rise to micro-SOFCs. An example of micro-
SOFCs is shown in Fig. 1.4. This new type of SOFCs exhibit interesting
energetic performances, and are the subject of ongoing researches.

1.2 Thin film metal hydrides: kinetics and ther-
modynamics

In this section, the thermodynamic and kinetic aspects of thin metallic films
hydriding will be discussed. The derivation of Sievert’s law, as well as the con-
struction of pressure-composition (p-c) isotherms for metal hydrides will firstly
be presented. A particular emphasis will be put on the palladium hydride. The
differences in thermodynamic behaviour between bulky systems and thin films
will then be addressed. It will be shown how specific features proper to thin
films strongly modify the hydrogen equilibrium behaviour. The existing knowl-
edge on the kinetics of formation of metal hydrides will then be presented, and
the possible rate-limiting steps for hydride formation will be discussed. It will
be shown that the specific structure of thin films can have important effects on
the hydriding kinetics.

1.2.1 Hydriding thermodynamics

The thermodynamical aspects of the hydriding of metals will be presented here,
with an emphasis on the palladium hydride. The differences in equilibrium
hydriding behaviour between bulk and thin film specimens will be presented.

Sieverts’ law

The well-known Sieverts’ law has been formally presented by Adolf Sieverts in
1929 [56], who aimed to predict the solubility of gases interstitially dissolved in
transition metals. It says, in substance, that the solubility of a diatomic gas is
proportional to the square root of its partial pressure at equilibrium.

Let us formally derive Sieverts’ law in the case of hydrogen interstitially
dissolved in a metal. For this purpose, the chemical potentials of hydrogen
in the gas phase and in the host lattice need to be expressed. In chemical
thermodynamics, the chemical potential (µ) of a species is commonly expressed
as a function of the activity of the species (a) in the following way:
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µ = µ0
+RT lna, (1.3)

where µ0 is the chemical potential of that species under standard conditions
(at a pressure p0 = 1 atm and a temperature T 0 = 298.15 K), T is the absolute
temperature and R is the ideal gas constant. In the 1940s, Wagner expressed
the activity of the hydrogen atom dissolved in a Pd lattice as follows [57]:

aH = γH
neq

1 − neq
(1.4)

where γH is the activity coefficient of the dissolved hydrogen atom and neq is the
bulk H/Pd atomic ratio at equilibrium. The configurational term neq/(1−neq)
accounts for an ideal statistical distribution of the hydrogen atoms in the host
lattice in terms of Fermi-Dirac statistics. Consequently, if µ0

H is the hydrogen
standard chemical potential, and if ∆µH = RT lnγH is the deviation from the
ideal solution behaviour - called the excess chemical potential - then one can
express the chemical potential of the hydrogen atom dissolved in the host lattice
(µH) by combining Eq. (1.3) with Eq. (1.4):

µH = µ0
H +RT ln(

neq

1 − neq
) +∆µH . (1.5)

The deviation from the ideal solution can be expressed as follows [57]:

∆µH = ∆µH+ +∆µe− , (1.6)

where ∆µH+ and ∆µe− respectively account for the protonic and electronic term
of the deviation from the ideal solution. This does not mean that the dissolved
hydrogen atom is dissociated into a proton and an electron. As a matter of
fact, the electronic states of the hydrogen atoms are located in the surrounding
metal atoms of the host lattice. In the case of palladium, like with many other
transition metals, the delocalised electrons occupy the electronic states of the
5s band. At the Fermi level, these electrons interact with the 4d band, which
is characterised by a high density of states (see Fig. 1.5). The hydrogen atoms
in the interstitial sites of palladium can then be seen as electronically screened
protons [57].

The chemical potential of the hydrogen gas is expressed as follows [57]:

µH2 = µ
0
H2

+RT ln(
pH2

p0
) , (1.7)
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Figure 1.5: Schematic representation of the 4d and 5s bands in palladium.
Reproduced from Ref. [57].

where µ0
H2

is the standard chemical potential of the hydrogen gas and pH2 is the
partial pressure of the hydrogen gas. The hydrogen fugacity is set to 1 as the gas
is at room temperature and at pressures well below the atmosphere. When the
hydrogen atoms in the octahedral sites of the metal matrix are at equilibrium
with the gaseous hydrogen outside the metal, their respective chemical potential
are equal to each other:

µH =
1

2
µH2 . (1.8)

Taking into account that the difference between the standard values of
the chemical potential of the hydrogen atom in the gas phase and in the metal
(µ0
H − 1/2µ0

H2
) is equal to the standard Gibbs free energy for the dissolution of

one hydrogen atom (∆G0
H) [58], then one can define Sieverts’ constant as the

equilibrium constant for hydrogen dissolution:

Ks = exp (∆G0
H/RT) ⋅

√
p0 = exp [(µ0

H −
1

2
µ0
H2

) /RT ] ⋅
√
p0, (1.9)

Combining Eqs. (1.5), (1.7), (1.8) and (1.9) then results in

ln
√
pH2 = ln(Ks ⋅

neq

1 − neq
) +

1

RT
(∆µH+ +∆µe−) . (1.10)

25



1.2. Thin film metal hydrides: kinetics and thermodynamics

In Eq. (1.6), the contribution ∆µH+ to the chemical potential is purely
mechanical [57]. It comes from the lattice expansion caused by the oscilla-
tions of protons in adjacent octahedrons. This contribution is often neglected.
Smirnov and Pronchenko indeed found out that this contribution does not sig-
nificantly contribute to the bond energy in the Pd-H system [59]. As regards
the electronic contribution ∆µe− , it is highly influenced by the hydrogen con-
centration in the host lattice. The H-H interaction energy is negative at small
hydrogen concentrations, while it becomes positive at high concentrations. The
electronic effects at large concentrations result in a repulsion of hydrogen atoms
from each other, then increasing the effective bond energy with the metal ma-
trix. The subsequent evolution of the chemical potential as a function of the
H/Pd atomic ratio is shown in Fig. 1.6.

Figure 1.6: Concentration dependence of electron contribution to chemical
potential (theoretical: dot-line, experimental: solid line). Reproduced from
Ref. [59].

Eq. (1.6) can be nullified if neq << 1, as in the α-phase region of the Pd-H
system. Moreover, this also results in neq/(1 − neq) ≅ neq and Eq. (1.10) then
becomes:

Ksneq =
√
pH2 . (1.11)

Eq. (1.11) is the common form of Sieverts’ law. The value of Sieverts’
constant is typically 10-14 atm1/2 at room temperature and low defectiveness
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of the Pd host lattice [60]. The theoretical value of 20 atm1/2 for a perfect
Pd crystal has never been reached experimentally [61]. Bucur experimentally
established the relationship between the defect concentration and Sieverts’ con-
stant, as shown in Fig. 1.7. Eq. (1.11) will be used in the course of this thesis
work in order to calculate Ks in the α-phase region of our Pd thin films.

Figure 1.7: Evolution of Sieverts’ constant as a function of the defect concen-
tration (r0t is the atomic ratio between the additional sites generated by the
presence of defects and the palladium atoms in the sample). Adapted from
Ref. [62].

Phase diagram of metal hydrides

The formation of a metal hydride can be described by the following reaction [63]:

y

x
Me +H2 =

1

x
MeyH2x. (1.12)

The standard Gibbs free energy for metal hydride formation, ∆G0, can
thus be expressed in the following way [7],

∆G0
= −RT ln

1

pH2

= RT lnpH2 , (1.13)

or, alternatively, as a function of the standard enthalpy change for hydride
formation ∆H0 and the standard entropy change for hydride formation ∆S0 [7]:

∆G0
= ∆H0

− T∆S0. (1.14)
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Combining Eqs. (1.13) and (1.14) then provides:

lnpH2 =
∆H0

RT
−

∆S0

R
. (1.15)

The phase diagrams of metal hydrides are usually constructed through the
recording of pressure-composition (p-c) isotherms. An example of p-c isotherms
is shown in Fig. 1.8.

Figure 1.8: Phase diagram of a metal hydride, constructed from the recording of
p-c isotherms. The construction of a Van’t Hoff plot is also shown. Reproduced
from Ref. [64].

When a relatively small amount of gaseous hydrogen is brought into con-
tact with a metal, a solid solution is formed by the dissolution of hydrogen
atoms in the host lattice, according to Sieverts’ law (α phase in Fig. 1.8). In
the α + β phase region, the solid solution is in equilibrium with its hydride
and, according to the phase rule - f = c − p + 2, where f is the number of
degrees of freedom of the system, c is the number of components and p is the
number of phases - the system has one degree of freedom. In other words, the
equilibrium hydrogen pressure is constant for a given temperature. When the
conversion to the hydride phase is complete, the system recovers two degrees of
freedom and the equilibrium pressure increases again with increasing hydrogen
content until the hydride stoichiometry is reached. Let us finally indicate that
the phase diagram shown in Fig. 1.8 describes an ideal behaviour such that ad-
sorption and desorption isotherms would be the same. In practice, the addition
of hydrogen into the host lattice generates lattice stress which, in turn, create
a thermodynamic barrier that shifts the absorption and desorption isotherms.
This behaviour is called intrinsic hysteresis [65].

One can also plot the equilibrium hydrogen pressure as a function of the
reciprocal of the absolute temperature - according to Eq. (1.15) - in order
to obtain a so-called Van’t Hoff plot (see Fig. 1.8). ∆H0 and ∆S0 can be
extracted from the slope and intercept, respectively.
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The standard entropy change associated to metal hydride formation ∆S0

is not interesting from an engineering point of view, because it does not vary
much from one metal hydride to another [7]. The small standard entropy change
between a metal and its hydride is typically on the order of 10−2 kJ/(molK).
Therefore, ∆S0 is mainly driven by the loss of standard entropy of hydrogen gas
(0.130858 kJ/(molK) [7]). ∆S0 is then always on the order of 0.1 kJ/(molK)
for metal hydride formation. Kapischke and Hapke indeed confirmed this as-
sumption for various metals and metallic alloys [63].

Figure 1.9: Evolution of the enthalpy of hydride formation as a function of alloy
composition for the Mg-Ni system, measured optically by hydrogenography on
Pd-capped MgyNi1−y thin films. Reproduced from Ref. [66].

Concerning ∆H0, metal hydrides are usually highly stable (for example,
∆H0 = -75 kJ/mol for MgH2 [67]), which is a problem regarding applica-
tions such as hydrogen storage. Ideal candidates for hydrogen storage applica-
tions would indeed exhibit a high reversible hydrogen storage capacity, but also
plateau pressures reasonably close to the atmosphere at temperatures reason-
ably close to the ambiance regarding both hydrogen absorption and desorption.
Such demanding properties oriented the research towards alloys instead of pure
elements, which cannot meet these requirements by themselves [7]. An infinity
of combinations exists between the different available elements, and the best
way to study these combinations in an effective and cheap way is to use ad-
vanced thin film deposition techniques. A recently developed technique - called
hydrogenography - enables to study a wide range of alloy compositions based
on the combinatorial exploitation of the changes of metal hydrides optical prop-
erties upon hydrogen absorption and advanced thin film deposition techniques
with chemical composition gradients [66, 68–70]. An example of the power of
hydrogenography is shown in Fig. 1.9. The implementation of this technique
to the Mg-Ni binary alloy enabled to determine the evolution of ∆H0 over the
whole alloy compositional range in a cheap and effective way [66]. This ap-

29



1.2. Thin film metal hydrides: kinetics and thermodynamics

proach will enable to tune the hydriding thermodynamics of a wide range of
materials.

Differences between thin film and bulk systems

The hydriding thermodynamic properties of thin metallic films can vary signif-
icantly from these of bulky systems [71], depending on some important char-
acteristics of the thin films. The films thickness obviously is one of them.
According to Salomons et al. [72], who measured gravimetric p-c isotherms on
Pd thin films with different thickness. Isotherms measured for 50-nm-thick Pd
layers showed significant differences from isotherms recorded for 300-nm-thick
Pd layers. The limits of the miscibility gap measured on the thinner films,
n = αmax and n = βmin, were respectively higher and lower than these of the
thicker films, resulting in a narrowing of the miscibility gap. The pressure
plateaus were also slightly sloped for the thinner films.

Figure 1.10: Hydrogenography p-t isotherms of a 38 nm thick Pd95Cu5 thin
film. The results of Sakamoto et al. on bulk specimens are shown for com-
parison [73]. The upper horizontal axis indicates the ratio of the number of
hydrogen atoms to the total number of metal atoms (n) and the lower horizon-
tal axis shows the hydrogen concentration as ln(T /T0), where T is the optical
transmission. Reproduced from Ref. [74].

These effects have been explained by Salomons et al. in the following
way [72]: they firstly took into account two microstructural contributions, i.e.
a surface and a grain boundary contribution. On the one hand, the thinner
films have a larger relative number of surface and subsurface site densities,
which can result in a larger contribution from misfit dislocations if the film
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thickness is on the same order or smaller than the critical thickness for misfit
dislocation formation. And on the other hand, their films exhibited different
grain sizes, and had therefore different fractions of grain boundaries. Dislo-
cations and grain boundaries are indeed hydrogen trapping sites [71] which
change the energetics of hydriding, as will be explained in section 1.5. But
even when taking into account these microstructural contributions, Salomons
et al. could not quantitatively explain the deviations observed with respect to
bulk specimens. They concluded that stresses also have a non-negligible impact
on the thermodynamic behaviour of thin films. That stress contribution will
be presented in section 1.4.

Here, these differences between bulk and thin film metal hydrides are
illustrated by the results of Westerwaal et al. [74], who recorded pressure-optical
transmission (p-t) isotherms - which are qualitatively analogous to classical p-c
isotherms - using the hydrogenography technique. They used Pd95Cu5 thin
film specimens and compared their results with these of Sakamoto et al. [73]
for bulk specimens, as shown in Fig. 1.10. One can indeed see the important
narrowing of the miscibility gaps and the sloped pressure plateaus. Westerwaal
et al. attribute the latter effect to strain development in the thin films during
hydrogenation.

Figure 1.11: Hydrogenography p-t isotherms recorded in the temperature range
298-483 K on Pd/Ti thin films deposited on sapphire substrates by DC mag-
netron sputtering. Reproduced from Ref. [75].

31



1.2. Thin film metal hydrides: kinetics and thermodynamics

Pivak et al. also used hydrogenography on Pd thin films [75], deposited
by DC magnetron sputtering on a Ti adhesion layer (just like our Pd thin
films, as will be seen in next chapter). As can be seen in Fig. 1.11, the
intrinsic hysteresis of these thin films is important between hydrogen absorption
and desorption isotherms. They indeed measured an enthalpy change of -31.9
kJ/mol for hydrogen absorption and -42.4 kJ/mol for hydrogen desorption,
confirming the existence of a thermodynamic barrier for hydrogen absorption.

1.2.2 Hydriding kinetics

The hydriding mechanism of metals and metallic alloys involves solid-gas reac-
tions, which differ from classic homogeneous reactions in some points [7]. The
diatomic, gaseous hydrogen molecules firstly interact with the metal surface,
onto which they are molecularly adsorbed and then dissociated. The adsorbed
H atoms then diffuse into the bulk and form the hydride. The synthesis tech-
nique, activation procedure and past history of the chosen material critically
influences the kinetic behaviour regarding these mechanisms because they de-
termine the grain size, the defect concentration as well as the size and nature
of the precipitates [7], which all influence the hydriding kinetics as will be ex-
plained in Chapter 5. In a way depending on the application considered, the
engineering of hydrides should always carefully focus on the control these pa-
rameters. Hence, the use of nanostructured materials such as thin films [76]
and powders [77] gives rise to specific kinetic behaviours. In this thesis, the
strong links between our Pd thin films microstructure and hydriding kinetics
will be explained.

Ball-milled powder materials such as Mg compounds [77], Ti-Mn-based
Laves phase alloys [78, 79] and complex hydrides [80] are commonly used as
hydrogen storage materials. Hydrides obtained by reactive ball milling (RBM)
in presence of hydrogen exhibit a high active surface, a high defect concentration
and facilitate the dispersion of catalysts. Fig. 1.12 shows the kinetic profile of
hydrogen absorption and desorption from ball-milled Mg-Fe powders [77]. As
already discussed above, Mg and its compounds are very promising hydrogen
storage materials because of their high gravimetric hydrogen storage capacity.
This is the case for the powders shown in Fig. 1.12, which absorb hydrogen up
to 5 % by mass. The destabilisation of the Mg-H system is carried out thanks
to the addition of Fe and the microstructural refinement subsequent to the ball-
milling process, but the desorption temperatures are still too high as can be
seen in Fig. 1.12. The kinetics of hydrogen uptake has also been significantly
improved compared to pure Mg [77], which usually exhibits a poor hydrogen
dissociation kinetics.
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The kinetics of hydride formation and hydrogen desorption in powder
materials is a wide field of research, which gave rise to many different kinetic
models. So-called 1D, 2D and 3D diffusion models [77], contracting surface and
volume models [81] and Johnson-Mehl-Avrami (JMA) nucleation and growth
models [82] are widely used in this context. The ball-milling parameters (tem-
perature, particle size, additive, etc.) critically determine the rate-limiting
steps of the hydriding mechanism. As a result, the kinetic model chosen to in-
terpret the experimental data can be very different from one study to another.

Figure 1.12: Hydrogen absorption/desorption rate of ball-milled powders for
different Mg-Fe compositions: (A) absorption kinetics and (B) desorption ki-
netics at 623 K; (C) absorption kinetics and (D) desorption kinetics at 573 K.
Reproduced from Ref. [77].

The situation is basically the same regarding thin metallic films, which
are nanostructured materials as ball-milled powders. Here again, the deposi-
tion parameters and the past history of thin metallic films critically influence
their hydriding kinetics. Similarly to what is usually done on the promising
Mg element in powder form, Mg thin films can be alloyed [83] or finely nanos-
tructured [84] in order to improve their hydriding kinetics. Pd catalysts are
also typically used in order to improve the dissociation of hydrogen on the thin
film surface [83–85]. Here, the latter are not dispersed in the host material as
in powders. One can deposit a very thin Pd layer - typically less than 20 nm -
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on top of the hydrogen-absorbing material for a maximum catalyst efficiency.
These capping layers significantly improve the hydriding kinetics although re-
quiring little amounts of catalyst materials.

Figure 1.13: Schematic representation of the principal kinetic steps involved in
Pd hydriding.

However, Despite the model status of the Pd-H system, and its extensive
use as a catalyst in thin film form, the exact kinetic details and the correspond-
ing rate-limiting step(s) of room temperature Pd hydriding are still a matter
of debate [76,86]. As illustrated schematically in Figure 1.13, the Pd hydriding
mechanism can be divided into four steps [57]. Firstly, gaseous H2 molecules
need to be adsorbed onto the metallic Pd surface. These adsorbed H2 molecules
then dissociate and the resulting H-atoms slip along a minimum energy path
towards atomic well positions, from which they can diffuse into the Pd bulk.
A Pd hydride is finally formed, with H-atoms mainly occupying the octahedral
interstitial sites of the fcc Pd lattice. As explained in previous section, the
configuration of those sites is equivalent to the positions occupied by strongly
chemisorbed H-atoms on a (111) Pd surface [87]2.

Determining which of those four kinetic steps is rate-limiting is typically
based on measuring, preferably in-situ, the time-evolution of a H-sensitive pa-
rameter with respect to the hydrogen partial pressure pH2 . Such studies have
already been reported, based for instance on measurements of Pd cantilever
bending [86], optical reflection [76,88] or transmission [89], dilatometry [90] and

2As explained above, palladium is a very good catalyst for chemisorption because the
hydrogen atoms are adsorbed in very deep potential wells. The adsorption enthalpy is indeed
on the order of -100 kJ/mol. The surface sites are even more stable than the bulk sites, whose
adsorption enthalpy is aroud -40 kJ/mol.
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Figure 1.14: Hydriding rate of Pd-Au (Ag) thin films as a function of pH2 .
Reproduced from Ref. [76].

resistivity [91]. However, no consensus on an appropriate kinetic model seems
to be available yet, neither qualitatively nor quantitatively. For instance, Zhao
et al. [76] observed a linear dependence of the hydriding rate with pH2 and
therefore concluded that the Pd hydriding mechanism was rather controlled by
surface interactions (see Fig. 1.14). On the other hand, Hu et al. [86] observed

a bending rate of their Pd thin film specimens depending on p
1/2
H2

, in agreement
with Sieverts’ law (see Fig. 1.15).

With respect to the schematics of Fig. 1.13, no hydrogen diffusion step
will be taken into account in the kinetic model that will be used throughout
this thesis work, simply because of the Pd thin film geometry considered here.
Indeed, one gets a first-order diffusion time on the order of milliseconds when
dividing the square our Pd thin film thickness by the diffusion coefficient of H
atoms in α-PdH (Dα = 10−7 cm2/s [76]). This is five orders of magnitude below
the time scale of the hydriding kinetics experimentally observed for our Pd thin
films, as will be seen in this thesis work. As can indeed be seen in Fig. 1.16,
the diffusion of H atoms in Pd is fast compared to most other compounds. In
that figure, the diffusion coefficients of hydrogen in different metallic/complex
hydrides are shown, and compared with these of species involved in other energy
storage systems, i.e. H and Li in batteries [92]. As regards complex hydrides,
subunits like Li and BH4 are also diffusing species, and must therefore also be
taken into account. The yellow zone represents water in pasta, i.e. 1 mm in 5
mn (for the sake of comparison). The pink zone represents Li in LiBH4. The
blue and red zones represent, respectively, H in NiMH batteries (≅ 10 µm/min)
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and Li in Li-ion batteries (≅ 1 µm/min). Purple represents H in complex
hydrides, i.e. several micrometers in days. Cyan represents H in ionic/covalent
hydrides, the slowest of all compounds.

Figure 1.15: Bending amplitude and bending rate of Pd thin films in a can-
tilevered form submitted to hydrogen cycling. (a): Bending amplitude and
bending rate as a function of (pH2)

1/2. (b): Bending rate as a function of
bending amplitude. Reproduced from Ref. [86].

As a result, the kinetic analysis that will be carried out on our Pd thin
film specimens in this thesis work will be performed independently from the
diffusion effect, thereby providing a direct access to the analysis of fundamental
mechanisms of hydrogen adsorption and absorption.
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Figure 1.16: Diffusion coefficient of H, Li and BH4 atoms in different com-
pounds. Reproduced from Ref. [92].

1.3 The Pd-H system: a model system

As the aim of this thesis is to study the effect of microstructure and internal
stress on the hydriding properties of thin films and not to focus on alloy op-
timisation, the choice of the metal has been directed towards model systems.
Among the metals of which the interaction with hydrogen has since long been
a topic of scientific and technological interest, the palladium-hydrogen system
has particularly attracted intensive research efforts as a model system [57,93].
Its high sensitivity and selectivity to H2 gas and its ability to easily release
hydrogen at room temperature made the Pd-H system very attractive for var-
ious experimental investigations for more than one century. A huge amount of
experimental data is therefore available for this system, as well as results from
atomic-scale numerical simulations. In this respect - and despite the rarity of
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Pd - the Pd-H system is considered as a model system. For hydrogen stor-
age materials, other inorganic compounds are nowadays considered to be more
promising [94–96]. However, Pd is currently still being considered to be a good
candidate for applications like hydrogen sensors [76] and gas purification mem-
branes [97], especially in thin film form as a catalytic coating [87] (as already
discussed in previous section).

The crystalline structure of the palladium hydride is an isotropically ex-
tended form of the face-centered cubic lattice of pure Pd in which the hydrogen
atoms occupy part of the available octahedral sites [57]. The phase diagram
of the Pd-H system for bulk Pd, recorded with p-c isotherms, is shown in Fig.
1.17. One may also record temperature-composition (T-c) isobars in order to
build the PdH phase diagram in the T-c plane, as shown in Fig. 1.18.

Figure 1.17: p-c desorption isotherms recorded on bulk Pd specimens at differ-
ent temperatures, showing the construction of the Pd-H phase diagram. Re-
produced from Ref. [98].

Below approximately 300°C, the homogeneous solid solution is split into
two phases: the α phase, which has a low hydrogen content, and the β,
hydrogen-rich phase. At room temperature, the limits of the miscibility gap
are n = αmax = 0.008 and n = βmin = 0.607 [57]. The lattice parameters of pure
Pd and of the Pd-H system at the limits of the miscibility gap are [57]:

⎧⎪⎪⎪
⎨
⎪⎪⎪⎩

a(0) = 0.3890nm.
a(αmin) = 0.3894nm.
a(βmin) = 0.4025nm.

(1.16)
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Figure 1.18: Pd-H temperature-composition phase diagram. Reproduced from
Ref. [57].

The volume expansion subsequent to hydrogen absorption ∆V is equal to
1.57 cm3 per gram of hydrogen in the α + β phase region, and goes down to 1.3
cm3 per gram of hydrogen in the β phase region [57]. As the H atoms occupy
the octahedral sites of the FCC Pd lattice, the composition of the hydride
is PdH when all these sites are occupied, as suggested by Fig. 1.19. This
stoichiometric composition has never been reached experimentally. [87].

As opposed to other metal hydrides (except for chromium hydride), the α
and β phases of the PdH hydride exhibit the same crystalline structures. For all
other metal hydrides, the tetrahedral sites are occupied before the octahedral
sites [87]. In the β phase, the lattice expands as more and more octahedral
sites are occupied, which results in a decrease of the standard enthalpy change
for hydride formation. Levine and Weale found out this enthalpy to increase
from -46.1 kJ/mol for n = 0.225 to -11.7 kJ/mol for n = 0.65 [99].

The hydrogen atoms adsorbed on the Pd surface can occupy different
types of sites [87,100]. The nature of the sites, as well as the preferred site for
hydrogen adsorption, both depend on the texture of the surface. The config-
urations of these surface sites is shown in Fig. 1.20 for the (111), (100) and
(110) surfaces.
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Figure 1.19: Unit cell of palladium metal (blue circles) showing octahedral sites
that would be occupied by hydrogen (orange circles) in β-palladium hydride,
for the limiting H/Pd ratio of 1. Reproduced from Ref. [87].

The (111) plane - the most compact one - shows four possible adsorption
sites: the so-called ‘top’, ‘hcp’, ‘bridge’ and ‘fcc’ sites. Experimental and com-
putational studies showed that the fcc site is the most stable, followed by the
hcp and bridge sites [87]. The fcc sites are equivalent to the bulk octahedral
sites for hydrogen absorption. Consequently, the surface coverage θ (equivalent
to the surface H/Pd atomic ratio) is equal to 1 when all the fcc sites are occu-
pied. The (111) surface configuration will be the only configuration considered
in this thesis since our evaporated and sputtered Pd thin films tend to form
this particular texture, as will be shown in Chapters 3, 4 and 5.

Regarding the (100) surface, there are three possible adsorption sites: the
so-called ‘hollow’, ‘bridge’ and ‘top’ sites. The hollow site is the most stable
[87]. Finally, the (110) surface - the less compact one - exhibits five possible
adsorption sites: the so-called ‘long bridge’, ‘short bridge’, ‘hollow’, ‘top’ and
‘pseudo-three-fold’ sites. The pseudo-three-fold site is the most stable [87].

The standard enthalpy change relative to hydrogen adsorption starts from
about -100 kJ/mol for a virgin surface, and then increases in the positive di-
rection with increasing surface coverage [101] (Fig. 1.21). When the surface
sites are saturated, the interaction between hydrogen atoms becomes highly
repulsive and the standard enthalpy of adsorption becomes positive.
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Figure 1.20: (a) Palladium unit cell showing (1 1 1) plane; schematic represen-
tation of fcc, bridge, hcp and top adsorption sites for palladium (1 1 1) plane.
(b) Palladium unit cell showing (1 0 0) plane; schematic representation of hol-
low, bridge and top adsorption sites for palldium (1 0 0) plane. (c) Palladium
unit cell showing (1 1 0) plane; schematic representation of pseudo-three-fold,
hollow, short bridge, long bridge and top adsorption sites for palladium (1 1 0)
plane. Reproduced from Ref. [87].
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Figure 1.21: Differential adsorption energy for H as a function of the surface
H coverage on Pd(1 1 1), Pd(2 1 1) and Pd hydride slabs. Reproduced from
Ref. [101].

Like many other cubic crystalline solids, Pd is an anisotropic material and
its linear elastic behaviour can be described with 3 elastic constants [102,103].
These constants are, respectively, the C11, C12 and C44 components of the Pd
stiffness matrix. Rayne obtained C11 = 227.1 GPa, C12 = 176.1 GPa and C44

= 71.7 GPa at room temperature [102]. Therefore, the Pd anisotropy factor
- defined as A = C44/C

′, where C ′ = (C11 − C12)/2 - is equal to 2.81. This
anisotropy evolves with temperature [102], but also with the hydrogen content
in the Pd lattice [104,105]. Schwarz et al. [104] showed that C44 decreases with
increasing hydrogen content as a result of the expansion of the Pd lattice. They
also showed that C ′ has a concave parabolic dependence with the hydrogen
content in the miscibility gap of the Pd-H system, while it decreases with the
hydrogen content in the β-phase. They attributed the latter effect to the fact
that C ′ is softened by an anelastic relaxation resulting from changes in the
shape of coherent precipitates.

As a consequence of this anisotropy, the elastic behaviour of Pd is depen-
dent on the crystallographic orientation [103]. In a bulk sample with randomly
oriented grains, one will obtain a Young’s modulus of 121 GPa, a shear modulus
of 44 GPa and a Poisson ratio of 0.39 [106].

In thin film form, the Young’s modulus of Pd is usually reported as slightly
smaller than the bulk value, whether invoking porosity [107] and/or texture
[108] as possible origins of this effect. Colla et al. measured a Young’s modulus
of 120 GPa by nanoindentation on thin films with similar thickness (between 80
and 310 nm) and grain size (∼ 30 nm in-plane) than the ones used in the present
thesis [109,110]. The same authors also investigated the plasticity behaviour of
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these films by means of on-chip tensile testing, finding a high strain hardening
capacity, and partly attributing the latter to the presence of growth twins.
A semi-analytical grain aggregate model has been proposed [109], taking into
account the impact of twins, grain size and the presence of a thin surface layer.
As can be seen in Fig. 1.22, this model is able to reproduce the strain hardening
behaviour of the films (except for the thinnest one, which is underestimated)
and the thickness effect on the limits of the elasto-plastic transition. As regards
the latter effect, one can see that both the elasticity limit and the end of the
elasto-plastic transition are shifted towards higher stress levels when the film
thickness is decreased.

Figure 1.22: Comparison between measured and predicted stress-strain curves
for Pd films with different thicknesses. Reproduced from Ref. [109].

The effect of hydrogen on the Young’s modulus of Pd can be explained by
considering lattice expansion, electronic contribution and, in the α + β region,
the mechanical coexistence of the two phases. Fabre et al. measured the
Young’s modulus along the whole compositional range of the Pd-H system
- taking into account these three effects - and found out a decrease of the
Young’s modulus with the hydrogen content [111], this decrease being much
more pronounced in the α + β region. The elasto-plastic transition of Pd is
also affected by the presence of hydrogen. Smith and Otterson showed that
the Pd yield stress increases with increasing hydrogen content [112], invoking a
classical solution strengthening behaviour3. However, in this thesis work, very

3The hydrogen present in the octahedral sites of the Pd lattice impedes the motion of
dislocations, thereby increasing the stress needed to propagate them.
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small hydrogen contents will be considered, so that the mechanical properties
of pure, nanocrystalline Pd will be mostly used in the discussions.

1.4 The role of internal stress in the hydriding
mechanism

Internal stresses play a key role in all the applications that involve the use of
thin films. The physico-chemical links between the thin film and its substrate
are notably of fundamental importance. More specifically, in the context of
this thesis work, the internal stress that acts on the crystalline lattice of a thin
metallic film - whether locally or globally - can change the energetic configura-
tion of the hydrogen adsorption/absorption sites and/or the magnitude of the
energy barriers that are crossed by the hydrogen atoms penetrating into the
metal. The present section provides a review of the existing knowledge on the
effect of these local and global stresses on the hydriding behaviour of thin films.

Let us firstly address the case of local stress (microscopic and nanoscopic).
Although the interaction between hydrogen and metals has been widely studied
for applications, like gas purification membranes and hydrogen storage or sensor
systems, it is also often considered as an undesirable source of embrittlement in
metallic alloys. In the field of hydrogen embrittlement in metals, local stresses
are obviously highly important because their study can enable to predict the
fracture conditions of hydrogen-containing structures like high pressure vessels
[113] or hydrogen pipelines [114].

The existing fracture models involve accumulation of hydrogen atoms in
the local tensile strain field around dislocations and crack tips, either invoking
hydrogen-enhanced local plasticity (HELP mechanism) [115, 116], hydrogen-
enhanced decohesion (HEDE mechanism) [117, 118] or hydride formation and
cleavage [118, 119]. In these mechanisms, distortion of the host metal matrix
caused by a local tensile strain field favours hydrogen accumulation in the avail-
able lattice sites as well as the formation of hydrogen trapping sites. In the
HEDE mechanism, the accumulation of hydrogen around the crack tip lowers
the surface energy of atomic planes and grain boundaries, then also lowering
the Griffith criterion for brittle fracture and encouraging cleavage-like fracture
modes. In the case of HELP, H forms Cottrell atmospheres around dislocation
cores, facilitating dislocation motion or decreasing dislocation-dislocation in-
teractions. This results in an enhancement of the material plastic strain capac-
ity. Moreover, dislocation pile-ups generate cracks which can easily propagate.
Finally, in the case of hydride formation and cleavage, brittle hydrides grow
around dislocations, possibly leading to the formation of micro-cracks even at
dilute bulk H-concentrations.
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Recently, Song and Curtin developed a new model for hydrogen embrittle-
ment in metals. Their model is a nanoscale analogy of hydride formation and
cleavage, and has elements of the HEDE model. It consists of the formation of
a so-called ‘nanohydride’ material, which blocks dislocation emission and ab-
sorption around the crack tip. The blunting of cracks is not possible anymore,
which promotes brittle fracture and inhibits ductile fracture. This concept is
illustrated in Fig. 1.23. However, several models are still competing in the field
of hydrogen embrittlement, and these models point out the strong interaction
existing between micro or nano stress fields generated by crystalline defects
such as microcracks and dislocations. These studies are thus highly relevant
regarding the present thesis work, whose aim is notably to understand the link
between internal stress and the hydriding kinetics of highly defected metals.

Figure 1.23: Schematic representation of the evolution of a pre-existing micro-
crack during mechanical loading: (a) in the absence of H, where the crack is
blunted by emission and absorption of dislocations, and (b) in the presence of
H, where accumulation of H near the crack tip inhibits emission and absorption,
leading to cleavage fracture. Reproduced from Ref. [118].

Similar relationships between the mechanism of hydrogen uptake and the
stress/strain state of the host metallic lattice are also of primary importance in
hydrogen sensors, membranes or storage applications. In this kind of systems,
an effect of internal stress on the hydriding thermodynamics has been reported
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for both thin films [68,120–122] and powders [123–125]. In thin films, internal
stress can be generated in different ways, like clamping metallic layers and us-
ing different types of substrates [120], using layers partially or totally detached
from their substrates [121], and through elastic constraints using sandwiched
metallic layers [122]. In powders, the sensitive parameter is usually the milling
time, for which an optimum exists, claimed to correspond to a state of the
maximum internal stress [124,125]. In these kind of studies, on will talk about
global (macroscopic) stress rather than local stress, as the substrate-film rela-
tionship or the effects of the ball-milling process are applied homogeneously to
the material.

Figure 1.24: Stress-concentration curve of a 189 nm thick Nb film. The slope
in the α-phase range almost follows the calculated stress. The changes of the
slope can be assigned to the phase boundaries, which were determined by X-ray
measurements. Reproduced from Ref. [126].

The global compressive stress developing in thin metallic films subjected
to hydrogen cycling can be very important, on the order of the GPa [71]. This
reality can be illustrated by the work carried out by Laudahn et al. [126], who
used a two-beam optical sensor (close to the setup used in this thesis work) to
derive the stress in their thin Nb films electrochemically charged with hydrogen.
In fig. 1.24, one can indeed see the liner elastic relationship between stress and
hydrogen concentration in the solid solution region. When the miscibility gap
is reached, the apparition of a second phase enables the production of misfit
dislocations, themselves being responsible of stress relaxation processes. As one
may expect, plastic processes are still present in the pure hydride phase, but
the latter seem to be less strong than in the two-phase region. This behaviour
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is typical of thin metallic films attached to a substrate [71].

Figure 1.25: p-t isotherm of two Mg thin films in different internal stress states.
Reproduced from Ref. [122].

If the stress change subsequent to the hydriding of thin metallic films is
compressive, then tensile stress should act as a kind of driving force, thereby
modifying the thermodynamic behaviour of the films. This idea has notably
been addressed by Baldi et al. [122], who recorded p-t isotherms of Mg thin
films sandwiched, respectively between an upper Pd and a lower Ti layers, and
by two Ti layers. They found out that the plateau pressure of the isotherm is
shifted towards higher values for the upper Mg thin film, which is in a more
compressive state than the other one (see Fig. 1.25). In the present thesis work,
a similar approach has been used, based on thin film growth stress control.

If the adhesion is not sufficiently good to support the high compressive
stress undergone by the hydriding of a thin metallic film, buckling of the
hydrogen-absorbing film can easily occur. This phenomenon enables the thin
film to relax a large amount of stress, which will result in a modified ther-
modynamic behaviour. Wagner and Pundt showed this effect for Pd0.98Fe0.02
thin films deposited on silicon substrates (see Fig. 1.26). Part of their thin
films remained attached to their substrates, while part of them were partially
or totally buckled. This resulted in an important shift of the plateau pressure,
in agreement with the results of Baldi et al. [122]. Delamination of thin Pd
films can be avoided by using a Ti adhesion layer between the Pd thin film and
its substrate [75], as can be seen in Fig. 1.27. Pivak et al. showed that the
presence of a Ti adhesion layer enables the upper Pd thin film to release the
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Figure 1.26: Pressure-electrical resistance isotherms of Pd0.98Fe0.02 thin films
buckled (triangles, second loading), partially buckled (squares, second loading)
and attached to their substrates (first loading: circles. Second loading: stars).
Reproduced from Ref. [121].

compressive hydriding-induced stress by means of rearrangement and pile-up
of the Pd atoms, while Pd thin films directly deposited on the substrate tend
to release stress by buckling [75]. Although the adhesion energy has been ac-
curately characterised, and the stress relaxation mechanisms with and without
adhesion layer are known for different types of substrates such as silicon [127],
sapphire [75], quartz [75] and polymers [128], no information seems available
about the exact origin of these good adhesive properties. In this thesis work,
Ti adhesion layers have systematically been used in our specimens. No delam-
ination has been observed, even after several hydriding cycles.

The above studies provide clear evidence that both global and local in-
ternal stresses can have a non-negligible effect on the equilibrium hydriding
behavior of metallic compounds, affecting thermodynamic parameters like equi-
librium H-uptake and miscibility gaps [121,122]. On the other hand, a possible
effect of internal stress on the kinetics of hydriding has to the best of our knowl-
edge not been extensively considered so far. This is one of the main objectives
of this thesis work.
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Figure 1.27: Optical microscopy micrographs of the Pd (left) and Pd/Ti (right)
thin films after 17 and 18 hydrogenation cycles, respectively. Reproduced from
Ref. [75].

1.5 The role of microstructure in the hydriding
mechanism

Microstructure plays a key role in the mechano-chemical properties of materials,
including their hydriding properties. In this section, we will address the existing
knowledge on the role of microstructure on metal hydride formation. More
precisely, we will only address here the microstructural effects which are relevant
in the context of this thesis work.

The microstructure of a metal can offer several types of hydrogen trapping
sites [71], in the bulk as well as in the surface and subsurface layers. In the
case of nanostructured thin films as in this thesis work, crystalline grains are
very small compared to bulk specimens, and the density of grain boundaries is
very high. Grain boundaries offer low-energy sites for the absorbed hydrogen
atoms, then acting as trapping sites for hydrogen [129]. Dislocations also play
an important role, as hydrogen feels the local stress fields that they produce
in the material [130]. Vacancies, which are other potential hydrogen trapping
sites [131], can also be expected in high concentrations in our room temperature
deposited Pd thin films, as will be seen in next section. Precipitates can also
act as hydrogen trapping sites [132], but they won’t be considered here, because
we only have used pure palladium in this thesis work. The particular case of
hydrogen interaction with twins will also briefly be addressed.

1.5.1 Grain boundaries

The effect of grain boundaries on the hydriding properties of metals has been
the object of intensive studies, especially by using nanocrystalline palladium
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(n-Pd) as a model system. Mütschele and Kirchheim used n-Pd specimens
with a mean grain size of 10 nm obtained by gas-phase synthesis. [133, 134].
They found out an increase of the lower limit of the miscibility gap and a de-
crease of its upper limit, respectively. As explained above, this narrowing of
the miscibility gap is commonly observed in nanocrystalline palladium, such
as in thin film specimens. Mütschele and Kirchheim explained this behaviour
by conceptually dividing their Pd specimens in two regions with different local
solubility: the interior region, which has a similar behaviour to bulk Pd-H,
and the grain boundaries, which exhibit sites of different energies than the
bulk octahedral sites. These new sites exhibit a distribution of energies which
has successfully been described by Mütschele and Kirchheim, by assuming a
Gaussian distribution of energy with a width of 15 kJ/mol [133]. Their in-
terpretation of the narrowing of the miscibility gap is based in this particular
energy distribution [133, 134]: at low hydrogen concentrations, the low-energy
sites existing at grain boundaries are filled with hydrogen, thereby increasing
the mean hydrogen concentration. But at high hydrogen concentrations, only
the interior regions can be additionally filled with hydrogen. The hydride total
volume is less than that of a bulk material, and the mean hydrogen concentra-
tion is lowered. The narrowing of the miscibility gap can be described by the
following equation:

∆n = (1 − fGB)∆nbulk (1.17)

where ∆n, ∆nbulk and fGB are, respectively, the width of the miscibility
gap in the nanocrystalline Pd specimen (expressed in terms of the mean H/Pd
atomic ratio n in the hydride phase), the width of the miscibility gap in a
single-crystal bulk specimen and the relative fraction of available sites in grain
boundaries. The massive concentration of hydrogen in the grain boundaries
generates large stress fields inside the grains, and the grain-boundary energy
can significantly change [133]. In some metals and alloys, this effect can lead
to an amorphisation of the material [135,136].

Lemier and Weissmüller obtained a good correlation with experimen-
tal data by assuming two different types of sites in the grain boundaries of
nanocrystalline palladium specimens [90]. The first type of sites have a highly
negative enthalpy of solution and are reversibly saturated at low hydrogen
partial pressures. The other sites have a less negative value, but still more neg-
ative than the regular bulk sites. Moreover, the latter sites are not saturated,
similarly to the regular bulk sites. Consequently, at very low hydrogen con-
centrations, the grain boundary diffusion of hydrogen is virtually stopped [138]
by the deepest potential wells. At high hydrogen concentrations, the opposed
tendency is observed, and the diffusion in the nanocrystalline material is faster
than in Pd bulk [139]. This tendency can be illustrated with the results of
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Figure 1.28: Diffusion coefficent of hydrogen in bulk (filled circles) and
nanocrystalline (open circles) Pd-H as a function of the hydrogen concentration.
Reproduced from Ref. [137].

Kirchheim [137], who compared the diffusion coefficient of hydrogen in bulk
and nanocrystalline Pd specimens (see Fig. 1.28).

1.5.2 Dislocations

Dislocations in thin films are generated by the deposition process. They can
also be created by both hydrogen absorption and desorption [71], where the
dislocations accomodate the lattice mismatch present when the hydride phase
nucleates and grows in the solid solution.

In particular, edge dislocations interact strongly with hydrogen atoms.
The binding energy of hydrogen to the dislocation core in Pd is approximately
60 kJ/mol [130], higher than hydrogen in regular lattice sites. This value is
believed to include a contribution from H-H interactions of 20 kJ/mol and a
contribution from dislocation-H interactions of 40 kJ/mol. This strong link is
due to a good interaction between the tensile strain field of the dislocation and
the hydrostatic stress component of the hydrogen atoms [71]. The hydrogen
enrichment region at the core of an edge dislocation is seen as cylindrical surface
of constant hydrostatic stress located below the dislocation glide plane [140].
This cylinder is schematically shown in Fig. 1.29. The diameter of this cylinder
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Figure 1.29: Cylindrical coordinates with the origin at the dislocation core,
glide plane (dashed line) and circle (cylinder in 3 dimensions) of constant hy-
drostatic stress. Reproduced from Ref. [140].

was found to increase with the mean hydrogen concentration in the specimen
[141], as can be seen in Fig. 1.30. If G is the palladium shear modulus, ν its
Poisson ratio and b the Burgers vector of the dislocation, then one can express
the pressure p on the cylindrical surface as:

p =
Gb (1 + ν)

3π (1 − ν)

1

2R
(1.18)

Figure 1.30: Measured (closed circles) and calculated (solid line) cylinder radii
of segregated hydrogen at edge dislocations as a function of the hydrogen con-
centration. Reproduced from Ref. [141].
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Edge dislocations thereby act as traps for hydrogen in palladium. Chemi-
cal potential-concentration isotherms measured on thin Pd films with different
concentrations of dislocations revealed a strongly enhanced hydrogen solubility
in the low hydrogen concentration range [142]. As opposed to edge disloca-
tions, screw dislocations interact weakly with the hydrogen atoms [71]. The
reason for this behaviour is that the shear stress components generated by the
screw dislocations interacts poorly with the hydrostatic stress component of
the interstitial hydrogen atoms.

It is also well-known that dislocations act as preferential pathways for
hydrogen transport [143, 144], thereby also affecting the hydriding kinetics.
In this thesis work, this effect will be analysed by changing the dislocation
concentration in our Pd thin film specimens by means of high-vacuum annealing
with in-situ curvature measurement.

1.5.3 Vacancies

Vacancies can be regarded as open volume defects forming an internal surface
in the material [71]. As we showed above, the hydrogen adsorption sites are
more stable than the absorption sites. Therefore, hydrogen in a vacancy will be
more stable as well than regular bulk sites. Vacancies then also act as hydrogen
traps.

Figure 1.31: Atomic structure of the defect phase Pd3VacH4. Hydrogen atoms
occupy tetrahedral interstitial positions. Reproduced from Ref. [145].

When hydrogen is present in a metal, the equilibrium vacancy concentra-
tion can be drastically modified. Fukai studied this phenomenon intensively,
notably in the case of the palladium hydride [146]. He found out a lattice pa-
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rameter decrease at high temperature and hydrogen pressure. He attributed
this decrease of the lattice parameter to the presence of an extraordinary high
vacancy concentration. These hydriding-induced vacancies are called super-
abundant vacancies (SAVs). They have been shown to remain in the material
even when returning to normal temperature and pressure conditions. Fukai
confirmed the presence of SAVs in many metals [131]. In Fe, six hydrogen
atoms per vacancy have been reported [147], forming the so-called VacH6 com-
plex. But in Nb, VacH4 complexes are rather formed [148]. The stability of
complexes and their exact chemical composition as a function of the crystalline
lattice is still under debate [71].

In the case of palladium, Fukai and Okuma suggested an ordered arrange-
ment of the vacancy-hydrogen complexes in the form of Pd3VacH4 [146]. Isaeva
et al. recently performed ab initio calculations on this defect phase [145], and
surprisingly found out that in this particular configuration, the hydrogen atoms
are more stable when they occupy tetrahedral interstitial sites, as shown in Fig.
1.31. But there are other possibilities, as in the case of other metals. For exam-
ple, He et al. recently suggested that VacH2 complexes are thermodynamically
stable in palladium [149], as shown in Fig. 1.32. The hydrogen molecule itself
could thereby be reformed in Pd vacancies.

Figure 1.32: Atomic configuration of the hydrogen molecule in a vacancy of
the palladium hydride. Large and small balls represent palladium and hydro-
gen atoms respectively. All octahedral sites are occupied by hydrogen atoms,
which correspond to PdH. Red small balls represent the hydrogen molecule.
Reproduced from Ref. [149].

The hydriding kinetics of metals is usually reported to be enhanced by
the presence of vacancies [150–152]. This effect is seen as a critical issue in
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steel embrittlement, while it constitutes a positive effect for hydrogen storage
applications.

1.5.4 Twins

The exact role of twins on the hydrogen absorption by metals remains unclear.
Several authors claim that twins can act as hydrogen traps [153, 154], but
all studies do not confirm these observations. The latter works were carried
out on steels, while Danaie et al. concluded that twins do not modify the
thermodynamic behaviour of hydrogen in magnesium [155]. One can thereby
expect that twins can act as traps only if the enthalpy of hydriding in lattice
sites is low enough, which is not the case for all metals. However, Danaie et
al. also observed a significant enhancement in the hydriding kinetics of their
Mg powders. Twins can then also be considered a preferential pathways for
hydriding.

1.6 Summary

In this chapter, the state-of-the-art of thin film metal hydrides has been covered
and situated in the context of metal hydride materials, as well as in the context
of a future society substantially relying on hydrogen as an energy vector. The
objectives of this thesis work have been located in the field of thin film metal
hydrides. The study of the thermodynamic behaviour of our Pd thin films
will be compared to the large amount of data already present in the literature,
while the study of their hydriding kinetics is expected to give insight into the
understanding of the basic hydriding mechanisms thanks to the use of our high
resolution in-situ approach. The effect of internal stress and microstructure
on the hydriding behaviour of metals still need extensive quantitative studies,
which is also one of our objectives. More precisely, on the experimental level,
these effects are difficult to separate from each other. This can be possible here
through the use of thin film technologies, as will be seen in the next chapters.
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Chapter 2

Materials and methods1

The main experimental methods and procedures used in this thesis are pre-
sented in the present chapter. It includes the experimental approach used to
monitor the deposition, the hydriding kinetics and thermodynamics, as well
as the annealing of a thin metallic film in-situ, and the main characterisation
methods used to study the films ex-situ. Firstly, the relationship between the
specimen curvature and the internal stress in the thin metallic film - namely
Stoney’s equation - is presented and analysed, and its validity and limitations
are discussed in the case of measurements in air and in vacuum. The measure-
ment principle of the specimen curvature - adapted from previous works carried
out in liquid environments by Vanhumbeeck [157] and Van Overmeere [158] - is
then explained and discussed in details. Its application to thin film deposition
(previously performed by Michotte and Proost [159]) is presented, as well as its
applications to thin film hydriding and annealing (performed in the context of
this thesis). The characterisation work carried out on the specimens considered
in this thesis is finally summarised.

2.1 Using Stoney’s equation

In this section, Stoney’s equation is explained and its validity limits are dis-
cussed in terms of the experimental conditions specific to the present thesis
work. Its particular derivations for application to the three experimental se-
tups considered here - i.e. for thin film deposition, hydriding and annealing -
is then presented.

1Most of the elements presented in this chapter have been published in an international
peer-reviewed paper [156].
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2.1.1 Validity and limitations of the stress derivation

In 1909, G. G. Stoney published the first scientific work aiming at the un-
derstanding of the relationship between stress and curvature in metallic coat-
ings [160]. This early work was motivated by the fact that metallic coatings
electrolytically deposited turned out to peel off in many cases - that is to say,
for many different types of coatings and substrates - spontaneously and with-
out assignable cause. Since then, many corrections and modifications have
been brought out to the initial form of this relationship, called Stoney’s equa-
tion. Indeed, the initial work of Stoney was partly erroneous, in particular
because he considered uniaxial stress in the film instead of biaxial stress [161].
Some more recent works related to Stoney’s equation aimed at the study of
its accuracy [162, 163], while others managed to derive expressions for specific
cases, like with a non-uniform temperature distribution [164] or with a position
dependent stress distribution [165].

Nowadays, Stoney’s equation is usually written in the following form [161]:

⟨σf ⟩tf =
Yst

2
s

6
κ, (2.1)

where ⟨σf ⟩ and tf are, respectively, the mean internal stress in the film and
the thickness of the film. ts is the thickness of the substrate onto which the
film is deposited, and Ys = Es/(1−νs) is its biaxial modulus. κ is the measured
curvature of the specimen, considered as initially flat before the film deposition
in this version of Stoney’s equation.

This contemporary form of Stoney’s equation is therefore the result of
several assumptions, partly built by Stoney himself and partly added or refined
by more recent works. These assumptions are summarised below and their
validity is discussed in the case of our experimental setup:

� Both substrate and film thicknesses are small compared with the lateral
dimensions of the system [166]. In other words, Stoney’s equation applies
to thin film geometries, i.e. with one of the dimensions being several or-
ders of magnitude smaller than the two others. This is obviously the case
in this work, where the total thickness of the specimen does not exceed
425 µm, while the lateral dimensions of our cantilevers are typically 3 x
0.5 cm2.

� The film must be thin compared to the substrate, i.e. the ratio tf /ts
must be small. Respecting the condition tf /ts < 0.01 ensures an accurate
use of Stoney’s equation by keeping the error below 5% [167]. With the
specimens used in this thesis, this ratio is equal to 10−3 in the worst case.
This hypothesis is then valid here.
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� The substrate is assumed to be homogeneous, isotropic and linear elastic
[168]. The Si (100) substrates used here satisfy the homogeneity and
isotropic conditions. The highest film stress observed in this thesis was
-1GPa, with a film to substrate thickness ratio of tf /ts = 4 ⋅ 10−4. As
the maximum substrate stress - at the interface between the film and
substrate - is equal to −4tf /ts⟨σf ⟩ [169], this corresponds to a substrate
stress of 1.6 MPa, far beyond the Si single crystal elasticity limit [170].
The film deposited onto the substrate is also assumed to be isotropic,
which is the case with the nanocrystalline Pd thin films deposited in this
thesis work (see the characterisation section for more details).

� A too large specimen curvature may lead to significant errors, as nonlinear
effects arise when the specimen deformation is too important. Mézin
defined a criterion based on the geometry of the specimen to evaluate the
error that is made when measuring high curvatures, i.e. the error does
not exceed 5% if the condition κ < 2.2ts/b

2 is respected [171]2, where b
is the specimen width. In this thesis, the worst case is obtained with
a specimen width of 5mm and a substrate thickness of 180 µm. The
maximum measured curvature in that case is 165km−1, a much smaller
value than the 15840km−1 predicted by this criterion.

� Edge effects near the periphery of the specimen are negligible, and all
physical quantities are invariant under a change in position parallel to the
interface [166]. This assumption is correct if the measurement is carried
out far enough from the edges of the specimen (including the clamp). The
region in which edge effects (like shear stress) are considered to take place
is equal to five times the specimen thickness [172]3. This assumption is
respected here, as the maximum specimen thickness is 425 µm and the
measurement is carried out 2.5mm from the edges of the specimen.

2Stoney’s equation is only valid in the linear domain of small strains (material assump-
tion) and small displacements (geometrical assumption stating that the deformed shape of
the specimen remains spherical). The small strain assumption is connected to the previous
assumption of linear elastic deformation of the substrate. But this is not enough to ensure
the specimen curvature to be identical in all directions. Above a certain level of stress, the
deformed shape can become cylindrical or ellipsoidal. In the case of a rectangular sample,
Mézin showed that the factor κb2/ts determines the increase in stiffness along the sample
width owing to the curvature along the sample length, and is then indicative for geometrical
nonlinearity.

3The shear stress acting along the edge of the substrate is equal to zero at the very edge
of the film (because the surface is stress free), increases up to a maximum value, and then
progressively vanishes at a certain distance from the edge. This shear stress distribution is
a function of the respective rigidities of the film and substrate. For a substrate with infinite
rigidity, the maximum shear stress occurs about a half-film thickness from the edge of the
film. For a substrate with finite elastic modulus (but more rigid than the film), the shear
stress distribution is more extended, and typically vanishes at a distance of five times the
specimen thickness.
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2.1. Using Stoney’s equation

� All stress components in the thickness direction vanish throughout the
material [173]. This condition is respected if the former one is, i.e. far
enough from the edges of the specimen.

� If using a clamped cantilevered specimen, its length should be much larger
than its width. A ratio of 3 ensures the associated error to stay below
0.1% [174]. This assumption is verified here, as the lateral dimensions of
our cantilevers are typically 3 x 0.5 cm2.

If all the above conditions are satisfied, Stoney’s equation is applicable
and the stress distribution in the thin film and substrate can be schematically
represented as in Fig. 2.1. Before discussing the stress distribution and its
implications, it has to be noted here that the stress in the thin film has been
arbitrarily set negative in Fig. 2.1 because in this thesis, the stress due to the
hydriding of thin metallic films deposited onto a substrate is compressive. In
general, the stress could be positive in the film, which does not change anything
to this reasoning.

Figure 2.1: Stress distribution along the film (red) and substrate (green + blue)
thickness. Both stress contributions arising from the requirements of equilib-
rium of forces (green) and moments (blue) in the substrate are represented.

If the film were not attached to the substrate, it would expand freely when
absorbing hydrogen, and it would become longer than the substrate. To fit the
film and substrate back together, one needs to apply a compressive force on
the film (which results in the red biaxial compressive stress shown in Fig. 2.1)
and an equal and opposite tension force on the edge of the substrate (which
results in both the green biaxial tensile stress and the blue biaxial bending
stress shown in Fig. 2.1). The total stress in the substrate then comes from
2 origins: the requirement of the equilibrium of forces in the specimen (green
tension stress in Fig. 2.1) and the requirement of the equilibrium of moments
in the specimen (blue curvature stress in Fig. 2.1). There exists a surface along
the y-axis, called the neutral surface, where the stress is zero. This surface is
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characterised by the fact that the components of the displacement of a point in
the xz plane can be considered as equal to zero. The neutral surface is thereby
neither expanded nor contracted. Janssen et al. recently found out that this
surface is located at a distance of 2/3ts from the interface between the film
and the substrate [161]. The stress in the thickness direction (y-axis in Fig.
2.1) is equal to zero along the entire thickness of the specimen. The stress in
the x and z directions are equal to each other, i.e. the stress is biaxial and
rotationally symmetric in the plane of the film if the film mechanical properties
are transversally isotropic [175]. As explained above, the stress in the film
is much more important than the stress in the substrate (in this thesis, the
compressive stress in the film can be on the order of the GPa, and the tensile
stress in the substrate is on the order of the MPa). Consequently, the film can
deform plastically.

The very small stress levels reached in the substrate of a thin film system
is a very important asset in the use of Stoney’s equation. Indeed, Eq. (2.1)
only contains material properties of the substrate, which are often well known.
Moreover, the requirement of elastic deformation of the substrate is easily met.

Using Stoney’s equation is not the only way to measure thin film stress.
Other techniques, based on X-ray or electron diffraction [176,177], are also be-
ing used for a long time. But these techniques cannot be applied in-situ with a
lot of different systems as it is the case regarding curvature-based stress mea-
surement techniques. The derivation of the thin film stress components using
these techniques is also not as straightforward as with the Stoney relationship.
In a detailed kinetic study like in this thesis work, these advantages are of
primary importance.

2.1.2 Stress derivation for thin film deposition, hydriding
and annealing

Stoney’s equation, expressed in the form of Eq. (2.1), provides the stress evo-
lution in a thin film specimen if one has a good knowledge of the substrate
elastic properties. But the film thickness is an important parameter as well,
as it may be constant throughout the whole measurement (like in hydriding
and annealing experiments in this thesis), it may increase (like in deposition by
magnetron sputtering in this thesis) or even decrease (for example, in the case
of thin metallic film anodising, the metal film is consumed while the oxide film
is growing, and both stress contributions need to be considered [157,158]).

In the case of thin film deposition, the stress in the deposit cannot be
directly deduced from Eq. (2.1) because the film thickness is not constant.
Instead, the curvature data is deduced from the stress*thickness product by
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introducing a differential notation in the left-hand side of Eq. (2.1):

⟨σf ⟩∆tf =
Yst

2
s

6
∆κ, (2.2)

where the local stress σf is defined as follows:

∫

t

0
σf(y)dy = ⟨σf ⟩t, (2.3)

and assumed as homogeneous over the entire thickness t. Eq. (2.2) is then used
in this work to extract the evolution of the mean film stress during deposition,
more precisely by calculating the slope of the stress*thickness versus thickness
curve. As will be explained in next section, the film stress can also be reason-
ably assumed as constant over the film thickness. The curvature evolution can
therefore be seen as the image of the film thickness evolution.

In the case of thin film hydriding and annealing, one can have direct access
to the film stress by deducing it from Eq. (2.1):

∆σf =
Yst

2
s

6tf
∆κ, (2.4)

where the film stress is also assumed as homogeneous over the film thickness.
In this case, the curvature evolution is the image of the film stress evolution
due, respectively, to the interaction between hydrogen and the Pd thin film and
to additional thermal/intrinsic stress generation during annealing.

2.2 In-situ curvature measurement

In the previous section, it has been shown that the direct link between the thin
film stress and the specimen curvature is reliable and accurate in the context of
the present thesis work. Let us now focus on the measurement of the specimen
curvature. Many different techniques exist for the measurement of a wafer
curvature. Here, we will discuss the main ones, i.e. differential capacitance,
piezoresistivity, interferometry and laser beam deflection techniques.

The differential capacitance method is a transduction technique based on
the capacitance measurement between two plates, one being a thin film can-
tilever undergoing a stress-induced curvature and the other, called the bottom
electrode, being fixed to the substrate [178]. In practice, this system is generally
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used to design temperature sensors [179], pressure sensors [180] or accelerom-
eters [181]. It is effective for in-situ measurements, but difficult to design and
implement as it requires complex micromachining techniques. Its is thereby
inappropriate for the purpose of this present thesis, which requires the rapid
testing of numerous, full-plate deposited thin film specimens.

Another kind of MEMS system can also be designed on the basis of a
piezoresistive measurement [182]. This system leads to the same range of ap-
plications as the differential capacitance method [183], and then has the same
drawbacks as the latter.

Interferometry is based on the measurement of the variations of the optical
path of a laser beam on a single point of the specimen surface [184, 185]. This
technique can reach very high levels of precision and can be used efficiently
in-situ, but requires very complicated positioning methods.

The use of laser beams can also be made in a different way in order
to measure thin film curvature. Laser beam deflection techniques enable the
measurement of the specimen curvature by recording the position of one laser
beam reflected off the specimen surface with a position sensitive detector [186].
This technique is the most commonly used because its is easy to implement,
accurate, sensitive, non-invasive, and it can be performed in real time [187–189].

Nevertheless, the major drawback concerning interferometry and laser
beam deflection techniques is the instability of the measurement regarding vi-
brations of the specimen, laser source and detector, inevitable when performing
single laser beam measurements. As will be seen in the next section, the use of
multiple beams allows to solve this problem.

2.2.1 The multi-beam optical sensor

Since the early developments, laser beam deflection techniques have undergone
two major modifications, which improved their intrinsic accuracy and stability.
The first important modifications were brought out in the eighties by Kobeda
and Irene [190, 191], who decided to use two parallel incident beams instead
of one. The curvature in then deduced from the differential spacing between
the two reflected beams and the position sensitive detector is replaced by a
CCD camera, thereby increasing the time resolution. But the most important
improvement brought out by these modifications concerns the stability of the
curvature measurement. Indeed, measuring a spacing instead of the position
of a single beam allows to virtually reduce the noise due to the vibrations of
the system because in principle, the latter affect every laser beam in the same
manner.
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Figure 2.2: Evolutions of laser beam deflection techniques, from single-beam
(a) to two-beam (b) and multi-beam (c) optical sensor.

In the nineties, Floro et al. further improved the technique [192] by using
an array of laser beams instead of just two beams. The curvature of the speci-
men is then calculated through the mean differential spacing (MDS), which is
simply the mean of all the differential spacings produced by the array of beams
reflected off the specimen surface. The robustness of the technique has then
been significantly increased, as the concurrent use of multiple beam spacings
allows to statistically reduce the noise due to the vibrations of the system. This
technique has been widely used in gaseous or vacuum environments [193–196],
but also in liquids [197–199].

These major evolutions of laser beam deflection techniques are schemati-
cally represented in Fig. 2.2. To summarize, the multi-beam optical sensor is
versatile, easy to implement for high resolution in-situ measurements, accurate
and stable. This is why it has been chosen to monitor the curvature of our
specimens during deposition and hydrogen cycling.

2.2.2 Validity and limitations of the curvature measure-
ment

When measuring curvature with the multi-beam optical sensor, the relationship
between the specimen curvature and the beam spacings originally derived by
Floro et al. [192] is still the most commonly used in the literature:

∆κ =
cosα

2L

∆D

D0
, (2.5)
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where ∆κ = κ − κ0 is the specimen curvature (the subscript “0” refers to the
specimen reference state before the start of the film deposition, hydriding or
annealing), ∆D/D0 is the mean differential spacing between the reflected laser
spots in the CCD camera4, α is the angle of incidence of the laser beams on
the specimen (shown in Fig. 2.2) and L is the distance between the specimen
and the CCD camera.

This formula can be derived by assuming that the angles of incidence and
reflection of the laser beams are small. More precisely, Van Overmeere showed
that the error associated with this small-angle approximation can be kept below
1% for incident angles as large as 25° [158]. This condition is clearly respected
here, as our curvature measurement setups have been designed to have α ≈ 0°.
Another source of error when using large incident angles is the astigmatism of
the laser beams [200]. This is not an issue here as well.

Eq. (2.5) also makes the implicit assumption that the substrate is flat in
the reference state [157]. This assumption is true when monitoring thin film
deposition on a silicon wafer, but this is not necessarily the case, for example
when observing hydriding or annealing on a thin film with important internal
growth stress. If the substrate is not flat in the reference state, Vanhumbeeck
showed that the resulting error can be expressed as [157]:

cosα/2L

κ0 + cosα/2L
. (2.6)

In the context of this thesis work, the maximum value of κ0 is 18 km−1,
leading to a 2.3% error when using our calibration factors for thin film hydriding
and annealing (see next sections). Experimental tests performed by comparing
the curvature after Pd thin film deposition with measurements on flat mirrors
confirmed that the maximum error is indeed on the order of 2%.

Important errors may arise when the specimen is in a different medium
than the ambient air in the laboratory, such as liquids [201]. In this case, Eq.
(2.5) becomes:

∆κ =
cosα

2Lnliq

∆D

D0
, (2.7)

where nliq is the refractive index of the liquid. For example, using water would
give a 33% error if erroneously using Eq. (2.5) instead of Eq. (2.7). In the
present thesis work, the specimens are in air, in vacuum or in a mixture of

4i.e. the mean between the beam differential spacings, which can be written as
n

∑
i=1

∆di

di0
,

where di is ith beam spacing and n is the number of beam spacings.
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argon and hydrogen. These media have very close refractive indexes [202, 203]
and this source of error is negligible.

In some specific cases - i.e. when using extreme geometries or when mea-
suring curvature in a liquid - other sources of errors need to be considered,
such as the distance between the clamp and the incident beams, the spacing
between the incident beams and the specimen to detector distance, as previ-
ously addressed by Van Overmeere [201]. In the context of this thesis work,
these are all far below 1% and do not need to be considered.

2.2.3 Resolution of the curvature measurement in vac-
uum and gases

Fig. 2.3 shows a typical temporal evolution of the specimen curvature when
performing a baseline measurement, showing a standard deviation of 0.1 km−1,
and therefore a resolution of 0.2 km−1. This resolution depends on the theo-
retical resolution, i.e. on the factors described in previous section, that predict
a maximal relative error of 2.5% when using Eq. (2.5) (considering two inde-
pendent sources of errors, i.e. 1% due to small-angle approximation and 2.3%
due to initial substrate curvature). But it is also affected by some experimental
artifacts that will be described here, as well as solutions to avoid them or limit
their influence.

Figure 2.3: Typical baseline measurement recorded with our in-situ curvature
measurement setup. The associated standard deviation is 0.1 km−1.

The first resolution-limiting factor that may occur when measuring curva-
ture in the context of this thesis work comes from convection effects taking place
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in the gaseous mixtures inside or even outside the vacuum chamber. Indeed,
the refractive index of gases is influenced by convection effects [204], which re-
sults in a change of the MDS - curvature proportionality, as explained in the
previous section. Some convection effects are illustrated in Fig. 2.4 by blow-
ing air and speaking next to the trajectory of the laser beams. On one hand,
the air volume of the experimental room crossed by the laser beams should be
protected from any air movement, either coming from thermal gradients or any
type of ventilation. On the other hand, the same remark is valid concerning
any gas mixture present in the vacuum chamber. As will be discovered in the
next sections, these experimental artifacts are not an issue in our deposition
and hydriding experimental setups. The particular case of the annealing setup
will be the object of a detailed discussion later in this chapter.

As shown in Fig. 2.4, exposing the MOS optical elements to ambient light
also results in an increase of the noise. Part of the ambient light spectrum may
indeed not be filtered out by the CCD filter, therefore perturbing the optical
measurement. Here, the resolution degrades by a factor 4 when removing the
MOS protective shield. In general, this shield protects the MOS optical ele-
ments during the in-situ curvature measurement. But it has to be noted that
it is sometimes necessary to remove this shield during a short period of time,
for instance in order to manually translate the laser spots when spot is lost
because of an obstacle on the beam trajectory or because the spot has left the
CCD screen. Anyway, multiplying the resolution by 4 is still acceptable taken
into account that the curvature changes measured in this thesis work are, in the
worst case, on the order of 10 km−1 (except when using our deposition setup,
but in that case, control of the mirror position is automatic).

A third possible source of resolution loss is the scattering of one or several
beams due to an obstacle on the beams trajectory. In the context of this thesis
work, where only vacuum and gases are crossed by the laser beams, two types
of obstacles are possible. Firstly, obstacles may exist on the optical elements,
i.e. dirts or scratches on optical windows, on calibration mirrors or on the CCD
screen and filter. None of these elements are perfectly homogeneous and clean,
and this is why the user must carefully check before the experiment if no such
obstacles are present next to the beams location on the CCD screen. Secondly,
the Pd thin film surface may also have some dirty areas, which should also
be avoided by the user by storing the samples in a clean environment, and, if
necessary, by using compressed dry air to clean the samples before the exper-
iment. The effects of beam scattering on these kind of obstacles can be very
different from each other, and often turn out to be dramatic for the curvature
measurement. As an illustrative, basic example, Fig. 2.5 shows the effect of
displacing a 1D array of laser spots towards a dirt that modifies the aspect of
one of the spots on the CCD screen. Before translating the spots, the differ-
ential spacings are coherent with each other, as expected. When translating
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Figure 2.4: Influence of convection and light exposure effects on baseline mea-
surement recording. These effects are produced by speaking, imposing an air
flux or exposing the MOS optical elements (source, mirror and CCD camera)
to ambient light.

the spots, the real-time differential spacings are obviously perturbed, showing
that translating the spots during the experiment should be avoided unless this
is absolutely necessary (and although this is mostly not detectable on the MDS
signal). Finally, when the six spots end up at a new position, three out of the
five recorded differential spacings go back to their initial value, while the two
other differential spacings end up at a wrong value. Indeed, the presence of a
dirt on one of the spots perturbs two spacings at a time (unless the spot is at
one of the extremities of the array, which is not the case here).

If the signal to noise ratio is too high when measuring stress in a thin film
system - because one of the resolution limiting factors is inevitable or simply
because the observed phenomenon generates a too weak curvature signal - the
resolution can still be improved by properly modifying the specimens. Indeed,
by decreasing the biaxial modulus of the substrate or by increasing the tf /ts
ratio, one can improve the effective resolution by increasing the proportionality
constant between stress and curvature (see Eq. (2.1)).
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Figure 2.5: Baseline differential spacing measurement with six laser beams,
followed by manual translation of the spots, and second (erroneous) baseline
measurement with one of the spots on a dirt.

2.2.4 Application to thin film deposition

In the present thesis, the cantilevered thin film specimens have been prepared
in the following way:

� Starting from double polished, 180 to 425 µm thick, monocrystalline Si
(100) wafers, the substrates were generated by growing a 400 to 600 nm
thick thermal oxide layer on both sides of the wafers by a wet oxidation
process. The substrates obtained were then symmetrical, curvature-free
and flat.

� Two different types of metallisation processes were then used to deposit
the thin metallic films on one side of the substrate, namely a 5 to 10 nm
Ti adhesion layer and a 30 to 400 nm Pd layer. The films which will be
addressed in chapter 3 have been generated by e-gun evaporation without
in-situ curvature measurement. The growth stress of the metallic deposit
has then been measured ex-situ (see next section).

� The analysis of the hydriding response of the films addressed in chapter
4 require a fine in-situ control of the growth stresses in order to study the
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effect of the latter on their hydriding kinetics and thermodynamics. The
films addressed chapter 5 present the same requirement, as the aim of this
section is to study the effect of microstructure on their hydriding kinetics
and thermodynamics at constant internal stress level. Another type of
metallisation process was then selected to enable an accurate control of
the growth stress, i.e. DC magnetron sputtering, combined with our high
resolution curvature measurement setup. A photograph of this setup is
provided in Fig. 2.6. This setup is located in a ISO class 5 cleanroom.

� The specimens in their final form were cut out of the wafers in order
to obtain 3 x 0.5 cm2 cantilevers. As explained in previous section, this
geometry is adapted to optimise the accuracy of the stress derivation with
Stoney’s equation.

Figure 2.6: Photograph of the sputtering setup. Upper left part: vacuum
chambers. Lower left part: multi-beam optical sensor. Right part: control
panels.

The adaptation of the multi-beam optical sensor to the magnetron sputter-
ing technique - previously preformed by Michotte and Proost [159] - is schemat-
ically represented in Fig. 2.7. The curvature measurement system is a kSA
Multi-beam Optical Sensor (kSA MOS) from k-Space Associates. The laser
wavelength is 658 nm, and its power ranges from 0 to 18 mW (in practice,
only powers up to 5 mW are used here because the silicon oxide layer and the
metallic layers are highly reflective). Here, the array of beams is not a 1D array
as suggested by Fig. 2.2, but a 2D array as the wafer off which the beams are
reflected offers enough surface to measure the curvature in both directions in
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Figure 2.7: Schematic representation of the combination of the multi-beam
optical sensor with the magnetron sputtering technique (not to scale). The red
lines represent the trajectory of the laser beams. A bottom view of the CCD
screen is also provided, showing the reflected laser spots.

the plane of the film. This 3 x 4 array contains 12 spots, so that the wafer
curvature is measured with a total of 17 beam spacings (8 in one direction of
the plane of the wafer and 9 in the other). The laser beams enter and leave the
vacuum chamber through an optical port, and then are reflected by a mirror
towards the CCD camera. The mirror position can be finely controlled by a
spring system in order to adjust the position of the laser spots on the CCD
detector. The calibration factor 2L/ cosα necessary to derive the specimen
curvature (see Eq. (2.5)) has been determined by performing measurements on
a set of mirrors with a known radius of curvature. Its value is 1.376 m in the
vertical direction, i.e. perpendicular to the plane of Fig. 2.7, and 1.366 m in
the horizontal direction, i.e. parallel to the plane of Fig. 2.7 and in the plane
of the wafer.

The magnetron sputtering system is from AJA International, Inc. The
substrate is firstly introduced into a small, transition chamber - whose aim is
to protect the main chamber from contamination, and which can be seen in Fig.
2.6 - before being introduced in the deposition chamber. The base pressure in
the main chamber is on the order of 10−8 mbar, while it is on the order of 10−7
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mbar in the transition chamber. Once the base pressure is reached into the main
chamber, the Ti adhesion layer and the Pd layer are successively deposited. An
automatic control of the targets enables to instantaneously switch from Ti to
Pd deposition. The Pd and Ti films have been deposited in DC mode at a 200
W power for Ti and a 120 W power for Pd, which resulted in a deposition rate
of 3 Å/s throughout the whole deposition process.

The key issue in the design of this particular setup is that the substrate is
rotating at a frequency of 40 rpm in order to obtain a homogeneous thickness of
the deposit. The acquisition of the curvature measurement has then be set to
the same frequency - by triggering the CCD at each rotation with a proximity
sensor - in order to always measure at the same position of the wafer. As will
be explained below, the homogeneity of the Pd thin film thickness has been
checked by performing cross-sectional SEM measurements, and their roughness
has been checked by performing AFM measurements.

Figure 2.8: Thornton diagram showing the nanostructure of thin films deposited
by sputtering as a function of the argon sputtering pressure and the deposition
temperature (taken from Ref. [205]). Zone 1: porous columnar grains. Zone
T: densely packed fibrous grains. Zone 2: well-defined, dense columnar grains.
Zone 3: recrystallised structure consisting of equiaxed grains.

As the sputtered Pd films have all been deposited at room temperature in
this work (T /Tm = 0.16, where Tm is the Pd melting point [206]), and according
to the well-known Thornton diagram [205], shown here in Fig. 2.8, the low sur-
face mobility of the atoms at such a deposition temperature does not allow for
grain boundary migration and recrystallisation and therefore can be expected
to result in the formation of nanocrystalline films with columnar grains. The
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Figure 2.9: Evolution of the wafer curvature in the x and z directions as a
function of time (before and during Ti layer deposition, as well as after Pd
deposition) and Pd thickness (during Pd deposition) using 2 different argon
sputtering pressures. A positive (convex) curvature is indicative for compressive
stress, and for an increase of the distance between the laser spots on the CCD
(see curvature stress in Fig. 2.5).

growth-induced stress in the deposit was varied by changing the argon sput-
tering pressure (pAr). It can indeed be expected that the lower the sputtering
pressure, the higher the mean free path and therefore also the impact energy of
sputtered atoms arriving at the surface of the deposit. This will in turn result
in an increased compressive component of the growth stress in the film [207],
and thereby in a convex wafer curvature. This is confirmed in Fig. 2.9, which
shows the wafer curvature in the x and z directions as a function of time (be-
fore and during Ti layer deposition, as well as after Pd deposition) and Pd
thickness (during Pd deposition). An initial baseline curvature measurement
was first carried out before the Ti layer deposition at pAr = 3 mTorr for all
specimens. The stress in the Ti film is slightly tensile during the first stages
of deposition, and then becomes compressive after the deposit has turned from
isolated aggregates to a continuous layer [208]. The growth-induced stress in
the Pd layer is slightly compressive in the first tens of nanometers, and then
reaches a constant value given by the constant slope of the stress*thickness vs.
thickness curves (see Eq. (2.2)). Both the sign and magnitude of the latter is
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indeed observed to strongly depend on the value of pAr used during Pd deposi-
tion. A fine control of pAr then enables to adjust accurately the internal stress
in the Pd deposit, as shown in Fig. 2.10. The maximum error associated with
the calculation of the internal stress is 10 MPa. Fig. 2.9 also shows that the
internal stress in the deposit is biaxial, as expected.

Figure 2.10: Evolution of the mean internal stress in the Pd deposit as a func-
tion of the argon sputtering pressure.

2.2.5 Application to thin film hydriding

The original experimental setup developed and used in this thesis work to
study the hydriding kinetics of the Pd films from chapters 3 and 4 is shown
in Figs. 2.11 and 2.12. The curvature measurement system is the same as
the one described in previous section, except that since the specimen offers a
much smaller surface than a whole wafer, a 1D array of laser beams is used.
However, this choice is not an issue as the stress in the film is biaxial as long
as the assumptions of Stoney’s equation are valid. 5 laser beams beams are
used, and the MDS is calculated with 4 beam spacings. The calibration factor
2L/ cosα has then been calculated in the vertical direction, i. e. perpendicular
to the plane of Fig. 2.12. Its value is 1.336 m for this hydriding setup.

The vacuum chamber is connected to a pumping system - involving a
primary, rotary pump (type Balzers DUO 2.5, pumping speed: 2500 l/h for
N2 at 1 atm) and a diffusion pump (type Balzers DIFF 900, pumping speed:
450 l/s for N2 at 10−4 Torr) - that enables base pressures on the order of 10−6

mbar. After pumping down, ultra-pure Ar/H2 gas mixtures (Alphagaz grade
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Figure 2.11: Photograph of the hydriding setup. Upper part: multi-beam opti-
cal sensor and vacuum/gas inlet control panel. Lower part: Vacuum chamber.

from Air Liquide) are introduced into the chamber to instantaneously impose
a desired total pressure (50 - 760 Torr). The latter is continuously measured
by two electronic gauges and one back-up manometer (Alcatel ACC 2009, ASD
2001 and BD 121, total measurement pressure range: 5 ⋅ 10−9 - 1100 mbar).
The composition of the gas mixtures used in this thesis work is Ar/H2 (10%,
1% and 100ppm H2), which allows to further adjust the accessible range of
hydrogen partial pressures (pH2

) in the chamber. The experiments performed
with this setup can only be carried out at room temperature. Let us note here
that this limitation has been solved in the course of this thesis by adapting the
annealing setup to hydriding experiments, as will be explained in next section.

Our cantilevers - prepared as explained in previous section - were clamped
in the vacuum chamber as illustrated in Fig. 2.13, with a steel clamping system
controlled by two steel screws. The array of laser beams was reflected off the
cantilevered specimens far enough from the clamp, i.e. at a distance from
the clamp equal to at least the cantilever width, according to Saint-Venant’s
principle [209].

Fig. 2.14 shows a typical result for the evolution of the curvature change
as a function of time, as obtained with our in-situ high resolution curvature
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Figure 2.12: Schematic representation of the hydriding setup (not to scale).
The red lines represent the trajectory of the laser beams. A top view of the
CCD screen is also provided, showing the reflected laser spots.

measurement set-up during a complete hydriding/dehydriding cycle at pH2 =
10.2 mbar. After an initial baseline curvature measurement in high vacuum
during the first 164 sec, a Ar/(H2 1%) gas mixture was introduced in the
chamber to instantaneously generate the desired pH2 . The resulting interaction
of H with the Pd layer leads to a constrained volume expansion of the thin film
system, which in turn induces changes in the specimen curvature as a result of
compressive internal stresses developing in the Pd film. The curvature signal
thus starts to increase rapidly and gradually reaches a constant value. The
stress distribution in the specimen is as schematically illustrated in Fig. 2.1 -
thereby giving rise to a convex wafer curvature - which means that the distance
between each pairs of laser spots on the CCD screen increases, as suggested by
the specimen illustrations in Fig. 2.2. When this constant value is reached, one
can consider that chemical equilibrium is established between the gaseous H2

available in the chamber and the atomic hydrogen stored inside the Pd film.
After 1743 sec, the gas mixture was then pumped out of the chamber, resulting
in a gradual decrease in the curvature signal as a result of room temperature
dehydriding. The starting objective of this thesis work was the understanding
of the kinetics and thermodynamics of such a hydriding cycle. This analysis
will be explained and discussed in the next chapters.
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Figure 2.13: Front and side views of the clamping of our cantilevered specimens
in the hydriding setup.

Reference experiments have also been performed on the same supporting
substrate, but without Pd and Ti films. An example of such a blank experi-
ment is also included in Fig. 2.14 for the same hydriding conditions (pH2 =
10.2 mbar) as for the Pd thin film specimen. Those tests revealed, especially
at near-atmospheric total chamber pressure, a small instantaneous curvature
change when introducing the gas mixture. This curvature fully disappeared
when the gas mixture was pumped out of the chamber again. A similar instan-
taneous curvature step is also visible on the Pd-coated specimen in Fig. 2.14
upon introducing the gas mixture. Its origin was firstly believed to reside in a
slight change in the refractive properties of the chamber volume once filled with
gas (especially at near-atmospheric conditions), thereby slightly changing the
optical path length L (cfr. Eq. (2.7)). But this effect should be two orders of
magnitude smaller than what is observed in Fig. 2.14, taken into account the
fact that the refractive indexes of argon and hydrogen [202] are very close to
the refractive index of air [203]. It is rather believed that, beside the very small
change in the optical path length, the laser spots are instantaneously translated
on the specimen, on the optical window of the vacuum chamber, on the mirror
and on the CCD screen. The surfaces of these components are not perfectly
homogeneous, especially the Pd surface which may have some rough of dirty
zones. This type of imperfections may lead to a small translation of the CCD
signal, as explained above. This explanation fits better with the fact that this
effect is not always observed, and may lead to a positive or negative shift of the
MDS data. As this curvature change is instantaneous and reversible, it can be
easily corrected by systematically subtracting the curvature data from this ar-
tificial curvature step during a hydriding cycle (baseline correction). Moreover,
as the effect is constant during the entire hydriding cycle, it does not affect our
results. It can also be noted that this change is on the same order of magnitude
as the curvature noise typically recorded on the equilibrium compressive stress
plateau (cfr. Fig. 2.14).
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Figure 2.14: Typical evolution of the curvature change as a function of time
during a hydriding/dehydriding cycle on a cantilevered Pd thin film specimen
(pH2 = 10.2 mbar). Also included are results from a blank experiment, car-
ried out on a cantilever without Pd-film exposed to the same hydrogen partial
pressure (results for the latter have been arbitrarily shifted down for clarity).

2.2.6 Application to thin film annealing

As the objective of chapter 5 is to study the effect of our Pd thin films mi-
crostructure on the hydriding kinetics and thermodynamics at constant internal
stress level, a specific annealing experimental setup has been designed, installed
and tested during the second half of the thesis, relying on the knowledge and
expertise gained earlier. A photograph of this setup is provided in Fig. 2.15.
The Pd thin films which have been used in this context have been deposited
by DC magnetron sputtering at room temperature, and can therefore be ex-
pected contain a high concentration of crystalline defects5 (cfr. Fig. 2.8). The
annealing setup has then been created in order to be able to remove part of
these defects while measuring the subsequent internal stress change in real time.
The hydriding kinetics and thermodynamics of such an annealed specimen can
therefore be compared with these of an as-deposited specimen with the same
internal stress level.

5This expectation will be confirmed in next chapter.
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Figure 2.15: Photograph of the annealing setup. Center: Vacuum chamber and
furnace. Upper part: multi-beam optical sensor. Left part: furnace control
panel. Right and lower right parts: vacuum pumps and gas inlets.

A schematic representation of the annealing setup is shown in Fig. 2.16.
As one can conclude from Fig. 2.12, the geometrical configuration of the in-
situ curvature measurement is the same as for the hydriding setup described in
previous section. Moreover, the optical distance of the laser beams - as well as
their angles of incidence and reflection - have also been kept the same, which
led to the same value of the calibration factor (2L/ cosα = 1.336 m).

Here, the vacuum chamber is a T-shaped quartz tube connected to a
pumping system from Vacotec SA, consisting of a primary, rotary pump and a
turbo molecular pump. Base pressures on the order of 10−6 mbar can be reached
in the tube in about 20 minutes. The pressure in the chamber is measured with
two electronic gauges (Alcatel ACC 2009 and ASD 2001, total measurement
pressure range: 5 ⋅ 10−9 - 1100 mbar). The furnace is from H & C SPRL. As
the quartz tube and the pumping system, it has been specifically designed for
this annealing setup. It has the shape of an octogonal right prism, and its eight
resistances are circularly displayed around the center of its bases, where two
circular holes allow to introduce the quartz tube. A third circular hole allow
the third extremity of the tube to be inserted in the upper part of the ceramic
shield of the furnace, so that the laser beams only travel through vacuum and
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room temperature air. An insulating foam is used to prevent the heat from
escaping from the space left by these 3 holes.

Figure 2.16: Schematic representation of the annealing setup (not to scale).
The red lines represent the trajectory of the laser beams. A top view of the
CCD screen is also provided, showing the reflected laser spots.

Due to this specific furnace geometry, the heat is homogeneous in the
middle of the tube - below the kSA MOS system - where the specimen is
located during the experiments. Heating is possible up to 1000°C, and specific
temperature profiles can be programmed by the user. A thermocouple has been
installed in the middle of the tube in order to be able to measure the specimen
curvature in real time. Beside its main function, which is to perform curvature
measurements while heating under vacuum, this setup has also been adapted to
room temperature hydriding experiments just as described in previous section,
simply by adding gas entries to the vacuum system. The fact that these two
types of experiments can be performed in the same setup is a real benefit
regarding the experiments which will be presented in chapter 5. Indeed, part
of the latter involves the successive heating and hydrogen cycling of a Pd thin
film specimen, which can be performed in the present setup without having to
switch the specimen from one setup to another, and with one single clamping.
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The clamping of the cantilevers has been adapted to the high temperature
conditions to which it can be exposed by only using quartz elements, as shown
in Fig. 2.17. A quartz rail has been installed in the tube, and a quartz wagon
can be moved along the tube with a quartz hook. The clamping is performed
in a rectangular hole in the wagon with a small triangular piece of quartz. The
user stretches on the triangle, whose basis is slightly wider than the rectangular
hole height. This results in a stable clamping of the specimen, very similar in
its principle to the one used with the hydriding setup, but also resistant to high
temperatures and to fast temperature changes.

Figure 2.17: Side view of the clamping of our cantilevered specimens in the
annealing setup, including the quartz wagon, the quartz rail and the quartz
hook.

The major issue encountered during the first tests of this annealing setup
was the high sensitivity of the curvature measurement regarding convection
phenomenons. At the very first stages of the development of this setup, the tube
was a simple cylinder and the laser beams travelled through vacuum, heated
air and room temperature air. In this configuration, important convection
phenomenons took place in the furnace air as soon as the heating started.
When the temperature is not homogeneous on the trajectory of a laser beam
travelling in air, the laser beam trajectory changes because the refractive index
of air is influenced by the temperature [204]. At the onset of heating, the laser
beams then started to oscillate independently with an important amplitude,
and the subsequent noise was so important that no curvature measurement
was possible. A T-shaped tube has then been designed in order to prevent the
laser beams from travelling through the furnace air. But as the whole tube is
heated during a thermal cycle, its optical window is also heated, as well as the
air next to it. As can be seen in Fig. 2.18, the resulting convection effects are
different than those that occurred with the initial cylindrical tube. These do
not make the measurement impossible right from the beginning of the annealing
experiment, but become more and more important in its course, and finally also
render the measurement impossible. This delay of the convection phenomenon
is due to the very high thermal inertia of the quartz tube (indeed, as one can
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conclude from Fig. 2.19, the temperature is still slightly increasing inside the
tube after the heating phase). A complete interpretation of the typical stress
evolution observed in Fig. 2.18 will be provided in chapter 5.

Figure 2.18: Evolution of the internal compressive stress change as a function
of time during heating and high temperature maintaining of a cantilevered Pd
thin film specimen at two different stages of our annealing setup development.
The temperature profiles in the quartz tube are shown in Fig. 2.19.

This issue has finally been solved thanks to a last modification of the setup,
which consisted in fixing a small steel tube on top of the furnace, above the
quartz tube optical window. This tube is itself closed by an additional optical
window. A continuous room temperature air flow is now imposed in this small
air volume during the whole annealing cycle, so that the air above the quartz
tube optical window is continuously renewed. As can be seen in Fig. 2.18,
this totally eliminates the convection effect, but this also introduces a small,
constant source of noise, as already suggested in Fig. 2.4. But this additional
perturbation only multiplies the noise by a factor 2. To summarise, the noise
is slightly smaller without air flow at the beginning of the experiment, but it
is not critical for the optical measurement and it does not further dramatically
increase.
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Figure 2.19: Evolution of the temperature inside the quartz tube during the
experiments shown in Fig. 2.18.

2.2.7 Comparison with existing laser beam deflection tech-
niques

The multi-beam optical sensor is not the only laser beam deflection technique
used to measure stresses in thin films in-situ. Other very close techniques are
used by several research groups, notably in order to study hydrogen-induced
stress in thin films. Here, two other currently used laser beam deflection tech-
niques are briefly presented and compared to our in-situ approach.

Pundt et al. developed a two-beam deflection technique [210] and applied
it to the study of hydrogen-induced stress in Pd [210], Nb [126] and Y [211]
thin films. As can be seen in Fig. 2.20, a first beamsplitter is used to generate
two parallel laser beams, which are then reflected off the thin film sample in a
vacuum chamber, and finally oriented towards two position sensitive detectors
by a second beamsplitter. The authors demonstrated the good adaptability
of their setup by performing both thin film deposition and hydrogen cycling
experiments [210]. Conceptually, this approach is very similar to the one used
in the present thesis work. The authors indeed claimed a spatial resolution on
the order of 0.1 km−1, very close (but slightly better) than the one obtained
here. The most important difference between this setup and the one considered
in this thesis is the fact that the position sensitive detectors used by Pundt et
al. have a one-dimensional detection area with a sensitive length of 3 mm [210].
This does not allow to measure the sample curvature in the two directions of
the plane of the deposit, and this gives less freedom of movement for the laser
spots than when using a CCD detector with a sensitive area of 1 x 1 cm2 as
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the one used in this thesis. As already discussed above, one can also expect a
lower robustness of the measurement when using only two beam spacings.

Figure 2.20: Schematic illustration of the two-beam experimental approach
used by Pundt et al. to study the hydriding of thin metallic films. Reproduced
from Ref. [210].

Ludwig et al. considered a very different approach [127], focused on the
simultaneous testing of multiple samples rather than on an optimal resolution
of the measurement. As shown in Fig. 2.21, in this case the samples are
micromachined arrays of up to 16 cantilevers, fabricated by photolithography,
thin film deposition and etching. The hydriding setup consists of a laser diode
producing a set of parallel laser lines, which are successively reflected off the
cantilevers in the vacuum chamber - each cantilever reflects at least two laser
lines - projected on a semitransparent screen and detected by a CCD camera.
In this case, the detection principle is closer to our case than the previous one,
except that the laser spots are replaced by laser lines crossing the cantilevers
along their widths. Consequently, curvature measurements are only possible in
one direction (along the cantilever length). Nevertheless, this technique is very
powerful as it allows to test multiple samples during one experiment (Ludwig
et al. simultaneously tested Fe/Pd, Fe/Mg/Pd and Fe/Ti/Pd multilayers [127],
and also performed a compositional study on Mg-Ni thin films [212]).
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Figure 2.21: Schematic illustration of the experimental approach used by Lud-
wig et al. to study the hydriding of thin metallic films. (a) schematic of the
gas phase apparatus, (b) schematic of laser lines projected on the array of can-
tilevers, (c) CCD camera picture of laser reflections from the cantilevers and
(d) software-processed picture for pixel position determination. Reproduced
from Ref. [127].

2.3 Characterisation techniques

In this section, the characterisation techniques used in this thesis work are
presented, and their main experimental aspects are discussed. The motivations
for the choice of each technique are also specified.

2.3.1 Scanning electron microscopy (SEM)

SEM microscopy was used in two ways: plane-view observations were performed
in order to observe our Pd thin film surfaces (in particular to calculate the in-
plane grain size), and cross-sectional observations were carried out to calculate
the Pd thin films thicknesses. Two SEM microscopes were used in the course of
this thesis, a Leo 982 FEG-SEM and a Jeol Ultra 55. Energies of the electron
beam from 1 to 15 keV were used, depending on the magnitude of possible
charging/contamination effects.
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Figure 2.22: Schematic of the sample preparation for plane-view - (a) side view
and (b) top view - and cross-sectional - (c) side view and (d) top view - SEM
observations. In both cases, the samples are typically 1 x 1 cm2 squares cut
out of the wafers. Charging effects are avoided by using contacting elements,
represented in blue.

Specimens for cross-sectional observations were prepared by propagating
cracks through the monocrystalline silicon substrate with a diamond tip, lead-
ing to smooth fracture surfaces, suitable for accurate observations. The spec-
imen holder was slightly rotated in order to mainly expose the Pd film to the
electron beam and limit the charging effects on the back silicon oxide layer (the
rotation was typically 0.5 - 1°). A correction factor has been applied to every
thickness measured in the SEM. This factor has been defined in the following
way: after having been oxidized on both sides and before metallisation, the
silicon wafers used in this thesis work have been analysed with an ellipsome-
ter. The thermal oxide thicknesses have been determined with an accuracy of
0.1% and the correction factor has been calculated for each wafer on basis of
that measurement. A bridge of conductive silver paint has been applied to the
specimens dedicated to plane-view observations in order to avoid any possible
charging effect. Similarly, samples dedicated to cross-sectional observations are
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inserted into a slit in the specimen holder, and the electrical contact is ensured
by a steel screw. The specimen preparations for plane-view and cross-sectional
observations are schematically shown in Fig. 2.22.

2.3.2 Inductively coupled plasma - optical emission spec-
trometry (ICP - OES)

ICP - OES measurements have been carried out on Pd thin films dissolved in a
HCL(37%)/HNO3(68%)/CH3COOH(100%) acid mixture with relative propor-
tions of 1/10/10. The ICP spectrometer is a commercial Varian 720-ES model,
in which a SeaSpray nebulizer is coupled to a Twister cyclonic spray cham-
ber to obtain a narrow distribution of the aerosol size (10 µm). The aerosol
is injected in an Ar plasma formed in a standard axial torch. Quantification
of emitted radiations from the plasma is performed in an optical block, made
up of a grating coupled to a CaF2 prism. A CCD camera was used for de-
tection, measuring wavelength intensities from 167 to 785 nm. Although the
signal from the 340.4 nm emission wavelength gave the most sensitive signal,
the 360.9 nm (2 times less sensitive) and 229.6 nm (10 times less sensitive) emis-
sion wavelengths were also used and the three resulting signals were averaged.
This approach is justified because the Pd concentration in the solution is high
enough (several thousands of ppb in the worst cases). The time acquisition of
this measurement is less than 1 sec. The choice of this technique was motivated
by three reasons: determining the purity of the deposits, confirming the thin
films thicknesses measured in the SEM and calculating the thin films densities.

Our dissolved Pd thin films - either coming from e-gun evaporated and
magnetron sputtered deposits - were determined as highly pure (as expected),
with no contaminant detected in concentrations exceeding 10 ppb (correspond-
ing, in the worst case, to 0.3% of the palladium concentration).

As regards the Pd thin films thicknesses, their derivation comes from the
following reasoning: if Cf is the concentration of the dissolved palladium film
measured by the ICP device, Vsol is the volume of the solution, Sf is the film
surface and ρPd is the palladium mass density (12 g/cm3 [206]), the Pd thin
film thickness can then trivially be expressed as:

tf =
CfVsol

SfρPd
. (2.8)

In order to obtain an accurate value of the thin film surface, the following
relationship was considered:
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Sf =
Ms

tsρSi
, (2.9)

where Ms and ρSi are, respectively, the mass and the mass density of the
substrate after the Pd thin film dissolution. The latter is assumed to be entirely
composed of silicon, which is a reasonable assumption if on takes into account
that the silicon oxide layers only represent 0.5% of the substrate thickness in
the worst case, and that the mass densities of Si and SiO2 are close to each
other (2.33 g/cm3 for Si and 2.18 g/cm3 for SiO2 [213]). The specimen mass is
measured with a high precision balance and an accurate value of its thickness
is obtained from the SEM observations.

One can also use Eqs. (2.8) and (2.9) in a different way, by using the Pd
thin films thicknesses measured in the SEM in order to calculate the density
of our nanocrystalline Pd thin films. The obtained values can be expected as
slightly smaller than the bulk value because the mass density decreases with
increasing fraction of crystalline defects such as grain boundaries [214]. Density
measurements can therefore be an indication of the concentration of defects in
our Pd thin films.

2.3.3 Rutherford backscattering spectrometry (RBS)

Compositional depths profiles have been performed on our thin film specimens
by RBS. This allowed to simultaneously determine the thickness and composi-
tion of all the layers in our Pd thin film specimens, as RBS enables to extract
the depth of one element as a function of the with and position shift of the peaks
in the energy spectrum of the backscattered ions. These experiments have been
performed in the linear accelerator TANDETRON at the LARN laboratory of
Namur.

2 MeV α particles were used to bombard the films, with an incident angle
of 0°. The backscattering angle was 165°, and the detector is a PIPS junction
allowing for a resolution of 17 keV. The software RUMP was used to analyse the
RBS spectra. Fig. 2.23 shows an example of the fitted spectrum of a Pd film
specimen deposited by e-gun evaporation. As can be seen on this figure, the
compositional depth profile established through the thin film system goes up
to the underlying silicon substrate. Other RBS spectra revealed the presence
of oxygen in the Pd layer, which enabled for a good interpretation of part of
our results on the analysis of the Pd thin films hydriding kinetics, as will be
explained in next chapter.
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Figure 2.23: RBS spectrum of a 128 nm Pd thin film deposited by e-gun evap-
oration on a Si/SiO2 substrate with a 10 nm Ti adhesion layer on top of it. A
RUMP fit of the experimental is also provided (red solid line).

2.3.4 4-point probe resistivity measurements

The resistivity our Pd thin films has been measured as a function of tem-
perature, and their temperature coefficient of resistance (TCR) has also been
extracted from these measurements. These experiments have been of primary
importance in the course of this thesis work, as some of our Pd thin films have
been annealed in the context of the study of the effect of microstructure on the
hydriding kinetics (see chapter 5). Indeed, the changes of microstructure sub-
sequent to the heating of Pd can be interpreted by measuring its resistivity as a
function of temperature [215]. Let us note here that this is also true regarding
any other source of micrustructural change, such as electrical current [216].

These measurements have been carried out with a Linkam LTS 350 heat-
ing and freezing stage connected to an Autolab PGSTAT302N operating in
constant-current mode (chronopotentiometry). Currents between 1 and 100
mA have been indifferently imposed, without any difference observed in the
voltage evolution as a function of temperature. The voltage resolution is equal
to 0.3 µV. Temperature was monitored with a TMS 94 temperature controller,
and recorded with the Linksys 32 software. The distance between each contact
point on the specimen was set equal to the specimen width, therefore avoiding
the use of any correction factor taken into account the rectangular geometry
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of the specimen and the fact that the ratio between its length and its width is
≥ 4 [217].

2.3.5 Ex-situ internal stress measurements

As the Pd thin films deposited by e-gun evaporation have not been subjected
to in-situ curvature measurements like the films deposited by magnetron sput-
tering, a ex-situ technique has been used to determine their internal stress. As
the ICP - OES measurements, this technique is highly destructive because it
involves dissolution of the Pd thin film.

The cantilevers have been clamped in Epofix resin cast in a Teflon mold,
and their curvature before dissolution of the Pd film has been measured with a
muli-beam optical sensor. This setup, usually dedicated to thin film anodizing,
is described in detail elsewhere [158]. It is adapted to such ex-situ curvature
measurements because it allows to temporarily remove the specimen and its
clamping from the electrochemical cell in order to dissolve the Pd film - using
the same solution as for the ICP - OES measurements - and fix it back into the
cell in order to measure its curvature after Pd dissolution. The internal stress
in the Pd deposit is then deduced from the difference between the curvature
measurements before and after Pd dissolution. Such measurement cannot be
performed in-situ in the solution because of bubbling around the specimen
during dissolution.

2.3.6 X-ray diffraction (XRD)

XRD diffractograms have been recorded on our Pd thin film specimens with
a Bruker AXS D8 ADVANCE diffractometer, using Cu Kα radiation and
recorded with an angle step of 0.02°. Although a detailed texture study of
our Pd thin films is out of the scope of the this thesis work, these analyses
have been relevant to some degree. The underlying motivation was firstly to
perform basic texture analyses to confirm the pronounced (111) texture usu-
ally observed regarding vacuum deposited fcc thin metallic films [218–220].
Secondly, when the switch was operated from e-gun evaporated Pd thin films
towards magnetron sputtered Pd thin films, questioning arose whether their
texture was still the same or not. Finally, when thin Pd films with different
internal stresses have been generated by magnetron sputtering for chapters 4
and 5, we also recorded diffractograms in order to check if there were significant
texture differences between these deposits.
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2.3.7 Atomic force microscopy (AFM)

Together with the cross-sectional SEM observations described above, several
AFM measurements have been performed in order to check the roughness of
the Pd thin films, using a Bruker Multimode Nanoscope 8 working in medium
tapping mode. The aim of these measurement was firstly to check the homo-
geneity of the thickness of our specimens, and secondly to ensure that their
roughness remains stable from one deposition condition to another in order to
avoid any effect of the roughness on the films hydriding behaviour.

Fig. 2.24 shows an example of such measurements, performed on a Pd
film deposited by sputtering with pAr = 3.5 mTorr. The homogeneity of the
film thickness is confirmed, and the film root mean square (RMS) roughness
is 1.9 nm, i.e. only 1.2% of the film thickness. Our magnetron sputtering
technique indeed produces flat films with a low roughness. Moreover, Fig. 2.24
also shows another AFM measurement, performed on a Pd film deposited at
pAr = 7 mTorr, revealing a RMS roughness of 2 nm (1.3% of the film thickness),
showing that there is no roughness change as a function of pAr, as expected.

Figure 2.24: Cross-sectional SEM (up) and tapping mode AFM (down) images
of Pd thin films deposited at (a) 3.5 mTorr and (b) 7 mTorr.

2.4 Conclusions

This chapter has been firstly dedicated to the presentation of the relationship
between the Pd films internal stress and curvature, a key relationship for the
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study of these films kinetic/thermodynamic behaviour upon hydrogen exposure.
It has been shown that the hypotheses of Stoney’s equation are respected in
the context of this thesis work, and consequently that the stress derivation with
this equation is reliable and accurate. The new in-situ high resolution curva-
ture measurement setup has secondly been presented, as well as its application
to Pd thin films deposition, hydriding and annealing. In these three cases, it
has been shown that the hypotheses behind the curvature derivation from the
reflected beams MDS are valid, and that the possible resolution-limiting factors
are sufficiently small allow for a stable and accurate curvature measurement.
In the particular case of Pd thin films annealing, it has been explained how
an original experimental setup has been designed, installed and tested in the
course of this thesis, and how the issues linked to the high temperature con-
ditions of the curvature measurement - namely, the convection and clamping
issues - have been successively understood and solved. Finally, the ex-situ char-
acterisation techniques used in this work have been presented, and their use
has been justified.
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Chapter 3

Modelling the hydriding
mechanism1

In this chapter, we will focus on the kinetic/thermodynamic analysis and inter-
pretation of the data produced by the high resolution in-situ curvature measure-
ment setup when exposing Pd films on Si cantilevers to gaseous hydrogen. We
will first present the Pd films, and the characterisation results obtained on the
as-deposited specimens. The hydriding cycles will then be described and basi-
cally interpreted. These first observations will third be the basis of an analysis
of the equilibrium data, including the internal stress level when the equilibrium
is reached between solid atomic hydrogen inside the Pd thin film and molecu-
lar gaseous hydrogen inside the vacuum chamber, i.e. thermodynamic data at
room temperature, and the internal stress levels before introducing hydrogen
inside the chamber and after pumping it down after one or several hydriding
cycles, i.e. data relative to the reversibility of the Pd hydriding mechanism.
The kinetic behaviour of the Pd thin film specimens - the core of the thesis -
will then be presented and commented step by step. Finally, the batch-to-batch
reproducibility of our hydriding cycles will be discussed in terms of the time
between specimen deposition and hydriding.

1Most of the elements presented in this chapter have been published in an international
peer-reviewed paper [221].
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3.1 Experimental details

The Pd films addressed in this chapter come from two different batches. Both
have been deposited by e-gun evaporation (keeping the same deposition pa-
rameters), but one has been stored in a dessicator during 12 months before
being subjected to hydrogen cycling, and the other has been stored during
2 months only. The starting substrates were double polished, 425 µm thick
monocrystalline Si (100) wafers. The latter have been oxidised by a wet oxida-
tion process, which generated 425 nm thick SiO2 thermal oxide layers on both
sides of the wafers (measured by ellipsometry after oxidation). The Ti adhesion
and the Pd layer have then been deposited on one side of the substrate.

Table 3.1: Thickness, density, grain size, (111) texture factor, average growth-
induced stress and dry air exposure time of the Pd thin films studied in this
chapter.

Batch 1 Batch 2
Pd thickness [nm] 128 112
Density [g/cm3] 11.1 11.3
Grain size [nm] 18 20
(111) texture factor [-] 38 37
Growth stress [MPa] 435 409
Dry air exposure [months] 12 2

Table 3.1 gathers, among others, the film thickness calculated from the
ICP results, and further confirmed by SEM (cross-sectional) and RBS analyses.
These values are close to each other, as expected2. The error on these values is
below 1%. The densities are also close to each other, and slightly smaller than
the Pd bulk density [206], as expected from a nanocrystalline metal with a high
concentration of defects. One can also see that the grain sizes - measured in
the SEM (plane-view) - are very close to each other as well, so that they can
be considered as equal when taking into account the measurement accuracy,
on the order of 1 nm. The same observation can be made as regards the (111)
texture factors measured, which have been calculated from XRD diffractograms
according to the following formula:

f311 = (
I111
I311

)
film

(
I311
I111

)
stand

, (3.1)

2It will be shown further in this chapter that the difference between these two thickness
values is small enough to exclude any effect on their hydriding kinetics.
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where the left term is the ratio between the (111) and (311) peak intensities
measured on the Pd films by XRD and the right term refers to standard in-
tensity ratios, taken from Ref. [222]. The (111) texture factor has been defined
this way because no secondary (200) peak was detected in the diffractograms.
We have thus chosen the third peak in terms of standard intensity. The growth-
induced stresses - obtained by ex-situ curvature measurements before and after
Pd dissolution, with an associated resolution of less than 1% - are also close to
each other3. The only parameter which has been intentionally set as different
from one batch to the other is the dry air exposure time, in order to further
study the batch-to-batch reproducibility.

Figure 3.1: High-resolution TEM image of one twin boundary in a Pd thin
film deposited by electron beam evaporation. Note the perfect coherency of
the twin/matrix interface. Reproduced from Ref. [223].

Regarding the defects present in these Pd films, Wang et al. performed a
high-resolution TEM analysis of specimens from the present set of batches [223],
and confirmed the high concentrations of grain boundaries. Nanoscale growth
twins have also been observed, as can be seen in Fig. 3.1.

All the experiments presented in this chapter have been performed at room
temperature. Although hydriding experiments are reported here for pH2 values
up to 100 mbar, the quantitative kinetic analysis performed in this chapter is
limited to the low pH2-range [2 - 10 mbar]. The results produced at higher hy-
drogen partial pressures have been analysed to extract equilibrium data only.
As will be explained below, this confirmed that the α to β hydride phase tran-
sition - which would have unnecessarily complicated the kinetic analysis - is
avoided by staying in this interval. The curvature data, obtained with Eq.
(2.5) from the produced MDS data, has been converted to mean internal stress
data with Eq. (2.4) (see previous chapter).

3Similarly, the analysis performed in Chapter 5 will show that no difference can be detected
in the hydriding kinetics when comparing such close growth stress values.
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3.2. Hydriding cycle

3.2 Hydriding cycle

As already shown in Fig. 2.14, performing a complete hydriding/dehydriding
cycle at room temperature consists in successively clamping the cantilever in-
side the vacuum chamber, reaching high vacuum conditions (on the order of
10−6 mbar), performing a baseline curvature measurement, introducing gaseous
hydrogen inside the chamber, waiting for equilibrium (plateau in the curva-
ture/stress data), pumping the gas out and waiting for equilibrium again. Fig.
3.2 shows such a hydriding cycle (performed at pH2 = 6 mbar), in which the
curvature data has been converted to the absolute internal stress inside the Pd
thin film.

Figure 3.2: Evolution of the absolute internal stress as a function of time during
a hydriding cycle recorded at pH2 = 6 mbar. Inset: hydriding cycle recorded
at pH2 = 5.5 mbar, including venting with air after dehydriding in vacuum.

The absolute internal stress is obtained by converting the curvature data
to compressive stress change data with Eq. (2.4). Indeed, as already discussed
in previous chapter, a positive curvature signal corresponds to an increase of
the distance between the laser spots on the CCD screen and therefore to a
compressive stress in the Pd film, from which the laser beams are reflected.
Secondly, the sign of the curvature data is changed in order to respect the usual
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3. Modelling the hydriding mechanism

convention in continuum mechanics stating that a tensile stress is positive and
a compressive stress is negative. Finally, the growth-induced stress existing in
the Pd film before the hydriding cycle - which has been previously obtained
by ex-situ curvature measurements on a specimen cut out from the same wafer
- is added to the internal stress data in order to obtain the absolute internal
stress in the film. The latter is obviously the most relevant for interpretation.
Mathematically, if σ0 is the Pd thin film growth stress (and then ∆σf = σf−σ0),
the absolute internal stress can be derived from the following alternative form
of Eq. (2.4):

σf = σ0 −
Yst

2
s

6tf
∆κ. (3.2)

The stress evolution shown in Fig. 3.2 is now discussed in detail. After an
initial baseline curvature measurement in high vacuum, the Ar/H2 gas mixture
was instantaneously introduced in the chamber. As a result of the constrained
volume expansion during Pd-H interaction, the internal stress in the Pd thin
film increases rapidly in the compressive direction and gradually reaches a con-
stant value. The gas mixture was then pumped out of the chamber, resulting
in a gradual decrease of the internal stress as a result of room temperature
dehydriding.

As to the latter, it appears that the internal stress does not go back to
its initial value when the gas mixture is pumped out of the vacuum chamber.
In other words, a residual4 compressive hydriding-induced stress is systemati-
cally observed when leaving the specimen under vacuum after hydriding. The
origin of this irreversible part of hydriding under vacuum can be interpreted
by performing an additional operation at the end of the hydriding cycle, i.e.
by venting the vacuum chamber with ambient air. This operation is shown in
the inset of Fig. 3.2, with an additional hydriding cycle recorded at pH2 =
5.5 mbar. It is clearly seen that the residual stress is fully released when the
specimen is brought into contact with ambient air. This observation indicates
that the residual stress observed after dehydriding in vacuum can be attributed
to a small residual H-concentration in the Pd lattice, the removal of which can
be achieved by venting with air so that a fully reversible hydriding cycle is
finally obtained. This interpretation is of primary importance regarding the
kinetic analysis that will be performed in the course of this chapter. Another
interpretation would have been a plastic interpretation of the film due to the
H-induced deformation. In next section, additional evidence will show that this
second interpretation is not realistic.

4In this thesis work, the residual stress is defined as the difference between the absolute
stress after dehydriding in vacuum and the absolute stress before bringing the specimen into
contact with hydrogen, i.e. the growth-induced stress.

97



3.3. Hydriding thermodynamics

From Fig. 3.2, two distinct kinetic regimes can be distinguished from the
two apparently linear regions of the stress-time curve at the beginning of the
hydriding cycle. We anticipate that these two slopes reveal the presence of two
rate-limiting steps in the course of a single hydriding cycle. A third regime is
resolved in Fig. 3.2 as well, characterised by a gradual decrease of the hydriding
rate with time until a constant equilibrium stress level is reached. The latter
can be associated with chemical equilibrium between atomic H inside the Pd
film specimen and gaseous H2 available in the chamber. Such a characteristic
hydriding behaviour with three kinetic regimes has been observed over the
entire pH2 interval considered for our kinetic analysis, and will be analysed in
detail in this chapter.

3.3 Hydriding thermodynamics

This section is firstly dedicated to the study of the equilibrium relationship
between molecular hydrogen in the vacuum chamber and atomic hydrogen in-
side a Pd film. The analysis of this relationship will enable, among others, to
identify the α to β phase transition of the Pd hydride at room temperature.
This transition will further be avoided in the context of our kinetic analysis.
The hydriding reversibility will then be analysed and discussed. It will al-
low the identification of the hydriding-induced plasticity phenomenons taking
place at high hydrogen partial pressures, and exclude the latter as well from
our kinetic analysis. Generally speaking, this issue is very important regarding
applications involving metallic hydrides.

3.3.1 Hydriding equilibrium

Figure 3.3 shows the absolute stress levels corresponding to the equilibrium
plateau during hydriding experiments up to pH2 = 92 mbar. From these results,
the α → β phase transition of Pd-hydride can be identified to start at room
temperature between 10 and 20 mbar, in agreement with earlier equilibrium
hydriding studies on Pd thin films [89]. As a result, the equilibrium stress
levels reached in the pH2-range that will be considered in the kinetic study in
next section (2-10 mbar) correspond to hydrogen concentrations located in the
α phase region of the Pd-H system.

For a quantitative kinetic analysis, a link between the bulk H/Pd atomic
ratio n and the measured internal compressive stress change ∆σ in the Pd films
needs to be established. This can be done by linking ∆σ to the relative volume
change ∆V /V during hydriding [224]:
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3. Modelling the hydriding mechanism

Figure 3.3: Equilibrium absolute stress as a function of pH2 . The average initial
tensile growth stress in the as-deposited films was 409 ± 2 MPa

∆σ =
Ef

3(1 − νf)
(

∆V

V
) =

Ef

3(1 − νf)
(

∆v

ΩPd
)n ≡ Qn, (3.3)

where Ef and νf are, respectively, Young’s modulus and Poisson ratio of the
Pd film. The ratio between ∆V /V and n is equal to ∆v/ΩPd, where ∆v is
the characteristic volume change per hydrogen atom, and ΩPd is the mean
atomic volume of a Pd atom. This ratio, describing the lattice expansion due
to hydrogen uptake, has been the object of many studies in the past, from which
a value of 0.19 ± 0.01 can be derived [225]. Eq. (3.3) then links the measured
hydriding-induced internal stress changes ∆σ to the bulk H/Pd atomic ratio
n via some mechano-physical constants, which for convenience are grouped
together into a single proportionality factor Q.

It should be noted that a possible complicating factor in Eq. (3.3) is the
occurrence of the α to β phase transformation during Pd hydriding, each phase
having its own characteristic lattice expansion behaviour so that the measured
stress change will depend on the exact proportions of the α and β phases.
Although the value of 0.19 has been suggested by Peisl [225] for the entire
compositional range in the Pd-H system, the collected data are too scarce to
state that there is no effect of the α to β phase transformation on the lattice
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3.3. Hydriding thermodynamics

expansion. However, as already indicated in Fig. 3.3, this complicating factor
does not need to be dealt with in our kinetic study because the α to β phase
transformation is avoided by limiting the pH2-range below 10 mbar.

Eq. (3.3) also makes the explicit assumption that the deformation re-
sulting from the hydriding-induced internal stress is elastic [128]. Thanks to
the relatively high initial tensile growth stress of our as-deposited Pd films in
this chapter, and the fact that the kinetic studies are limited to the α phase
region, this condition is verified as well. In Fig. 3.2 for instance, it is seen that
the equilibrium compressive stress change of the hydriding cycle is about 435
MPa. Taking into account the initial tensile growth stress level of 435 MPa in
the as-deposited Pd film, this leads to an almost zero equilibrium stress value.
Similarly, Fig. 3.3 shows that, over the entire α phase region, the maximum
absolute value of the equilibrium stress level is smaller than 200 MPa, therefore
well below the Pd yield stress measured in previous studies on nanocrystalline
specimens, in tension [107] or in compression [226]. One can also take into
account the effect of the small hydrogen content in the films, which would fur-
ther increase the yield stress [112]. Plastic deformation of the Pd films during
hydriding in the α phase region can therefore be reasonably excluded. As a
result, the time derivative of the hydriding curves obtained experimentally can
be considered as directly proportional to the hydriding velocity dn/dt. These
observations also confirm our earlier finding that the residual stress observed
in 3.2 after dehydriding in vacuum can be attributed to a small residual H-
concentration in the Pd lattice.

Based on the above considerations, we can already use Eq. (3.3) to de-
termine Sieverts’ constant Ks from the experimental equilibrium stress data
in the α phase region of Fig. 3.3. Indeed, when linearising these data as a
function of pH2

1/2, according to Sieverts’ law in α-PdH [57]:

(∆σ)eq = Qneq = Q

√
pH2

Ks
, (3.4)

with neq the equilibrium atomic hydrogen concentration in the bulk. The slope
of the linear fit shown in Figure 3.4 yields a Ks value equal to 3.3 ± 0.7 atm1/2

(using EPd = 121 GPa and νPd = 0.39 [106]]). Room temperature Ks values
for Pd hydriding have been reported in a study by Bucur [62] to be in the range
2-20 atm1/2, the higher value corresponding to a perfect crystal structure (i.e.
well-annealed bulk palladium specimens) and the lower one corresponding to
a relatively large concentration of structural defects, typical for as-evaporated
thin Pd films [62]. Our own value is therefore in excellent agreement with
the data from Bucur, recognising that our evaporated Pd thin films probably
contain a large amount of defects resulting from the deposition process (mainly
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3. Modelling the hydriding mechanism

grain boundaries and twins according to our characterisation work and to the
work of Wang et al. [223]).

Figure 3.4: Equilibrium absolute stress as a function of pH2

1/2 in the α phase
region.

3.3.2 Hydriding reversibility

As already discussed in the previous section, the internal stress in the Pd films
does not go back to the initial value after dehydriding under vacuum. This
initial value can be recovered by venting the chamber with ambient air (see Fig.
3.2), which shows that the origin of this residual compressive hydriding-induced
stress is a small residual H-concentration remaining under vacuum in the Pd
thin films. This interpretation can be correlated to the high level of defects
observed in the present Pd films through the calculation of Sieverts’ constant.
Indeed, the thermodynamics of hydrogen trapping by crystalline defects such
as voids, cracks and dislocations is very different from the thermodynamics of
hydrogen in regular lattice sites [227].

The previous identification of the α to β phase transformation in the Pd
films excludes any effects related to this transformation in the kinetic study.
The magnitude of the internal stress observed when performing hydriding ex-
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3.3. Hydriding thermodynamics

periments in the α phase also enable to reasonably exclude plasticity effects.
However, this assumption can be confirmed by studying the residual hydriding-
induced stress level in more details.

A first, insightful type of experiment can be performed by subjecting a
Pd covered cantilever to multiple hydriding/dehydriding cycles. Such an ex-
periment is shown in Fig. 3.5, where five successive hydriding cycles have been
performed while decreasing the hydrogen partial pressure from cycle to cycle.
In that figure, it appears that the residual stress level remains constant from
cycle to cycle, despite the decreasing hydrogen partial pressure. This indicates
that the irreversible part of the hydriding mechanism occurs only during the
first cycle. This observation is in agreement with our interpretation of the ir-
reversible part of hydriding, in that the residual atomic hydrogen that cannot
be released by pumping down the gas mixture after the first cycle is still not
released after the four other cycles, and also stays constant from cycle to cycle.
Furthermore, regarding the possibility of plasticity mechanisms taking place in
the Pd film, we can exclude it for two reasons. Firstly, the equilibrium absolute
stress is below the Pd theoretical yield stress in each cycle [226], according to
Fig. 3.3. And secondly, if plastic deformation had taken place during each
cycle, the residual stress level would not have remained the same from cycle to
cycle.

The Pd films - as long as one stays in the α phase - can thus sustain
multiple hydrogen cycling without degradation. Therefore, such in-situ ob-
servations made during multiple cycling experiments provide a unique insight
in the reversibility and long-term stability of applications involving metallic
hydrides.

A second type of approach can be used to exclude plasticity effects in our
kinetic analysis, i.e. observing hydriding cycles performed at higher hydrogen
partial pressures in order to identify these plasticity effects. Without having
been the object of any in-depth kinetic analysis, such experiments have there-
fore been performed, firstly in order to identify the α to β phase transformation
in our Pd films. But the analysis of the residual stress level after pumping down
also provides insightful information.

Indeed, the stress evolution shown in Fig. 3.6 can be compared to Fig.
3.2 in some points. The cycle has been performed at pH2 = 55.6 mbar, well
into the α + β phase region according to Fig. 3.3. As the absolute stress
level at equilibrium is -935 ± 1 MPa, one can expect plasticity phenomenons
to take place, as the nanocrystalline Pd compressive yield stress has been pre-
viously measured to be on the order of 1 GPa [226]. After pumping down,
the dehydriding kinetic profile is similar to what is observed when performing
such experiments in the α phase, but as opposed to the latter, the residual
internal stress level after dehydriding in vacuum is tensile and different than
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3. Modelling the hydriding mechanism

Figure 3.5: Evolution of the absolute stress during five hydriding/dehydriding
cycles with decreasing hydrogen partial pressure.

the initial level. This residual stress cannot be only attributed to the presence
of residual hydrogen in the Pd thin film, which would lead to a residual com-
pressive stress. We attribute this behaviour to plasticity effects. This tensile
residual stress has systematically been observed when performing experiments
in the pressure range corresponding to the α + β and β regions of the Pd hy-
dride (see Fig. 3.3). These hydriding-induced plasticity effects do not exclude
the presence of residual hydrogen remaining in the Pd film under vacuum, as
suggested by the stress evolution observed after venting in Fig. 3.6.

The hydriding and dehydriding kinetics observed in Fig. 3.6 also suggest
different kinetic behaviours as the ones typically observed when performing
hydriding/dehydriding cycles in the α phase region of Pd-H. More specifically,
two “overshoots” in the curvature signal are observed, one before reaching the
equilibrium plateau after introducing the gas mixture into the chamber, and a
second one before reaching the residual stress plateau. We believe that these
phenomenons are related to the large stress/strain undergone by the Pd lattice
at such high hydrogen partial pressures. More specifically, looking at the de-
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3.3. Hydriding thermodynamics

Figure 3.6: Evolution of the absolute internal stress as a function of time during
a hydriding cycle recorded at pH2 = 55.6 mbar.

hydriding behaviour from a purely mechanical point of view shows that the Pd
thin film is undergoing a significant back stress - illustrated by the “overshoot”
observed before the residual stress plateau under vacuum - which could be at-
tributed to the so-called Bauschinger effect. This well-known effect, commonly
observed in thin films [228], can be described as follows: after a material has
been deformed plastically in a given direction, a reduction in the yield stress in
the reverse direction is observed, with an associated plastic strain recovery. Ra-
jagopalan et al. studied this strain recovery mechanism in thin metallic films,
and attributed it to microstructural variations such as the size and orientation
of individual grains, which exhibiting different yield stresses [229]. When the
grains exhibit such mechanical heterogeneities, the stress distribution becomes
inhomogeneous when the material deforms plastically. This results in local
residual stresses upon loading in the reverse direction, which in turn favour
plastic flow in the reverse direction, and hence strain recovery. In our Pd thin
films, which are strongly (111) textured and where the grain size is relatively
homogeneous, other sources of mechanical heterogeneity can be responsible for
the strain recovery. Colla et al. recently investigated the strain hardening be-
haviour of Pd thin films [109], and suggested that a possible source could be the
number of growth twins present in each grain (i.e. the more twins in a grain,
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3. Modelling the hydriding mechanism

the higher its yield stress because twins favour dislocation pile-ups). However,
although the back stress observed in Fig. 3.6 deserves attention, a deep study
of this effect is out of the scope of the current thesis work.

3.4 Hydriding kinetics

The aim of this section is to use the high-resolution data obtained when per-
forming hydriding cycles with our in-situ curvature measurement setup in order
to analyse our Pd thin films hydriding kinetics, both qualitatively and quanti-
tatively.

This analysis will be performed in two phases. The derivation of constitu-
tive equations for the hydrogen adsorption and absorption velocities will first
set the stage to the construction of a kinetic model for hydrogen adsorption and
absorption into the Pd films. This kinetic model will then be used to analyse
the experimental data. The rate-limiting steps of the hydriding mechanism will
be determined next, as well as a quantitative data analysis, and thereby the
derivation of relevant kinetic and thermodynamic parameters.

3.4.1 Constitutive equations

As can be seen in Fig. 1.13, the Pd hydriding mechanism involves four steps,
i.e. molecular adsorption, dissociative chemisorption, diffusion and interstitial
absorption. And as already discussed in the state-of-the-art, determining which
one(s) is (are) rate-limiting is still a matter of debate, and many contradictory
models have been proposed so far. When Pd is in thin film form, surface [76]
and bulk [86] steps have recently been claimed to be rate-limiting. Ward and
Dao proposed a more complete kinetic model, taking into account for all kinetics
steps [230], using rate parameters estimated from surface science and membrane
literature. Their calculations perfectly illustrate the complexity of the problem,
showing that parameters such as specimen preparation, surface contamination
and film thickness critically determine the kinetic behaviour of Pd hydriding. In
this thesis, it will be reminded that diffusion cannot be rate-limiting when using
Pd thin films - Ward and Dao indeed showed that diffusion is likely to be rate-
limiting when the film thickness is at least on the order of the micrometer [230]
- and the possible rate-limiting steps will be grouped into one surface step
(adsorption) and one bulk step (absorption), according to Wagner’s model [57].
As opposed to many authors, which usually consider one rate-limiting step
throughout the whole hydriding mechanism, switches will be considered here
between these two possible rate-limiting steps.
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Following our previously reported basic analysis of a typical hydriding
cycle at fixed pH2 (see section 3.2), we will thus consider the possibility of two
mechanistic steps to be rate-limiting during Pd thin film hydriding. One of
these steps includes H2 adsorption and its dissociative chemisorption on the
Pd thin film surface, and will conveniently be called adsorption. The other
one, denoted as absorption, is seen as an equilibrium reaction between atomic
hydrogen at, respectively, the surface sites and the interstitial sites of the Pd
hydride. In his classical hydriding model, Wagner wrote down the following
reactions to describe each of these steps [57]:

H2 + 2 s = 2 H-s, (3.5)

H-s+ i = H-i+ s, (3.6)

where s and i are a free surface adsorption site and an interstitial bulk absorp-
tion site, respectively, while H-s and H-i represent, respectively, a surface and
bulk site occupied by atomic H.

Earlier studies claimed the existence of two possible adsorption sites on
the Pd (111) surface [57]: the so-called strong and weak adsorption sites, which
correspond to, respectively, very deep and rather flat potential wells. The
strong adsorption sites are octahedral sites, also called fcc sites [87]. Despite
the existence of three other highly exothermic surface sites (called bridge, top
and hcp sites), it has been claimed that only the fcc sites need to be taken into
account for strong chemisorption on (111) planes of Pd. As indeed suggested
by Bucur in a thin film hydriding model [231], the strong adsorption sites are
filled well before and much faster than the weak ones.

More recently, Johansson et al. obtained accurate quantitative data for
the heat of adsorption on Pd (111) surfaces [101]. The heat of adsorption starts
from about -100 kJ/mol H2 at zero surface coverage θ, θ being the number of
adsorbed hydrogen atoms divided by the number of adsorbed hydrogen atoms
in a filled monolayer. It then gradually becomes less negative as θ increases, and
rather abruptly takes on positive values somewhere in the range 0.75 < θ < 1.
This result clearly suggests a more complex adsorption behavior that the one
previously proposed by Bucur. Hong and Rahman arrived at a similar con-
clusion in their first-principles electronic structure calculations [232], showing
that it is only after a substantial amount of hydrogen is adsorbed on the Pd
(111) surface that hydrogen is able to further absorb into the bulk. Similarly,
the potential energy surface for hydrogen adsorption/absorption [230] also in-
dicates that a surface that is already substantially covered with hydrogen helps
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the hydrogen atoms to further overcome the energy barrier to move into the
bulk5.

With respect to the schematics of Fig. 1.13, no hydrogen diffusion step
will be taken into account in the present kinetic model neither, simply because
of the Pd thin film geometry considered in our work. Indeed, one gets a first-
order diffusion time on the order of milliseconds when dividing the square of
the Pd film thickness by the diffusion coefficient of H-atoms in α-PdH (Dα ≅

10−7 cm2/s [76]). This is five orders of magnitude below the time scale of the
hydriding kinetics experimentally observed in Fig. 3.2 for our Pd thin films.

As to the adsorption step, described by reaction (3.5), an adsorption equi-
librium constant Kad can then be defined as follows:

Kad ≡
k′ad
k′′ad

=
[H-s]2eq

pH2[s]
2
eq

=
θ2eq

(1 − θeq)
2

1

pH2

, (3.7)

where θeq is the equilibrium surface coverage. From reaction (3.5), the adsorp-
tion velocity rad then takes on the following form [233]:

rad = k′ad (1 − θ)
2
pH2 − k

′′

adθ
2

= k′ad [(1 − θ)
2
pH2 −

θ2

Kad
] .

(3.8)

In a similar way, the absorption equilibrium constant can be deduced from
reaction (3.6):

Kab ≡
k′ab
k′′ab

=
[H-i]eq[s]eq

[H-s]eq[i]eq
=

1 − θeq

θeq

neq

1 − neq
. (3.9)

Note that the equilibrium constants Kad and Kab can be linked together
with Sieverts’ constant by grouping Eqs. (3.4), (3.7) and (3.9), and by assuming
that neq ≪ 1 in α-PdH:

KadK
2
ab =

1

K2
s

. (3.10)

5The original version of our kinetic model was based on the earlier vision of the hydriding
mechanism accounting for weakly and strongly chemisorbed hydrogen. When we firstly sub-
mitted the paper dedicated to its description and application, the reviewer recommended us
to deeply modify our model, although he recognised the intrinsic quality of the results. After
an intense and fruitful interaction with the reviewer, the model turned out to be qualitatively
and quantitatively improved, providing estimations of relevant kinetic and thermodynamic
parameters for Pd thin film hydriding [221]
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From reaction (3.6), the absorption velocity rab can then be written as

rab = k′ab (1 − n) θ − k
′′

abn (1 − θ)

= k′ab [(1 − n) θ −
n (1 − θ)

Kab
] .

(3.11)

Finally, the evolution of the surface coverage θ and bulk H/Pd atomic
ratio n can be deduced by combining the expressions (3.8) and (3.11) for the
ad- and absorption velocities :

dθ

dt
= 2rad − rab, (3.12)

dn

dt
= rab. (3.13)

When dealing with complex second order reactions as it is the case here,
the derivation of such general rate expressions taking into account each of the
two reaction steps is exceedingly tedious or even impossible to derive. The
common alternative method in chemical kinetics consists in assuming a specific
rate-controlling step right from the beginning, and considering the other reac-
tion step to be in a pseudo steady-state [234]. In our case, if we assume that
the two constant slopes observed in Fig. 3.2 during the first and second “lin-
ear” kinetic regimes reveal the presence of two different rate-limiting steps in
the course of a single hydriding cycle, we can then derive simplified expressions
for the adsorption and absorption velocities by assuming that, respectively, the
absorption or adsorption step is in pseudo steady-state.

Let us first assume that adsorption is the rate-limiting step. In that case,
we can consider k′ab → ∞, and as rab must remain finite according to Eq.
(3.11) [234], this leads to

(1 − n) θ −
n (1 − θ)

Kab
→ 0. (3.14)

Rearranging Eq. (3.14) gives

θ =
1

1 +Kab
1 − n

n

≅
n

n +Kab
. (3.15)

This equation then enables the elimination of the unobservable variable θ,
since in the experimental approach based on in-situ curvature measurements,
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we are only able to access the bulk H/Pd atomic ratio n and not the surface
coverage θ (cfr. Eq. (3.3)). Inserting Eq. (3.15) into Eq. (3.8) finally gives:

rad = k
′

ad [pH2 (
Kab

Kab + n
)

2

−
1

Kad
(

n

Kab + n
)
2

] . (3.16)

On the other hand, if it is assumed that absorption is the rate-limiting
step, one can write k′ad →∞ so that from Eq. (3.8), similarly as in the reasoning
above,

pH2 (1 − θ)
2
−

θ2

Kad
→ 0. (3.17)

Eq. (3.17) then leads to the following solution for the pseudo steady-state
surface coverage θ:

θ =

√
pH2Kad

1 +
√
pH2Kad

. (3.18)

Inserting Eq. (3.18) into Eq. (3.11) finally gives:

rab = k
′

ab

⎡
⎢
⎢
⎢
⎢
⎣

Kab (1 − n)
√
pH2Kad − n

Kab (1 +
√
pH2Kad)

⎤
⎥
⎥
⎥
⎥
⎦

. (3.19)

Note that equations 3.16 and 3.19, predicting the pH2-dependences of
the adsorption and absorption velocities, have been derived while explicitly
assuming neq ≪ 1, as is indeed the case for the range of pH2 -values considered
in the present kinetic analysis for room temperature hydriding in the alpha
phase region (nmax(α) = 0.008 in bulk Pd [57]).

3.4.2 Kinetic analysis

Recognising the existence of 2 reaction steps, described by respectively, re-
actions (3.5) and (3.6), one can reasonably assume, as a starting point for a
rigorous kinetic analysis, that the two constant slopes that are systematically
observed in the beginning of the hydriding cycles (cfr. Fig. 3.2) would cor-
respond to a different kinetic regime, with either ad- or absorption being the
rate-limiting step. Since at the beginning of the experiment (when θ = 0 and
n = 0) the adsorption velocity has already a finite value (cfr. Eq. (3.8)) while
the absorption velocity is still 0 (cfr. Eq. (3.11)), and since adsorption can
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be considered as relatively unconstrained on a freshly exposed surface, one
could reasonably imagine that the first linear kinetic regime corresponds to
an absorption-limited step. The second slope would then be indicative for ad-
sorption to become rate-controlling further on in the hydriding cycle. In order
to confirm this assumption, a systematic study of the pH2-dependence of the
measured constant slopes was first carried out.

According to Eq. (3.3), these slopes can be taken proportional to (dn/dt)ab
and (dn/dt)ad in each of the 2 “linear” kinetic regimes, respectively. Consti-
tutive equations for these quantities therefore still need to be derived first. As
to (dn/dt)ab ≡ rab (cfr. Eq. (3.13)), Eq. (3.19) can be further simplified with
the additional assumption that pH2Kad ≫ 1. At this stage, the latter can be
justified from Eq. (3.7), since, from the state-of-the-art discussion in Section
3.4.1, the equilibrium surface coverage can be considered to be close to one. We
will be able to explicitly verify this assumption later in this kinetic analysis,
based on derived values for Kad. Combining Eq. (3.19) with Eqs. (3.10) and
(3.13) then gives

(
dn

dt
)
ab
= k′ab [(1 − n) −

Ksn
√
pH2

] . (3.20)

An absorption-limited hydriding mechanism can therefore be expected to
exhibit a hydriding velocity proportional to (pH2)

−1/2.

The slope (dn/dt)ad of the second linear regime can be derived by linking
the differentials of the surface coverage θ and bulk H/Pd atomic ratio n thanks
to Eq. (3.15), resulting in

dθ =
Kab

(Kab + n)
2
dn. (3.21)

Combining Eq. (3.21) with Eqs. (3.16), (3.10), (3.12) and (3.13) then
provides

(
dn

dt
)
ad

=
2k′adK

2
ab

(Kab + n)
2
+Kab

[pH2 − (Ksn)
2
] , (3.22)

indicating that an adsorption-limited hydriding mechanism exhibits a hydriding
velocity which can be expected to increase linearly with pH2 .

In Figure 3.7, the slopes of the first linear kinetic regime have been plotted
as a function of 1/(pH2)

1/2, following constitutive Eq. (3.20) for an absorption-
limited hydriding velocity. Similarly, Figure 3.8 shows the slopes of the second
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3. Modelling the hydriding mechanism

linear regime, which exhibit a linear relationship with pH2
, in agreement with

Eq. (3.22). Both figures therefore provide additional, although still qualitative,
experimental evidence that the first kinetic hydriding regime is indeed likely
to be limited by absorption and the second one by adsorption. Although the
pH2 dependencies shown in Figs. 3.7 and 3.8 are consistent with our kinetic
interpretation, the same graphs would still look more or less linear with other
reaction orders6, such as proportional with pH2

for Fig. 3.7 or proportional to
1/(pH2)

1/2 for Fig. 3.8. Therefore, if one defines, respectively, Sab and Sad as
the slopes and Iab and Iad as the intercepts of the linear fits in Fig. 3.7 and 3.8,
these parameters should as such also result in quantitatively relevant kinetic
and thermodynamic hydriding parameters. This can be verified based on the
following expressions:

Sad
Q

=
2k′adK

2
ab

(Kab + n)
2
+Kab

, (3.23)

Iad
Q

=
−2k′adK

2
ab

(Kab + n)
2
+Kab

(Ksn)
2
, (3.24)

Sab
Q

= −k′abKsn, (3.25)

Iab
Q

= k′ab (1 − n) . (3.26)

Note that the proportionality constant Q has already been introduced
before with Eq. (3.3) in order to convert the measured velocities (dn/dt)ad/ab
(expressed in s−1) to the units of the data points in Figs. 3.7 and 3.8 (expressed
in MPa/s).

6This assumption has also been quantitatively addressed with the reviewer mentioned
above. Concerning the slope of the first lineaar kinetic regime (Fig. 3.7), the correlation
factors R of the linear fits are, respectively, 0.901 with (pH2

)2, 0.929 with pH2
, 0.935 with

(pH2
)1/2 and 0.919 with 1/(pH2

)1/2, while the relative error on the slope of those fits is,

respectively 18.19% with (pH2
)2, 15.05% with pH2

, 14.32% with (pH2
)1/2 and 16.23% with

1/(pH2
)1/2. Hence, both the correlation factors as well as the relative slope errors are all

reasonable, and definitely not the most confirmative for the expected 1/(pH2
)1/2 dependence.

Concerning the second slope (Fig. 3.8), the correlation factors R of the linear fits are, respec-

tively, 0.977 with (pH2
)2, 0.984 with pH2

, 0.977 with (pH2
)1/2 and 0.933 with 1/(pH2

)1/2,
while the relative errors on the slopes of those fits is, respectively, 8.3% with (pH2

)2, 6.8%

with pH2
, 8.18% with (pH2

)1/2 and 14.62% with 1/(pH2
)1/2. So in this case, although all

correlation factors as well as the relative slope errors are again all reasonable, the expected
linear pH2

dependence has this time the highest statistical confirmation of linearity. In any
case, just checking the pH2

-dependencies expected from the rate expressions is not proof
as such for the claimed reaction order. The validation of the model only comes from the
quantitative kinetic analysis that is performed in this section.
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3.4. Hydriding kinetics

Figure 3.7: Slope of the first linear kinetic regime as a function of 1/(pH2)
1/2.

From Eqs. (3.23) to (3.26), it is clear that Sad and Iab should be positive,
while Sab and Iad should be negative. This is indeed observed in the experi-
mental fits obtained in Figs. 3.7 and 3.8. Before trying to solve the 4-equation
system involving Eqs. (3.23) to (3.26), one can first define a time ttr to indi-
cate the transition between the first and second kinetic regime. As indicated
in the inset of Figure 3.9, this time should respect the following geometrical
relationship:

[(
dn

dt
)
ad

∣
t=ttr

] ttr −
Iσ
Q

= [(
dn

dt
)
ab
∣
t=ttr

] ttr, (3.27)

where Iσ is the intercept of the linear fit through the second kinetic regime
relative to the initial, as-deposited growth stress value (cfr. inset of Fig. 3.9).
The latter parameter has been determined experimentally for all hydriding
experiments, resulting in an average value of 446 ± 27 MPa, independent of
pH2 in the range 2-10 mbar considered here. By combining Eqs. (3.23) to
(3.26) with Eq. (3.27), we obtain:
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3. Modelling the hydriding mechanism

Figure 3.8: Slope of the second linear kinetic regime as a function of pH2 .

ttr =
Iσ

(SadpH2
− Sab

1
√
pH2

+ Iad − Iab)

. (3.28)

Figure 3.9 shows the experimental transition times, determined from the
intersection of the linear fits in the first and second kinetic regime, as well as
their pH2 -dependence predicted by Eq. (3.28). For the latter, the Si and Ii
values were taken from the linear fits of Figs. 3.7 and 3.8. The excellent correla-
tion obtained between the predicted and experimental ttr values confirms that
the kinetic model is qualitatively and quantitatively justified. The parameters
of Eq. (3.28) used in Fig. 3.9 are listed in Table 3.4.2.

The 4-equation system involving Eqs. (3.23) to (3.26) then provides a
first access to some relevant kinetic and thermodynamic parameters, simply by
dividing the slope and intercept values corresponding to the ad- and absorption
limited regime:
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3.4. Hydriding kinetics

Figure 3.9: Transition time between the first and second kinetic regimes as a
function of pH2 . A schematic construction indicating the definition of ttr and
Iσ in Eq. (3.27) is included as well.

Sad
Iad

= −
1

(Ksn)
2
, (3.29)

Sab
Iab

= −Ks
n

1 − n
. (3.30)

Since we already determined the value of Sieverts’ constant Ks (cfr. Fig.
3.4), Eq. (3.29) gives a calculated average value for n of (1.3 ± 0.3)⋅10−2 for
the second, adsorption-limited kinetic regime, while Eq. (3.30) results in a
calculated average n-value of (1.4 ± 0.4)⋅10−2 for the first, absorption-limited
regime. These average values can indeed be considered to be sufficiently small
in order for Eqs. (3.20) and (3.22) to result in the seemingly constant slopes
observed in the first and second kinetic regimes. Moreover, its implication that
n at t = ttr is independent of pH2 is not surprising if one considers the constant
compressive stress level of our specimens at t = ttr, which was found to be - 94
± 6 MPa relative to the initial, as-deposited growth stress value, independent
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3. Modelling the hydriding mechanism

Table 3.2: Parameters of Eq. (3.28) used in Fig. 3.9.

Parameter Value Unit
Sad 0.41 ± 0.03 [MPa⋅mbar−1⋅s−1]
Iad -0.83 ± 0.21 [MPa⋅s−1]

Sab -1.43 ± 0.23 [MPa⋅mbar1/2⋅s−1]
Iab 0.92 ± 0.09 [MPa⋅s−1]
Iσ 446 ± 27 [MPa]

of pH2

7. One can indeed conclude from Fig. 3.10 that the latter does not show
a clear trend.

Figure 3.10: Absolute stress at t = ttr as a function of 1/(pH2)
1/2. The equilib-

rium absolute stress values from Fig. 3.4 are included as well.

As we now explicitly confirmed that n ≪ 1 in this work, Eq. (3.26)
immediately results in k′ab = (7.4 ± 0.8) ⋅ 10−5 s−1 for the first regime. When
taking k′′ab = 1 ⋅109 s−1, calculated at 298.15 K from Ref. [230], and knowing that
Kab ≡ k

′

ab/k
′′

ab, we obtain a value of Kab = (7.4±0.8) ⋅10−14, and therefore Kad =

7A linear fit of this stress level is performed in Fig. 3.10, showing a positive slope. But
the value of this slope is below its experimental error.
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3.4. Hydriding kinetics

(1.6±0.8) ⋅1022 mbar−1 from Eq. (3.10). The latter therefore also validates our
earlier hypothesis of pH2 ⋅Kad ≫ 1, needed for arriving at Eq. (3.20). Moreover,
inserting the calculated Kab value and the previously obtained value of n into
Eq. (3.23) gives k′ad = (5 ± 3) ⋅ 1017 mbar−1s−1. As a value of Kad has already
been derived, and since Kad ≡ k

′

ad/k
′′

ad, one also arrives at k′′ad = (3 ± 2) ⋅ 10−5

s−1, in good agreement with the value of k′′ad = 6.91̇0−5 s−1 calculated at 298.15
K from Ref. [230].

Besides the presence of the two linear kinetic regimes analysed above,
a third non-linear regime is exhibited in Fig. 3.2 before the final hydriding
equilibrium. Fig. 3.11 shows, for different pH2 -values, the evolution of the
bulk hydrogen concentration in this third kinetic regime, as calculated from
the internal stress data using Eq. (3.3). The time scale has been normalised to
represent for each experiment the first 500 s of this regime. If we assume that
absorption is the rate-limiting step in this regime, the temporal evolution of n
can be deduced from Eq. (3.20) by solving what is known as a basic Cauchy
problem [235]:

⎧⎪⎪⎪
⎨
⎪⎪⎪⎩

dn(t)

dt
= n(t)C1 +C2,

n(t0) = n0,

(3.31)

where t0 refers to the transition time between the second and third kinetic
regime, and

⎧⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎩

C1 = −k
′

ab (1 +
Ks

√
pH2

) ,

C2 = k
′

ab.

(3.32)

The general solution of this problem is as follows [235]:

n(t) =
−C2

C1
+ (n0 +

C2

C1
) exp (C1(t − t0)) . (3.33)

The coarse solid lines in Fig. 3.11 correspond to the fits obtained with the
absorption-related Eq. (3.33). Intuitively, it can be understood that the third
kinetic regime must indeed be limited by absorption because at the end of the
second regime, the surface coverage has already reached its equilibrium value.
In this case, the constant C2 in Eq. (3.32) then directly provides an estimate
for k′ab.

The average value of C2 calculated for all experiments from fitting Eq.
(3.33) to the third kinetic regime, results in an average value of k′ab = (4.1 ±
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3. Modelling the hydriding mechanism

Figure 3.11: Evolution of the bulk atomic concentration n in the third, nonlin-
ear kinetic regime for different values of pH2 . The time scale has been shifted so
that t = 0 s corresponds to the transition between the second and third kinetic
regimes. The coarse solid lines correspond to a fit using Eq. (3.33).

0.9) ⋅ 10−4 s−1 for the third kinetic regime. Moreover, when repeating this pro-
cedure for the first kinetic regime, one gets k′ab = (3.3±0.8) ⋅10−5 s−1, consistent
with the value of k′ab = (7.4 ± 0.8) ⋅ 10−5 s−1 previously obtained with the ap-
proximate Eq. (3.26). The value of k′ab for the first kinetic regime is however
about one order of magnitude lower than the one characteristic for the third
kinetic regime. Therefore, the major outcome of our kinetic study is that the
absorption-controlled regimes I and III are characterised by very different values
for k′ab. In our opinion, this is related to the fact that the end of region I is being
determined by a rather abrupt increase in the positive direction of the heat of
adsorption. This is in line with Ref. [101], where such an increase was reported
to occur somewhere in the range 0.75 < θ <1. In that case, k′ab must increase
as well since the potential energy surface for hydrogen adsorption/absorption
indicates that the activation energy for hydrogen absorption should decrease if
the heat of adsorption becomes less negative [230]. In this respect, we can also
point out that the factor of 10 difference observed between k′ab in regions I and
III implies a coverage dependent change in activation energy on the order of
RT ⋅ ln(10), corresponding to 6 kJ/molK at 298 K. This number can indeed be
considered to be a realistic change for a coverage dependant heat of adsorption,
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3.4. Hydriding kinetics

and is within the range of coverage dependence published for Pd surfaces [101].

As a summary, Figure 3.12 schematically represents the evolution of the
adsorption and absorption velocities as a function of surface coverage, as can be
anticipated from the current kinetic study. The velocities are superimposed on
the experimentally measured hydriding cycle already shown in Fig. 3.2. The
latter has also been simulated/fitted according to Eqs. (3.33) and (3.22). Ac-
cording to Eq. (3.8), the θ-dependency of the adsorption velocity is a decreasing
parabola, while, according to Eq. (3.11), the absorption velocity increases lin-
early with θ. In the beginning of the experiment, the initial adsorption and
absorption velocities are, respectively, rad = 2k′ad ⋅ pH2 and rab = 0. In the first
linear kinetic regime, rad then rapidly decreases as θ reaches a value close to
θeq. In this zone, Eq. (3.11) predicts the rate-limiting absorption velocity dn/dt
to increase linearly with θ and to decrease linearly with n, which is probably
the reason why a constant average velocity is observed experimentally. When
a critical value of the surface coverage is reached at the end of the first kinetic
regime (denoted θc in Fig. 3.12), the heat of adsorption is believed to suddenly
change in the positive direction. As a result, adsorption then becomes the new
rate-limiting step, and the second kinetic regime starts. In this second zone,
a plausible explanation for the observation of a constant average velocity is
the fact that an increase in θ implies an increase in dn/dt. The increase of
surface coverage is thus counterbalanced by the increasing absorption velocity,
so that the apparent rate-limiting velocity appears as constant until adsorption
equilibrium is reached. When the latter occurs at the end of the second stage
(θ = θeq), the absorption velocity becomes rate-limiting again in the third ki-
netic regime. In this regime, dn/dt decreases with n and the kinetics are not
linear anymore (cfr. Eq. (3.33)). An equilibrium stress plateau finally appears
when absorption equilibrium is reached (n = neq).

Finally, Table 3.4.2 shows all the relevant kinetic and thermodynamic
parameters calculated in this work, as well as the kinetic regimes to which they
apply. Some literature values are also included, like the constant k′′ab that we
used in this study for some of the related calculations. Other reference values
from the literature show the overall consistency of the obtained results.
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3. Modelling the hydriding mechanism

Figure 3.12: Schematic representation of the θ-dependencies of the adsorption
(rad) and absorption (rab) velocities, superimposed on the experimentally mea-
sured hydriding cycle at pH2 = 6 mbar. Fits to the experimental data have been
included as well, using constitutive Eq. (3.33) for the absorption-controlled first
and third regimes, and Eq. (3.22) for the second, adsorption-limited regime.
The values mentioned for k′ab in regimes I and III represent average values
derived from the fitting parameter C2 (cfr. Eq. (3.32)) when including all
experiments.
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3. Modelling the hydriding mechanism

3.5 Batch-to-batch reproducibility

The issue of the batch-to-batch reproducibility has been raised from the begin-
ning of the thesis, as huge differences in the hydriding kinetic behaviour were
observed between specimens deposited under the same conditions. The aim of
this section is to show how this issue has been understood and circumvented.

Firstly, it has to be noted here that the kinetic analysis performed in
previous section relies on specimens from Batch 1 (see Table 3.1). Batch 2 has
originally been produced because Batch 1 did not contain enough specimens
to clearly identify the α to β phase transition of the Pd thin films. Fig. 3.3
therefore contains results from both batches. One one hand, it is thereby
obvious that the hydriding thermodynamic behaviour of these two batches is the
same. But on the other hand, their kinetic behaviours are markedly different.
In this respect, Figs. 3.13 and 3.14 show the slopes of the first and second
linear kinetic regimes as a function of 1/(pH2)

1/2 and pH2 , respectively (the
data from Batch 1 have already been shown and discussed in the previous
section, see Figs. 3.7 and 3.8).

Figure 3.13: Slope of the first linear kinetic regime as a function of 1/(pH2)
1/2

for the two batches presented in Fig. 3.1.
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3.5. Batch-to-batch reproducibility

Figure 3.14: Slope of the second linear kinetic regime as a function of pH2 for
the two batches presented in Fig. 3.1.

These figures show that the hydriding kinetics of the specimens with the
smallest dry air exposure time between deposition and hydrogen cycling is
much faster than the hydriding kinetics of the older specimens. This effect is
attributed to long-term chemical reactions between the Pd surface and oxygen
in air, which is believed to affect the initial Pd surface coverage. These chemical
reactions may include [57]:

⎧⎪⎪⎪
⎨
⎪⎪⎪⎩

H-s+Oad = OHad,
2 OHad = Oad +H2O ,
OHad +H-s = H2O ,

(3.34)

where Oad and OHad are, respectively, oxygen and hydroxide adsorbed on the
Pd surface. A factor 5 is observed between the values of the slopes and inter-
cepts of the second, adsorption-limited linear kinetic regime, while a factor 10
is observed between the slopes and intercepts of the first, absorption-limited
linear kinetic regime. The absorption velocity in first kinetic regime can indeed
be expected to be more affected by these undesired reactions, as the oxygen
concentration at the palladium surface is higher at the beginning of the exper-
iment than in the second kinetic regime, because part of the surface oxygen
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3. Modelling the hydriding mechanism

has been eliminated in the form of water. This raise of the slopes and of the
intercepts of the two linear kinetic regimes reflects the increase of the rate con-
stants for hydrogen absorption and adsorption when less surface hydrogen is
lost in Reactions 3.34. Nevertheless, this has no substantial consequence on the
calculations of the averages values of n through Eqs. (3.29) and (3.30). Indeed,
the absolute internal stress level at t = ttr is unaffected as well by the dry air
exposure time. Consequently, the value of ttr at fixed pH2 is smaller for low
dry air exposure times, as confirmed in Fig. 3.15.

Figure 3.15: Transition times between the first and second kinetic regimes as
a function of PH2 for the two batches presented in Fig. 3.1. The experimental
data have been fitted with Eq. (3.28), as in previous section.

Very similar mechanisms can also be imagined with hydrocarbons pol-
luting the Pd surface instead of monoatomic oxygen [57]. But in the context
of this thesis, a long-term hydrocarbon contamination of the specimens in the
dessicator is unlikely to occur. RBS spectra recorded on old specimens indeed
revealed small oxygen gradients in our Pd thin films.

The complete interpretation of this dry air exposure effect is out of the
scope of the present thesis. However, this short kinetic analysis enabled the
identification of this effect and provided the impetus for an experimental proce-
dure in order to avoid it. The classic dessicators have indeed been replaced by
dessicators connected to a rotary vacuum pump, allowing for primary vacuum
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storage conditions.

Generally speaking, the effect of dry air exposure should always be antic-
ipated if using metallic specimens dedicated to hydriding experiments. Storing
the specimens under vacuum is obviously not the only way to prevent mod-
ifications of the specimen surface state. This solution has been chosen here
because the specimens required for this thesis work were as-deposited, pure Pd
thin films. If choosing a more application-oriented approach, one can use more
effective solutions like using a protective layer on top of the films or alloying
the films with another element which, even in small concentrations, would in-
hibit interactions between air and the specimen surface. Regular mechanical
or chemical cleaning of the film surface could also be used, as long as it does
not itself modify the surface (i.e. by introducing roughness or by polluting the
surface).

3.6 Conclusions

In this chapter, the stress-time evolution of the hydriding cycles has been em-
pirically interpreted in terms of kinetics and equilibrium behaviour. Three dis-
tinct kinetic regimes have been identified after introduction of hydrogen into
the vacuum chamber. The first and second regimes are characterised by a lin-
ear evolution of the stress with time, while the hydriding rate decreases with
time during the third regime. The equilibrium stress level reached between
hydrogen inside and outside the Pd thin film has been identified, as well as the
residual stress level observed under vacuum and after venting. The latter has
been proven to be the consequence of residual hydrogen remaining in the Pd
film under vacuum.

The equilibrium room temperature hydriding behaviour of the Pd films
has then been analysed. The α to β transition of the Pd hydride has been
identified, further enabling to limit the kinetic analysis to the α phase region.
Staying in this region ensures a direct derivation of the hydrogen concentration
inside the Pd thin film without the additional complexity of the phase trans-
formation. The calculation of Sieverts’ constant, when compared to literature
data, showed that the Pd films tested in this work contain a high concentra-
tion of structural defects, as expected. The analysis of the reversibility of the
hydriding mechanism also revealed that our thin films can undergo several hy-
driding cycles without degradation of their hydriding properties, and enabled
the identification of the hydrogen-induced plasticity effects happening at high
hydrogen partial pressures.

The hydriding kinetics of the Pd films has then been analysed in detail.
A systematic study of the pH2-dependency of the two constant slopes observed
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3. Modelling the hydriding mechanism

in the first and second kinetic regimes, based on newly derived constitutive
equations, resulted in the identification of the first linear regime to be limited
by absorption and the second one by adsorption. After adsorption equilibrium
is reached at the end of the second stage, the third, non-linear kinetic regime,
was found to be limited by absorption. The quantitative analysis of these
different regimes resulted in the calculation of a number of relevant kinetic
and thermodynamic hydriding parameters. One of the major outcomes in this
respect is that the rate constant for hydrogen absorption k′ab in the first and
third kinetic regimes differ by almost one order of magnitude. This has been
attributed to the fact that the end of the first regime is being determined by
a rather abrupt increase in the positive direction of the heat of adsorption.
As a result, this kinetic study was able to provide a self-consistent quantitative
interpretation of the entire room temperature Pd hydriding cycle in the α-phase
domain.

The study of the batch-to-batch reproducibility of the hydriding cycles
in terms of dry air exposure time finally revealed the importance of taking
this parameter into account. No effect has been identified on the equilibrium
behaviour of our specimens, but the hydriding kinetics is very much affected.
The importance of storing the Pd films under vacuum (more generally, with
no contact with air or hydrocarbons) in order to preserve the virgin hydrid-
ing properties is an important issue regarding hydrogen storage or hydrogen
detection applications.
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Chapter 4

Effect of internal stress on
hydriding properties1

In this chapter, the high-resolution in-situ curvature measurement setup has
been used for two purposes. The first one is to monitor the in-situ evolution of
the growth-induced internal stress in Pd thin films during magnetron sputter-
ing deposition. The high accuracy of the in-situ approach - combined with a
fine control of the argon plasma pressure - enables accurate adjustment of the
internal stress in the deposit, in the compressive or tensile directions. Simulta-
neously, the deposition parameters can be set in order to keep the same type of
microstructure even when varying the growth-induced stress. As a result, one
can isolate the effect of internal stress on the film hydriding properties from
the effect of the microstructure itself.

The in-situ approach has also been used to study the hydriding kinetics
of these Pd thin films, in order to unravel each kinetic regime in quantitative
detail. Firstly, the rate-limiting steps of these regimes have been identified
through the systematic study of the pH2 -dependencies of the hydriding velocity,
using the same approach as described in previous chapter. This kinetic analysis
has been repeated for several batches presenting different levels of growth-
induced stress. Next, the effect of a growth-induced internal stress on both
the ad- and absorption rate constants has been identified as well. As relevant
kinetic and thermodynamic parameters can be derived owing to the kinetic
model discussed in the previous chapter, a quantitative analysis the effect of
internal stress on the Pd films hydriding properties has been carried out.

1Most of the elements presented in this chapter have been submitted to an international
journal [236].
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4.1 Experimental details

The cantilevers used in this chapter were cut approximately 3 x 0.5 cm2 in size
from oxidized Si wafers. These 380 µm thick wafers were coated by sputtering
with a 170 nm thick Pd thin film, on top of a 5 nm Ti adhesion layer. The high
resolution curvature measurement technique has been coupled to the sputter-
ing setup in order to measure the Pd thin film growth stress, as detailed in
Chapter 2. The room temperature sputtering of the Pd films strongly limits
the surface mobility of the deposited atoms, therefore also strongly limiting
the grain boundary migration and recrystallisation mechanisms. The deposits
can then be expected to be nanocrystalline, and to exhibit porous columnar
grains [205]. The growth-induced stress in the deposit, which will be used as a
parameter to study the effect of internal stress on the hydriding kinetics, was
controlled by properly adjusting the argon sputtering pressure. The higher the
amount of argon atoms on the trajectory of the Pd atoms removed from the
target, the higher the number of collisions encountered, and, thereby, the lower
the mean free path of the Pd atoms. Their impact energy when arriving at the
surface of the substrate is then lowered at high argon sputtering pressures, giv-
ing rise to an increased tensile component of the growth stress in the film [207].
This effect can be seen in Figure 4.1, which shows the stress*thickness product
as a function of time (before and during Ti layer deposition, as well as after
Pd deposition) and Pd thickness (during Pd deposition). An initial baseline
curvature measurement was first carried out before the Ti layer deposition at
pAr = 3 mTorr for all specimens. The growth-induced stress in the Pd layer is
slightly compressive in the first tens of nanometers, and then reaches a constant
value given by the constant slope of the stress*thickness vs. thickness curves.
Both the sign and magnitude of the latter strongly depend on the value of pAr
used during Pd deposition. The resulting mean internal stress values of the
as-deposited Pd films, further denoted as θ0, are given in Table 4.1, and vary
from -152 MPa to 453 MPa for pAr ranging from 1.5 to 8 mTorr.

The same table also includes results from elementary microstructural char-
acterizations. Cross-sectional and plane-view SEM observations allowed the
measurement of the thickness and grain size of all Pd specimens, leading to
average values of, respectively, 170 ± 7 and 27 ± 1 nm. Knowing the Pd thin
film thickness, Inductively Coupled Plasma (ICP) measurements have been per-
formed on layers dissolved in an acid mixture in order to obtain their density
ρf . These data indicate an average density for our Pd films of 10.6 ± 0.3 g/cm3,
significantly lower than the Pd bulk density of 12 g/cm3 [206]. No trend how-
ever is visible in the density data as a function of pAr. X-ray diffractograms
showed that the Pd films are strongly (111) textured, as can be expected for
vacuum deposited fcc metallic thin films [218–220]. The texture factor reported
in Table 4.1 was calculated as the ratio
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4. Effect of internal stress on hydriding properties

Figure 4.1: Evolution of the stress*thickness product as a function of time
(before and during Ti layer deposition, as well as after Pd deposition) and Pd
thickness (during Pd deposition) using different argon sputtering pressures.

fglobal = (
I111

I200 + I311
)
film

(
I200 + I311

I111
)
stand

, (4.1)

where the standard intensity ratio is obtained from Ref. [222]. Here again, no
trend was visible as a function of pAr. One can also note that this texture factor
is different than the one previously defined in order to analyse the (111) texture
of our Pd thin films deposited by evaporation in last chapter (Eq. (3.1)). The
reason for this choice is that the diffractograms recorded on the latter did not
show any secondary (200) peak, which is not necessarily the case regarding
the Pd thin films deposited by sputtering considered in this chapter. As can
indeed be seen in Fig. 4.2, the Pd (200) secondary peaks appear on the 3
batches exhibiting tensile growth stresses. The Pd (311) tertiary peaks appear
on each batch. The diffractograms have not been recorded between 63° and
78°, i.e. in the region of the Si (100) peak of the underlying substrate, which is
so intense that it saturates the detector.
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Table 4.1: Argon plasma pressure pAr, average growth-induced stress σ0, thick-
ness tf , density ρf , grain size, (111) texture factor and dry air exposure time
of the Pd films studied in this work.

Plasma pressure [mTorr] 1.5 3 4 5 8
Growth stress [MPa] -152 -55 61 272 453
Pd thickness [nm] 180 170 173 160 171
Density [g/cm3] 10.4 11.0 10.5 11.5 9.8
Grain size [nm] 29 26 29 27 24
(111) texture factor [-] 59 107 93 115 66
Dry air exposure [months] <2 <2 <2 <2 <2

Figure 4.2: Diffractograms recorded on the five batches of Pd thin films consid-
ered in this chapter, the latter exhibiting different growth-induced stresses. The
upper parts of the intense Pd (111) peaks have been removed for convenience.
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4. Effect of internal stress on hydriding properties

The texture of the Pd deposits obtained by evaporation and sputtering
is compared through the f311 texture factor defined in Eq. (3.1). This is
performed in Fig. 4.3, from which it appears that f311 increases with increasing
tensile growth stress. It is also clear that the relative intensity of the Pd (311)
peak is higher for sputtered Pd deposits compared to evaporated Pd deposits,
for the same growth stress level. One can also define a f200 texture factor in
the following way:

f200 = (
I111
I200

)
film

(
I200
I111

)
stand

. (4.2)

The inverse tendencies are observed when using that texture factor: f200
decreases with increasing tensile growth stress, and is more important for evap-
orated Pd deposits than for sputtered Pd deposits, for the same growth stress
level (indeed, no (200) secondary peak is observed with evaporated deposits).
However, both types of deposits give rise to a strong (111) texture, as expected.

Figure 4.3: f311 texture factors of the batches of Pd thin films from Chapters 3
(evaporated) and 4 (sputtered) as a function of the mean internal stress in the
Pd deposit. The f200 texture factors are also shown for the 3 batches exhibiting
tensile growth stresses.

131



4.1. Experimental details

Figure 4.4: Plane-view SEM micrographs of the as-deposited Pd thin films used
in this chapter. No variations are observed as a function of the growth-induced
stress in the Pd deposit in terms of grain size and shape.
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4. Effect of internal stress on hydriding properties

The dry air exposure time of each batch has been kept below two months
in order to avoid any effect on the hydriding kinetics (see previous chapter). A
potential effect of the microstructure in terms of the grain size has also been
avoided, as shown in this section through the microstructural characterisation.
Despite some subtle variations in the Pd thin films texture with the growth-
induced stress2, the grain size can be considered as constant from one batch to
another. Fig. 4.4 indeed shows that the grains have the same size, but also the
same shape in the plane of the deposit.

All the hydriding experiments presented here have been carried out at
room temperature. As explained in previous chapter, the kinetic analysis can
only be carried out in the α phase of the Pd hydride, because phase transition
and plasticity effects would unnecessarily complicate it. Here again, although
experiments will be reported for pH2 values up to 100 mbar for the equilibrium
analysis, the quantitative stress-affected kinetic analysis - which is the main
objective of this chapter - has been limited to the low pH2 range [1 - 10 mbar].

4.2 Hydriding cycle: equilibrium analysis

Figure 4.5 shows hydriding cycles recorded at, respectively, pH2 = 1.4 mbar and
1.5 mbar using specimens cut out from Pd films initially exhibiting, respectively,
a 61 MPa and 272 MPa tensile internal stress. The initial stages of a hydriding
cycle is also provided for a specimen initially at -55 MPa, to already show the
dramatic slowing down of the hydriding kinetics that occurs when using Pd
films initially in compression. As opposed to the hydriding cycle previously
shown in Fig. 3.2, the initial stress before bringing the specimen into contact
with hydrogen has arbitrarily been set to zero for the sake of convenience.

In order to proceed with the equilibrium analysis of such hydriding cycles,
the explicit assumption underlying Eq. (3.3) of elastic deformation in the Pd
film must first be addressed. Besides the hydriding-induced compressive stress
change, also the initial, growth-induced stress state of the films needs to be
considered. As to the latter, Table 4.1 indicated already that our Pd films
show growth-induced stress levels ranging from -152 to 453 MPa. The latter
value is above the theoretical tensile yield stress of bulk Pd measured by Sanders
et al. [107], but below the yield stress of 550 MPa reported for nanocrystalline
Pd specimens. It is also below the value obtained by Colla et al. for Pd

2Even if the texture factors in the (200)/(311) directions are multiplied/divided by a factor
4 from the most compressive to the most tensile deposition conditions (see Fig. 4.3), these
variations remain subtle because the ratio between the overwhelming (111) and, respectively,
the (200) and (311) peaks, is, in the worst case, 28 times and 45 times what it would be in
a sample with randomly oriented grains. The texture is then influenced by the deposition
conditions, but the grains are still mainly oriented in the (111) direction.
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4.2. Hydriding cycle: equilibrium analysis

Figure 4.5: Evolution of the compressive stress change as a function of time dur-
ing three hydriding cycles recorded using specimens exhibiting different growth-
induced stresses.

films of similar thickness and grain size [109]. As to the hydriding-induced
stresses, Figure 4.6 shows room temperature pressure-stress isotherms, obtained
by successively increasing the hydrogen partial pressure pH2 in the chamber and
waiting for equilibrium (such an experiment is shown in Fig. 4.7). It is observed
that all the specimens end up at about -950 MPa in compression for pH2 = 100
mbar, regardless their initial growth-induced stress state. This observation is
in agreement with the measurements of Youngdahl et al. [226], who reported
that the compressive yield stress of nanocrystalline Pd is on the order of 1 GPa.
In other words, when this yield stress level is reached in our Pd thin films, the
direct proportionality between internal stress and hydrogen content as given by
Eq. (3.3) vanishes, and the films can still absorb hydrogen without giving rise to
a curvature or stress change. Moreover, on the same Fig. 4.6, the α → β phase
transition can be identified to start at room temperature between 10 and 20
mbar for the film initially at 435 MPa in tension3 and between 30 and 40 mbar
for the film initially at 272 MPa in tension. The films initially in compression
do not exhibit any phase transition between 1 and 100 mbar, while the α → β

3This result is in agreement with the identification of the α→ β phase transition performed
in previous chapter on Pd thin film specimens deposited by e-gun evaporation, and exhibiting
the same level of growth-induced stress.
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4. Effect of internal stress on hydriding properties

phase transition for the film initially at 61 MPa is interrupted when the absolute
stress reaches -950 MPa. This shift of the α → β phase transition lower limit
towards higher values of pH2 as the initial stress state in the metal increases
in the compressive direction has already been observed for Fe-Pd [121] and
Mg [122] compounds. In order to avoid such complicating plasticity and phase
transition effects, the present kinetic analysis has therefore been limited to the
pH2 interval [1 - 10 mbar]. In this range, the equilibrium absolute stress does
not exceed -700 MPa for any of our specimens, staying below the compressive
yield stress for nanocrystalline Pd thin films [226]. Under these conditions,
the proportionality between the hydriding-induced stress change and the bulk
hydrogen content n, as given by Eq. (3.3), will remain valid throughout the
kinetic analysis performed in the next section.

Figure 4.6: Room temperature pressure-absolute stress isotherms of the 5 sets
of specimens presented in Table 4.1, obtained by successively introducing small
amounts of hydrogen into the chamber and waiting for equilibrium.

Based on the above considerations, it is now possible to calculate Sieverts’
constant Ks in the α-PdH region from the data of Fig. 4.6, based on the well-
known Sieverts’ law (see Eq. (3.4)). The resulting Ks values, obtained with
∆v/ΩPd = 0.19 [225], EPd = 121 GPa and νPd = 0.39 [106], are listed in Table
4.2. The latter do not show any trend as a function of the initial, growth-
induced stress state of the Pd films before hydriding, except for the higher Ks

value observed for the specimen with the most compressive growth stress. We
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4.2. Hydriding cycle: equilibrium analysis

can already point out here that this specimen will not be further considered for
the kinetic analysis, as its hydriding behaviour is excessively slow (cfr. Fig. 4.5).
Since Ks has been reported to be a function of the concentration of structural
defects in the host metal lattice [62], the data in Table 4.2 indicate that, while
obtaining different growth-induced stress levels in the Pd films by changing
the Ar sputtering pressure, one may still arrive to keep the for hydriding most
relevant microstructural parameters constant. The same statement was already
inferred from the similar elementary characterisation results reported for the
different specimens in Table 4.1.

For all the hydriding cycles presented here, the residual compressive stress
change, i.e. the difference between the absolute stress at the beginning and at
the end of the hydriding cycle, is on the order of 200 MPa. It has already been
shown before to disappear upon venting (see previous chapter), and therefore
cannot be attributed to a plasticity effect.

Figure 4.7: Successive introduction of small amounts of hydrogen into the cham-
ber in order to produce a room temperature pressure-absolute stress isotherm.
Corresponds to the batch initially exhibiting 61 MPa tensile growth stresses.
Stress plateaus are shown here for pH2 values between 1 and 10 mbar.
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4. Effect of internal stress on hydriding properties

Table 4.2: Sieverts’ constant of the Pd thin films studied in this work, calculated
from the data of Fig. 4.6 in the α-PdH region.

σ0 [MPa] Ks [atm1/2]
-152 4.79 ± 0.18
-55 3.53 ± 0.15
61 3.74 ± 0.22
272 3.19 ± 0.12
453 3.94 ± 0.12

4.3 Hydriding kinetics

In this section, the kinetic rate expressions derived in the previous chapter are
applied to analyze in more detail the hydriding cycles produced here. Similarly
to the kinetic analysis performed in previous chapter, the rate-limiting steps
of the hydriding mechanism are identified and a quantitative data analysis is
performed. Our kinetic model is then extended to address the effect of internal
stress on the hydriding kinetics, based on the activation volume theory.

4.3.1 Kinetic model: applicability and qualitative analy-
sis

In previous chapter, we already presented a kinetic model able to provide a self-
consistent interpretation of the entire room temperature hydriding cycle of Pd
thin films in the α-phase domain. Its constitutive equations have been derived
starting from the observation that two mechanistic steps are potentially rate-
limiting during Pd film hydriding. One of them includes H2 adsorption and its
dissociative chemisorption on the Pd surface (Eq. (3.5)). The second one is the
absorption and involves an equilibrium reaction between atomic hydrogen at,
respectively, surface and interstitial bulk sites (Eq. (3.6)). No diffusion step is
taken into account in this model because of the very small room-temperature
diffusion time on the order of milliseconds in the case of Pd films that are
only 170 nm thin. The derivation of rate expressions corresponding to the ad-
and absorption limited regime has been carried out by assuming a specific rate-
controlling step, and by considering the other one to be in a pseudo steady-state.
This method is the common way to proceed in chemical kinetics when dealing
with complex second order reactions [234]. The time evolution dn/dt of the
bulk H/Pd atomic ratio when the rate-limiting step is, respectively, absorption
and adsorption have thus been derived in the forms of Eqs. (3.20) and (3.22).
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4.3. Hydriding kinetics

As already observed in the previous chapter with Pd thin films deposited
by e-gun evaporation, the hydriding cycles in Fig. 4.5 for the specimens with an
initial tensile growth-induced internal stress exhibit three characteristic kinetic
regimes. At the beginning, a first linear region is observed in the stress-time
curves. This has been shown before to correspond to an absorption-limited
kinetic regime, adsorption still being relatively unconstrained on the freshly
exposed Pd surface. A transition to a second linear kinetic regime is then
observed, which we have already attributed before to a change of the heat of
adsorption in the positive direction as the surface coverage reaches a critical
value. As a result of the associated decrease in stability of the adsorbed hydro-
gen atoms, adsorption then becomes the new rate-limiting step in this second
kinetic regime. The amount of hydrogen in the specimen continues to increase
linearly with time until adsorption equilibrium is reached. This marks the end
of the second linear kinetic regime. Absorption then becomes rate-limiting
again and a third, nonlinear kinetic regime is observed until absorption equi-
librium is reached (n = neq).

Figure 4.8: Slope of the first linear kinetic regime as a function of pH2 , fitted
with Eq. (3.20) and including the pH2-dependence of k′ab (Eq. (4.4)).

The slopes of the first and second linear kinetic regimes have been plotted
as a function of pH2 in, respectively, Figures 4.8 and 4.9. Since the time scale in-
volved in the hydriding of specimens initially under compression was excessively
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4. Effect of internal stress on hydriding properties

Figure 4.9: Slope of the second linear kinetic regime as a function of pH2 , fitted
with Eq. (3.22) with one single fit for the three sets of specimens.

large (cfr. Fig. 4.5), our kinetic analysis has been limited to specimens with a
tensile growth-induced stress, as already mentioned before. In Fig. 4.8, the ef-
fect of the initial, growth-induced internal stress state of the Pd films is clearly
visible. This indicates that at least one of the parameters of the absorption-
limited rate equation Eq. (3.20) is affected by internal stress. Since Ks was
shown before in Table 4.2 to be stress-independent in the σ0 range considered
here, the stress-affected kinetic parameter in Eq. (3.20) should be k′ab. As was
already inferred from Fig. 4.5, increasing the internal stress in the tensile di-
rection leads to a faster rate of hydrogen uptake in the first, absorption-limited
kinetic regime. From the results in Figure 4.9, it is seen that this is not the
case in the second, adsorption-limited regime. Indeed, no statistical differences
could be observed between data points coming from the three batches, leading
to one single linear fit (note that the observed linear pH2 dependence observed
both in Figure 4.8 and 4.9 will be justified in the next section). As a result, the
parameters of the adsorption-limited rate equation 3.22 can be considered to
be independent of the internal stress state of the film. The above observations
agree with intuition, in that the stress due to hydrogen uptake by the Pd films
is compressive, so that one may expect an additional driving force for hydrid-
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ing when stretching the host lattice in the tensile direction. At the free surface
however, no significant volume expansion occurs during adsorption, making the
latter much less sensitive to internal stress effects inside the film.

4.3.2 Quantitative analysis: rate constants and activation
volume

We now proceed with a quantitative analysis of the absorption rate constant
k′ab. For this purpose, the temporal evolution of n for an absorption-limited
kinetic regime has previously been deduced by integrating Eq. (3.20), thereby
arriving at Eq. (3.33). The fitting constant C2 from Eq. (3.32) gives direct
access to the parameter of interest k′ab. Figure 4.10 shows the values of k′ab
in the first kinetic regime for the experiments already presented in Fig. 4.8.
As expected from the data in Fig. 4.8, k′ab increases for a given pH2 when
increasing the growth-induced internal stress. Besides being stress-affected,
k′ab also turns out to exhibit a linear dependence with pH2 . In their hydrogen
membrane permeation model [230], Ward et al. suggested that k′ab may indeed
depend on surface coverage at freshly exposed surfaces, which is the case in the
first kinetic regime.

Figure 4.10: Rate constant for hydrogen absorption as a function of pH2 . Linear
fits are shown for each set of specimens.
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4. Effect of internal stress on hydriding properties

The dependence of k′ab on both internal stress and pH2 , as unraveled in
Fig. 4.10, can be quantified as follows. Firstly, based on the general expression
for the hydrogen absorption rate constant k′ab [230,237,238]:

k′ab = Aab exp
⎡
⎢
⎢
⎢
⎣

−∆H0�
ab

RT

⎤
⎥
⎥
⎥
⎦
, (4.3)

where ∆H0�
ab represents the standard activation enthalpy change related to hy-

drogen absorption, its linear pH2-dependence unraveled in Fig. 4.10 can simply
be taken into account by writing the pre-exponential factor for hydrogen ab-
sorption Aab rather as a product A′

abpH2

k′ab = A
′

abpH2 exp
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⎥
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We can now also justify the observed linear pH2 dependence of the data in
Fig. 4.8. The latter are proportional to the hydrogen absorption rate (dn/dt)ab
given by Eq. (3.20), where the parameter k′ab is now known to include itself
an additional linear pH2 dependence and the last term can be shown to vanish
when n ≪ 1. This is indeed the case for the initial stages of hydriding in the
pH2 -range 1-10 mbar corresponding to the α-PdH phase considered here.

With respect to the stress-dependence, according to the schematic en-
ergy diagram for hydrogen ad- and absorption, reproduced from ref. [230] in

Figure 4.11, the standard activation enthalpy change ∆H0�
ab in the absence of

an internal stress field is equal to the activation energy Ea needed for a hy-
drogen surface-to-bulk transition. In order to take into account that the host
lattice undergoes a biaxial stress σ, the standard activation enthalpy change of
absorption can be written as [239]:

∆H0�
ab = Ea −

2V σ

3
, (4.5)

where V represents the activation volume for hydrogen absorption, and 2σ/3
is the hydrostatic stress felt by the Pd crystalline lattice. Hence, the presence
of internal stress will decrease the energy barrier for H-absorption, thereby
increasing the rate constant k′ab. The representative activation volume V for
hydrogen absorption can be extracted by combining Eqs. (4.4) and (4.5):

∂ ln (k′ab/pH2)

∂σ
=

2V

3RT
. (4.6)
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Figure 4.11: Schematic energy level diagram for H adsorption/absorption into
palladium, showing the effect of internal stress on the activation enthalpy for
hydrogen absorption.

In Fig. 4.12, the slopes of the k′ab curves corresponding to the specimens
presented in Fig. 4.10 have been plotted as a function of the growth-induced
internal stress in the Pd thin films. The slope of the linear fit in this graph
leads to an activation volume V = 17.6 ± 2.3 Å3 for H-absorption into our Pd
thin films. This value, is higher than the 2 ± 0.3 Å3 obtained by Baranowski
and Majorowski for the activation volume for hydrogen diffusion in palladium
hydride [240]. This observation seems very meaningful because in the case of
diffusion, the hydrogen atoms jump between equivalent bulk interstitials sites.
In the case of H-absorption, the hydrogen atoms jump from Pd surface sites,
where the lattice is highly distorted as in β-PdH, to bulk interstitial sites,
where the hydrogen concentration is much smaller and the lattice is much less
distorted [232]. This mechanism may therefore require a much higher activation
volume, as observed here. This activation volume for H-absorption, combined
with an internal tensile stress on the order of 450 MPa in our nanocrystalline
Pd films, leads to a decrease of the activation energy Ea for H-absorption of 3
kJ/mol. This decrease can seem small with respect to typical values for Ea ≅ 66
kJ/mol [230] reported in the literature. However, its effect is not all negligible,
leading to a factor 3.3 increase in the room-temperature absorption rate in the
initial stages of hydriding corresponding to the first kinetic regime. Therefore,
it may lead to interesting applications, increasing for instance the response
time of integrated hydrogen sensors, or allowing to decrease the temperature
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4. Effect of internal stress on hydriding properties

of charging/discharging in storage applications.

Figure 4.12: Slopes of the linear fits of Fig. 4.10 as a function of σ0.

With respect to the data of the second, adsorption-limited kinetic regime,
the rate constant for hydrogen adsorption k′ad has been calculated as well, based
on Eq. (3.22) and using a 4th order Runge-Kutta algorithm to simulate the
temporal evolution of n, just like previously preformed in previous chapter (see
Fig. 3.12). As expected from the data already presented in Fig. 4.9, the fitted
k′ad values do not show any trend as a function of the growth-induced internal
stress. Their mean values, averaged over the experimentally-covered pH2 range
1-10 mbar, are, respectively, (1.1 ± 0.1)⋅1021 mbar−1s−1 for σ0 = 61 MPa, (1.0
± 0.2)⋅1021 mbar−1s−1 for σ0 = 272 MPa and (1.3 ± 0.2)⋅1021 mbar−1s−1 for
σ0 = 453 MPa. The absence of any pH2-dependence for k′ad can be expected
from the basic expression of its pre-exponential factor [101,230]. The latter can
indeed be written as 1/(2πmH2kBT )1/2, where mH2 is the molecular mass of
H2 and kB is the Boltzmann constant. This also allows to justify the linear fit
used in Fig. 4.9, confirming the linear pH2-dependence of (dn/dt)ad predicted
in Eq. (3.22).

Finally, the rate constant for hydrogen absorption k′ab has been calculated
as well in the third kinetic regime, using the same algorithm as in the first
regime. Figure 4.13 shows the evolution of the bulk hydrogen concentration
in this case, as calculated at different pH2

-values from the internal stress data
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Figure 4.13: Evolution of the hydrogen bulk atomic concentration n in the
third, non-linear kinetic regime for different values of pH2 (σ0 = 61 MPa). The
time scale is normalised to represent for each experiment the first 40 s of the
third kinetic regime. The coarse solid lines correspond to a fit using Eq. (3.33).

for the batch of specimens initially at σ0 = 61 MPa. The time scale was
normalised to represent for each experiment the first 40 s of the third kinetic
regime. Excellent agreement is obtained in all cases with the constitutive Eq.
(3.33), confirming that the third kinetic regime is indeed limited by absorption.
The mean k′ab values for the three batches of specimens, averaged over the
experimentally-covered pH2 range 1-10 mbar, are, respectively, (3.6 ± 0.8)⋅10−3

s−1 for σ0 = 61 MPa, (3.4 ± 0.8)⋅10−3 s−1 for σ0 = 272 MPa and (3.9 ± 0.9)⋅10−3

s−1 for σ0 = 453 MPa. Contrary to the k′ab values obtained in the first kinetic
regime, no trend is visible in this case, neither as a function of the initial,
growth-induced internal stress, nor as a function of pH2 . As to the independence
with pH2 , this can be understood as follows : while k′ab may depend on the
surface coverage and thus on pH2 at low surface coverage [230], this cannot be
the case anymore when the surface coverage is at equilibrium, as is the case in
the third kinetic regime. The independence with internal stress might, at first,
seem more surprising, in view of the results obtained for the first kinetic regime
which was also absorption-limited. However, some important differences exist
with respect to the hydriding state of the Pd films in the first and the third
regimes. First of all, the absolute stress in the films in the third regime is a
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compressive one (cfr. Fig. 4.5). Our results therefore seem to indicate that
any stress-affect on the absorption kinetics might only become significant for
specimens under tension. Secondly, in the third regime, specimens are close
to the equilibrium state of hydrogen uptake (n ≅ neq). This may suggest that
the absorption rate only becomes stress-modulated in a specimen volume that
is still relatively free of hydrogen. Finally, the values of k′ab calculated for the
third kinetic regime are roughly one order of magnitude higher that those of
the first kinetic regime. This is in agreement with our earlier observations (see
previous chapter), and was attributed to a change of the heat of adsorption of
about 6 kJ/mol when the surface coverage reaches reaches a critical value at
the end of the first kinetic regime. This change being twice the stress-affected
change in activation energy, the kinetics of hydrogen absorption in the third
kinetic regime can therefore be expected to be mainly driven by an increased
surface repulsion of dissociatively chemisorbed hydrogen.

The kinetic effect that is proposed here - i.e. the influence of the stress
on the energy barrier for hydrogen absorption, as illustrated in Fig. 4.11 -
does not intrinsically exclude a thermodynamic effect affecting the energy level
of the surface hydrogen. This would indeed also explain the change in the
activation enthalpy for H-absorption. But this possibility seems unlikely for
two reasons: it would affect the parameters of the adsorption-limited kinetic
regime, and it would also slow down the dehydriding kinetics. None of these
effects is observed in this study. Nonetheless, it has been shown above that the
texture of our Pd thin films slightly changes with the deposition conditions.
As Pd is mechanically anisotropic [102], this affects its elastic response upon
hydrogen absorption, which may also result in a small effect on the hydriding
kinetics. However, this effect cannot explain the specimens kinetic response on
its own, as the elastic response of our films is mainly driven by their strong
(111) texture. Let us also specify here that there is no change of the films
roughness as a function of the deposition conditions (see chapter 2), so that
any effect of the roughness on the films hydriding behaviour can be excluded.

4.4 conclusions

In this chapter, our high resolution in-situ curvature measurement set-up has
been used to study the effect of pre-existing growth-induced internal stress
on the hydriding kinetic and equilibrium behaviour of nanocrystalline Pd thin
films. The analysis of the room temperature pressure-absolute stress isotherms
produced here showed a shift of the α → β phase transition lower limit towards
higher values of pH2 as the initial stress state in the metal increases in the
compressive direction, as expected from the state of the art. The derivation of
Sieverts’ constant in the α phase region also showed that the microstructure
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of our sputtered Pd thin films does not substantially change with the growth-
induced stress.

In the kinetic analysis, three kinetic regimes have been resolved, as ex-
pected from the kinetic analysis performed in previous chapter. Unsurprisingly,
the first kinetic regime has been found to be limited by absorption, the second
one by adsorption, and a switch back to absorption-limited kinetics is finally
observed before the final equilibrium. The analysis of the effect of internal stress
on the absorption kinetics in the first kinetic regime shows that tensile stresses
accelerate the hydriding kinetics, while compressive stresses dramatically slow
down the hydriding kinetics. No effect of internal stress on the adsorption ki-
netics has been observed. A quantitative analysis of the pH2 and internal stress
dependence of the rate constant of the first kinetic regime enabled to calculate
the activation volume for hydrogen absorption into our nanocrystalline Pd thin
films. An increase by a factor 3.3 has been determined in the room-temperature
absorption rate in the initial stages of hydriding, which is not at all negligible
regarding, for instance, hydrogen storage and hydrogen sensing applications.
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Chapter 5

Effect of microstructure on
hydriding properties

As opposed the to previous chapter, whose objective was to study the effect
of internal stress on the hydriding properties of the Pd thin films at constant
microstructure, this chapter is dedicated to the study of the effect of microstruc-
ture on their hydriding properties at constant internal stress.

The microstructure of the Pd films has been controlled by annealing in
order to eliminate part of the defects massively generated by the room tempera-
ture magnetron sputtering deposition. As the microstructural changes induced
by the annealing process also result in a change of the internal stress state of the
film, a specific annealing setup has been designed and installed in the course of
this thesis (as explained in Chapter 2) in order to couple the annealing process
to the high resolution in-situ curvature measurement system. In this chapter,
the internal stress change is controlled in order to be able to compare the hy-
driding properties of the annealed films with as-deposited specimens exhibiting
the same initial internal stress state.

Using the same approach as in the two previous chapters, the hydriding
kinetics of the annealed and as-deposited specimens has been studied, firstly
resulting in the identification of different kinetic regimes and the determination
of the associated rate-limiting steps. A quantitative analysis of the curvature
data has then been performed in order to derive relevant kinetic and thermo-
dynamic hydriding parameters, and to compare as-deposited specimens with
annealed specimens.
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5.1. Experimental details

5.1 Experimental details

The cantilevers used in this chapter - cut 3 x 0.5 cm2 in size from 180 µm thick,
oxidized Si wafers - were coated with a 150 nm thick Pd thin film on top of
a 10 nm Ti adhesion layer. As detailed in Chapter 2, and already performed
in previous chapter, these metallic layers were generated by DC magnetron
sputtering with a real-time monitoring of the specimen curvature thanks to the
multi-beam optical sensor. Similarly to the approach considered in the previous
chapter, the idea was to cover the widest possible range of growth stress states.

Figure 5.1: Evolution of the stress*thickness product as a function of time
(before and during Ti layer deposition, as well as after Pd deposition) and Pd
thickness (during Pd deposition) using different argon sputtering pressures.

But as the annealing of nanocrystalline thin metallic films above the depo-
sition temperature leads to a volume shrinkage - due to the recovery of growth
defects - and subsequently to the development of tensile stresses [214,241], the
deposition strategy has been slightly modified here. The objective was to de-
posit a batch of specimens with a zero internal stress level, and a set of batches
with different tensile internal stress levels starting from the maximal reachable
value (approximately 500 MPa at pAr ≅ 7 mTorr). Then, the batch with in-
ternal stress close to zero was annealed so that the tensile stress produced are
close to the tensile internal stress level of one of the other batches. Fig. 5.1 -
showing the stress*thickness product as a function of time (before and during
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5. Effect of microstructure on hydriding properties

Ti layer deposition, as well as after Pd deposition) and Pd thickness (during
Pd deposition) - illustrates this approach. Five batches in total have been de-
posited to allow enough trial-and-errors, as the reachable internal stress states
after annealing were a priori not known.

Figure 5.2: Evolution of the mean internal stress in the Pd deposit as a function
of the argon sputtering pressure for the batches of Pd thin films from this
chapter and from Chapter 4.

The internal stress levels after deposition are listed in Table 5.1. The
latter demonstrate the excellent reproducibility of our sputtering process when
compared to the data of Table 4.1, as shown in Fig. 5.2. One can indeed
notice a good control of the Pd internal stress, which reflects the high stability
of the deposition process. Therefore, one can logically expect a high stability
of the microstructure. This is confirmed by the plane-view SEM observations
performed on the five batches, which reveal a mean grain size of 24 nm, very
similar to the films deposited in last chapter. XRD diffractograms did not bring
new information when compared to the previous XRD studies performed in
Chapters 3 and 4, only confirming the pronounced (111). The dry air exposure
time has been kept below two months in order to avoid its undesirable effect
on the film hydriding properties.

The experimental parameters of the annealing cycles performed in this
chapter have been set the following way: a heating rate of 15°C/min has been
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5.1. Experimental details

Table 5.1: Argon plasma pressure pAr, average growth-induced stress σ0, thick-
ness tf , grain size and dry air exposure time of the Pd films studied in this work.

Plasma pressure [mTorr] 3.5 4.4 5.3 6.1 7
Growth stress [MPa] -35 74 299 336 491
Pd thickness [nm] 156 133 146 165 157
Grain size [nm] 23 25 22 23 26
Dry air exposure [months] <2 <2 <2 <2 <2

imposed to the furnace resistances, resulting in an effective heating rate of about
8°C/min inside the quartz tube - which is known to exhibit a high thermal
inertia - from the beginning of the heating phase to the attainment of the
temperature plateau, the latter taking place approximately 10 min after the
end of the heating phase, as can be seen in Fig. 2.18. The cooling phase taking
place after the temperature plateau is not really controlled, as the furnace
resistances are simply turned off. The tube is under high vacuum during the
entire annealing cycle (on the order of 10−6 mbar). The internal stress in
the Pd thin film and the temperature inside the tube are both monitored in-
situ during annealing. Nevertheless, the internal stress cannot be measured
throughout the whole cycle because the laser system has not been designed to
work for periods as long as half a day, which is the time necessary for the tube
to reach back room temperature from temperature plateaus of several hundreds
degrees Celsius. The film internal stress is therefore measured during heating,
high temperature maintaining and during the beginning of cooling. When the
annealing cycle is over, the stress final value is also measured during 500 sec.

The temperature plateau, as well as the time interval of this plateau, have
been selected on the basis of 4-point probe electrical resistivity measurements
(see Chapter 2 for more details), performed in the range [20-350°C]. The heat-
ing rate was 25°C/min, and the temperature was maintained 5 min at 350°C
before the cooling phase. Cooling was performed by turning off the heating
element and by making cooling water circulate in the structure of the heating
stage. Voltage and temperature were measured in-situ throughout the whole
temperature cycle.

The hydriding experiments presented here have been carried out at room
temperature. The cantilevers from the batch initially exhibiting a growth stress
of -35 MPa have been previously annealed as explained above, and the spec-
imens from the batch initially exhibiting a growth stress of 491 MPa have
directly been subjected to hydrogen cycling. As in the two previous chapters,
the low pH2 range [1 - 10 mbar] has been considered for the kinetic analysis
performed here.
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5. Effect of microstructure on hydriding properties

5.2 In-situ study of annealing

In this section, the annealing cycles undergone by the Pd films have firstly been
optimised through 4-point probe electrical resistivity measurements, to identify
the onset of defect recovery mechanisms responsible for the generation of tensile
stress in the Pd film. These results, combined with practical experimental
requirements, enabled to define suitable annealing conditions. The annealing
cycle itself is then presented and interpreted.

5.2.1 Optimising the annealing conditions

The effect of annealing on the microstructure of as-deposited thin films can
include thermally activated restoration processes like recovery of growth de-
fects, recrystallisation and grain growth, like in classic bulk materials. But as
thin films are attached to a substrate, recovery and grain growth can lead to
undesirable effects like hillock formation [242,243], which are known to degrade
the thin film properties. In this study, the aim was to thermally activate defect
recovery - in order to change the film microstructure, and subsequently the
film stress, as explained above - but without inducing grain boundary motion.
It is indeed possible to induce defect recovery while keeping a negligible grain
boundary motion kinetics [214, 244], since these restoration processes do not
have the same activation energies. Many authors identified direct relationships
between the stress evolution during annealing and the concentration of point
defects [245–248] and dislocations [214, 241, 246]. The twin concentration can
also be expected to be affected by annealing [249, 250], but should not give
rise to volume changes, and hence to stress changes (although it is expected
to affect the hydriding behaviour). Let us also specify that the annealing of
Pd thin films can be expected to result in the production of a strong (111)
texture [251]. However, in this study, the Pd films are strongly (111) textured
in their as-deposited state, which is the reason why no evolution of the texture
has been observed after annealing.

In the context of the 4-point probe electrical resistivity measurements, the
temperature coefficient of resistance of the Pd films was directly deduced from
the in-situ voltage and temperature measurements by the following reasoning:
as the electrical measurement is performed in constant-current mode, the ratio
∆U/U0 between the voltage U at a given temperature and the voltage U0

at room temperature is equal to ∆R/R0, where R is the specimen electrical
resistance. This ratio is itself linked to the temperature coefficient of resistivity
(TCR) by the following relationship [252]:
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5.2. In-situ study of annealing

R

R0
= 1 + α (T − T0) , (5.1)

where α is the Pd film TCR, expressed in K−1. At temperatures close to the
ambience, this coefficient can be expected to be constant [253], meaning that
the electrical resistivity of the material evolves linearly with temperature. This
is the classic behaviour of the resistivity of metals at such temperatures, driven
by electron-phonon scattering. But according to Matthiessen’s rule, two other
sources of electron scattering exist, i.e. defects and impurities. Although our Pd
thin films have already been proven to be highly pure, one also knows that the
latter contain a lot of crystalline defects. Their contribution to the resistivity
of the material is independent of temperature as long as their concentration is
not affected by recovery, recrystallisation or grain growth mechanisms. If the
temperature is high enough for such mechanisms to occur, defect-free channels
are created into the lattice, thereby decreasing the TCR.

Figure 5.3: Evolution evolution of the ratio ∆R/R0 as a function of temperature
during a whole heating cycle, performed in the range [20-350°C] with a heating
rate of 25°C/min and a 5 min high temperature maintaining.

Fig. 5.3 shows the evolution of the ratio ∆R/R0 as a function of tem-
perature during a heating cycle performed on a cantilever covered with a Pd
film specimen. The specimen has the same dimensions as the specimen used
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5. Effect of microstructure on hydriding properties

for hydriding experiments because after annealing, the same specimen is used
in the same experimental setup (see Chapter 2) for a hydriding experiment in
order to keep the same experimental conditions, and, among others, the same
clamping.

The behaviour of the ratio ∆R/R0 during heating up to 200°C shows that
the Pd thin film is responding normally to the electron flow travelling through
it, without any apparent change of the concentration of defects in the film. The
slope of the curve, i.e. the TCR of the Pd film, starts to decrease between 200
and 210°C, indicating the onset of recovery phenomenons affecting part of the
crystalline defects present in the film. The temperature plateau at which the
Pd films will be maintained during the annealing experiments must thereby be
chosen above 200°C. Annealing tests with in-situ curvature measurements have
then been run in order to choose the appropriate temperature plateau, taken
into account that the stress level reached at the end of the annealing cycle
must be close to the growth stress level of one of the other batches, and that
the annealing time should not be too long in order to be able to measure the
specimen curvature in-situ during the whole region of the temperature plateau.
As will be detailed below, a temperature plateau of 300°C, combined with an
annealing time of 20 minutes, and performed on a cantilever from the batch
initially exhibiting a growth stress of -35 MPa, gave rise to a final internal stress
of 490 MPa, very close to the specimen exhibiting an as-deposited internal stress
of 491 MPa. These experimental conditions have therefore been chosen for the
kinetic analysis performed in this chapter, as well as the batches deposited at
pAr = 3.5 and 7 mTorr.

The rest of the heating cycle shown in 5.3 shows that the specimen resis-
tance is slightly increasing during the temperature plateau, probably because
the specimen temperature still slightly increases in this time interval. The cool-
ing phase only reflects the temperature dependence of the thermal resistivity
of the Pd film, thereby exhibiting the same TCR as in the interval [20-200°C]
of the heating phase (before defect recovery starts), as expected.

The TCR of the films has been estimated in the interval [20-200°C] from
test specimens with different Pd film thicknesses in order to compare it to
available literature data. The results - shown in Fig. 5.4 - indicate that the TCR
of our nanocrystalline Pd thin films is smaller than what is usually measured
on bulk Pd specimens (typically 3.7 ⋅10−4 K−1), as expected [254]. One can also
clearly see that the TCR increases with increasing film thickness, as previously
reported in similar studies [252,255]. According to Wedler and Alshorachi, the
TCR of a thin film can be expressed as a function of its thickness as follows [252]:

α = α0 (
1

1 +K ′l0/tf
) , (5.2)
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where α0 is the TCR of the bulk material having the same density of imperfec-
tions as the film. This value is then smaller than the value of 3.77 ⋅10−3 K−1 for
classic bulk specimens, shown in Fig. 5.4 and taken from Ref. [252]. l0 is the
mean free path of the electrons and K ′ is a proportionality factor. A reliable
value of l0 is impossible to obtain, as the electrons in Pd do not behave as a free
electron gas. These two last factors thereby cannot be estimated separately. A
fit of the Pd films TCR with Eq. (5.2) is performed in Fig. 5.4, with α0 and
K ′l0 as free parameters. Our data appear to be in excellent agreement with
these of Wedler and Alshorachi, confirming the trend previously expected by
them. More quantitatively, the fit results in α0 = 3.1 ± 0.2⋅10−3 K−1, smaller
than the bulk Pd value, as expected. As already concluded from the previous
derivations of Sieverts’ constant in Chapters 3 and 4, the thin Pd films contain
a high concentration of crystalline defects.

Figure 5.4: Temperature coefficient of resistance of Pd thin films with different
thicknesses, fitted with Eq. (5.2). The value for bulk Pd is also shown (taken
from Ref. [252]).

During the preliminary tests of the heating procedure, partly aiming at the
adjustment of the temperature plateau, several annealed specimens have been
produced, exhibiting different levels of internal stress and different microstruc-
tures. These specimens have been subjected to plane-view SEM observation in
order to qualitatively determine which type of defect elimination process took
place on the temperature plateau of 300°C considered here, as well as above and
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5. Effect of microstructure on hydriding properties

below this plateau. As shown in Fig. 5.5, the grain size is not affected by the
annealing conditions chosen for the present study, therefore excluding recrys-
tallisation and grain growth mechanisms. Increasing the annealing time above
1h and the temperature above 350°C gives rise to a very different microstruc-
ture. The grain size distribution is now very wide, from grain sizes on the order
of 100 nm to grain sizes on the order of 10 nm, partly even smaller than the orig-
inal, as-deposited grains. The larger grains tend to form hillocks, as commonly
observed on thin films undergoing important thermal stress [242, 243]. These
features are undesirable as regards applications requiring a stable structure of
the films, especially when the film has to be electrically active [256, 257]. Fur-
ther increasing the annealing temperature only shows that the mean grain size
increases, and consequently the number of hillocks, as expected. Note also that
the final internal stress levels reached by the Pd thin films annealed at 370°C
and 484°C are on the order of 1 GPa, indeed much too large to be reachable
by as-deposited specimens.

Figure 5.5: Plane-view SEM micrographs of Pd thin films, as deposited and
with different annealing conditions.

To conclude, one can state that suitable annealing conditions have been
found in order to obtain thin Pd films with presumably the same internal stress
and different microstructures. These annealing conditions result in the recovery
of growth defects such as dislocations and twins present in the Pd lattice,
but not to recrystallisation and grain growth mechanisms. This statement is
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confirmed by the 4-point probe resistivity measurements, as well as by the
in-plane SEM observations.

5.2.2 Annealing cycle

Now that the optimal annealing conditions have been found out, one can apply
them on a set of specimens from the batch initially exhibiting a growth stress
of -35 MPa (see previous section), while measuring in-situ the Pd thin film
internal stress and the temperature inside the quartz tube. Fig. 5.6 shows such
an annealing cycle performed under high vacuum conditions.

Figure 5.6: Evolution of the internal stress as a function of the temperature
inside the quartz tube. The Pd thin film internal stress has been measured
during the first 5000 seconds of the annealing cycle, which includes the heat-
ing phase, the temperature plateau and part of the cooling phase. The last
point is the mean of a 500 sec ex-situ stress measurement performed at room
temperature.

During the annealing cycle presented in Fig. 5.6, the biaxial stress σ
undergone by the Pd thin film can be divided into the following structure-
dependent components [214]:
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σ = σ0 + σi + σth + σe, (5.3)

where σi is the intrinsic stress, consisting, in the case of thin film annealing,
in the contribution from a structure evolution mechanism, i.e. volume changes
(shrinkage) due to the elimination of growth defects such as grain boundaries,
dislocations and point defects [246]. This contribution is tensile, as opposed
to hydriding-induced stress. The thermal stress component σth depends on
both thermal expansion coefficients of the film (αf ) and of its substrate (αs),
according to the following law [214,258]:

σth =
Ef

1 − νf
(αs − αf) (T − Td) , (5.4)

where T is the temperature at which σth is measured and Td in the film de-
position temperature. In this work, Td is room temperature, and consequently
(T − Td) is positive during the entire annealing cycle. Therefore, the sign
of the thermal stress depends on the difference between the thermal expan-
sion coefficients of the thin film and the substrate. Here, this stress con-
tribution is expected to be compressive, as αs = 0.56 ⋅ 10−6 K−1 [259] and
αf = 11.8 ⋅ 10−6 K−1 [218]. The extrinsic stress σe - attributed to structural
misfit, phase transformation, precipitation, plastic or creep deformation, chem-
ical reactions, etc. [241] - can be neglected here, taken in to account the yield
stress of nanocrystalline Pd in tension and in compression [107,226].

During the heating phase in Fig. 5.6, the total absolute stress change
(σ−σ0 in Eq. (5.3)) is equal to -311 MPa. Knowing that Ef = 121 GPa and νf =
0.39 [106], and using Eq. (5.4), one obtains σth = -602 MPa. This results in σi =
−311+602 = 291 MPa. This contribution is tensile, as expected. Its substantial
amount shows us that an important concentration of growth defects is recovered
in the heating phase, which is logical because the temperature is above the
Pd deposition temperature right from the beginning of the experiment. The
temperature of the quartz tube then slightly increases when the temperature
of the furnace resistances is kept constant during the temperature plateau, as
already explained in Chapter 2. During this temperature plateau, the stress
goes in the tensile direction, as expected because the additional thermal stress
is very small. The total absolute stress change is equal to 182 MPa, and the
thermal stress calculated from Eq. (5.4) is equal to -45 MPa. At 300°C, the
amount of defects recovered is important, thus giving rise to an intrinsic stress
of 227 MPa. Finally, the total absolute stress change during the cooling phase
is equal to 654 MPa, very close to the 647 MPa predicted by Eq. (5.4). This
indicates that the defects recovery process that has been activated through
this thermal cycle is almost complete, and that the amount of tensile intrinsic
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stress produced during the cooling phase is very small (7 MPa in Fig. 5.6).
This annealing cycle then results in the generation of an intrinsic stress of 291
+ 227 + 7 = 525 MPa due to the recovery of growth defects. This results of a
final tensile internal stress of 490 MPa, taken into account the -35 MPa growth
stress of the Pd film.

This thermal cycle has thus been applied to 5 cantilevers before exposure
to hydrogen. The in-situ curvature measurements performed on these speci-
mens showed a good reproducibility of the thermal cycle, as the mean value of
the internal stress obtained after annealing in the same conditions is 518 ± 15
MPa, close enough to the 491 MPa obtained with the Pd thin film deposited
at pAr = 7 mTorr. Therefore, two sets of Pd film specimens are available with
very close internal stresses and different defect densities, as a good basis for
a quantitative kinetic analysis. Moreover, as the grain size does not change
with the annealing conditions selected here, the effect of microstructure will be
studied independently from the contribution of the grain boundaries.

5.3 Hydriding cycle

Fig. 5.7 shows two hydriding cycles recorded at very similar hydrogen partial
pressures. One of the Pd films used in these experiments has been directly
cut out of the wafer exhibiting 491 MPa internal stress, while the second one
comes from the most compressive Pd deposit (-35 MPa) and has undergone an
annealing cycle into the quartz tube before being subjected to hydrogen cycling.
These films have very close internal stress levels before hydrogen introduction,
as can be seen in Fig 5.7.

From Fig. 5.7, it appears that the as-deposited thin film specimen has a
much faster hydriding kinetics than the annealed specimen. The time needed
for chemical equilibrium to be reached between gaseous hydrogen in the quartz
tube and atomic hydrogen inside the Pd thin film differs of one order of magni-
tude, the latter raising from 100 sec for the as-deposited specimen to 1000 sec
for the annealed specimen. This is the expected behaviour for a film containing
less growth defects. More specifically, some of these growth defects - namely,
dislocations [144], twins [155] and vacancies [151, 152] - have recently been
shown to act as pathways for hydrogen transport, thereby potentially acceler-
ating the kinetics of mechanisms such as hydrogen dissociation on the surface,
surface-to-bulk transition or diffusion. This issue will be quantitatively consid-
ered below, through the application of the kinetic model developed in Chapter
3.

Let us secondly address the assumption of elastic deformation in the Pd
films, which is mandatory in order to properly derive the hydrogen content in
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Figure 5.7: Evolution of the compressive stress change as a function of time
during two hydriding cycles recorded, respectively, using an as-deposited Pd
thin film and a film annealed 20 min at 300°C.

the film with Eq. (3.3). Firstly, the tensile as-deposited growth stress of the
Pd film specimens is, in the worst case, on the order of 500 MPa, as well as the
internal stress reached after annealing. This value is below the nanocrystalline
Pd tensile yield stress [107]. Furthermore, as the present kinetic analysis has
been limited to the low pH2 range [1 - 10 mbar], and as we already showed
in the two previous chapters that this range ensures to remain in the α phase
of the palladium hydride, one can expect the absolute internal stress levels at
equilibrium to be low enough to avoid plasticity effects accompanying the α to
β phase transition. As can be seen in Fig. 5.7, the absolute internal stress at
equilibrium is far below the 1 GPa compressive yield strength of nanocrystalline
palladium measured by Youngdahl et al. [226]. Even at pH2 = 10 mbar, the
absolute stress indeed does not exceed -350 MPa.

Still regarding the equilibrium absolute stress, a compressive stress dif-
ference of 129 MPa is observed in Fig. 5.7 between the as-deposited specimen
and the annealed specimen. This difference is small, but it may be significant
if it becomes systematic for all the pH2 values considered here. Indeed, while
acting as pathways for hydrogen transport, growth defects can also act as trap
sites for monoatomic hydrogen, thereby also affecting the thermodynamics of
hydriding. The amount of hydrogen present in the Pd lattice at equilibrium
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- and therefore the internal compressive stress in the film - can thus be more
important with Pd thin films containing more growth defects. This trapping
effect has already been the object of extensive studies [71], especially in the
case of dislocations [130]1 and vacancies [131,263]. Let us note here that grain
boundaries also act as hydrogen traps [129, 264], but this effect is not an issue
here as the fraction of grain boundaries is the same in the as-deposited and in
the annealed specimens. Precipitates can act as traps as well (typically in steel
embrittlement applications [132]), which cannot be the case here.

Once the equilibrium stress plateaus have been reached in Fig. 5.7, the
gas mixture has been pumped out of the chamber. On the one hand, one can
see that the desorption kinetics is affected as well, also more rapid here for the
most defected specimen. But, one the other hand, the residual compressive
stress change is equal to 423 MPa with the most defected specimen, while it
is only 215 MPa with the annealed specimen. In Chapter 3, the origin of this
compressive stress level has already been addressed, leading to the conclusion
that it comes from highly stable, residual hydrogen remaining in the Pd film,
and that it cannot be the result of plasticity effects. Consequently, this would
mean that more hydrogen remains in the most defected film after pumping
the gas out of the chamber. This observation makes sense, and will also be
quantitatively discussed the in next section.

5.4 Hydriding thermodynamics

In this study, 5 cantilevers from the batch initially exhibiting 491 MPa growth
stress have been subjected to hydrogen cycling in the low pH2 range [1 - 10
mbar], as well as 5 specimens from the batch exhibiting 518 MPa internal
stress after annealing 20 min at 300°C. In Fig. 5.8, the equilibrium absolute

stress change has been plotted as a function of p
1/2
H2

for these 10 experiments.
As already explained in Chapter 3, this enables computing the well known
Sieverts’ constant with Eq. (3.4).

The calculation of Sieverts’ constant for the two batches considered in
Fig. 5.8 results in Ks = 2.4 ± 0.5 atm1/2 for the as-deposited batch and
Ks = 2.2 ± 0.3 atm1/2 for the annealed batch. As expected, these values
indicate that the Pd films contain a high concentration of structural defects
[62]. But, a shift of 180 MPa of the fit performed in Fig. 5.8 towards more

1In the particular case of dislocations, studies have shown that edge dislocations exhibit a
strong interaction with hydrogen [142,260], while screw dislocations interact weakly [261,262].
This is due to the dilatational strain field of the edge dislocation, which interacts much
stronger with the hydrostatic stress component of the hydrogen atom than the dominant
shear strain component of the screw dislocation [71].
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Figure 5.8: Equilibrium absolute stress as a function of p
1/2
H2

in the α phase
region. Two batches with very similar internal stress are compared, one being
subjected to hydrogen cycling as-deposited and the other one after annealing
20 min at 300°C.

compressive values is observed for the annealed specimen, independent of the
hydrogen partial pressure. This would mean that, even if the most defected
specimens contain more hydrogen, they involve a sensitivity to the hydrogen
partial pressure in the chamber similar to the annealed specimen. Consequently,
part of the hydrogen is absorbed by the Pd films must be located in saturable
trapping sites, which are readily fully filled over the whole pH2 -range considered
in this study. Hydrogen trapping sites in metals and metallic alloys are indeed
commonly divided into unsaturable and saturable sites [227, 265], part of the
latter being irreversible [266, 267], i.e. potential wells being too deep to allow
the hydrogen atoms to escape without external energy source. Frappart et
al. recently found out that the irreversibly trapped hydrogen concentration is
constant in the elastic regime [268], which is consistent with our results. This is
not the case for the interstitial hydrogen and the reversibly trapped hydrogen,
which are both sensitive to the hydrogen partial pressure. The potential wells
corresponding to the reversible traps are deeper than these of the octahedral
interstitial sites of the Pd lattice, but the reversibly trapped hydrogen is still in
equilibrium with the interstitial hydrogen. The Sieverts’ constant of a material
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thereby reflects the presence of interstitial hydrogen and reversibly trapped
hydrogen. Consequently, our results indicate that the reversible traps are not
significantly modified by annealing, while irreversible traps - like dislocation
cores [268] - seem to be affected.

If the as-deposited specimens contain more irreversible traps than the
annealed specimens, this would also mean that the residual compressive stress
change observed at the end of the hydriding cycles - reflecting the presence of
irreversibly trapped hydrogen, as already inferred in Chapter 3 - must be higher
when submitting an as-deposited Pd thin film to hydrogen cycling. As already
observed in the experiments from Chapters 3 and 4, the residual compressive
stress changes can be considered as constant for the two batches considered
here. Their values are, respectively, 403 ± 31 MPa for the as-deposited Pd thin
films and 192 ± 14 MPa for the annealed Pd thin films. A compressive stress
difference of 211 MPa is then observed, confirming the statement that a higher
concentration of irreversible trap sites are present in the as-deposited specimens.
Moreover, this value fits well with the 180 MPa observed at equilibrium.

5.5 Hydriding kinetics

In this section, we use the same approach as in the two previous chapters in
order to qualitatively and quantitatively analyse the hydriding kinetics of the
Pd thin films. The applicability of the kinetic model is firstly discussed, and the
rate-limiting steps of the hydriding mechanism are identified. A quantitative ki-
netic analysis is then performed in order to access relevant kinetic/thermodynamic
hydriding parameters. The energetics of hydrogen trapping in Pd crystalline
defects is finally addressed by studying the calculated rate constants for hydro-
gen absorption and adsorption.

5.5.1 Kinetic model: applicability and qualitative analy-
sis

As in the kinetic analyses performed in the two previous chapters, the present
kinetic analysis has been limited to the low pH2 range [1 - 10 mbar], and the
kinetic model - able to provide a self-consistent interpretation of the room tem-
perature hydriding cycle in this range - is an appropriate tool in the context
of this study. Here again, one will start from the observation that two mecha-
nistic steps are potentially rate-limiting, i.e. H2 adsorption and its dissociative
chemisorption on the Pd surface (Eq. (3.5)) and surface-to-bulk transition (Eq.
(3.6)). As the present hydriding experiments have been performed at room tem-
perature, the diffusion time of the hydrogen atoms in the Pd films - on the order
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of the millisecond - is too small to be considered as potentially rate-limiting
in this kinetic model. As to the latter, its constitutive equations have been
derived by assuming one of the two mechanistic steps to be rate-limiting, and
the other one to be in a pseudo steady-state, as commonly performed in chem-
ical kinetics when dealing with complex second order reactions [234]. The time
evolution dn/dt of the bulk H/Pd atomic ratio when the rate-limiting step is,
respectively, absorption and adsorption, have thus been derived in the forms of
Eqs. (3.20) and (3.22).

Figure 5.9: Slope of the first linear kinetic regime as a function of pH2 , fitted
with Eq. (3.20) and including the pH2-dependence of k′ab (Eq. (4.4)).

Unsurprisingly - when taking into account the hydriding profile of the
stress-time curves produced by the hydriding setup on both e-gun evaporated
and magnetron sputtered specimens throughout this thesis work - the hydriding
cycles performed on the Pd thin films studied here show three characteristic
kinetic regimes (see Fig 5.7). A linear kinetic regime is firstly observed, and
has been shown to be limited by absorption. A transition to a second linear
kinetic regime - limited by adsorption - is then systematically observed, as a
result of a change of the heat of adsorption in the positive direction as the
surface coverage reaches a critical value. Later on in the hydriding cycle, the
adsorption equilibrium becomes reached, but hydrogen atoms are still absorbed
into the bulk. This marks the beginning of a third, nonlinear kinetic regime,

163



5.5. Hydriding kinetics

limited by absorption. This last regime ends when the absorption equilibrium
is finally reached (see Chapter 3 for more details).

The slopes of the first and second kinetic regime have been plotted as a
function of pH2 in, respectively, Figures 5.9 and 5.10. Fig. 5.9 firstly shows that
the microstructure of the Pd films has an important effect on their absorption
velocity, the annealed specimens being critically slowed down in the first kinetic
regime. At least one of the parameters of Eq. (3.20) must then be affected by
microstructure. As Ks has already been shown to be very similar for the two
batches, this microstructure-sensitive parameter should be k′ab.

Figure 5.10: Slope of the second linear kinetic regime as a function of pH2 ,
fitted with Eq. (3.22).

Fig. 5.10 shows the same trend, i.e. an important decrease of the absorp-
tion velocity of the annealed Pd thin films in the second, adsorption-limited
kinetic regime. As opposed to the effect of internal stress, which has been
shown in last chapter to have no effect on the adsorption-related parameters of
Eq. (3.22), the effect of microstructure affects both absorption and adsorption-
related parameters. As regards the parameters Eq. (3.22), Kab should indeed
stay the same if the concentration of reversible traps present on the surface and
in the bulk is not significantly modified, as discussed in previous section. One
may thereby expect k′ad to be affected by microstructure as well. Intuitively,
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one may indeed expect growth defects from both the Pd thin film surface and
bulk to be affected by annealing. Such a modification of the microstructure
of the host material results in a decrease of the concentration of the deepest
potential wells generated by part of the growth defects, which accelerate the
hydriding kinetics when they are present.

5.5.2 Quantitative analysis: rate constants and energetics
of hydrogen trapping

Let us firstly address the case of the rate constant for hydrogen absorption k′ab
in the first kinetic regime. Eq. (3.20) - representing the evolution of n for an
absorption-limited kinetic regime - can be directly integrated, resulting in Eq.
(3.33). The fitting constant C2 is highly relevant, as it provides a direct access
to k′ab (see Eq. (3.32)). Fig. 5.11 shows the obtained values of k′ab in the first
kinetic regime for the experiments performed on the two batches considered in
this study, already shown in Fig. 5.9.

Figure 5.11: Rate constant for hydrogen absorption as a function of pH2 . Linear
fits are shown for each set of specimens.

A factor 30 is observed between the k′ab values of the annealed specimen
and the as-deposited specimen. This was expected from the internal stress be-
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haviour shown in Fig. 5.9. As already observed in the kinetic study performed
in last chapter, the rate constant for hydrogen absorption exhibits a linear
dependence with pH2 . This dependence has been taken into account here by
integrating it in the pre-exponential factor of k′ab, according to Eq. (4.4). The
slopes of the linear fits shown in Fig. 5.11 can then be expressed as:
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(5.5)

where the subscripts dep and an are indicative for the as-deposited batch
and the annealed batch, respectively. The results from Fig. 5.11 result in
k′ab,dep/k

′

ab,an = 30.2 ± 4.3. Two possibilities can be considered here to explain
the differences between k′ab,dep and k′ab,an, i.e. an effect of microstructure on
the pre-exponential factor A′

ab and an effect of microstructure on the activa-

tion enthalpy change for hydrogen absorption ∆H0�
ab . One will discuss here the

implications of these hypotheses.

Let us firstly assume that ∆H0�
ab,dep = ∆H0�

ab,an, and that the thin film
microstructure only affects the pre-exponential factor for hydrogen absorption.
This would immediately result in A′

ab,dep/A
′

ab,an ≅ 30. In their hydrogen mem-
brane permeation model, Ward et al. stated that the jump attempt frequency
for bulk-to-surface transition can be considered as very similar to that for dif-
fusion in bulk Pd because the H atom is jumping from a bulk interstitial site
in both cases [230]. Consequently, the pre-exponential factor for hydrogen
bulk-to-surface transition is proportional to the jump attempt frequency for
hydrogen diffusion. In the same study, these authors showed that the pre-
exponential factor for hydrogen surface-to-bulk transition (A′

ab here) is con-
sequently directly proportional to the jump attempt frequency for hydrogen
diffusion as well2. Recent extensive studies of the effect of hydrogen trapping
on the diffusion mechanism already showed that the jump attempt frequency
for hydrogen diffusion is lowered by the trapping phenomenon because part
of the hydrogen atoms are located in potential wells that are deeper than the
regular lattice sites [265, 267, 269]. This undoubtedly rules out the hypothesis

that ∆H0�
ab,dep = ∆H0�

ab,an in this study.

Secondly, on can assume that A′

ab,dep = A
′

ab,an and examine the effect of
microstructure on k′ab. If Ea is the activation energy needed for a hydrogen
surface-to-bulk transition in the as-deposited film and Ed is the energy change
due to the recovery of growth defects, one would have:

2This is a direct consequence from the proportionality between k′ab and k′′ab (Eq. (3.9)).
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⎧⎪⎪
⎨
⎪⎪⎩

∆H0�
ab,dep = Ea,

∆H0�
ab,an = Ea +Ed.

(5.6)

In our case, one obtains Ed = ln 30 ⋅RT ≅ 8.5 kJ/mol by combining Eqs.
(5.5) and (5.6). This means that part of the surface defects are eliminated by
annealing as well, resulting in an increase of the activation energy for surface-to-
bulk transition, thereby slowing down the absorption kinetics (this situation is
schematically illustrated in Fig. 5.12). This conclusion is realistic, as the energy
of structural defects in palladium does not exceed 60 kJ/mol [270], while the
energy of regular surface sites is higher, on the order of 100 kJ/mol [87, 101].
Moreover, as discussed above, one may expect A′

ab,dep < A
′

ab,an. Consequently,
we have shown here that reduction of the activation energy for surface-to-bulk
transition in nanocrystalline Pd by defect introduction can be on the order of
10%. This result may lead to interesting engineering applications like hydrogen
storage materials, hydrogen separation membranes of hydrogen detection.

Figure 5.12: Schematic energy level diagram for H adsorption/absorption into
palladium, showing the effect of microstructure on the activation enthalpy for
hydrogen absorption.

As already explained before in Chapters 3 and 4, Eq. (3.22) can be solved
by using a 4th order Runge-Kutta algorithm to simulate the temporal evolution
of n in the second, adsorption-limited kinetic regime. k′ad has been extracted
from this simulation for the two batches considered here. As expected from
the trends showed in Fig. 5.10, k′ad is higher for the as-deposited batch ((2.6 ±
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0.5)⋅1018 mbar−1s−1) than for the annealed batch ((7 ± 2)⋅1016 mbar−1s−1). The
jump attempt frequency for hydrogen adsorption seems to be increased by the
presence of additional surface sites generated by the surface defects induced by
thin film growth. As also inferred in Chapter 4, no trend as a function of pH2

is visible in the k′ad data.

Finally, the rate constant for hydrogen absorption has been calculated in
the third kinetic regime, also with Eq. (3.33). One can state from Fig. 5.13 -
showing the temporal evolution of n calculated at different pH2-values for the
annealed batch - that the third kinetic regime is indeed limited by absorption.
As expected from the calculations performed in the two last chapters in that
kinetic regime, no trend is again visible as a function of pH2 in the k′ab data.
The as-deposited batch provides k′ab = (4.2 ± 1.7)⋅10−3 s−1 and the annealed
batches provides k′ab = (2.5 ± 0.7)⋅10−4 s−1. This confirms the trend discussed
above, in that the kinetics of hydrogen absorption is accelerated for the as-
deposited batch because the activation enthalpy change decreases when more
surface defects are present.

Figure 5.13: Evolution of the hydrogen bulk atomic concentration n in the
third, non-linear kinetic regime for different values of pH2 (batch annealed 20
min at 300°C). The time scale is normalised to represent for each experiment
the first 500 s of the third kinetic regime. The coarse solid lines correspond to
a fit using Eq. (3.33).
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The kinetic effect that has been addressed here is clearly due to the mi-
crostructural changes in the Pd thin films upon hydrogen absorption, but more
characterisation work is needed in order to deeply understand which defects
have been recovered, and in which concentration. High resolution TEM anal-
yses have been planned in this respect. Even if the grain size has not been
significantly affected by the films annealing conditions, changes in the surface
morphology cannot be excluded at this stage. This should also be included in
our future characterisation work, namely in the form of AFM measurements.

5.6 Conclusions

In this chapter, an original annealing setup - combined with the high resolu-
tion in-situ experimental setup - has been successfully designed and tested. It
has firstly been shown how the Pd thin films annealing conditions have been
adjusted in order to obtain a given internal stress change and microstructure
change. In particular, the internal stress has been successfully adjusted in order
to obtain specimens with very similar internal stress and different microstruc-
tures. Once the appropriate annealing conditions have been chosen, the cor-
responding stress-temperature cycles have been discussed in details. Tensile
internal stress are produced upon thermal cycling through the elimination of
part of the growth defects.

The study of hydriding equilibrium at room temperature for the as-deposited
and annealed specimens enabled to calculate the well-known Sieverts’ constant
for the two batches. A deep analysis of the internal stress level at equilibrium
and after pumping down brought the following conclusions: the concentration
of reversible traps in the palladium lattice is not significantly affected by an-
nealing, while the concentration of saturable, irreversible traps seems to be
decreased. A high resolution TEM analysis has been planned in order to verify
these conclusions.

The use of the kinetic model allowed again to identify the rate-limiting
steps involved in the hydriding mechanism of the Pd thin films. An important
effect of microstructure on both the adsorption and absorption kinetics has
been observed. The quantitative kinetic analysis confirmed these tendencies,
by showing an important effect on both rate constants for dissociative adsorp-
tion and surface-to-bulk transition. In particular, it has been shown that the
absorption kinetics of the as-deposited specimens is accelerated as a result of
a destabilisation of the thin film surface which is on the order of 10% of the
energy of the regular surface sites.
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Conclusions and
perspectives

In this thesis work, the effects of internal stress and microstructure have been
independently investigated in Pd thin films submitted to hydrogen cycling. The
high resolution analysis of their hydriding kinetics enabled for a self-consistent
interpretation of the hydriding mechanism, involving the determination of mul-
tiple kinetic regimes and rate limiting steps. Our kinetic model then enabled
to quantitatively address the issues of the influence of internal stress and mi-
crostructure.

The presentation of our experimental setup and methods in Chapter 2
firstly enabled to verify the validity and accuracy of the stress derivation
through the use of Stoney’s equation in the context of this thesis work. The va-
lidity and limitations of the high resolution curvature measurement have then
been studied, showing a high accuracy and stability of the measurements in
vacuum and gases. The application of the multi-beam optical sensor to the
deposition and hydriding experiments has been successfully performed. The
development of an original setup able to perform accurate curvature measure-
ments in both annealing and hydriding experiments has also been achieved. As
to the latter, critical convection issues linked to the high temperature condi-
tions have been controlled in order to enable a stable curvature measurement
without loosing too much resolution. An original quartz clamping system able
to undergo high temperature conditions has also been designed.

In Chapter 3, the thermodynamic analysis of the Pd thin films revealed
a behaviour typical of a highly defected material, as expected. The α-β phase
transition of the palladium hydride has been identified as well, and avoided for
the kinetic analysis. Plasticity phenomenons related to the α-β phase transition
have been identified on the hydriding cycle profiles. Multiple cycling experi-
ments revealed a constant hydrogen concentration remaining in the specimens
under vacuum, confirming the idea that the specimens are highly defected. As
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the high resolution in-situ approach developed in Chapter 2 also enabled to re-
veal the kinetic details of hydriding of the Pd thin film specimens, a complete
interpretation of the mechanistic steps involved in the hydriding mechanism
was possible. A self-consistent kinetic model has been derived from the bases
of solid-gas interactions, and its application resulted in the identification of the
rate-limiting steps involved in Pd thin film hydriding. In particular, a kinetic
profile has been unravelled with a first kinetic regime limited by hydrogen ab-
sorption, a second kinetic regime limited by hydrogen adsorption and a switch
back to an absorption-limited kinetics. This behaviour has been attributed to
an abrupt change in the heat of adsorption that occurs when the surface reaches
a critical value. A quantitative analysis of the hydriding kinetics also enabled
to calculate relevant kinetic and thermodynamic parameters such as rate and
equilibrium constants. The study of the batch-to-batch reproducibility revealed
the importance of storing the specimens in a dry place and under vacuum in
order to properly compare their kinetics.

The study of the effect of internal stress on the hydriding properties of
the Pd thin films performed in Chapter 4 firstly showed that the α-β phase
transition is shifted towards lower pH2 values for the most tensile batches, as
expected from the available literature results. The values of Sievert’s constant,
as well as the specimens microstructural parameters, do not significantly change
from one deposition condition to another. The kinetic analysis showed an
accelerating effect of tensile stress and a slowing down effect of compressive
stress. Moreover, only the first, absorption-limited kinetic regime is affected
by internal stress. The quantitative analysis confirmed these trends in term of
rate constants, and enabled to derive, for the first time, the value of 17.6 ± 2.3
Å3 for the activation volume of H surface-to-bulk transition in palladium. This
value is encouraging, and suggests that non-negligible destabilisation of metal
hydrides is possible by controlling internal stress.

Chapter 5 has finally been dedicated to the effect of microstructure on the
hydriding properties of the Pd thin films. Proper annealing conditions have
been found out in order to obtain two batches with the same internal stress
level and different microstructures. Defect recovery has been confirmed during
annealing at 300°C, while the fraction of grain boundaries does not change.
The defects recovered during annealing are believed to be mainly saturable,
irreversible trap sites, as Sievert’s constant does not significantly change after
annealing and an additional compressive stress is observed in the as-deposited
batch. The kinetic analysis revealed a strong slowing down effect induced by
defect recovery, with an associated increase of the activation energy for surface-
to-bulk transition on the order of 10%. Consequently, the microstructural pa-
rameters cannot be ignored at both kinetic and thermodynamic levels. Our
results indicate that growth defects have probably been recovered during an-
nealing, but this has to be quantitatively confirmed by high resolution TEM.
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Internal stress and microstructure are two fundamental material parame-
ters which, besides the fact that they are linked to each other, independently
influence the hydriding kinetics in applications such as hydrogen sensors, hy-
drogen permeation or hydrogen storage. In the case of thin films, it is possible
to separately adjust these two parameters, as the growth stress is influenced
by the plasma pressure and the microstructure is mainly driven by the deposi-
tion/annealing temperature (even if small textural changes are reported here).
Let us note that reaching the highest possible tensile internal stress in a thin
film is not systematically a good approach, as the material must be able to
mechanically withstand this amount of stress. Similarly, controlling the mate-
rial microstructure in order to optimise its kinetic/thermodynamic hydriding
behaviour must be carried out in a smart way, i.e. by keeping in mind that
each type of defect interacts differently with hydrogen. Coming back to the ap-
plication of the kinetic model developed in this thesis, it is important to realise
that the surface state of thin films - which depends on the deposition, stor-
age and working conditions of the required application - critically determines
their kinetic behaviour. Tuning the internal stress and monitoring the defect
concentration won’t produce the desired kinetics if the film surface state is not
carefully taken into account.

Taking the present conclusions a basis for future investigations, a first,
insightful type of work that could be carried out would be the study of more
advanced thin film hydrides. If the in-situ approach enabled to unravel new
kinetic details for the Pd model system, then many kinetic issues intrinsic to
complex alloys could be solved as well.

Secondly, if new hydrides are studied using the experimental approach,
then one may need to record p-c isotherms at high temperatures if the hydrid-
ing/dehydriding reaction turns out to be impossible at room temperature. In
this respect, the new annealing/hydriding setup developed in the course of this
thesis work could be used to perform such experiments.

The study of the effect of internal stress with the Pd model system is
promising, and may also be used with more complex hydride materials. The
reachable internal growth stress state depends on the material that is deposited,
and may lead to stronger effects in specific metals or alloys.

The study of the effect of microstructure needs more characterisation at
the nanometer scale in order to separate the contributions from each defect
type. Specific materials and/or deposition/annealing conditions may lead to
the isolation of the contribution of only one type of defect.
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Appendix: remarks on the
hydrogen society

Since 2007, the worldwide total primary energy consumption has overtaken the
huge number of 12 Gtoe [271], i.e. the amount of energy released by burning 12
Gton of crude oil (about 140 TWh). About 80% of this energy is transformed
into heat, electricity and movement through the use of fossil fuel combustion
processes, generating CO2 emissions into the earth atmosphere roughly equiv-
alent to 7 Gton of carbon every year [272]. In a no-change scenario - on basis
of the International Energy Agency - this number could double by the year
2050 [272]. The existence of an impact of such enormous amounts of CO2 in
the atmosphere is no longer a matter of debate. The only real debate con-
sidered nowadays by the international community is the quantitative effect of
this level of CO2 and other greenhouse gases, which varies from one model to
another [273]. This environmental need is so crucial that is currently turning
into a political obligation, with early consequences such as the Kyoto protocol
and other international agreements.

However, fossil fuels are not sustainable. Linear extrapolations of the
growth rate of oil consumption and the rate of increase of known oil reserves
predicted the end of petroleum supply to take place around 2050 [273]. Sim-
ilar calculations performed on natural gas showed that the latter can only be
considered in the medium term, its total consumption will indeed take place in
maximum one century. Coal is predicted to last two centuries, considering its
increasing rate of consumption.

Unfortunately, mid-term environmental or supply issues are not enough
to induce a rapid change of mentalities. But additionally, since 2005, a crucial
turning point has been reached in oil economy, forcing governments to reduce
fossil fuel use in the short term. In a recent study, Murray and King [274]
showed that this transition is real, on basis of two distinct observations. Firstly,
Fig. A1 shows us that up to 2005, the oil production could follow the rising
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price, resulting in a classic, elastic relationship between supply end demand.
Since 2005, the oil production has hit a ceiling, despite continued price in-
creases. More precisely, production in existing oil fields around the world is
declining at rates of about 4.5% to 6.7% every year. The world oil production
is only kept constant through the opening of new wells [274]. Consequently,
supply cannot currently match demand, leading to important price swings.
This economic transition, similar to a phase transition in physics, is shown in
Fig. A2. Murray and King argue that the price of oil is now one of the most
important head winds against economic recovery in Europe and the USA. More
specifically, the recent euro crisis in southern Europe could have been limited
by a faster political reaction regarding the fact that ‘oil’s tipping point has
passed’ [274].

Figure A1: World crude oil production and price evolution from 1998 to 2011.
Reproduced from Ref. [274].

This economic transition may seem surprising, as oil is still available for
several decades. Reality is that we don’t suffer from a lack of oil, but from a
lack of oil that can be produced at acceptable cost [274]. Whether the oil is
too deep in the ground in the old production sites, or simply too difficult to
access in the new production sites. The biggest of these new, non-conventional
oil production sites - Canada’s tar sands - is sometimes called the ‘oil junkie’s
last fix’ [274]. Murray and King also show that the same kind of economic
transition will soon take place with the reserves of coal and natural gas, mainly
because the easily accessible amounts of these resources is overestimated.

If the environmental and supply issues were not strong enough to immedi-
ately push the governments in action, this new economical issue will definitely
end up the age of fossil fuels. It is time for the junkies to start rehab. And
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Figure A2: World crude oil price as a function of its production, showing a
phase shift in oil economics. Reproduced from Ref. [274].

rehab is not a too strong word, as the transition from the current world energy
infrastructure - based almost entirely on fossil fuel use - to a cleaner one must
obviously be ‘revolutionary rather than evolutionary’ [94]. This appendix ex-
plains how hydrogen will participate to the construction of this new infrastruc-
ture by clarifying four fundamental statements which are too often forgotten
when talking about the hydrogen society.

Hydrogen is the best available energy carrier

This is the most important source of public misunderstanding regarding hy-
drogen energy. Despite being the most abundant element in the universe [275],
hydrogen in its molecular H2 form readily forms covalent compounds with most
elements. On earth, one can find it mostly in water and in organic compounds.
Consequently, hydrogen is not a primary energy source.

But a positive consequence of its relative instability is that hydrogen re-
leases a lot of energy when it recombines into water, a much more stable form
than dihydrogen. The low heating value of hydrogen (LHV) is equal to 120
MJ/kg [21], i.e. 4 times greater than that of coal, 2.8 times higher than that
of gasoline and 2.2 times higher than that of methane [272]. Moreover, water
is naturally abundant on earth and is thereby totally acceptable as a hydrogen
carrier and as a by-product. The hydrogen-water cycle, shown in Fig. A3, is
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closed and sustainable if the energy used to split water comes itself from renew-
able sources. Consequently, hydrogen is not only a sustainable energy vector,
but also the most powerful available energy vector.

Figure A3: The hydrogen-water cycle. Reproduced from Ref. [276].

Figure A4: Mix of renewable energy sources able to meet the world energy
demand in 2030. Reproduced from Ref. [277].

Let us temporarily go back to the need for sustainable primary energy
sources. Many sustainable solutions exist, such as wind turbines [278], solar
thermal [279] and photovoltaic [280] devices, hydro power [281], geothermal en-
ergy [282], tidal [283] and wave [284] turbines. If a smart concomitant exploita-
tion of these natural forces is organised, the energy needs of the whole world
can theoretically be satisfied, according to Jacobson and Delucchi [277, 285].
Fig. A4 shows a recently imagined mix of renewable energy sources able to
meet the world energy demand in 2030. But the distribution logistics of such
intermittent energy sources cannot become a reality without an efficient en-
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ergy storage technology [286,287]. Hydrogen energy can be the answer to that
problem, as discussed above.

Hydrogen is closely connected to electricity

The three facts discussed above - hydrogen is not a primary energy source,
hydrogen is sustainable and highly powerful, and hydrogen is a good energy
vector - which are known for a long time, were firstly put together in 1970, and
published in 1975 as follows [288]:

“The phrase ‘A Hydrogen Economy’ arose for the first time in a discussion
between Bockris and Triner of the General-Motors Technical Center, 3 February
1970. They had been discussing (along with others in a Group) the various fuels
which could replace polluting gasoline in transportation and had come to the
conclusion that hydrogen would be the eventual fuel for all types of transports.
The discussion went to other applications of hydrogen in providing energy to
households and industry, and it was suggested that we might live finally in what
could be called ‘A Hydrogen Society’. The phrase ‘A Hydrogen Economy’ was
then used later in the same conversation”.

This early vision was based on the exclusive production of hydrogen by
electrolysis of fresh and sea water. The energy needed for this large-scale elec-
trolysis was seen to be provided by solar power and/or nuclear fission. The hy-
drogen produced was seen to be transmitted to population centres by pipelines
all over the world. Since then, a lot of extensive works have been carried
out in order to re-envision the role of hydrogen in a future sustainable so-
ciety [277, 289–291]. Let us briefly present their main recommendations. The
massive production of hydrogen as an energy vector is not a good reason to keep
on relying on nuclear fission extensively. Using electrolysis alone - performed
only with renewable energies - currently implies too important technological
obstacles. But hydrogen is not only present in water in its natural state. The
additional, concurrent use of steam reforming of natural gas and biomass gasi-
fication can provide hydrogen at lower energetic costs. The use of fossil fuel
power stations with carbon capture and storage is also considered, but this is
currently not a really sustainable option. Photo-electrochemical and photo-
biological processes may also be used in a more distant future [94]. However,
whatever the chosen combination of energy sources to produce hydrogen, part
of the total energy generated will be inevitably lost through the production
process. But even when taking into account this amount of lost energy, the
renewable energy sources available on earth are enough to satisfy the world
primary energy needs, according to Jacobson and Delucchi [277,285].
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Once the hydrogen is produced and transported to the location of its
end use, it can be converted to electricity in a fuel cell. The electricity can
be directly used, or converted into motion, light or heat. A 60% efficiency of
the energy conversion can be achieved [276, 293]. This is much better than
the average 34% efficiency achieved with electricity generation by fossil fuels
[276,294].

Therefore, the integration of hydrogen into the global electricity grid is
feasible. Andrews and Shabani propose to do this via the integration of inland,
coastal, offshore and autonomous hydrogen centers [292], as shown in Fig. A5.

Hydrogen is adaptable to stationary and mobile applications

As explained above, hydrogen for stationary applications is a very concrete field
of technology. The European HYPER project (Installation Permitting Guid-
ance for Hydrogen and Fuel Cells Stationary Applications) is a good example
of this concreteness [295]. The existing stationary fuel cells are indeed at a
sufficiently advanced development stage to be considered for integration in the
electricity grid. The issues related to the safety of hydrogen storage and dis-
tribution for stationary applications are manageable as well. Moreover, such
stationary applications are not necessarily large-scale, but can also be designed
for household applications, thereby being able to directly convert the excess
renewable energy from residential zones into hydrogen, which can in turn be
converted into electricity when needed [296].

Hydrogen is also seen a an excellent candidate for sustainable mobile ap-
plications. On-board fuel cells have an energy efficiency up to 60%, just as
stationary fuel cells. The energy efficiency of the electric motor is more than
90%, well above the 25% achieved by gasoline motors [276]. But even if the
motor and the fuel are more efficient than their gasoline counterparts, this
is currently not enough to counterbalance the extreme volatility of hydrogen.
Even the most resistant 4th generation carbon fiber tanks only allow for a 400
km car autonomy, and are thus still not gasoline competitive. This problem
is less critical regarding bigger vehicles such as buses, trains, planes or boats.
Nevertheless, important efforts are still needed in the field of hydrogen storage.
The best performances will be achieved through the use of advanced storage
technologies such as metallic hydrides, complex hydrides, adsorption technolo-
gies or organic liquid carriers [7]. Many European, American and Japanese car
companies are working on research models. Honda was the first company to
propose commercial models in 2002. Its latest model of fuel cell vehicle, the
Honda FCX Clarity (see Fig. A6), has an autonomy of 450 km and a top speed
of 160 km/h [297].
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Figure A6: Photograph of the Honda FCX Clarity fuel cell vehicle. Reproduced
from Ref. [297].

Two other types of green fuels must also be considered for sustainable
transportation. The first one is electricity. Considered on its own, the electric
car cannot be competitive with the hydrogen car in terms of autonomy, but
its inherent energy efficiency is above these of the hydrogen car [292]. But
as shown above, hydrogen is closely connected to electricity. As a result, a
coupling of these two technologies will allow to reach the best performances.
Biofuels are sustainable in principle, as the CO2 released in the atmosphere has
been previously assimilated by the plants during their lifetime. But there will
never be enough surface on earth to satisfy the world needs without encroaching
on the agro-alimentary sector [292].

Hydrogen won’t solve all energetic issues if humanity keeps on wast-
ing energy

In his attempt of re-envisioning the role of hydrogen in a sustainable energy
economy [292], John Andrews propose the six following principles as a basis for
a near future hydrogen society:

� A hierarchy of sustainable hydrogen production, storage and distribution
centers relying on local renewable energy sources producing hydrogen as
required.

� Complementary use of hydrogen and electricity as energy vectors to min-
imize the extent of new hydrogen pipeline distribution networks.

� Production of hydrogen from a range of renewable energy sources and
feedstocks, without dependence on nuclear fission power or carbon cap-
ture and storage, but with the application of energy efficiency measures
to the economic limit across all sectors of the economy.
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� Recognition of the complementary roles of hydrogen and battery storage
across a range of transport vehicles and transport services.

� Use of hydrogen for longer-duration energy storage on centralized grids
relying extensively on renewable energy inputs.

� Employment of bulk hydrogen storage as the strategic energy reserve to
guarantee national and global energy security in a world relying increas-
ingly on renewable energies.

This vision is definitely not an utopia. But it may become one if we
don’t carefully reconsider our energy consumption. Indeed, Hetland and Mul-
der sowed that a large-scale transition to hydrogen may considerably increase
the primary energy demand and greenhouse gas emissions [298]. This phe-
nomenon could become worse and worse if the whole humanity starts to waste
as much energy as the occidentals. The most sceptic people against the hydro-
gen society concept warn us that the vision of abundant energy for everyone
with no negative consequences is indeed an utopia [299], and they are probably
right.
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