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Abstract

For nanoscale systems such as Me-H thin films, changes of physical properties have been
suggested to appear below certain critical sizes. The probable existence of these critical sizes and the
related changes of thermodynamical and mechanical properties are the central topics of this thesis, using
the model system of Nb-H thin epitaxial films adhered on Al,0, (11-20) sapphire substrate. Since all the
effects and, especially, the efficiency of stress release depends on the film thickness (d), d was considered
in this study as a tunable size parameter that was varied from 105 nm to 5 nm. Particulary, this work
adresses the suggested occurrence of coherent phase transformations and the appearance of hydrogen-
induced ultrahigh mechanical stress in the GPa range, as predicted by calculations.

These topics were experimentally studied by scanning tunneling microscopy (STM), X-ray
diffraction (XRD) and electrical resistance measurements as applied in-situ during hydrogen gas loading
experiments. The main goal was to derive the critical film thickness for coherent phase transformations
and to investigate the pre-existing theoretical model. Further, this research was accompanied by a
systematic study on the stress development arising within the Nb-H films upon hydrogen loading. This
was also studied in dependence on the film thickness. The related data were obtained by use of substrate
curvature measurements performed in-situ during electrochemical hydrogen loading. Hereby, the regime
of linear elastic film expansion and the development of an ultra-high stress state was of interest.

The experimental results suggest an existence of three different regimes in dependence on the
film thickness. For d < d; = 37 - 40 nm, coherent phase transformation appeares in Nb-H thin film system.
Here, preferential nucleation of hydrides instead of their growth is found. For d > d; semi-coherent phase
transformation and preferential growth of hydride precipitates is detected. For d <d,=8 nm —15nm no
trace of phase separation in the Nb-H thin film system is found at room temperature (Tzr). This shows that
the critical temperature T, of the miscibility gap of the Nb-H thin film system drops below Tzr, for d < d>.
The related destabilization of the hydride phase is attributed to a decrease of the H-H interaction energy
Exy and an increasing contribution of mechanical stress in ultrathin films. Besides, the regime of linear
elastic film expansion and reproducable ultra-high mechanical stresses is realized for film thicknesses d <
ds; =5 nm. Hydrogen-induced mechanical stress of up to -10 GPa are measured for 5 nm to 10 nm thin Nb
films.

Because of the fundamental research character, this study gives insights into the physics of
decomposition in thin alloy films when crossing the critical d. - values. The general concept can be
transferred to other nano-sized systems fixed to stabilizers and offers the possibility to tune the stress
state and to affect the stabilities of phases by crossing critical system sizes, particularly in Me-H thin film

systems.
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Chapter 1. Introduction

1 Introduction

During the last fifty years, researchers have been working a lot on the creation and the
development of new sources of energy and new renewable fuel. This type of research becomes more and
more important in our days, when people are starting to think about the needs of future generations and
about the prospective of our planet in a whole. Thus, the limitations of the fossil fuels with regard to the
continuing growth of energy demand and the growing impact of CO, emissions attract an increasing
attention. In this context, hydrogen (H) is regarded as one of the carbon-free renewable energy carriers.
As a fuel, hydrogen can be fabricated (e.g. via electrolysis), stored (e.g. metal hydrides) and consumed in
a cyclic process, only producing water or steam as a combustion product [1].

In general, hydrogen is the most abundant, the smallest and the lightest element in the universe.
Thanks to its small dimensions, it can be easily absorbed in the interstitial sites of a metal lattice. The
small size of hydrogen atoms permits dense hydrogen packing in metal hosts that have a high affinity to
hydrogen, i.e., a large negative heat of solution for hydrogen. It is surprising, but in metal hydrides, the
hydrogen density can be even larger than in liquid hydrogen [2], [3]. This has led to the application of
metal hydrides for energy storage [4]. However, for transport applications the volume as well as the
weight of the host are of major concern [5], [6]. This has resulted in the exclusion of many metals from
the use in applications. Nowadays the main research activity on development and application of Me-H
storage systems focuses on the improvement of the gravimetric hydrogen density and the reaction
kinetics [7], [8].

In relation to this issue, nano-sized systems have been studied since the early 90's to expand the
fundamental knowledge about the physical properties of Me-H systems and their dependency on the
different contributing factors, e.g. microstructure, size of the grain boundaries, mechanical stress,
reduced system dimensions. Pundt and Kircheim reviewed in detail many fundamental results concerning
the difference occurring between bulk and nano-sized Me-H systems [9], [10].

In general, nano-materials show physical properties that differ from their bulk counterparts. To
study these differences especially for binary alloys, metal-hydrogen (M-H) systems are of interest. In this
material class the alloying content can be controlled just via an external chemical potential, which is
further facilitated by the extremely high hydrogen mobility in metals, even at 294 K [4], [9]. This fact allows
kinetic and thermodynamic studies at room temperature (RT) within suitable time spans. Because of the
hydrogen’s interstitial solution, the alloying content can be changed from zero to high concentrations by
using one and the same nano-sample. Special microstructures of nano-sized systems can be adjusted
beforehand and their influences on the M-H system properties can be studied. Because of the low
temperature required for the experiments, defect annihilation commonly triggered by enhanced

temperatures, is inhibited.
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M-H nano-materials are interesting from fundamental and practical points of view. Fundamental
studies can be performed addressing differences and similarities between the physical properties of bulk
systems and those with reduced dimensions. Since physical properties of M-H nano-systems are strongly
affected by micro-structural contributions [9], [11], [12], [13], [14], microstructure can, vice versa, be used
to tune the materials properties. From the practical point of view, nowadays, M-H nano-materials are
suggested also as promising candidates for hydrogen energy storage applications because of the fast
loading and unloading times due to the intrinsically small diffusion lengths [7], [15].

Usually, by studying the fundamental properties of nano-systemes, it is more convenient to work
with relatively simple model systems, in which the number of contributing factors (e.g. microstructure,
composition etc.) can be adjusted and segregated more accurately as compared to the complex alloys or
multilayers films. Besides, well-investigated metals like Nb, V or Pd can be chosen, since their properties
are well investigated on the bulk scale and, hence, repeatedly verified reference data are available for
comparison and discussion [4], [16]. Further, by consideration of a thin film system fixed on the rigid
substrate, the change of elastic properties and an occurrence of mechanical stress caused by lattice
dilatation can be often detected. Hereby, dislocation formation and film delamination from the substrate
are very common mechanism of stress release [17]. Specifically, for M-H thin film system, dislocation
formation can occur at the hydride/a-matrix interface [9], [18], [19] as well as at the hydride/substrate
interface [20], [21], [22], [23] and in both cases causes irreversible lattice distortion [9], [23] and surface
roughening [19], [24]. Besides, the efficiency of stress release depends critically of the film microstructure
[9], [14], [25] and the film thickness itself [9], [14], [19].

Thin film properties are easy accessible by in-situ experiments that combine information about
kinetics and thermodynamics: mechanical stress can be directly measured via substrate curvature and
microstructural changes can be determined by many different experimental techniques such as, for
example, in-situ X-ray diffraction measurements (in-situ XRD) at Synchrotron sources [23], or in-situ
resistance measurements [26]. As recently shown, phase transformation details in thin films such as the
coherency condition, the local spreading of the hydrides and the film expansion can be investigated by
surface sensitive in-situ scanning tunneling microscopy (in-situ STM) [19], [24].

In the present work, Nb-H thin epitaxial films (Nb (110) // Al,Os (11-20)) are adopted as a model
system. Epitaxial Nb films are well studied [27], [28]. They offer a good lattice matching between both
materials [29], allows for good stability during thermal cycling and is known for the strong adhesion that
excludes film delamination from the stabilizer as a side mechanism for stress release [30]. Strong adhesion
is especially important when additional interstitials-induced mechanical stress arises in the film. Thus, the
choice of this model system, on the one hand, allows producing films with a well-defined microstructure

and, on the other hand, to perform the hydrogen loading / unloading experiment on the mechanically
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stable Me-H system that can reach an ultrahigh mechanical stress state. Furthermore, the hydride phase
in Nb-H system is rather stable possessing a suitable hydride-formation pressure of about p, = 107 mbar
- 10° mbar at 294 K. This allows for in-situ STM measurements in the required pressure range without
need to use any protective layer [31].

Even though also the thin film system of Nb-H is often studied [32], [33], [34], the measurements
performed in other research groups are mainly performed at elevated temperatures above the critical
temperature (T;) and, hence, do not consider the region of phase separation in the Nb-H phase diagram,
targeted in this study. Furthermore, related literature results, e.g. “finite size effect” [32] appear often
conflicting and nowadays seem to be overestimated. This already demonstrates the diversity of
parameters (microstructure, stress state, surface morphology, local adhesion) needed to address,
understand and attribute the nano-materials properties. The change of stress conditions by varying the
size of thin films, as suggested in the actual work, should not be confused with the early studies on
coherency stress and coherent phase transitions in bulk systems performed at elevated temperatures
above T.. The results on thin films differ significantly from the bulk, specifically due to the different type
of nucleation (homogeneous <-> surface controlled and strongly dependent on local changes), the
different precipitate morphology (spheres <-> cylinders [19]) as well as the different external stress state
(zero <-> expected up to -10 GPa, biaxial).

In general, this study is motivated by the need to clarify and investigate systematically the
occurrence of coherent phase transformations and the accumulation of high stress in Me-H thin film
systems. Hereby, in the past, by studying Nb-H as a model system authors demonstrated relatively high
mechanical stress in the GPa range arising in the film upon hydrogen loading [13], [25], [35] and also
predicted an existence of critical film thickness (d. = 26 nm) below which only coherent phase
transformation is possible [19], [24].

Thus, the goal of this PhD work is to verify whether the suggested critical thicknesses in Nb-H thin
films is present, to substantiate its value, and to investigate the thermodynamic and mechanical changes
related to the critical size. This includes the study of the suggested drop of T. to less than Tgr = 294 K, the
suggested occurrence of ultrahigh stresses and the suggested presence of pure linear elasticity for films
below critical sizes.

This was done experimentally by STM, XRD and electrical resistance measurements apllied to
derive the critical film thickness for coherent phase transformations and testing the model of Northemann
et al. [19]. Further, this was accompanied by a systematic study on the stress development within the Nb-
H films upon hydrogen loading depending on the film thickness. Hereby, a regime of the pure elastic one-
dimentional film expansion and high stress state predicted by the linear elastic theory [13], [25] is of

interest. On top of this, changes that occur in the precipitation and growth of hydride phase are studied
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by STM and XRD methods. Finally, the absence of any precipitation of hydride B-phase was addressed

I”

when the film thickness reaches certain “critical” values. Furthermore, different aspects of stress release,
coherency conservation at different possible interfaces, visibility of phase transformation via different
techniques, an occurrence of (ir-)revirsible microstructural change, and, finally, the finding of proper
boundary conditions for the realization of the pure elastic one-dimentional film expansion model are
targeted.

Since all the effects and, especially, the efficiency of stress release depends on the film thickness
(d), d is considered in this study as a tunable size parameter that is varied from 105 nm to 5 nm. To avoid
the influence of grain boundaries on the hydrogen absorption and the phase transformation and to
minimize the number of pre-existing defects in the as-prepared samples, epitaxially grown Nb films with
flat surfaces are targeted.

In total, this thesis consist of 7 chapters. In chapter 1, short introduction and motivation of this study
are proposed. Chapter 2 contains the theoretical background of metal-hydrogen systems including many
aspects of state of the art in the related topic. In chapter 3, experimental methods are shortly introduced.
In chapter 4, the results of characterization of surface topographies in dependence on the film thickness
and the deposition temperature T, are given. Based on these results, an optimization of film deposition
temperature T, required to avoid a formation of meander-like “open” surface topographies [36], [37] is
suggested. Furthermore, the microstructure of the as-prepared samples prepared at the suggested
optimum T, is analyzed by XRD and texture measurements. Chapter 5 presents the results on in-situ
hydrogen loading studies on Nb films of different thickness. Here, due to the large number of different
aspects addressed by the variety of experimental techniques (STM, XRD, EMF, stress measurements and
electrical resistance measurements), sub/discussion and method related data interpretation are
individually given. To guide the reader, this chapter is divided into three sub-chapters introducing
separately results obtained by three different techniques: 5.1 — STM, 5.2 - XRD and 5.3 — stress
measurements. After each sub-chapter, presented results are shortly summarized. STM results presented
in the sub-chapter 5.1 are focused on the measurements of the surface topography changes caused by
the phase transformation and plastic deformation processes. Herewith, the regimes of hydride phase
precipitation and growth as well as the dislocation related surface corrugations are analyzed. XRD results
given in the sub-chapter 5.2 mainly address the problem of reversible/irreversible microstructural
changes and the visibility / invisibility of phase transformation in thin Nb-H films upon the hydrogen
loading. The result of stress measurements given in the sub-chapter 5.3 are concentrated on the stress
development and stress release observed in films of different thickness. In chapter 6, all the results are

globally discussed in the combined way, especially focusing on the evidence of coherent phase
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transformation, reversible and irreversible microstructural changes, ultrahigh mechanical stress state and

the suppression of phase separation in Nb-H thin films. Chapter 7 summarizes this thesis.



Chapter 2. Hydrogen in metals

2 Hydrogen in metals

This chapter is supposed to provide a short theoretical introduction to the Nb-H system. In sub-
chapter 2.1, it will be given a brief review about Nb-H bulk system including the description of interstitial
sites occupied by hydrogen, the Nb-H bulk phase diagram and the lattice / volume expansion of the Nb
host material. In sub-chapter 2.2, it will be briefly presented typical epitaxy conditions of epitaxial Nb
(110) films grown on Al,0; (11-20) sapphire substrates. In sub-chapter 2.3, the general differences
between a “bulk” and a “thin film” Me-H system will be described. Finally, in sub-chapter 2.4 the Nb-H
thin film system will be reviewed. Thereby, the theory of linear elasticity is introduced for describing the
development of stress and strain in thin Nb films upon H-uptake. Besides, the results of related studies
addressing the task of phase transformation, the mechanisms of stress release, the prediction of critical
film thickness for coherent phase transformation and contribution of mechanical stress to the

thermodynamics of Nb-H thin film system will be summarized.

2.1 Nb-H Bulk system

2.1.1 Interstitial sites

Hydrogen atoms introduced in metal host lattice occupy typically two different interstitial sites,
known as tetrahedral sites (T-sites) and octahedral sites (O-sites). Depending on the metal-lattice
structure, different interstitial sites can be preferentially occupied. In case of Nb that has the bcc crystal
structure, the hydrogen atom has three possible octahedral and six tetrahedral sites available per metal
atom (see Fig. 2.1). In Nb, hydrogen is preferentially dissolved on tetrahedral lattice sites. T-sites of a bcc
lattice are divided according to their symmetry axis and are denoted T, T, or T, [16]. Hereby, H atoms at
low concentrations occupy T-sites randomly, but at high concentrations, they tend to occupy certain sub-
lattices of interstitial sites at low temperatures, causing a small overall distortion of the lattice. This lattice
distortion removes the degeneracy of the site energy in the original cubic lattice, allowing the occupancy

of a certain interstitial sub-lattice among others [16].

Fig. 2.1 Interstitial octahedral O-sites (left) and tetrahedral T-sites (right) in a bcc lattice available for the
accommodation of hydrogen atoms [16]. Filled circles show all possible interstitial sites that can be theoretically
occupied by hydrogen atoms and unfilled circles correspond to positions of metal atoms in the unit-cell of a bcc
crystal structure. Reprinted from The Metal-Hydrogen system, Chapter 2.4.1, 2005, p. 31, Y. Fukai, Copyright 2005,
with permission from Springer. (original image is cropped)
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2.1.2 Nb-H binary phase diagram

The Nb-H bulk system is a well-studied model system that was deeply investigated in the 70"

years of the last century [38], [39], [40], [41], [42], [43]. Thus, different graphical variations of phase

diagram of Nb-H system can be easily found in any textbooks on the metal-hydrogen systems and are,

therefore, supposed to be presented here very briefly.

The phase diagram of Nb-H system is shown in Fig. 2.2 [43], [44]. Here, cy = [H] / [Nb] is the

hydrogen concentration (0 H/Nb < ¢ < 0.8 H/Nb) and T is the temperature of the system (0°C<T<200°

C). Depending on the composition and the temperature, there are three different phases, namely a, o’

and B can be visible in the discussed part of the phase diagram. In details:

1)

2)

3)

a - phase (“lattice gas phase” for small concentrations [45]) is a disordered interstitial alloy, in
which hydrogen atoms randomly occupy tetrahedral interstitial sites in the bcc Nb structure.

o' - phase (“lattice liquid phase” [45]) — disordered interstitial alloy of high hydrogen
concentration, in which hydrogen atoms are randomly distributed in the host lattice and the Nb
crystal retains its cubic symmetry. In a- and a'- phases, the lattice parameter increases linearly
with the hydrogen concentration. The only difference is the higher hydrogen concentration in a‘-
phase. Because of the similarity to gas and liquid phase transition, a- and the a‘- phases are called,
respectively, lattice gas and lattice liquid phase.

B - phase (“lattice crystal” / ordered hydride phase) — has an orthorhombic distorted face-

centered structure. The bcc symmetry is broken due to the formation of H-super-lattice, where

the hydrogen is restricted to four ordered tetrahedral sites [46].

180f ..IC
am— —
! (/‘ ’\.\
140} 4 ~ '
a rs a+a’ N @ a'+p
s | 7 .
S, 100f { ‘\
- ! f . 1)
60 ’0
! [ a+p B
20p h
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

¢, [H/Nb]

Fig. 2.2 The phase diagram of hydrogen in a bulk Nb crystal [43]. Areas of phases diagram labeled as a-, o’- and
B- regions corresponds to different phases. T.is the critical temperature. Reprinted from J. Phys. F: Met. Phys. 9,
1461-1476, H. Zabel & J. Peisl, The incoherent phase transitions of hydrogen and deuterium in niobium, Copyright
1979, with permission from IOP Publishing. (original image is modified)
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For hydrogen in the bulk Nb crystal, the critical temperature T. separating homogeneous and
inhomogeneous phases is about 171 °C and the related critical hydrogen concentration is c. = 0.31 H/Nb
[44]. Further, in this phase diagram, there exists a region labeled a + a‘, where solid solutions of two
different concentrations may coexist. Besides, there is region labeled a + B, where phase transformation
from the a - to the B - phase occurs. The concentration range, where two of these phases may coexist (so-
called “width of miscibility gap”) at RT lies close to the magnitude of about Ac = 0.7 H/Nb and tends to
decrease by increasing the temperature. This trend can be understood in terms of increasing entropy
contribution to the free energy of the system.

All the other phases appear only for high hydrogen concentration or low temperature and are not

shown in Fig. 2.2.
2.1.3 Hydrogen induced lattice expansion

Introducing hydrogen into the isotropic crystal that can freely expand in all the spatial directions
induces an isotropic volume change AV. If it is assumed that the number of hydrogen atoms solved in the
crystal is n and the volume occupied by one hydrogen atom is Av, then the volume change caused by
hydrogen atoms in the system is AV = Av - n. At the same time, initial volume V of the crystal without

hydrogen can be roughly calculated asV = N -'Q, where N is a number of metal atoms and Q is their
. LA A
volume. Thus, relative volume change caused by hydrogen absorption is 7V =cy -%, where cy =% .

Besides, the relative volume change can be approximately expressed via the lattice parameter a, when a
cubic crystal with randomly distributed interstitial hydrogen atoms is considered:
AV Av Aa

:CH.,‘Qz:)).7 (2.1)

|4

Thus, in a first approximation, a linear relationship between the hydrogen concentration and the volume

change is expected. The linear increase of the lattice parameter is experimentally verified for most metals
LA A . .
[47]. In case, when the ratios EV and 7{1 are measured experimentally, the hydrogen concentration

causing a known lattice expansion can be roughly estimated from the linear dependency. In case of Nb
for low hydrogen concentrations (a-phase) at RT, the following dependency was experimentally found

[48]:

%“ = 0.058" ¢y and AVV =0.174 ¢y 2.2)

An example of the linear dependency between the Nb volume change and the hydrogen concentration in

the sample measured experimentally [38] is shown in Fig. 2.3.
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X J
T23 NbH, (5)
L Vo
x
=
o 21 NbH ()
£ " NbH (8)
S 20 *
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S
s 19
OO
184 ° NbH (a)
0 02 04 06 08 10 2.0
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Fig. 2.3 Volume per Nb atom vg at about 300 K measured as a function of hydrogen concentration as determined
by X-ray diffraction [38]. Reprinted from Hydrogen in Metals I, ed. by G. Alefeld, J. Vélkl, Chapter 2, 1978, p. 13, T.
Schober & H. Wenzl, Copyright 1978, with permission from Springer.

2.2 Epitaxial Nb (110) films grown on Al;03 (11-20) sapphire substrate

Niobium films can be epitaxially grown on Al,O; sapphire substrates. To achieve epitaxial films
with flat surfaces, elevated temperatures, low deposition rates and a low surface miscut * substrate are
required. The epitaxial orientation of the Nb lattice with respect to the Al,O; lattice is unique and three-
dimensional. It is controlled by Al,Os crystal orientation and well defined for different Nb/Al,0s systems
[27], [29], [49]. Figure 2.4 (a) represents the three-dimensional epitaxial relationship between Nb and
Al, O3, shown for the (11-20) substrate orientation [28]. Hereby, the orientation relationship between the
epitaxially grown Nb (110) film and the Al,O3 (11-20) substrate is given by the terminating interface planes

and two parallel directions in the Nb and Al,Os; lattice, which lie in the Nb/Al,Os interface plane [29]:

Nb (110) // Al,05(11-20),
Nb <-11-2> // Al,03 <-1100>,
Nb <-111> // Al,03 <0001>.

Gutekunst et al. developed a model for the atomic structure of the interface [29], shown in Fig. 2.4 (b). In
this model, O anions is approximately positioned on the regular lattice cites of an ideal hcp lattice, AI**
occupies two thirds of the octahedral sites within the hcp O lattice. Thus, during film deposition the Nb
atoms of the first layer occupy positions of the Al-sublattice continued across the interface trying to

reproduce the substrate lattice structure [28]. This kind of crystal growth resulting from the similarity

! The substrate miscut defines the angle between the geometrical surface of the substrate and its crystallographic
orientation. By using substrates with a low miscut angle, atomically flat terraces with large area can be obtained
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between the Nb bcc lattice and the morphological unit cell of sapphire (hcp). Hereby, according to
Gutekunst et al., strong ionic bonding is predicted appearing between the O-sublattice and the Nb-lattice

[29].

A-plane
(1120)

Fig. 2.4 a) Three-dimensional epitaxial relationship between Nb and Al;0s;, shown for the (11-20) substrate
orientations [28]. b) Model describing the atomic structure of the interface (Nb (110) || Al,053(11-20)) developed by
Gutekunst et al. [29]. The Nb atoms of the first layer exactly occupy positions of the Al-sublattice (®) continued across
the interface and form a periodic structure. (0) corresponds to the O-sublattice and (e) - to the Nb-lattice. Reprinted
from Thin Solid Films, 401, 7-34, A. Wildes, J. Mayer, K. Theis-Bréhl, The growth and structure of epitaxial niobium on
sapphire, Copyright 2001, with permission from Elsevier. (original image (a) is cropped)

Epitaxial Nb films with the highest quality, large terraces and low surface roughness can grow on
the single crystal Al,O3-substrates with a low surface miscut y < 0.1°. As Wildes et al. reported a small
deposition/sputter rate of less than < 1 nm/min is required to reveal flat surfaces [28]. Hereby, the
“optimum” deposition temperature T, is usually kept between 750 °C and 900 °C and can be tuned to the
specific vacuum system.

For above 50 nm Nb film thickness the influence of the deposition temperature on the surface
topography is known to be small when compared to thinner films, as reported by Wildes et al. and
Nothemann et al. [28], [31]. Tucan be varied between 750 °C and 850 °C and the surface remains smooth.

For 20 nm — 50 nm epitaxial Nb films preparation meander-like “open” surface topographies or,
in other words, a pitted film surface with deep holes are reported for epitaxial Nb films, under similar
conditions [36] or for substrates with higher miscuts [37].

Open surface morphologies are expected to strongly affect the stress relaxation under hydrogen
loading [9]. Therefore, to perform experiments on Nb thin films with defined surface conditions, the
proper growth temperature has to be determined to exclude the formation of “rough” and “open”
surfaces (meander-like surfaces). Thus, the desired 2D “closed” film structure has to consist of large
atomically flat terraces and has a relatively smooth and reproducible surface topography. For the film
thickness addressed in this thesis, an optimization of film preparation conditions is necessary before any

hydrogen-related loading experiments are performed.
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2.3 Me-H thin film system: general findings

2.3.1 Difference between “bulk” and “thin film” Me-H system

Many differences between the physical properties of Me-H bulk systems and Me-H thin film
systems of similar composition arise from the different microstructure and the necessity of stabilization
[9], [14]. Herewith, a significant role may play the anisotropy of the elastic properties resulting from the
boundary conditions, when the system dimension is reduced. Furthermore, high mechanical stresses in
the GPa range may arise in the film upon hydrogen loading [9], [13], [30], [50], [51] that might change
the system quite a lot.

Mechanical stress is known to affect many materials properties such as the chemical potential [9],
[52], or the width of a semiconductor band gap [53]. For binary systems, mechanical stress might influence
the thermodynamic properties [75]: it changes the solubility limits [13]; it reduces the critical temperature
of a miscibility gap between two adjacent phases [54], [55]; it modifies the hydrogen-hydrogen interaction
energy (eyy) [56], [57], [58] or widens the hysteresis area appearing during a phase transition [59].
Besides, high mechanical stress can also destabilize otherwise stable hydrides by about -1.1 kJ / (mole H)

per GPa of stress, as shown by Wagner et al. [56].
2.3.2 Intrinsic stress in films

In the as-prepared state, many films are typically exposed to intrinsic mechanical stress, which is
caused by the presence of rigid substrates and local atomic lattice matching between the film and the
support [60], [75]. When high temperature deposition methods are used, additional stress may also result
from the different thermal expansion coefficients. Beside, additional stress may arise in the film due to
the atom peening or ions forming interstitial defects for high-energy deposition methods (e.g. sputtering
techniques or laser deposition methods [61]). Hereby, depending on the kinetic energy of the deposited
particles and the working pressure, stress after the film preparation may even change from compressive
to tensile [62], [63], [64], [65]. To summarize, this intrinsic mechanical stress resulting from particular
preparation conditions, typically ranges from the MPa to the low GPa range [66] and normally should be

considered among the other contributing factors affecting the film properties [75].
2.3.3 Interstitials-induced mechanical stress

Substantially higher mechanical stresses arise, when the metal films are loaded with interstitial

atoms in the presence of strong adhesion between the film and the substrate [75]. The mechanical stress
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limit arising from pure elastic behavior of hydrogen-loaded films bonded to rigid substrates can be

calculated by using the theory of linear elasticity [9], [13], [75].

2.4 Nb-H thin film system

2.4.1 Linear elastic theory on hydrogen-loaded thin Nb films clamped to a rigid

substrate

Dissolved hydrogen atoms induce volume expansion, as discussed in chapter 2.1.3. Herewith, in
case of bulk M-H system isotropic expansion &, appears. In contrast, in case of thin film ideally clamped
to the substrate, the expansion becomes anisotropic due to the boundary conditions.

Theory: The biaxial compression model for the expansion of a hydrogen absorbing film is given in
Fig. 2.5. Stress and strain of a film in the ideally fixed state can be calculated by doing a Gedanken
experiment [13], [67] of compressing a freely expanded metal film onto the size of the rigid substrate
layer. This is shown in Fig. 2.5. In Fig. 2.5 (a) the film is separated from the substrate, allowed to freely
expand in all the directions (e = €,, = €,, = €,) upon hydrogen loading and assumed to be completely free
of stress (ox = 0, = 0, = 0). Then, to satisfy the boundary conditions of the film clamped on the substrate
(Fig. 2.5 (b)), the hydrogen loaded film should be compressed to the initial lateral sizes (Aew= A€, = -&,).
Hereby, the direction oriented normally to the film surface is kept free of stress (o,,=0). The presence of
the rigid substrate leads to an appearance of compressive biaxial stress state in lateral directions [13].
Due to the Poisson response it, furthermore, leads to an additional out-of-plane expansion Aeg,, [67], [68],

upon hydrogen loading (Fig. 2.5 (c)).

a) b) C)

Etot=EoTAE2; -Oyy
_ 022=0
‘ p P
Substrate Substrate

Fig. 2.5 Sketch on calculation of stress and strain using theory of linear elasticity [67]. (a) The free sample expands
in all three directions by €, upon hydrogen absorption. (b) For the fixed film, in lateral directions this expansion has
to be inverted, As. = Ag,, = -€,. Via converse contraction, the lattice additionally expands in vertical direction by
Ag,,. (c) Strong out-of-plane expansion and compressive mechanical stress arise upon hydrogen loading in the thin
Me-H film fixed on the substrate. Reprinted from Hydrogen in Metals, R. Kirchheim & A. Pundt, In D.E. Laugchlin,
K. Hono (Eds.), Physical Metallurgy, 2014, p. 2665, Copyright 2014, with permission from Elsevier.
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Hydrogen-induced elastic lattice expansion and mechanical stress can be calculated by using the
theory of linear elasticity [69]. Hereby, in the elastic regime, Hooke's law defines the relationship between

stress and strain:
0ij = Cijri€r (2.3)

with the fourth rank tensor of elasticity Cj, also named elastic stiffness tensor, that generally couples the
strain matrix g with the stress matrix o; . The subscriptsi, j, k, | run from 1 to 3. Usually fourth rank tensors
contain 3* = 81 components, but in case of cubic structure due to the symmetry, only three independent
elastic constants Cy;, C12, C44 are needed to describe the elastic properties of the system. Thus, the number
of components in tensor of elasticity can be reduced to 36 (6°=36 [70]) that significantly simplifies the
calculation process. For convenience, we will consider the stress-strain relationship on the crystal
directions. Hereby, the presentation of Hooke's law in Voigt notation rather than the matrix notation (xx
-1, yy 22; 2z - 3; xy (yx) > 4; xz (zx) =5; yz (zy) = 6) can be used. It is more practical, specifically, if

there is no shear strain assumed to occur in the system (&4, €5, 5= 0):

Oq = Caﬁgﬁ (2.4)

This representation of Hooke's law includes the six-component stress vectors o, and €5 and the quadratic

matrix of elasticity Cys. For cubic systems, Cqg is given by:

Ci1 Ciz Ci2 0 0 0
/ C, Cy Co O 0 0 \ (2.5)
cow _ | € Cp Gy O 0 0 |
af | o 0 0 C, 0O 0 |
\ 0 0 0 0 Cow O /
0 0 0 0 0 Caa

Further, for describing the system, the expression for the elastic energy density f.; as a function of the
elements of the elastic stiffness tensor cjy and the symmetric strain tensors €;and ey are required. In

common case it is given by [69]:

1
fer = > Cijt " €ij " €kt (2.6)

and, in Voigt notation, particularly, for cubic structure is equal to [67]:
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1 2. 2. 2 1 24 02 o2
fa = 5 Cir(ef + &5 +€3) + Cia(e16; + €263 + €163) +§C44(54 + &5 + &) (2.7)

In order to calculate the stress, the (110)-orientation requires that the appropriate tensor
transformation is performed, as one of the orthogonal in-plane directions does not coincide with a crystal
axis [71]. Therefore, the internal coordinate system of the crystal needs to be correlated to the external
coordinate system of the film and the substrate by use the transformation matrix (a;;). The strain in the
internal coordinate system (g;;) can be linked with a strain in the external coordinate system (&y,y,) in the

following way:

Eij = Gnn " Emn " Un (2.8)

Because the bcc-films usually grow (110) oriented, the external z-direction correlates with the [110]
internal crystallographic direction. Thus, rotations by ¢ = - 90° around the x-axis and afterward by 6 = -
135° around the reoriented z-axis give the new external coordinates x’, y’, Z in [1-10], [001] and [110]

crystallographic orthogonal directions as it is shown in Fig. 2.6 [67].

.

S P
A %

[100]
0 0

. 90()., |- 1350
E” S =
(‘7’ =/ v’

Fig. 2.6 Sub-rotations required for (110)-oriented films to correlate the internal coordinate system of the crystal to
the external coordinate system of the film: ¢ = - 90° around the x-axis and afterward by 6 = - 135° around the
reoriented z-axis gives the new external coordinates x’, y’, ' in [1-10], [001] and [110] crystallographic directions [67].

To obtain the transformation matrix that is required to link the two coordinate systems, multiplication of

two rotation matrixes (rotation around the x-axis and z-axis) has to be performed:
1 0 0 cosf —sinf 0 (2.9)
a;j=(0 cosg —sing|-|sind cos® O '

0 singp cosg 0 0 1
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For ¢ =-90°and 6 = - 135°rotation this gives:

A1y, L1y,

(1 0 0)( 2 \ (x/? V2 \ (2.10)
a;=(0 0o 1) 1 = 0 0
0—10\— 1

[\
-

0 0
27 \g
0 0 1 V2 V2
At this state, by substitution the transformation matrix Eq. (2.10) in Eqg. (2.8), the tensor transformation
for the strain can be performed and therewith, the strain in the internal coordinate system can be

expressed via a strain given in the external coordinate system:

1 ! +1 i 1 li +1 ! O
I/ 29125 TRTes \ (2.11)
&ij = ’ ’ 1 ’ ’
Y \—§£1+2£3 St O/
0 0 &

Thus, the elastic energy density in dependence on the strain, given in the sample (external) coordinate

system can be obtained by combining Eq. (2.7) and Eq. (2.11):

1 1
for = 7 Ca(e1” + 28;° + 26165 +63%) + 7 Craeg” + 26185 + def g + dez€5) (2.12)
1 12 _ [ 12
+ > Cag(e3° — 2838 +6°)

The stress g; in external coordinates in a certain direction by definition is given by the strain derivative of

the free energy density:

ad
ol = aﬁl (2.13)

i

For the derivative in z - direction that corresponds to &5 in in the sample coordinate system, by applying

the condition of free expansion assumed in Fig. 2.5 (% = g,, = 03 = 0) we can obtain the expression

for the additional vertical strain (Ag,,) suggested in the one-dimensional linear elastic model:

_ (Ci1 + Ciz — 2C44)e1 + 2C158,
(Ci2+ Ci1 +2C44)

Ag,, = gé = (214)

Further, an assumption of biaxial strain (& = &, = —¢,) allows to calculate the total vertical strain of a
Nb (110) film ideally clamped on the rigid substrate. According to the one-dimensional linear elastic

model, the total vertical strain (&,,):0:q; appearing due to the hydrogen absorption is given by:
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=&
Cii+Cip+2C,, °

(gzz)total =g + A, =6, + (2.15)

Finally, when the &5 is expressed in terms of &g, the biaxial in-plane stress o; and o, arising at the interface

between the film and the substrate can be calculated. This stress corresponds to [110] and [001]
crystallographic orientation and is given by:
' _Ofa 4(C1q + C12)Chag) +4C15Cu48,

o, .- = = (2.16)

Ofer _ 4C12Cha81 + (Cy — 2CF, 4 C11(Ciz + 2C44))e;

0001 = (2.17)
2=[0011 7 g g7 Cip+ Ciz+ 2C4s

For the same biaxial expansion (g; = &, = —¢,), by substituting the known linear dependence
&, = 0.058 - ¢y [48] and Nb bulk elastic stiffness constants Ci;=247.4 GPa, C;,=133.6 GPa, C44=28[72]

in Eg. (2.16) and Eq. (2.17) the corresponding mechanical stress can be calculated:

o = 0fel — 4 (C11+ 2C12)Caa
1=[110] 681, C11 + ClZ + 2C44

& =—7.6"cy (2.18)

] 2(Cyq 4 2C15)Cag + CE + C11Cyp — 2CF
0_212[001] — fe,l - _ ( 11 12) 44 11 11%~12 12 € = -11.6 - cH (2'19)

Thus, in the elastic regime, upon hydrogen loading of Nb thin film, compressive stresses between -11.6
GPa / ¢y and -7.6 GPa / cy are expected. Depending on the crystallographic direction, in that the stress
measurements are performed, the obtained stress value may vary, as it is shown in Fig. 2.7. Hereby, the
average stress is expected to be about: (¢') = —9.6 - ¢y [35].

Figure 2.8 represents the calculation results of elastic modulus and the Poisson's ratio within (110)
— plane of a Nb (bcc) crystal, as given by Nérthemann [73]. It explains the direction-dependent stress
development shown in Fig. 2.7.

Thus, for the special case of pure elastic response of a film an extremely high stress state with
— 10 GPa at cy = 1 H/Nb can be theoretically achieved. Thus, to summarize, if we find the proper
experimental conditions, at that stress release is completely suppressed in thin epitaxial Nb-H film upon

hydrogen loading to ch= 1 H/Nb, ultrahigh stress of about — 10 GPa is expected to arise in the linear elastic
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regime [74], [75]. Besides, pure one-dimensional vertical film expansion should be observed in this

situation.

7 [111] [001] [T12] [110]
B -7.6 GPa
— -81\i i i
© H H H
o 1 H :
o 9 Y\ o B Ny A -9.0 GPa
A 10 I SR R -10,2 GPa
= :
& -1 s
T RUIIeI T, AR -11,6 GPa
']2 T T T
0 100 200 300

Angle of rotation about [110] axis

Fig. 2.7 Dependence between the in-plane stress and crystallographic directions in the Nb film ideally clamped on
the rigid substrate. Adapted from M. Dornheim [35].
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Fig. 2.8 The calculation results of elastic modulus and the Poisson's ratio in the (110) plane of Nb. Adapted
from K. Nérthemann [73] with permission.

2.4.2 Hydrogen induced lattice expansion in thin Nb-H films

The total out-of-plane strain contains the bulk strain £,and the additional term Ae,,. It isgenerated
by the imposed transverse contraction and, as it was mathematically derived in the previous section in

Eq. 2.15:

Ci4 +3C;, — 2C
(gzz)totaz =g, +Ag,, =¢, + 11 12 44

2.20
R T (2.20)

where Cj is the elastic stiffness constants of the bulk material.
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By using the model of ideal one-dimensional straining, the expected hydrogen induced vertical
expansion, occurring in the thin Nb-H film, can be calculated. As it was already mentioned, for the bulk
Nb-H system, the linear relationship between the strain and the hydrogen concentration is given by g, =
0.058 - ¢y [48]. Thus, by substituting the Nb bulk elastic stiffness constants (Ci; = 247.4 GPa, C12=133.6
GPa, C44=28 GPa [72]) the total vertical expansion in case of thin Nb-H film clamped on the rigid substrate

according to the theory of linear elasticity is assumed to be:

Az
(&22)totar = d_ =0.136"cy (2.21)

(o]

where Az is the film expansion in the vertical directing and d, is an original film thickness. Thus, in case of
a Nb-H thin film, if it is compared to the bulk Nb-H sample, significantly higher vertical expansion is
expected. Moreover, if there is a local hydrogen concentration gradient present in the sample (e.g. by
phase separation), the amplitude of relative film expansion caused by a difference in the local hydrogen

concentration can be estimated by use the following equation:

AZpo; = 0.136- Acy - d, (2.22)

Based on Eq. (2.22), Table 2.1 gives the estimated film expansions Az,,; expected for different Acy

(ranging from 0.6 H/Nb to 0.1 H/Nb) and different film thickness d,, (ranging from 100 nm to 5 nm).

Table 2.1 Nb film expansion Az,..; upon different hydrogen concentrations Acy. All expansion values are
given in units of nm.

Acy [H/ND]

Thickness [nm] 0.6 0.5 0.4 0.3 0.2 0.1
100 8.16 6.80 5.44 4.08 2.72 1.36

70 5.71 4.76 3.81 2.86 1.90 0.95

55 4.49 3.74 2.99 2.24 1.50 0.75

40 3.26 2.72 2.18 1.63 1.09 0.54

25 2.04 1.70 1.36 1.02 0.68 0.34

15 1.22 1.02 0.82 0.61 0.41 0.20

8 0.65 0.54 0.44 0.33 0.22 0.11

5 0.41 0.34 0.27 0.20 0.14 0.07

The one-dimensional strong linear film expansion was experimentally confirmed for Nb-H films in
initial H-loading stages. In case of a polycrystalline 190 nm Nb film, the predicted linear out-of-plane
expansion was found up to cy = 0.08 H/Nb. In case of an epitaxial Nb film, an almost linear dependency

with a slight deviation was confirmed up cy = 0.05 H/Nb [13], [25]. At higher hydrogen concentrations, the
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system tries to reduce the stress arising in the film and, therefore, deforms plastically. At this loading
stage, the out-of-plane lattice expansion is non-linearly coupled to the hydrogen concentration and,
hence, deviation from the one-dimensional linear behavior can be observed. An example of strain
measurements performed by Laudahn et al. [13] is shown in Fig. 2.9 (a, b). X, gives the average hydrogen
concentration (cy = Xu) achieved in the sample by electrochemical hydrogen loading. In Fig. 2.9 (a), the Nb
(110) peak shifts to lower angles and splits up with increasing hydrogen concentration due to the phase
separation occurring in the concentration range 0.06 H/Nb < cy < 0.7 H/Nb. From the peak position
corresponding to the Nb-H a-phase region (26 = 38.5 °), Laudahn et al. calculated the strain as a function
of ¢y, [13] (Fig. 2.9 (b)). As it can be seen, a slight deviation from the dashed line predicted by one-

dimensional expansion is visible.

a) b)
T T T T A T X T X T ",{
Nb (110) Pd (111) c, [H/Nb] 0.005 | one-dimensional, - .
x,>1.00 r o "
3 x=090g| 0.004 1
S, x,=0.70 - 3
= x:=0.50] /| 5 0.003F ]
= x=0.30|,| Z
‘@ J\ x=0.12| g g 0.002 bulk :
x,=0.05 0001+ i
x,=0.03| a
X x,=0.00 0.000 8= . . . .
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Diffraction angle, 20 / deg (A = 0.15418 nm) ¢, [H/Nb]

Fig. 2.9 a) XRD pattern measured during electrochemical hydrogen loading in the 189 nm epitaxial Nb film (A =
0.15418 nm). [13] X4 gives the average hydrogen concentration. The Nb (110) peak shifts to lower angles and splits
up with increasing hydrogen concentration. Thus, two peaks corresponding to a-phase and B-phase volume fractions
are visible in the concentration range corresponding to the two-phase region (a+B). The film is protected with a 30
nm Pd top layer b) The measured lattice strain initially behaves almost one-dimensional, when only Nb-H a-phase is
present in the system. Reprinted from J. Alloys. Comp. 293-295, 490, Hydrogen induced stresses in Nb single layers,
U. Laudahn, A. Pundt, M. Bicker, U. v. Hiilsen, U. Geyer, T. Wagner, R. Kirchheim, Copyright 1999, with permission
from Elsevier. (“a”, “a+B”, “B”, “cy [H/Nb]” in Fig. 2.9 (a) are added by author of this PhD thesis)

2.4.3 Plastic deformation at the film/substrate interface upon H-absorption

For Nb films deposited on Al,Os, Grier et al. determined a critical thickness of 7.2 nm for the
formation of intrinsic misfit dislocations between the film and the substrate, immediately after film
deposition and without any hydrogen contribution [49], [75]. Above this film thickness, dislocations may
occur in the Nb films. For the as prepared 100 nm, epitaxial Nb films grown on Al,O, (11-20) sapphire
substrates (miscut < 0.1°, deposition at T, = 800 °C), Nérthemann reported on a dislocation density of
about 7.1(6) - 10" cm™ which relates to a mean distance = 38 nm.

Following the equilibrium theory of misfit dislocation formation of Mathews and Blakeslee [76],

[77], [78], van der Merwe [79], [80], or Jain et al. [53], gives a critical yield thickness d" for strained epitaxial
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film growth above which dislocations are inserted at the film / substrate interface to accommodate for

the strain between the film and the substrate. The total energy density of the system &,:mainly contains

the elastic energy density fel =M.d.¢ that builds up during film growth and the self-energy density

of edge dislocations [81]:

_Gb? 2, (p
Saisl = é‘ﬂr(il.—u)Lln(rJ (2.23)

c

which are introduced in periodic distances L. G is the shear modulus, v is Poisson’s ratio, b is Burgers
vector and r. is the radius of the dislocation core which is often set to r.= b. fis a numerical constant in
the order of one. When dislocations with Burgers vector, b, and spacing, L, are formed, the remaining
homogeneous strain in the film is (& —b/ L) and, hence, the corresponding strain energy is reduced.
Thereby, the total energy density of thin films containing misfit dislocation can be expressed by adding

two these terms [81]:

Med s R) LG 2, (A
S =M (‘9 Lj T az(-v) Lln(r j (2.24)

c

Because the energy associated with a uniform strain depends linearly on the film thickness and the misfit
dislocation related term depends logarithmically, only above a critical thickness d* the introduction of

misfit dislocation leads to a decrease in the energy of the system. Hereby, the equilibrium state of the

0 é:tot

system will be defined by the condition of energy minimization ( = 0). Thus, solving of related

1

L
. . b I o . . ) . L

equation for the special case of = 0 will give a critical thickness, above which the first dislocation is

introduced [81]:

d”’ b 1 In(ﬁdj (2.25)

T e8r(ltv) | 1

C

This theory was recently extended to M-H films [68], [75], whereby the lattice is strained by the
presence of hydrogen by € = ay- ¢y [47]. Thus, it was shown that the critical ¢y allowing stress release

depends on the film thickness d [68], [75]:
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For the Nb-H system, the Burgers vector is of type b = 1/2{111}, and thus, with a = 0.330 nm [82], |b| =
0.286 nm. With r. = 0.286 nm, v = 0.355 [70] and ay = 0.058 [48] this theory predicts constants
C;=1.4-10"and C,= 3.5, in equilibrium [75]. Thus, this approach can be used to estimate the thickness
dependency of solute-induced stress and the elastic to plastic deformation in thin film metal-hydrogen
system. The onset hydrogen concentration for stress release is named the ‘yield concentration’ cy (or
CH, pl)-

The ‘yield concentration’ cy, was experimentally found to depend on the film thickness, as studied
for Nb thin films in the range between 50 nm - 200 nm [22], [25], [35]: Thinner Nb-H films yield higher
hydrogen concentrations and higher mechanical stress than thicker Nb-H films, as expected from Eq. 2.26.
Reduction of the film thickness, therefore, shifts this critical concentration to high values. By lowering the
film thickness, it can be expected that the critical concentration can be even shifted above cy=1 H/Nb

and, thus, to a value where this type of plastic deformation can be completely excluded.
2.4.4 Mechanical stress release in M-H films upon hydride formation

Specifically, for M-H thin film system, dislocation formation can occur at the hydride / substrate
interface [18], [20], [21], [23], [35], but, in the two phase region also at the hydride / a-matrix interface
[9], [19], [22] as schematically depicted in Fig. 2.10 [75].

glide steps
S &N

P oo ¢ island

substrate

Fig. 2.10 Schematic drawing of a thin film supported by a rigid substrate. Hydrogen absorption in the film leads to
lattice expansion and, as the film is fixed to a rigid substrate, to in-plane mechanical stress. The stress can be released
via dislocation formation that allow the metal atoms transfer to the film surface. Two different types of dislocations
may arise. One type releases stress between the film and the substrate (disl ) transporting material in ramps-shape
to the film surface and leaving a glide step [75]. Besides, dislocations occur when hydrides are present in the film. In
this case, dislocation loops release stress arising at the interface between the a-matrix and the B-hydride (disl o),
allowing the hydride to expand vertically and appear like an island elevated from the film surface [75]. Reprinted
from Appl. Phys. Lett. 106 (2015) 243108, Achieving reversibility of ultra-high mechanical stress by hydrogen loading
of thin films, M. Hamm, V. Burlaka, S. Wagner, A. Pundt, Copyright 2015, with the permission of AIP Publishing.
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Two different types of dislocations are incorporated: 1) straight misfit dislocations elongating close to the
film-substrate interface (disl ¢/s) or 2) extrinsic dislocation loops emitted from hydride precipitates (disl o).
Atomic glide steps, as traces of dislocations, appear upon hydrogen loading.

Linear glide steps were experimentally verified by in-situ STM for 50 nm epitaxial Nb-H films [73]
and, recently, for 23 nm epitaxial Pd-H films [23]. Ellipsoidal terraces as traces of dislocation loops were
detected for 12 nm Gd-H [18], after hydrogen loading. An example of stress release by forming misfit
dislocations near the substrate-film interface visible as glide steps at the film surface reproduced from

Northemann [73] is shown in Fig. 2.11 (a, b).
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Fig. 2.11 Emission of dislocations detected upon hydrogen loading in the epitaxial 50 nm Nb-H film. a) STM surface-

image measured upon hydrogen loading at py = 1 x 10° mbar (Frame size: 500 x 500 nm?). The color scale chosen in
the way to identify the transition area between the a-phase region (pink) and the hydride B-phase region (yellow).
Beside of that, the straight lines found near close to the a/p interface are shown (marked with black arrows). The
linear profile (b) measured from the area marked with a black square shows that these straight lines are the edges of
atomic glide steps (4h = 0.32 (3) nm) appearing at the surface. Northemann interpreted them as an emission of
dislocation accommodating the stress appearing upon hydrogen loading at the film/substrate interface (disl ¢s).
Adapted from K. Nérthemann [73] with permission.

The stress measurements performed in the past showed that above a ‘yield concentration’ cy,
mechanical stress can be released [13], [25], [83]. cywas found to depend on the film microstructure and
the film thickness [9], [13]. Noteworthy, cy is not linked to the solubility limit of the solid solution and,
potentially, can vary in a rather broad range.

As soon as plastic deformation appears in the system, the mechanical stress build-up deviates
from the linear elastic regime. Typical stress build-up for 200 nm thick Nb-H films of different micro-
structures [9], [84] is presented in Fig. 2.12: For higher concentrations (beyond the arrow), the increase
of mechanical stress upon hydrogen uptake is reduced as compared to the theoretical prediction
(‘clamped’ state). The reduction strongly depends on the microstructure of the film [9], [84]. For epitaxial
films (EVoaooc), stress release is most efficient and the final stress of — 1.7 GPa is comparably small. For
nano-crystalline films (LD2o+c), stress release is less efficient and the final stress reaches about -2.6 GPa.

According to Eqg. (2.26) for the thickness range addressed in this thesis, cy is expected to be shifted

even stronger to very high hydrogen concentrations.
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Fig. 2.12 Mechanical stress evolving during hydrogen absorption in 200 nm Nb-films with different grain sizes dG
(EV900°C: epitaxial film, EV20°C: dG = 100 nm; LD20°C: dG < 20 nm). The stress curves of all films deviate from the
theory (‘linear elasticity’) at approximately 0.08 H/Nb (vertical arrow). Shaded areas mark the two-phase regions of
the Nb-H films, as determined by additional XRD measurements [9], [84]. Stress release depends on the
microstructure. Reprinted from Annu. Rev. Mater. Res. 36, 555-608, 2006, A. Pundt & R. Kirchheim, Hydrogen in
Metals: Microstructural Aspects, Copyright 2006, Annual Reviews. ( “linear elasticity” added by author of this thesis)

According to Nix et al., the high efficiency for stress release observed for epitaxial films, in
comparison to the low stress release efficiency of nano-crystalline films, can be understood as a Hall-
Petch-effect, which is applicable for thin films mechanical properties [85], [86]. In total, thin films with
small grains yield higher hydrogen concentrations before plastic deformation occurs.

The next important point that should be briefly mentioned here is related to the stress
development. The stress curve shown in Fig. 2.12 shows several slope changes and it was found that, for
the studied film thickness, most of them relate to phase boundaries of the individual Nb-H film [84]. A
similar result was also observed for Y-H films, in a very detailed study by Dornheim [87].

Besides dislocation formation, slip and formation of twins were reported in the past as a side
mechanism of stress release in thinned TEM-samples. Slip upon hydrogen loading was found by Grier et
al., performing HREM on Ho-H thin films [88]. For Y-H thin films, Kerssemakers et al. suggested the
formation of twins, as based on a HREM study [89]. However, it should be considered that the boundary
conditions for experiments on cross-sectional thinned TEM-samples differ from that of a clamped thin
film. High stress states are not readily available for such samples since lateral expansion is possible.
Further, twin formation might be promoted by the presence of additional surfaces in TEM-samples. Due
to these reasons, TEM membranes constitute a different sample system from the clamped film system
addressed here and, hence, cannot be directly compared.

Another side mechanism of stress release, namely film delimitation from the stabilizer, can be

excluded for the here addressed system [17]. Nb films deposited on Al,O; are known for their strong

adhesion [30] that prevents film delimitation, especially for the addressed film thickness.
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2.4.5 Phase transformation in Nb-H films studied by STM

Because of the strong lattice expansion during hydride formation, hydrides can be spatially
identified by their volume expansion [18], [31]. For hydrides in films, this local lattice expansion
presumably occurs in out-of-plane direction and, therefore, leads to a local film surface corrugation as
schematically shown in Fig. 2.13. Thereby, in films, the spatial arrangement of a- and B-phases can be
monitored by measuring the local surface changes during hydrogen loading, i.e. by in-situ STM [31], [90].

Hydride formation was recently studied by STM and in-situ gas loading for 50 nm — 200 nm thick
Nb films. From a shape analysis of the surface corrugations, the hydride morphology inside of the film was
deduced. This was done by comparing the experimental results to finite-element calculations performed
via the COMSOL MULTIPHYSICS simulation software [91]. Physical modeling showed that the observed
surface corrugations in the initial state may result only from hydride precipitates of cylindrical shape
ranging through the complete film from the top to the film-substrate interface [19], [73]. This result is in
a good agreement with high-resolution electron microscopy results on Nb / Pd multilayers reported by
Borchers et al. [92]. Thus, in a first approximation, the fraction of the elevated surface corrugations area
can be directly correlated to the volume fraction of the hydride phase. It is assumed that the chosen frame

is representative for the complete film.

<V

Substrate Hydride precipitates

Fig. 2.13 Sketch of surface corrugations in Nb-H films resulting from internal B-hydride precipitates of different
morphology (“Type 1” and “Type 2”, [73]). Local lattice expansion of hydrides leads to surface corrugations that can
be detected by STM-methods.

From the evolution of surface topographies measured by in-situ STM for different film thicknesses
(d) and hydrogen pressures (py), Northemann et al. detected two types of hydride precipitates in their
epitaxial Nb-H films, as summarized in Fig. 2.14 [19], [24], [73]:

1) small hydrides of cylindrical shape that are coherently linked to the a-phase matrix (“Type 1”,
T1). These corrugations possess very smooth borders between the a- and B-phase related surface areas.
The slope of the profile in the transition area between the a-phase and the B-phase was found about
2.7(0.2)°. No glide steps (related to dislocations) are detected on the T1 topographies. From the shape of
the surface corrugation it was deduced that these cylindrical hydrides are coherently linked to the a-phase
(see Fig. 2.14 (b)). Coherently matched cylinders were found up to a maximum radius of 30 nm - 40 nm,

for a 70 nm film. The size distribution of the hydrides was found to be peaked at this maximum radius.
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2) large hydrides of irregular shape with extensions exceeding 36 nm, with elongated
morphologies, arranged along the elastically soft {111} lattice directions (“Type 2”, T2). The slope of the
profile in the transition area between the a-phase and the B-phase was found to be roughly 9(1) °; the
height of the upper visible part of hydrides — about 5 nm - 7 nm [73]. Linear profiles measured along
hydrides of “Type 2” are exemplary shown in Fig. 2.14 (c). By the height and the shape of the upper visible
part of hydride precipitates (for comparison see Fig. 2.14 (b) and Fig. 2.14 (c)) it was deduced that these
hydrides are semi-coherently linked to the a-phase matrix. To remind the reader, as expected from the
theory of linear elasticity (see Table 2.1), for 70 nm thick films the maximum relative film expansion Az,
(= the height of the upper visible part of hydrides) for Acy; ~ 0.4 + 0.5 should lie between 3.81 nm and
4.76 nm. Thus, according to Fig. 2.14 (c) the experimentally measured value exceeds the theoretical one.

a) STM surface-image, size 3.5 x 3.5 ym’ b) Height profile: Type 1
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Fig. 2.14 Different kind of precipitates of hydride phase observed in a 70 nm Nb-H film [73]. In (a) the STM surface-

image of a 70 nm Nb-H film obtained during hydrogen loading at py= 1 X 10° mbar for t.= 62 min (Image size: 3.5 x
3.5 um?). Bright elevated areas corresponds to the locally growing precipitates of the hydride phase. From this
topographic image, the line-profiles of different kind of precipitates were measured. The profiles from precipitates
of “Type 1” are shown in (b). The slope of the profile in the transition area between the a-phase and the B-phase was
found about 2.7(0.2) °. The profiles from precipitates of “Type 2” are shown in (c). The measured slope in the
transition area is 9(1) °. Adapted from K. Northemann [73] with permission.

Since semi-coherency implies the presence of dislocations, it was argued that above a certain
hydride volume the elastic strain energy of the system exceeds the energy of formation of one dislocation
and, therefore, enables dislocation formation. Thus, it was supposed that once a dislocation is generated,
the hydride can freely grow [24]. However, before the nucleation barrier for dislocation formation is

overcome, the hydrides were found to be “locked-in size” by the arising elastic strain energy [19], [24].
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From the detailed analysis of location and growth of different precipitates, it was suggested that
T1-related hydrides are precursors of T2-related hydrides [24], [73]. Finally, it was shown that T1
topographies evolve completely differently as compare to T2 topographies: They always show a reduced
height compared to the T2 topographies and their surface roughness is similar to that of the original film

surface.

2.4.6 Calculation on the critical size: coherent and semi-coherent phase

transformation

To understand the origin of T1 topographies and confirm the theory about the “locked-in size”
coherent precipitates, finite element method (FEM) calculations were performed on hydride precipitates
with different lateral sizes and for different film thicknesses of Nb. The focus was set on shapes with
circular surface topography. Northemann et al. calculated the critical precipitate size separating the
coherent and the semi-coherent hydrides (T1->T2), by comparing the elastic energies for a coherent
cylindrical hydride in a Nb-film, as calculated by FEM calculations (Fig. 2.15), with the self-energy of a
dislocation loop Ejep that is located around the cylindrical precipitate. In order to determine Eioop(r),
Northemann modified [19], [73] the approach of Kroupa et al., who calculated the deformation energy of
a circular intrinsic dislocation loop in an unlimited isotropic medium [93]. Further, in the frame of the
calculation, it was assumed that the elastic strain energy is accumulated inside the cylindrical precipitate

with a radius r and height d [19]. The related result is schematically shown in Fig. 2.16 [19].
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Fig. 2.15 Example of FEM-calculations on a Fig. 2.16 Elastic energy of coherent cylindrical precipitates in films of different

coherently matched cylindrical Nb-hydride in a  thicknesses, as calculated by FEM. Also implemented is the calculated self-

Nb-matrix. The film expansion (displacement) is  energy of one dislocation loop that crosses the curves at the radius rerit . rerit

shown in color-scale. Adapted from K. gives the precipitate size above which dislocation implementation is

Northemann [73] with permission. energetically favourable. It depends on the film thickness. For films thinner
than 26.3 £ 0.2 nm, the curves do not cross each other. Data originally
published by K. Nérthemann et al. [19].
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Figure 2.16 gives the elastic strain energy (per interface atom) for different precipitate sizes and for
different film thickness ranging from 10 nm to 160 nm. Beside the self-energy of a dislocation loop
calculated for different precipitate radii r is shown. By considering the energy difference between the
elastic strain energy and the dislocation loop self-energy shown in Fig. 2.16, Northemann et al. made a
prediction about a critical film thickness below which the transformation from T1 (coherent) to T2 (semi-
coherent) type of precipitates should not appear any more. They calculated the film thickness d.. = 26.3
+ 0.2 nm for Nb-H, which gives the threshold value where the dislocation loop self-energy curve does
never exceed the elastic strain energy curve in Fig. 2.16 [19]. In other words, resulting from these
calculations, for Nb thin films below a film thickness d., < 26.3(0.2) nm, Nérthemann et al. suggested the
formation of dislocations at the hydride-matrix interface to be energetically not favorable (see Fig. 2.16)
[19], and, for films of about d., , the critical precipitate size strives to infinity. Thus, below the critical film
thickness no dislocations are expected to form between the a-matrix and the hydride precipitate within
the full concentration range of the two-phase region of the thin film system. This accounts for any
precipitate size. It is important to note, that in his simplified model Nérthemann did not implement the
effect of stress release at the film / substrate interface as well as the integration of neighboring hydride
precipitates at the late stage of sample loading, in the FEM simulation.

Recently, Kumar et al. used similar argumentation in his calculation concerning the problem of
coherent precipitation (spherical yFe precipitates in Cu-2 wt. % Fe matrix) with respect to the achievement
of a critical size [94]. However, the theoretical prediction of Nérthemann et al. derived for Nb-H films has
not yet been proven experimentally.

It should be noted that Nb-H thin films of comparable film thickness have been studied at elevated
temperatures and in a different decomposition regime in the past [32], [33], [34]. However, the target of
the actual study, namely the region of phase separation and coherent hydride precipitates, were not
investigated in the related works. In-situ hydrogen gas loading XRD and low-angle neutron reflectivity
studies on epitaxial Nb-H thin films of different film thickness performed at the Ludwig - Maximilians
University (Munich) [33], [34] focused on the temperature region above the critical temperature (171 °C
for Nb-H bulk, compare Fig. 2.2). Edelmann [33] and Schmid [34] reported on irreversible structural
changes, on the formation of dislocations in Nb-films and on irreversible surface roughening for the film
thickness of 22 nm - 26 nm, even in the concentration range of the single-phase region. Contrary to this,
for the case of a 26 nm epitaxial Nb-H thin film, Song et al. reported almost full coherency even after cyclic
hydrogen loading at 200 - 300 °C, in his measurements of pressure-strain isotherms [95]. These different
data interpretations strongly show how sensitive the results depend on the experimental parameters and
techniques chosen to address the topic of coherency conservation.

First hints on the absence of dislocation loops around hydrides in thin films were recently found

for Pd-H [23] at RT, using in-situ hydrogen gas loading XRD studies on Laue oscillations and, additionally,
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by STM. However, it was also reported that dislocations form at the film / substrate interface. Therefore,

full coherency was not achieved in these studies.

2.4.7 Phase boundaries of Nb-H thin films

Compared to the bulk phase diagram, phase boundaries (c, and cg) in films are found to be
strongly shifted. This was exemplary shown for Nb-H films in the thickness range between 35 nm and 200
nm in experiments performed at RT, upon electrochemical hydrogen loading [9], [13], [35].

It was also reported that the microstructure of the thin film affects the phase boundaries, because
microstructural defects often act as hydrogen traps [9], [96]: Results on different micro-structured Nb
films showed different phase boundaries. Pundt suggested estimating the impact of microstructural
contributions on the hydrogen solubility as a function of the sample dimension [10], [68]. Contributions
of defects, like vacancies, grain boundaries, dislocations, etc. but also surfaces and subsurface regions,
can be considered based on the results on defect-rich bulk materials. To summarize these findings,
hydrogen trapping in defects leads to changes in the total solubility limits when their volume fraction
becomes large. Therefore, microstructure strongly affects the width of the miscibility gap and, thereby,
reduces the storage capacity of the metal. To minimize the microstructural impact on solubility limits of
films, epitaxial films are required. For epitaxial films, only trapping contributions of surface sites and
dislocations pre-existing at the film / substrate interface remain. Thus, epitaxial films can serve as a model
system. For ultra-thin films, the ratio between the number of surface sites and the number of volume
sites of the sample becomes significant. In total, surface contributions can be minimized by producing
atomically flat surfaces.

Nowadays, it is known that mechanical stress has a major impact on the phase boundary shift
[14]. Films of similar microstructure, but exposed to different mechanical stress showed completely
different phase boundaries. For 100 nm Nb-H films, the a-phase solubility limit ranges from 0.20 H/Nb for
a film deposited on hard Si-substrate, dropping down to about 0.06 H/Nb for the free-standing film [9],
[35]. At the same time, ¢, = 0.06 H/Nb is also the solubility limit reported for bulk Nb-H system (see Fig.
2.2, [42]).

For epitaxial Nb-films on (11-20) Sapphire, prepared at 800 °C, Dornheim et al. reported on bulk-
like phase boundaries for 100 nm Nb (cq,im = 0.06 H/Nb and cg,im= 0.6 - 0.7 H/Nb) and comparably strong
shifts for 35 nm Nb (Cq,im = 0.26 H/Nb and cg,im = 0.64 - 0.69 H/Nb) [35]. From the actual viewpoint, the
solubility limits of Dornheim’s samples can be explained by a holey or meander-like film morphology,
which can be observed in case of very thin epitaxial films [28], [36], [37]. Thus, to use thin epitaxial Nb-H
films as a model system, an appearance of a meander — like topography, which contains craters and hills,

reported in the past for thin epitaxial Nb films [28], [36], [37] should be avoided and smooth surface
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topographies should be targeted. Studies on phase boundaries of such films performed at room

temperature so far have not been reported, for the thin film range.
2.4.8 Plateau pressure

The chemical potential for phase formation, the analogue of plateau pressure, can be shifted by
mechanical stress [59], [97]. Tal-Gutelmacher et al. and Wagner et al. experimentally showed that the
substrate induced mechanical stress leads to a shift of the plateau pressure by about 3 orders of
magnitude for Ti-H films [97], or by about 1 order of magnitude for Pd-H films [59]. These values can be
varied by changing the intrinsic stress conditions in thin films [59], [98], [99], [100], [101]. For thick films,
deposition on very soft and thin polymer substrates or complete film detachment from the substrate and,
therefore, a quasi-stress-free state, results in a bulk-like plateau pressure [9], [59], [102].

Particularly, in Nb-H thin film system, delamination of the Nb layer from the sapphire substrate
does not occur and stress contributions play the dominant role in the plateau pressure shift. For Nb-H
films, by hydrogen gas loading performed at room temperature, RT (21 °C / 294 K), first hydride
precipitation is found to appear at about py = 7 x 107 mbar [31]. Thus, this pressure is about two times
larger than that was reported for the bulk Nb-H system, at 23 °C [40].

The chemical potential in the two-phase region for the bulk system is conventionally constant
[40]. In opposite, for thin clamped thin films ‘sloped plateau’ may occur. The slope was suggested to relate
to a continuous increase of the strain energy (Afy™ c?) that adds to the chemical potential, also in the two-
phase region [9], [35]. Recently Wagner et al. [14], [103] pointed out that the slope is related to stress
non-linearly increasing with H-concentration, whereas a constant stress increment was supposed to
simply shift the phase-transition plateau. It was demonstrated that by implementing an additional term
9, - ay - 0;; (stress contributing [56], [104], [105]) in the expression of the chemical potential uy describing
the thin film Me-H system adhered to the rigid substrate and by considering this term separately from
&gy - ¢y term (hydrogen-hydrogen interaction [16]), the experimentally observed chemical potential can

be well described [56], [103].

Hy =EO +RTln(r_CH)_€HH'CH_190'aH'O-l'l' (227)

In this expression E,, is the site energy, r is the number of available interstitial sites per metal atom, ey
represents the attractive hydrogen-hydrogen interacting energy in the metal, 9, is the partial molar
volume of sites occupied by an interstitial specie, ay is an expansion factor and g;; is the sum of axial
stress present in the system. This description was suggested by implementing the theoretical model for

the general case of thin films exposed to stress developed and showed by Cahn and Larché [104], [105].
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2.4.9 Critical point for phase separation (critical temperature T,)

As discussed in chapter 2.1.2, in binary M-H systems below T. a miscibility gap opens and two
phases with two different concentrations are present. Particularly, in the simple miscibility gap of the Nb-
H bulk system this happens at a critical temperature T, = 171 °(see Fig. 2.2). Above this temperature the
hydrogen concentration and thus the lattice parameter varies steadily with the applied hydrogen pressure
and there is no phase separation.

In case of a thin film, due to the changed boundary conditions, the elastic hydrogen-hydrogen
interaction (&g ), which is attractive in a sample with free surfaces [106], can become more repulsive.
Particularly, by using epitaxial multilayers (V/Fe and V/Mo) with a strong modulation of the related
hydrogen concentrations, Hjorvarsson and co-authors demonstrated that depending on the film’s strain
condition, indeed the sign of the H-H interaction can be changed [57], [58], [107]. In their works, the
authors demonstrated that hydrogen absorption in the V-H thin film system under different strain
conditions, namely compression (V/Fe) or tension (V/Mo), causes an increase or a decrease in the &yy.

Because T.and ey are linked [16]:

r
T, = 2R EnH (2.28)

, the changed ey should result in a change of the T.. Thus, in the thin film Me-H system with an
appropriate set of boundary conditions, mechanical stress may change the chemical potential of hydrogen
and modify the hydride phase stability with respect to the a.-phase. Furthermore, in some cases, it may
even completely suppress the phase separating [58], drastically changing the phase diagram in
comparison to bulk-like system.

For 70 nm and 140 nm epitaxial Nb films, Zabel & Weidinger derived a H-H interaction energy of
7.6 ki/mol [21], which is 50 % lower than the bulk value. The studies of Song and Zabel on epitaxial Nb-
films (Nb(110) // Al,O3 (11-20) sapphire substrate) at temperatures of 200 - 300 °C [32], [95], [108] show
sloped pressure-expansion isotherms, as obtained for different film thicknesses (d) between 32 nm and
527 nm. From these data, the authors calculated critical temperature points, depending on the film
thickness. In common, they reported on a reduced T. when compared to the bulk system, decreasing with
film thickness and claimed that for film thickness d <32 nm, T. drops down to about at 21 °C [32]. Thus,
at 21 °C, phase separation should not appear at d <32 nm, according to Song’s results. In his work Song
appealed to the so-called ‘Finite size effects’ [95], [109], [110] and, at the same time, assumed an effect
of elastic boundary condition provided by the rigid substrate. But, the mechanical stress arising in the Nb-
H thin film system upon hydrogen uptake was not measured and also, not considered in the data

treatment. However, the interpretation of this data can be disputed, because for determination of &gy
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and the related critical temperature T, Song et al. used the sloped pressure-expansion isotherm that is,
nowadays, mainly attributed to mechanical stress arising in thin film [9], [14], [84], [103]. The presence of
high mechanical stress and the non-linearly coupled lattice expansion to the hydrogen concentration were
not considered in Song’s work for the calculation of ey and the related T.. Thus, the determined drop of
the critical temperature for the addressed film thickness was clearly overestimated in Song’s work.
Recently, Wagner et al. developed a model describing the chemical potential uy (partly discussed

in chapter 2.4.8) and T in a Me-H thin film system [14], [56], [103].

shape of isotherms
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Fig. 2.17 Determination of the critical temperature T, of hydride formation. In a free system, measured isotherms
(black dotted line) are flat within the two-phase field. For systems with non-linear stress the isotherms may reveal

slopes axﬂ > ( already at the presense of phase transition, resulting from plastic processes arising in the film and
H

partial phase transition in relaxed film fractions [103]. Reprinted from Int. J. Hydrogen Energy 41, 2727-2738, 2016,
S. Wagner & A. Pundt, Quasi-thermodynamic model on hydride formation in palladium-hydrogen thin films: Impact
of elastic and microstructural constraints, Copyright 2016, with permission from Elsevier.

Wagner suggested that the conventional expression defining the critical temperature T, (Fig. 2.17):

2
Oc |pr, Oculp_r,

is not completely applicable in case of in thin films adhered to rigid substrates, because the contribution
of H-induced in-plane stress only partially relaxing during H-loading can result in a continuously increasing

chemical potential in the two-phase region, even below T (Fig. 2.17):
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Ouy (2.30)

>0
dcy

o, T<T,
This fact was experimentally confirmed basing on Pd-H, Nb-H and many other Me-H thin film model
systems.

Thus, Wagner et al. supposed that conventional expression of T. systematically underestimates
the critical temperature [14], [103] in this case. In order to implement the condition of non-linear
substrate-induced stress changes and therewith improve the estimation of T, Wagner et al. modified the

expression for the T. in the following way [14], [103]:

92 d
i =(0and £ =m>0 (2.31)
Oc |y, Oculp_r,
Allowing for a constant slope m within the two-phase region. Assuming a constant stress change in the
vicinity of the critical concentration ¢, = cy (T,.), Wagner et al. suggested a new general expression for
the critical temperature (T.) now containing two additional terms:
T r do r duy

T. = —  —_
© 4R 2R ° dcyl,, 4R Ocyl, ),

In this new approach, the first term is the fundamental expression for the T. of the bulk metal hydrogen
system (see Eq. (2.29) [16]) that was used as well by Song et al. [32], while the other terms are related to
non-linear in-plane stress. By applying this methodological approach for Pd-H thin film model system,
Wagner et al. addressed films of different thickness and microstructure. To summarize his finding, it was
shown that the reduction of the critical temperatures with decreasing film thickness is largest for epitaxial
films and smallest for nano-crystalline films. In case of epitaxial Pd-H films (d: 10 nm - 200 nm) the drop
in the T. appeared in a low thickness range of d < 50 nm, but even for 10 nm films, T, never dropped
down below 70(x20) °C. Thus, even in 10 nm thin Pd films phase separation appeared. This was
experimentally confirmed via XRD measurements.

To conclude, based on this model, it can be assumed that by choosing a Nb-H thin film system
with in-plane stress increasing upon H-loading, in which plastic deformation upon hydrogen uptake will
be suppressed, the expected strong contribution of compressive stress may cause a strong reduction of

T..
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3 Experimental methods

In this chapter, the chosen experimental techniques are briefly described. First, chapter 3.1 gives
the details regarding the UHV vacuum system used for film preparation. Chapter 3.2 provides a view on
the hydrogen gas loading system used for in-situ STM experiments. Chapter 3.3 describes in-situ STM
measurements and suggests an example of the data evaluation process. Chapter 3.4 shortly discusses the
electrical resistance measurements. Chapter 3.5 shortly introduces the applied XRD and XRR techniques,
and, then, gives an idea on the in-situ XRD measurements by considering a particular example. Finally,
chapter 3.6 shows the basic principles of electrochemical hydrogen loading and in-situ stress

measurements that, for the studies of this thesis, were used in combination.
3.1 Sample preparation

The deposition of the Nb films was performed in an UHV sputter deposition system, as shown in
Fig. 3.1. The background pressure inside the chamber is better than 1.3 x 10"2° mbar. For preparing the
samples, a RF ion source from Plasma Consult was used [73]. Sputtering was performed in argon at pa,=
2 x 10” mbar (Ar purity 99.9999 %). High purity niobium (99.99 %) was used as a target material
(deposition rate 0.8 = 0.1 nm/min). (110) oriented epitaxial Nb films of different thicknesses were
prepared by Ar*ion-beam sputtering on polished Al,03(11-20) sapphire substrates, as provided by CrysTec
GmbH. All substrates had a miscut of less than 0.1°. Two different thicknesses of the substrates, 0.1 mm
and 1 mm, were used. To produce epitaxial films, samples were prepared at different deposition
temperature: Ty = 730 - 850 °C (for details see chapter 4.1). Before the deposition of the Nb film, the
substrates were kept at T, = 800 °C for at least 20 minutes to clean the surface and to minimize the
increase of background pressure arising during heating the sample stage in the sputter chamber. The
substrate temperature was adjusted by use of the heating system, consisting of tungsten-wire heaters
located directly behind the substrates. An Cr-Al thermocouple fixed to the sample holder was used for
controlling the temperature. After Nb film deposition, the samples were cooled down for 1.5 - 2 hours.

The details regarding the typical sputtering parameters are summarized in Table 3.1.
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Sample manipulator (x, y, z)

Pre-evacuation chamber UHV-STM loading chamber

Hydrogen leak valve
and ion gaudes

Four - probe resistivity stage
Sample transfer rod -

UHV-MICRO-STM

ik
.....

Fig. 3.1 UHV vacuum system used in this study [73]. The system consists of 3 main parts: Pre-evacuation chamber,
lon beam sputter chamber and UHV-STM loading chamber. To handle and transfer the sample through the
vacuum chambers, the system is equipped with two sample transfer rods and the sample manipulator
(translational motion in x, y and z directions). The target holder is a cube-shaped Cu block connected with a water
cooling system and containing four different sputter targets (Nb, Pd, Mg, V). The UHV-STM loading chamber
designed for in-situ hydrogen gas loading STM and electrical resistance measurements. Therefore, UHV Micro-
STM (Omicron) and four-probe resistivity stage are available. To perform hydrogen gas experiments at desired
background hydrogen pressure, the system is equipped with the hydrogen gas dosing valve, control unit,
guadrupole mass spectrometer and set of vacuum gauges.

Table 3.1 Experimental conditions used for sputter depositions and sample preparations

Background pressure  [mbar] 1.3 x10™°

Sputtering gas pressure [mbar] 2x10"

Substrate-target distance [cm] 11

Sputtering gas Ar (purity: 99.9999 %)

Energy of Ar*[ev] 880

RF power  [W] 76

Target purity [%] Nb: >99.95
Pd: >99.9

Substrate size Al,0; (11-20) sapphire substrate (miscut < 0.1 °)
In-situ STM: 7mmx5mmx1mm
In-situ XRD: I0mmx10mm x 1 mm
In-situ electrical resistance: 10mmx10mm x1mm
In-situ stress measurements: 30mmx7 mm x 0.1 mm

Deposition rate [nm / min] Nb: 0.8+0.1
Pd: 21401

Substrate temperature [°C] Nb: 730 -850
Pd: <50
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Further, for hydrogen loading experiments performed in the UHV-STM loading chamber (see Fig.
3.1), in order to facilitate hydrogen absorption at RT, a Pd catalyst of less than 0.5 monolayer thickness
(0.1 nm) was deposited onto the Nb films [31]. High purity Pd (99.95 %) was used as a target material
(deposition rate 2.1 £0.1 nm / min). The Pd-deposition was performed at T, <50 °C, after about two hours
of cooling the Nb-film.

The samples were transferred into the UHV-STM loading chamber directly after film preparation
without breaking the vacuum conditions. Thus, rapid oxidation of the Nb surface, occurring in atmosphere
already at RT, is prevented.

For samples that were studied outside of the UHV vacuum system, namely by using in-situ XRD
and in-situ stress measurements techniques, Nb films were covered alternatively with a 20 nm Pd capping
layer. This Pd layer is required to prevent subsequent film oxidation upon air exposure and to facilitate
the hydrogen uptake. The solubility ratio between H in Nb and H in Pd in the applied pressure range at RT
is about 3.33 x 10* [111] and, hence, hydrogen solution in the Pd capping layer can be neglected.

For electrical resistance measurements that were performed in combination with in-situ STM and
in-situ XRD measurements for some batches of samples, depending on the particular experimental
conditions, a Pd layer of a thickness of either 0.1 nm or 20 nm, respectively, was added.

To optimize the film growth conditions and to characterize the as-prepared samples, pre-studies
were performed. Surface topography and microstructure of as-prepared samples were analyzed for
different film thicknesses (d) and deposition temperatures (T,). The related results are presented in

chapter 4.
3.2 Hydrogen gas-phase loading

The hydrogen pressure in the UHV-STM loading chamber (Fig. 3.1) can be varied in a range
between 1 x 10° mbar and 500 mbar. But, for in-situ STM measurements, the pressure range between
1 x 10° mbar and 10 mbar must be avoided due to the risk of damaging the electronics of STM by the
plasma discharge. Thus, in the STM experiments described in this work, the hydrogen pressure was
changed in a range from py = 1 x 10° mbar to py= 4 x 10° mbar. The purity of the hydrogen gas used for
the loading experiment was 5.6. During the experiment the hydrogen pressure was controlled by using a
gas dosing valve. It is equipped with a control unit designed for the precise regulation of the gas leak rate.
The leak rate was automatically controlled with respect to the actual hydrogen pressure measured by the
ionisation manometer. By using this loading system it is possible to keep the hydrogen pressure constant
during the long-term STM measurements. It also allows to change relatively fast (within minutes) the
hydrogen gas pressure inside the UHV-STM loading chamber. Figure 3.2 shows an example of pressure

measurements inside the system. The abscissa gives the relative experimental time. The ordinate shows
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the pressure change inside the system. The pressure steps are related to the change of the pre-set point
for the control system. The graph demonstrates a good stability and a relatively fast response of the

loading system.
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Fig. 3.2 An example of pressure measurements inside the UHV-STM loading chamber.

3.3 Scanning tunneling microscopy (STM)

3.3.1 Introduction of the STM method

The scanning tunnelling microscopy (STM) bases on the measurement of the tunneling current
that can flow due to the quantum mechanical tunneling effect between the STM - tip and a conductive
sample surface (in fact two electrodes). This process can be realized when electrodes are placed close
enough to each other (0.1 nm - 1.0 nm) and when a bias voltage is applied [112]. The tunneling current
can be used to probe the physical properties locally on the sample surface (e.g. the density of states, DOS)
as well as to measure the surface topography. Herewith, the distance control based on the tunneling
effect is very sensitive to any change in the separation distance (s) between the two electrodes, since the

tunneling current depends exponentially on s [112]:

I~Z|§05urface|2 |¢tip|2e—2ks (3.1)

Here, @surface and @iy , respectively, are the wave functions of the surface and the tip that are related
to the solution of Schrédinger’s equation.
Without going into technical details, all STM devices are based on the measurement of the

tunneling current that varies depending on the surface topography (height change) and the DOS. During
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the measurement, the STM moves the STM tip (scanner) across the sample surface in the x-y plane and
measures the change of the tunneling current. The scheme in Fig. 3.3 (a, b) illustrates the principle of STM
measurements. The change in a current with respect to position can be measured itself, or the height, z,
of the tip corresponding to a constant current can be measured [113]. Thus, the measurements can be
performed in the two different modes that are known, respectively, as constant height mode and constant

current mode [112].

a) ' * z b) @

bias ) STM tip
voltage seaniing
l® direction
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.............................................................................

Fig. 3.3 The basic working principle of STM measurements: a) Macroscopic scale: If a small voltage is applied between
the sample and the tip, when they are placed close enough to each other (typically 0.1 - 1 nm), the electron tunneling
current can start to flow between the electrodes. By scanning the tip over the sample surface while keeping the
tunneling current constant by means of the feedback loop (constant current mode), one can follow the surface
contour and store the information about the vertical position z of the tip as a function of the lateral position (x, y). b)
Atomic scale: The direction of the tunneling currentis defined by the polarity of the voltage. During the measurement,
the experimentally measured current value is compared with a reference value (= 0.1 nA - 1 nA) and, then, a
corresponding voltage is applied to the z-piezo to re-adjust the separation distance and, therewith, minimize the
difference. Modified after S. Woedtke (Dissertation, CAU Kiel, 2002 [114]).

The constant current mode is very sensitive to small surface corrugations, but it requires relatively
flat surfaces for stable long-term topography measurements. Significant differences of heights on the
sample surface may cause an appearance of artifacts during the scan, since the quality of STM
measurements depends crucially on the quality of the tip (sharpness, geometry, contamination etc.) and
the geometry of the objects presented on the sample surface. In this measuring mode, by scanning the
tip over the sample surface while keeping the tunneling current constant by means of the feedback loop,
the STM scanner can follow the surface contour. Herewith, the information about the vertical position z
of the tip as a function of the lateral position (x, y) can be stored in the file. Based on the stored array of
data any SPM software can reconstruct and visualize the surface topography. Thus, STM surface-images

can be handled and analyzed.
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In this work, all STM measurements were carried out in the constant current mode. The
measurements were performed at RT. The typical bias voltage applied between the sample and the tip
was about U, = -1 V, while I,f = 0.3 nA was set as a reference current value. As a tip material, Ir ¢.1-Ptog
wire was used. The STM tips were prepared mechanically, by using the simplest procedure based on
pulling and cutting [112]. For data evaluation three different SPM softwares, namely WSxM [115],
Gwyddion [116] and Scala (Omicron) were used.

It should be mentioned additionally that the positioning of the applied scanners is based on the
use of piezo-elements. Thus, even very small temperature variation occurring during the STM
measurements carried out at RT, may cause an appearance of the thermal drift directly visible in the STM
images. Particularly, by measuring a frame size of 500 x 500 nm?, Micro-STM (OMICRON) used in this study
demonstrates typically the thermal drift in the range from 1 nm / h to 10 nm / h depending on the

hydrogen pressure and the time elapsed from the pressure change within the STM-chamber.

3.3.2 In-situ hydrogen loading STM measurements

STM measurements performed in-situ during continuous hydrogen gas loading (in-situ STM [31])
were carried out by using an UHV Micro-STM system from OMICRON, as mounted in the UHV-STM loading
chamber shown in Fig. 3.1. Most of the experiments were performed immediately after film preparation.
The transfer of the sample from the ion-beam sputter chamber to the UHV-STM loading chamber typically
didn’t exceed 5 minutes. Thus, for this short time span for the used background pressure, topography
changes due to the ad- or absorption of background gases are neglected.

The in-situ STM measurement sequence conventionally was performed as follows: during the
experiment, a set of STM images measured at different hydrogen pressures and exposure times was
stored for subsequent data evaluation. When no topographical changes were detected within several
hours or the change occurred too slowly, the hydrogen pressure (py) was set to a new constant value.
Therefore, in this thesis, exposure times t. at a newly adjusted pressure are always given relative to the
moment of pressure change. Additionally, it has to be noted that because of the presence of the thermal
drift (see chapter 3.3.1) and limited lifetime of the STM tip, in some experiments the hydrogen pressure
was increased without waiting until thermodynamic equilibrium, since the waiting time would be too
large.

The related STM measurements allow detecting the phase transformation occurring in Nb-H thin
films and give information about different modes of hydride phase precipitation and growth. Figure 3.4
(a, b) gives an example of in-situ STM experiment on a 25 nm Nb-H film upon hydrogen loading. Figure
3.4 (a) shows the STM surface-image of the film surface in the as-prepared sample state, thus, before the

hydrogen loading. Figure 3.4 (b) shows an STM image of the surface measured at the same position, but
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after hydrogen loading at py = 7 x 10 mbar for t. = 520 min. Here, the appearance of some elevated

(bright) surface regions is visible.

Fig. 3.4 a) 25 nm Nb film before hydrogen loading b) after 520 min exposure to a hydrogen pressure of py =

7 x 107 mbar c) difference image (b-a): bright areas, elevated by about 1.0 nm - 1.5 nm, show hydride precipitates.
(Frame size: 500 x 500 nm?). Figure created by author from data originally published in Ref. [133]

The observed surface topography changes are related to the precipitation of hydride phase
occurring in the system as discussed in chapter 2.4.5. Thereby, they are used to investigate precipitation
and growth of hydride phase for different film thicknesses and applied hydrogen pressures. The shape of
hydride precipitates as well as their spatial distribution and development during the phase transformation
process become visible with this method.

Besides this, traces of dislocations can also become visible on the film surface as shown in chapter
2.4.4. Thus, a coherency loss can be detected in-situ by the appearance of glide lines or dislocation loops
at the film surface. Even the detection of single dislocations is possible by STM.

In order to make the hydrogen induced surface corrugations effectively visible during in-situ STM
measurements, stiff sapphire substrates excluding substrate bending are required. Bending can occur due
to the high mechanical stress arising between the film and the substrate during hydrogen absorption [13].
It scales with the hydrogen content in the film, and therefore changes with a hydrogen partial pressure.
When stress in the film is released, this bending itself also changes. Hence, substrate bending would
complicate the data evaluation process. For 1 mm sapphire substrates, Northemann reported that
substrate bending is negligible in STM measurements [31]. Thus, in this study, for in-situ STM
measurements, sapphire substrates of 1 mm thickness were used.

In common, data interpretation, strictly speaking, strongly depends on the image quality and the
stability in the position of the measured frame. Sometimes, due to the thermal drift, the position of the
frame may leave the analyzed surface region and should be manually re-adjusted. During the STM
measurements described in this work typical frame sizes of 250 x 250 nm?, 500 x 500 nm?, 1000 x 1000

nm?, and 2000 x 2000 nm? were used. To minimize the effect of thermal drift and exclude the contribution
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related to the STM parameters (l..f, Uy, loop gain, scanning speed), the chosen STM parameters were
preferentially fixed in the beginning of the experiment.
To summarize, in-situ STM is a highly sensitive and local method to study precipitation and growth

of new phases as well as the change of the coherency state in Nb-H thin film systems.
3.3.3 Ex-situ STM data evaluation: drift correction and difference images

As shown in chapter 2.4.2, the amplitude of the hydrogen-related surface corrugations becomes
smaller with decreasing the film thickness (see Eq. 2.22). As given in Table 2.1, it decreases from about
8 nm for 100 nm films to about 1.5 nm for 25 nm films. Thus, the surface topography change occurring
upon hydrogen loading usually becomes poorly visible in the original images, when the film thickness is
decreased to 25 nm or even less. Therefore, for very thin films the calculation of difference image between
two different states might be required. Difference image highlights the absolute surface corrugation
change.

As discussed in chapter 3.3.2, the STM images given in Fig. 3.4 (a) and Fig. 3.4 (b) were measured
at the same place, but, correspondingly, before (a) and during (b) hydrogen loading of the 25 nm film.
Figure 3.4 (c) gives an example of a typical difference image that was obtained by subtracting two previous
images from each other (Fig. 3.4 (b) — Fig. 3.4 (a)). Here, the surface modification that occurs in the time
span defined by two STM images gets clearly visible.

For image subtraction, scripts developed by Kai Nérthemann [73] were applied. These scripts help
to solve two main challenges accompanying in-situ STM measurements performed in this study: 1) the
occurrence of a thermal drift in the STM images and 2) the evaluation of a large amount of graphical data.
By utilizing the scripts, plane levelling, background subtraction, drift correction, and, finally, STM image
subtraction were performed. By this, even very small surface topography changes of less than 0.3 nm

appeared during hydrogen loading were detected and analysed.
3.4 In-situ resistance measurements during hydrogen loading

As discussed in chapter 3.3.3, data evaluation of long-term STM measurements was always
performed ex-situ, namely, when the experiment was mainly completed. Thus, during STM studies it was
vital to use an independent technique to detect the global property of hydrogen ab- and desorption in
the Nb-H film in real time.

Therefore, as an alternative method, the electrical resistance measurement was chosen. This
choice was caused by simplicity and applicability of resistance measurements under similar experimental
conditions as those used for the STM studies. In order to measure the relative resistance change occurring

during the hydrogen loading and unloading experiments, a resistivity stage was designed and constructed
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in cooperation with the IMP institute’s mechanical workshop. Further, it was implemented in the UHV-
STM loading chamber that allowed performing combined in-situ STM and resistance measurements. Thus,
electrical resistance measurements were done simultaneously with STM measurements during hydrogen
loading in the same experimental conditions on similar Nb-films. During hydrogen absorption/desorption,
the resistance change was monitored by use of a Keithley 2000-multimeter. The electrical resistance data
were automatically plotted and updated on the computer screen during the experiment and additionally
saved in the file for later data evaluation.

Figure 3.5 (a) gives the schematic illustration of the electrical contacts in the resistivity stage
arranged in the Van der Pauw method style [117]. Here, while a constant current is applied between the
electrodes A and B, the resulting potential difference between C and D can be measured and, therewith,
the electrical resistance value can be calculated. It should be noted that the specific electrical resistance
(resistivity) was not determined and addressed in this work. Only the resistance change and the shape of

the resistance curve were considered in this study.
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Fig. 3.5 a) Schematic illustration of resistance measurements b) An example of in-situ resistance measurements (8
nm Nb-H film). On the abscissa axis the relative experiment time is given. On the ordinate axis, on the left side,
resistance value and, on the right side, the hydrogen pressure value are given. Blue curve shows the pressure change
in the UHV-STM loading chamber, red curve — the change of the resistance value measured during the experiment.
Clear resistance changes occurs, when the pressure increases from py= 2.5 x 10° mbar to py= 8 x10° mbar.

Figure 3.5 (b) shows an example of the resistance measurements performed during the hydrogen
loading of a 8 nm Nb-H film. On the abscissa axis the relative experiment time is given. On the ordinate
axis, on the left side, the resistance value and, on the right side, the hydrogen pressure values are given.
The blue curve shows the pressure change in the UHV-STM loading chamber, red curve provides the
change of the resistance value measured during the experiment. Clear resistance changes are visible,

when the hydrogen pressure increases from py,= 2.5 x 10° mbar to py= 8 x 10° mbar.
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To summarize, the main benefit of the resistance measurements as compared to STM
measurements is that they give a global view on the hydrogenation process directly during the pressure
change. The shape of the resistance curve can be used for better understanding of the related physics. It
adds on the STM results information. Beside the fact that hydrogen acts as scattering center for electrons,
it can produce additional scattering centers when plastic deformation (dislocation) occurs. Thus, the
resistance curve contains many different contributions, as e.g. the increased hydrogen concentration, the
presence of different phases and the inelastic processes occurring in the sample [118]. If the cyclic loading
/ unloading experiments are performed, the first two contributions are expected to be reversible, while

the third one will irreversibly change the resistance value.

3.5 X-ray diffraction (XRD) and X-ray reflectivity (XRR)

3.5.1 XRD

The microstructure, texture and lattice parameter change upon hydrogen loading / unloading
were investigated by X-Ray diffraction (XRD). For the samples that were not exposed to hydrogen, the
microstructure and texture were analyzed by means of X-ray diffraction in a Phillips X’Pert diffractometer
equipped with a Co source (Axx=0.179026 nm).

Details about this method are described for example in reference [119]. In this chapter, only the
required information will be briefly given. By Bragg’s law, the peak position in 26 gives the corresponding
interplanar distance d in the chosen crystallographic direction. Thus, by measuring the XRD patterns and

using Bragg’s law, one can calculate the interplanar distance d:

2dsin 8 = nA, (3.2)

where n is a positive integer value and A is the wavelength. For Nb films that have a cubic crystal structure,

the lattice parameter a and the interplanar distance d are linked by the following expression:

a=dViZ+ k2 + D2, (3.3)

where (h, k, /) are the corresponding Millers indices. For epitaxial Nb films, only one lattice reflection, the
(110) lattice reflection (and higher orders), is detectable in Bragg condition. This reflex provides
information about the interplanar distance d;; in the out-of-plane film direction.

From the shape of the peak, by using the full width at half maximum (FWHM), one can gain

information about the domain size (D) in the out-of-plane direction of the film. For the determination of
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domain size (D) Scherrer’s formula can be applied [120]:

K- (3.4)
" cosf-B

where K = 0.9: shape factor, A: wavelength, ¥: Bragg angle, B: FWHM and D: domain size. Hereby, in the
case of thin films, the calculated average domain size usually gives the lower limits for the true domain
size. Despite the fact that the Scherrer’s formula is limited to nano-scale particles and not applicable to
grains larger than about 0.1 um, it can be used, as a first approximation, for estimation of an effect of film
expansion on the peak broadening. Hereby, in the case of thin epitaxial films the domain size in a first

approximation can be assumed to equal to the film thickness.
3.5.2 XRR

To determine film parameters, namely the thickness, the density, the surface- and interface-
roughness, X-Ray reflectivity (XRR) measurements were performed [121]. XRR is a surface-sensitive non-
destructive and non-contact analytical technique used for characterization of thin films and multilayers
systems with a total thickness in a range from 2 nm to 200 nm. Its precision is about 0.1 nm - 0.2 nm that
allows a very accurate layer thickness determination. Typically, XRR measurements are carried out in the
normal 9-28 geometry, but with well-collimated optical conditions at glazing angle. In this thesis, XRR
measurements were performed using a Bruker D8 (Bruker) at the IMP and at the Synchrotron facility in
Grenoble (ESRF) at beam line BM20. Hereby, the measurements performed at the synchrotron beamline
include film characterizations in as-prepared, loaded and unloaded sample stages.

As this method bases on wave reflectivity, the incident electromagnetic wave (X-Ray) can be
reflected on the sample surface as well as on the interfaces that separate different layers. The X-Ray
penetration into the sample volume and its refraction occurs above the critical incident angle 6., of total
reflection. This critical value depends on the density of the surface material and on the used wavelength.
Typically, the reflective index n of material for X-Ray is slightly smaller than 1 (n <1) and can be calculated

by using the following expression:

n=1-6-if (3-5)

where the reflective index n is expressed as a complex number. Here, § is related to the dispersion while
[ is related to the X-Ray absorption. Two these coefficients depend on the material density p; and are

given by [122]:
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o= (o (45 =
B = (Zr_;) piNyA? (%) (3.7)

Here, 1, is the classical electron radius, N4 is Avogadro’s number, A is the wavelength, Z; is the number of
electrons per atom, M; is the atomic weight, f;" and f;" are the atomic scattering factors.

When the optical density of the material varies in vertical direction (e.g. for multilayers or by a
substrate), the interference of the refracted X-Rays occur at different interfaces. Hence, a periodic
oscillation (Kiessig fringes) related to the thickness of present layers is typically visible in the XRR curve. In
common, the shape of the XRR curve strongly depends on the interface morphological roughness (decay
of the oscillation), the surface roughness (decay of the XRR curve) and the densities of different interfering
layers (critical angle and the amplitude of oscillation). Thus, every specific configuration of thin film layers
gives a unique XRR curve. By physical modeling and by fitting the simulated XRR curve to the
experimentally measured XRR curve, the physical parameters of the film (e.g.: layers thickness, roughness,
density etc.) can be derived.

Figure 3.6 (a) gives an example of a XRR curve (given in red color) and the corresponding simulated
XRR curve (given in blue color) obtained for a Pd (18 nm) / Nb (19 nm) double-layer system deposited on
Al,Os. The nominal thicknesses of Nb and Pd layers are calculated according to the known sputter rate
and the deposition time of Nb and Pd (see chapter 3.1). Figure 3.6 (b) gives a table of physical parameters
related to the simulated XRR curve shown in Fig. 3.6 (a). As can be seen, besides the intended Nb and the
Pd layers, an additional PdO top layer has to be added in the suggested physical model to successfully
describe the experimental XRR data. Its presence reflects the difference in the optical properties occurring
due to the partial surface oxidation and contamination caused by the interaction with an environment.

The XRR fitting was done by using LAPTOS 7.7 software [123]. Imposing two curves shown in Fig.
3.6 (a) and the evaluation of simulated physical model given in Fig. 3.6 (b) suggest very precise
determination of film parameters.

Identical XRR measurements were performed in this study for some exemplary samples in order
to determine accurately the thickness of the Nb layers and, in the case of ultra-thin films, to calculate the
film expansion upon hydrogen loading. For the fitting of XRR curves, besides the LAPTOS 7.7 software, the
IMD 2.2 software was used [124].
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Example: Pd 18nm /Nb 19 nm on Al,QO, (11-20)
1 15 2 25 3.0 35 40 45 50 55 6.0 6.5 7.0 7.5
Diffraction angle, 20 / deg (A=0.1078 nm)
b) Simulated curve
Material Thickness, [nm] Roughness, [nm] Density, [g/cm?]
PdO 1.23 0.18 8.3
Pd 16.18 0.49 12.01
Nb 19.42 0.34 8.12
Al203 0.0 0.31 3.97

Fig. 3.6 a) An example of XRR curve of Pd 18 nm / Nb 19 nm deposited on Al,03 (11-20) at 760 ° C (given in red color)

and the related simulated XRR curve (given in blue color). b) The table of physical parameters related to the simulated
XRR curve.

3.5.3 In-situ XRD during hydrogen loading

In contrast to the STM - technique XRD measurements are more common methods to detect the
lattice expansion and phase transformation occurring in thin films. In this work, in-situ hydrogen gas
loading XRD measurements were performed in order to study the out-of-plane expansion by observing
the shift of the Nb (110) XRD reflection during the hydrogen loading / unloading experiment. The
measurements were done at the Synchrotron facility in Grenoble (ESRF) at beam line BM20 (A = 0.1078
nm) and in Hamburg (Desy / Petra Ill) at beam line PO8 (A = 0.10000 nm, A = 0.09998 nm). Two similar
portative vacuum chambers designed for hydrogen loading were used [35]. For XRD measurements both
chambers are equipped with kapton windows that are located above the sample. The hydrogen loading
was mainly done in the continuous hydrogen gas flow mode. For the corresponding experiments, both
chambers were directly mounted in the Euler cradle so that the sample position and spatial orientation

could be precisely adjusted (x, y, z - coordinates and y, ¢, O - tilting angles). All the XRD measurements
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were additionally accompanied by electrical resistance measurements, available within the loading
chambers and performed on the same XRD samples.

Figure 3.7 (a, b) shows the two loading chambers used in this study for in-situ XRD measurements.
For the measurements performed at ESRF, the standard BM20 furnace was used, as developed by C. Bdhtz
and available at the synchrotron facility (see Fig. 3.7 (a)). Itis equipped with automatic valves and pressure
gauges that allow to precisely control the pressure inside the chamber. Microstructural changes occurring
in the sample upon hydrogen exposure can be monitored in-situ. The background vacuum pressure for
this setup is Prackground < 5 X 10”7 mbar. For similar measurements performed at Petra Ill, a new portative
loading chamber was constructed in the frame of this study (see Fig. 3.7 (b)). It contains several valves
and pressure gauges that are used to adjust the hydrogen pressure in the system. The background vacuum

for this set up is Prackground < 5 x 10° mbar.

Fig. 3.7 a) The standard BM20 furnace was used for in-situ XRD measurements at ESRF at the Beam line BM20

(Grenoble, France). The background vacuum is prackground < 5 X 107 mbar. b) Specially designed portative loading
chamber constructed for in-situ XRD measurements performed at Petra Ill at the Beam line PO8 (Hamburg, Germany).

The background vacuum is prackground< 5 X 10 mbar. (1 - incoming beam, 2 - sample position, 3 -reflected beam, 4 -
loading chamber, 5 - Euler cradle)

In a perfectly aligned sample / detector geometry, by observing the shift of the Nb (110) lattice
reflection, in the XRD pattern one can see additionally the Al,O3(11-20) peak of the single crystal sapphire
substrate with very high intensity. It is placed relatively close to the Nb (110) peak and the Pd (111) peak.
A typical intensity difference between the Al,O; (11-20) peak and the Nb (110) peak is about four to five
orders of magnitude. Thus, an appearance of the substrate related peak overlapping with the Nb (110)
peak complicates the measurements as well as the data evaluation processes. Because of this challenge,
directly before the start of every in-situ measurements, all the samples were slightly tilted by a y - offset
of about 0.5 ° to 1.0 °. By this, an appearance of the single crystal substrate peak was suppressed, while

for the broad Nb (110) and Pd (111) peaks only a slight intensity drop and unchanged peak positions were
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found. In this starting experimental condition, hydrogen gas loading at different pressures was carried
out.

During in-situ XRD measurements, py was increased stepwise from py =1 x 10° mbar to p,= 1
mbar. Hereby, first changes in the XRD patters were typically observed at py > 1 x 10 ® mbar. The loading
time was varied from 60 min to 300 min depending on the loading pressure and the film thickness.

Figure 3.8 shows an example of change of the XRD pattern observed for a 80 nm Nb film covered
with a 20 nm Pd layer, upon hydrogen loading at py = 1.3 x 10° mbar. During the hydrogen loading
experiment, different XRD patterns including Nb (110) and Pd (111) peaks were measured. The
experimental time scale is given in Fig. 3.8. The first curve (t = 0) corresponds to the initial stage of the
sample before the hydrogen exposure. Here, only two peaks corresponding to Nb (110) and Pd (111) XRD
reflections are visible. Further, upon hydrogen gas-pressure increase, the XRD patterns visibly change. The
Nb (110) peak first shifts to smaller angles. This result indicates the lattice expansion and the formation
of the hydrogen solution within the Nb crystal structure (Nb-H a-phase). By further increase of the
hydrogen concentration, the hydride peak (Nb-H, B-phase) appears; the intensity of the a-phase peak
lowers and the intensity of the hydride-phase peak increases. This behaviour is related to the a-p phase
transformation occurring within the Nb-H system. Finally, when the phase transformation is completed,
only the hydride-related peak stays visible in the XRD pattern. Hereby, Pd (111) peak doesn’t change, its
width and the position are not effected by hydrogen. Thus, it shows that hydrogen diffuses through the

Pd capping layer into the Nb layer.

Nb-H (B-phase)

Nb-H (a-phase)

Intensity, 1/ a.u.

Pd(111)

T T 1
27,0 27,5 28,0

T T T T T
240 24,5 25,0 255 26,0 26,5

Diffraction angle, 26 /deg (41 =0.1078nm )

Fig. 3.8 In-situ XRD measurements upon hydrogen loading at py = 1.3 x 10 mbar: 80 nm Nb (110) covered with a
20 nm Pd layer. Initially, two peaks corresponding to the Nb (110) and the Pd (111) XRD reflections are visible.
Upon hydrogen loading, Nb (110) peak moves to the lower angle range. Then, due to the phase transformation
occurring in the Nb-H system, second peak corresponding to the hydride phase, appears in the graph.
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As noted before, for all the samples studied in this work by XRD method, at p; < 1 x 10 ® mbar no
Nb (110) peak shift was detected. This hydrogen gas-pressure value is significantly higher as compared to
the pressure values that were applied in the UHV-STM loading chamber during the STM experiments
performed in-situ (see chapter 3.3.2). The related difference is here attributed to the change of sample
surface conditions occurring upon atmosphere exposure. The presence of water, different groups of
hydrocarbons and other contaminant elements adsorbed on the surface of the Pd layer may drastically
change the activation barrier for dissociation of the hydrogen molecule and may slow down the kinetics
of hydrogen absorption. Thus, within the measured time span, by applying similar hydrogen pressures to
the atmosphere-exposed samples, the observed lattice changes are very small. Furthermore, the still slow
kinetic of hydrogen absorption, observed at p,=1.3 x 10° mbar (see the time scale in Fig. 3.8) suggests
that an applied over-potential of hydrogen pressure at the Pd / vacuum interface does not drastically
change the phase transformation process in the related samples (as compared to the in-situ STM
experiments). Thus, based on this assumption, STM measurements performed on the very local nano-
scale and XRD measurements performed on the much larger macro scale can complement each other,
despite the fact that applied hydrogen pressures in these experiments are different.

The unloading of the XRD samples was realized by using an experimental trick. It was found that
at the available vacuum conditions (psackgrouns < 1 x 10 mbar), hydrogen desorption runs very slowly at RT
and samples could not be completely unloaded by pumping. Opposite to this, in the presence of oxygen
all samples demonstrated relatively fast hydrogen desorption from Nb-H films. Thus, sample exposure to
the atmosphere (breaking the vacuum condition in the chamber) or the exposure to oxygen gas in the
loading chamber were used to facilitate the unloading. Successful unloading was confirmed by a backward
shift of the Nb (110) XRD peak and a simultaneously drop of the resistance. Thereby, the hydrogen release

was observed within about 1 - 2 hours, depending on the film thickness and sample loading history.

3.6 Electrochemical hydrogen loading

3.6.1 Electromotive Force (EMF) measurements

For some measurements, hydrogen was introduced into the films by electrochemical loading. This
allows for determination of the hydrogen content in the sample. Electrochemical loading was performed
using a 2:1 volume mixture of 85% glycerin and 85% phosphoric acid as an electrolyte [125]. The loading
setup consists of a current source, an impedance converter, a counter electrode (Pd), and a reference
electrode (Ag/AgCls.:), as described in Kirchheim & Pundt [67].

The number of hydrogen atoms Any per metal atoms ny, or equivalently the concentration

increase Acy, was directly measured via the electrical charge Q, and Faraday’s law:
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ACH:A:_MHZ%'[I//_IZ (38
with F being the Faraday constant, Vs - the sample’s volume and V), - its molar volume. By controlling the
loading current |, and the loading time t, the hydrogen concentration in the sample can be increased
(@ =1-t). Hereby, hydrogen atoms produced at the sample surface diffuse in and the process is
observed as a change of electromotive force (EMF) curve. In this study, the electromotive force EMF was
measured against an Ag/AgCls,.. reference electrode (SCHOTT Instruments GmbH) to control the loading
/ unloading process.

In general, hydrogen can be charged step-by-step (stepwise loading mode) or continuously, by
use of a certain fixed ion current (continuous loading), in the sample. If the loading is performed in the
stepwise mode, the EMK value is allowed to equilibrate. Because the EMK value is linked to the chemical
potential of hydrogen in the system, the corresponding hydrogen partial pressure can be calculated by

use the Nernst equation [126]:

(U = Up)n.F )

RT (3.9)

PH2 = Po* exp(
Where, U is the measured electromotive force (EMF) value, U, is the standard potential of reference
electrode (0.2223 V for the Ag/AgCls.:. electrode at 298 K [127]), n. is the number of electrons related to
the reaction (n = 1 for hydrogen), R is the gas constant, T is the temperature and po= 1 bar is a standard
pressure. Hereby, the EMF value U of a hydrogen - loaded film is linked with a chemical potential u via

[128]:

u
U="0, +7H (3.10)

In this study, both, stepwise electrochemical loading and continuous electrochemical loading with
a constant current were applied depending on the addressed film thickness. Continuous electrochemical
loading was especially required for thinner samples to minimize the effect of hydrogen loss. To perform
in-situ stress measurements, the electrochemical loading cell was combined with an induction gauge
required for the stress measurements arising in the film upon hydrogen loading. The details about this

composite set up are given in the next section.
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3.6.2 In-situ stress measurements during electrochemical hydrogen loading

Mechanical stress and stress release strongly influence the thermodynamics of metal-hydrogen
systems. Therefore, stress measurements are required to quantify the in-plane stress arising during
hydrogen loading and to study the impact of the film thickness on the mechanical stress arising during the
phase transformation. To determine the hydrogen-induced stress and the final stress state, in-situ
substrate curvature measurements were carried out in combination with EMF measurements (see
chapter 3.6.1). For the stress measurements, the setup shown in Fig. 3.9 was used [17], [127]. The films
themselves were deposited on long and thin sapphire substrates of 30 x 7 x 0.1 mm?, as required for
sufficient substrate bending [35]. For the measurements, the samples were mounted on the sample
holder placed inside the loading cell. To facilitate electrochemical hydrogen loading, the loading cell

containing the sample was filled with electrolyte (Glycerin+H;PQ,, see chapter 3.6.1).

©  Ag/AGCI electider ///
Film \ /
CH

Substrate

®—r Metal plate (Pd)
Glycerin + H;PO, l

lStress l EMF

Counter electrode (Pt)

Induction gauge

Fig. 3.9 Schematic illustration of stress measurements set up [127]. From the substrate curvature, the in-plane stress
arising in the film upon hydrogen loading can be measured (bottom right corner). Additionally, Ag/AgCls.:. reference
electrode can be used to measure change of EMF value (top right corner). Reproduced from R. Gemma, Hydrogen in
V-Fe thin films and Fe/V-Fe multi-layered thin films, Dissertation, Universitdt Géttingen 2011, with permission.

The sample was mounted in the way that one side was tightly fixed, while the opposite one stayed freely
suspended. For the experiment its position was adjusted so that the backside of the sample connected
with a small Pd plate could come close to the induction gauge (Dornier COMPANY) mounted at the bottom
of the cell as shown in Fig. 3.9. The basic idea lying behind these measurements is that the distance
between the metal plate i.e. the sample and the gauge can be measured by a voltage, in a certain range.
Thereby, the voltage has a linear relationship with the distance that can be precisely calibrated for the
particular sensor [129]. According to the calibration of the sensor applied in this study, the calibration
factor t was 7.6 mV/um (for the Pd plate). Further, when an electromotive force is applied, hydrogen
absorption / desorption causes a development of in-plane stress in the film that implies a bending of the
0.1 mm thin substrate. Thereby, the radius of curvature varies and can be directly measured. The resulting

change of sample-gauge distance z is detected as change of capacitance AU [127]. Therefore,

50


https://ediss.uni-goettingen.de/handle/11858/00-1735-0000-0006-B53B-7
https://ediss.uni-goettingen.de/handle/11858/00-1735-0000-0006-B53B-7

Chapter 3. Experimental methods

7= (3.11)

Thereafter, the radius of curvature R required for the stress calculation can be obtained from z and length
of the sample [17]:
LZ

~ (3.12)
2z

R

Finally, the in-plane stresses, arising in the film upon hydrogen loading / unloading, can be calculated

according to Stoney’s equation [74], [130]:

Ed? 1

—__s¥%s - (3.13)
6(1 —9)ds R

o

This equation was first suggested in 1909 and since that time was many times approved and used for
stress calculation in the variety of different systems [14], [127], [131]. Here the indexes S (substrate) and
F (film) indicate on the attitude of parameters used in the equation to the substrate or the film particular
features. E; is a Young’s (elasticity) modulus of the substrate, vs is a Poisson’s ratio of the substrate, d; and
ds, respectively, thicknesses of the substrate and the film.

All the stress calculations performed in this study were done under the assumption that the
hydrogen atoms absorb practically only in the Nb layer and, that the Pd capping layer works only as a
pathway for hydrogen diffusion from the Pd / electrolyte interface into the Nb-layer. This treatment is
supported by the experimental finding in the XRD pattern of a stable Pd peak position upon hydrogen

loading as shown in Fig. 3.8. Therefore, hydrogen absorption in the Pd cap layer was neglected.
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4 Optimization of the initial film surface topography and microstructure

(110) oriented Niobium films can be epitaxially grown on Al,O3 (11-20) substrates, at elevated
temperatures of about 800 °C as shown in chapter 2.2. To allow for in-situ STM-surface studies on hydride
precipitation and growth, “closed” surface topographies with low initial roughness and large terrace sizes
are targeted. This is of special interest, because rough or even holey surfaces can lead to modified local
stress states. Especially for ultra-thin films, holes may even meet the substrate surface leading to
complete stress release in some parts of the films. The impact of the stress state on the thermodynamics
is of major importance, as demonstrated in chapter 2.4.8.

In order to perform in-situ STM measurements of the desired atomically smooth and “closed”
surfaces, T,was optimized for our specific vacuum system for different film thicknesses. Therefore, the
surface topography of the films of different thickness d and deposition temperature Ty was studied by
STM. To minimize the number of parameters to be considered, the deposition rate and the substrate
miscut were fixed to 0.8 £ 0.1 nm / min and to 0.1 °, respectively. To avoid “open” meander-like surface

topographies, a lower temperature range T,< 820 °C was considered.

4.1 Optimization of the initial surface topography

To perform experiments on Nb thin films with defined surface conditions, the proper growth
temperature has to be determined to exclude the formation of “rough” and “open surfaces” (meander-
like surfaces [36], [37]). Hereby, the best desired surface type: “2D surface” should contain large terraces
and possess small topography changes within the measured STM frame size.

50 nm Nb film prepared in the UHV vacuum system shown in Fig. 3.1 and deposited at T, of about
800 °C appears smooth. A typical STM surface-image of a 50 nm Nb film is shown in Fig. 4.1 (a). As one
can see, the film topography consists of atomically flat terraces of 50 nm - 60 nm lateral size and has a
relatively small number of local surface corrugations of 2 nm height. This kind of surface topography in
the actual study is labeled conditionally as a “2D surface”. The visible surface steps between the
neighboring terraces have a height of 0.25 nm - 0.7 nm, as shown in the line profile of Fig. 4.1 (a). As one
atomic layer in the (110) direction is about 0.233 nm, from the bulk lattice constant, this is about one to
three atomic steps in <110> directions. The total height difference in Fig. 4.1 (a) is 4 nm over the full 500
nm x 500 nmsized area. Additionally, some holes of about 3 nm amplitude are present at the film surface.

A typical STM image of a 30 nm Nb film deposited at Ty = 780 °Cis shown in Fig. 4.1 (b). The film
surface consists of atomically flat small terraces of about 30 nm lateral size, distinguishable by atomic

steps of about 0.2 nm (Fig. 4.1 (b)). These atomic steps are, most probably, related to dislocations spacing.
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Hereby, the observed surface corrugation is of about 5 nm. Thereby, a relatively high topographic
roughness of 0.486 nm was detected on a 250 x 250 nm?’sized area.

20 nm Nb-film prepared at T,= 800 °C show a strong change in the surface topography [36]. Here,
an “open” meander-like surface topography with many pit-holes is found. As shown in a typical STM-
image of this film in Fig. 4.1 (c), pit holes of about 4 nm average depths were detected with the STM-tip.
These pit holes could be even deeper because of the limited depth resolution of the STM due to the
natural radius of curvature of the STM-tip. Hereby, the total height difference in Fig. 4.1 (c) over the full

1000 x 1000 nm? sized area is about 9 nm that is a big magnitude as compared to the film thickness itself.
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Fig. 4.1 Influence of the film thickness (T4 = 800 +20 °C) a) 50 nm Nb film deposited at 800 °C and corresponding
linear profile marked with a white dotted line. It shows a smooth surface with large terraces of 50 nm - 60 nm size,
no pit-holes are detected; b) 30 nm Nb film deposited at 780 °C. The linear profile marked with a white dotted line
shows a maximum height difference of 2 nm. The surface is very smooth without any sign of “open” surface
topography; c¢) 20 nm Nb film deposited at 800°C (Figure created by author from data originally published by Pundt
et al. [36]). Regular meander-like "open" 2D structure with deep valleys of 4 nm is visible. (Frame size: (a) 500 x 500
nm?, (b) 250 x 250 nm? and (c) 1000 x 1000 nm?)
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Reduction of the deposition temperature up to Ty = 740 °C leads to a decrease of the absolute
surface roughness and reduces the pitted topography. It is exemplary shown in Fig. 4.2 (a) for a 15 nm
film. This film possesses a smooth 2D surface topography with a roughness of 0.15 nm. A maximum height
difference of 1.5 nm is detected on a 500 x 500 nm?*sized area. The film surface consists of atomically flat
terraces of 50 nm - 60 nm size in diameter and shows traces of dislocations. The visible surface steps have
a height of 0.2 nm - 0.4 nm, related to 1 to 2 atomic steps in <110> lattice direction, as shown in the linear
profile. A similar result was obtained for 25 nm Nb films prepared at T, = 730 °C.

Further reduction of the deposition temperature T, leads to a strong change of the surface
topography. Fig. 4.2 (b) shows an STM image of a 20 nm Nb film deposited at T, = 670 °C. Temperature
reduction results in decreasing domain sizes and, again, increasing maximum height differences. The
surface hillock density gets high. Hillocks are homogeneously distributed over the sample surface. Some
prominent hills of 1 nm - 2 nm height and 10 nm - 20 nm diameter appear on the film surface, as shown
in the linear profile. This undesired kind of surface topography in the actual study is labeled conditionally
as a “3D surface”. Because of the large number of hillocks, forming surface topography, the surface
roughness increases up to 0.27 nm.

This 3D surface topography is even more pronounced when Ty is further reduced. Figure 4.2 (c)
shows the surface topography of a 10 nm film deposited at 570 °C. It shows that the 3D surface
topography dominates. Homogeneously distributed hillocks with an average diameter of about 15 nm are
clearly seen on the film surface. A maximum height difference of 2.2 nm and a roughness of 0.26 nm are

detected on a 500 x 500 nm?sized area.
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Fig. 4.2 Influence of deposition temperature (d = 15 + 5 nm) a) 15 nm Nb film deposited at 740°C. The linear profile
marked with a white dashed line shows a maximum height difference of 1 nm. The surface is very smooth without
any sign of “open” surface topography. This kind of surface topography in this study is labeled conditionally as “2D
surface”. b) 20 nm Nb film deposited at 670°C. The linear profile shows surface hillocks of 1.0 nm - 1.5 nm in height
and 10 nm - 20 nm in diameter. This kind of surface topography in this study is labeled conditionally as “3D surface”.
¢) 10 nm Nb film deposited at 570°C. Linear profile clearly demonstrates a “3D surface” consisting of homogeneously
distributed hillocks with an average diameter of about 15 nm and height of about 1.0 nm - 1.5 nm. (Frame size: 500
x 500 nm?)

A schematic overview based on many STM measurements on different films, observed within this
study, is shown in Fig. 4.3. Every symbol represents a set of STM measurements performed on a single
sample. Hereby, the film topography is characterized for different film thicknesses (d) and deposition
temperatures (T,). For classification, three different parameters are selected: the lateral size of the
terraces / hills, the maximum height difference within the STM surface-image and the topographic
roughness (RMS). The analyzed frame sizes used for statistical consideration were: 500 x 500 nm?* and
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1000 x 1000 nm?. The surface topographies were conditionally distinguished in i) 2-dimensional (2D)
topographies, consisting preferentially of smooth terraces; ii) 3-dimensional (3D) topographies consisting
of relatively high hillocks homogeneously distributed and forming a rough surface topography, and iii)
those topographies showing a mixture of both (2D-3D). Further, as it was shown in Fig. 4.1 (c), the 2D
surface topography can have holes, pits or meander-like features. In this study, it is labeled as “open”

surface topography and is undesired. In Fig. 4.3, this kind of surface topography is marked by using half-

filled square symbols.
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Fig. 4.3. Film topography as a function of deposition temperature and film thickness, categorized into 2D “open”
(pitted), 2D “closed” and 3D surfaces topographies. The dashed line marks occurrence of 2D “closed” surfaces. Data
from Nérthemann et al. are also implemented [36], [73]. Frame sizes are about 500 x 500 nm?.

III

Further, Fig. 4.3 provides a black dotted line carried out by hand. It represents the “optima
deposition temperature for Nb-films of different thickness in case when an appearance of smooth 2D
“closed” surface is desired. In details, Fig. 4.3 shows that “2D surfaces” appear above the dotted line and

“3D surfaces” appear below this dotted line. Relatively thick epitaxially grown Nb films (d > 50 nm)
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prepared at T, = 800 °C have mainly closed atomically flat surface topographies. This observation is
confirmed as well by Northemann’s STM data on thicker films [73]. Thinner films may possess “open”
meander-like structures, when prepared at the same temperature. When the deposition temperature is
slightly decreased to about 740 °C for films with d < 50 nm, the meander-like topographies doesn’t appear
and the surface has the targeted 2D “closed” surface with a low surface roughness (< 0.25 nm) and small
surface corrugations (£ 2 nm). Hereby, the temperature should not be reduced too much, since it will
affect the microstructure and film quality.

To summarize, Nb films of different thickness, required for the hydrogen loading / unloading
experiments can be prepared at “optimal” deposition temperatures that is represented by the black

dotted line in Fig. 4.3.

4.2 |Initial film texture

The films’ epitaxy conditions were studied by texture measurements in (110) lattice direction
presented in stereographic projection. Figure 4.4 shows a typical pole figure for a 25 nm thick Nb (110)
film deposited on Al,03 (11-20), as deposited at T,= 740 °C. The (110) texture measurements exhibit
epitaxial growth of Nb films on the Al,Os-substrate. In the pole figure, reflexes typical for the (110) epitaxy
are clearly visible and linked with red dotted lines. The main reflex corresponding to the out-of-plane
direction is placed in the middle while four other reflexes are detected at the tilting angle ¢ = 60 ° that
corresponds to the theoretically expected value [73]. A random in-plane grain orientation would yield to
an appearance of a ring at this tilting angle.

Similar pole figures were obtained for other films (25 nm and 50 nm) prepared in a temperature
range from 710 °C to 820 °C, as covers the temperature range used in this study. It is concluded that all

films used for this study are epitaxially matched to the Al,05 substrate.
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Fig. 4.4 (110) pole figure of a 25 nm Nb deposited on (11-20) Sapphire substrate at Ty = 740 °C. The main reflex
corresponding to the out-of-plane direction is placed in the middle, while four other are detected at the tilting

angle ¢ =60 °.
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4.3 |Initial film stress

As presented in chapter 3.5.1, the films’ intrinsic microstructure was studied by means of X-ray
diffraction. Figure 4.5 exemplary shows a typical XRD pattern obtained in result of §-28 geometry and
measured in the “as-prepared” state before the sample was exposed to hydrogen. This particular example
presents a 17 nm Nb (110) film deposited on Al,O3(11-20) and covered with a 20 nm Pd capping layer.
Deposition of the Nb layer was performed at 750 °C. This deposition temperature lies close to the optimal

T for this film thickness, as it is given in Fig. 4.3.
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Fig. 4.5 -2 XRD scan of Nb (110) film deposited on Al,03 (11-20) sapphire substrate at T,= 750 °C and covered

with a Pd capping layer. Theoretically expected 2 positions of Nb and Pd bulk are marked with colored lines.
Initially presented in the film out-of-plane expansion is visible. The thicknesses of Nb and Pd layers are 17 nm and
20 nm, correspondently.

The two peaks of Nb (110) and Pd (111) are detected in Fig. 4.5 at about 20 =26.22°and at 28=27.25°
respectively. The Al,0s (11-20) single crystal peak (28 = 26.84 °) is not visible since y = - 0.5 ° offset was
applied, as it is discussed in chapter 3.5.3. Additionally, two dashed lines corresponding to the
theoretically expected peak positions for bulk Nb and Pd are shown using Bragg’s law (Eq. 3.2 with ay, =
0.33004 nm, apg=0.38907 nm [133] and A = 0.1078 nm). Thus, one can see that the Nb film and the Pd
layer are expanded out-of-plane, implying that they are under in-plane compressive stress. This result was
common for all samples measured in the “as-prepared” state. However, the state of the initial lattice
expansion alters by changing the thickness of the Nb film. By decreasing the film thickness, the initial
lattice expansion in the out-of-plane direction was getting stronger and, hence, the in-plane compression
was increasing as well. A rough calculation of the initial stress in the Nb films was performed by use of the

prediction of the linear elastic model discussed in chapter 2.3.2. For this, Eq. 2.18 was applied.
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As a first approximation, the initial strain € was determined from the deviation of dey, (110) from the
theoretically expected value (d, (110) = 0.2333). The lattice expansion and assumed stresses for different

film thicknesses are given in Table 4.1.

Table 4.1 Initial lattice expansion and related in-plane stress for different film thicknesses

Thickness d [nm] Initial lattice expansion (W ) Initial in-plane stress o, [GPa]
105 0.0113 -1.45
60 0.0155 -2.01
30 0.0172 -2.23
17 0.0186 -2.43
8 0.0203 -2.64

The calculated stress lies at about -2 GPa. Because the linear elastic treatment does not allow stress
release, the calculated values are most probably overestimated. Nevertheless, high initial stress is clearly
present in the system in the “as-prepared” state. Their presence can be attributed to the strong adhesion
between the film and the substrate and reduced stress release expected for the addressed film thickness
range. Recently, Wagner further pointed out that the presence of peening atoms has to be considered for
proper stress determination from XRD peak positions [14]. Any peak shifts should be discussed with
respect to the peak of the “alloy”. For Pd films, Wagner determined a factor of 2 overestimation for all
stress values. Transferring this to the results on Nb-films, this would mean that the initial in-plane stress

values have to be divided by a factor of two.

4.4 Pd islands on the Nb film surface

As it was already mentioned in chapter 3.1, in the case of in-situ hydrogen gas loading STM
measurements performed at RT, a Pd catalyst of less than 0.5 monolayer thickness (= 0.1 nm - 0.2 nm)
was deposited onto the top of Nb layer. An example of the surface topography of a Nb film containing
Pd-islands, measured directly after the sample preparation, is given in Fig. 4.6 (a, b). Small Pd islands with
a lateral size of about 3 nm - 4 nm and height of less than 0.2 nm are clearly visible in the line profile
presented in Fig. 4.6 (b). The islands are homogeneously distributed over the sample surface and can be
recognized in the enlarged STM image in Fig. 4.6 (a), right side, as tiny spots. The density of these Pd

islands is high, resulting in center-to-center distances between the islands of about 5 nm.
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Fig. 4.6 a) STM surface-image of Nb film with a tiny Pd island added on the top. They are homogeneously
distributed over the sample surface and visible as tiny spots. b) Linear profile measured across the surface and
marked with a white dotted line in the zoomed in STM surface-image. Small Pd island with a lateral size of about
3 nm-4 nm and height less, than 0.2 nm are visible.
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5 Results and individual discussion on hydrogen loaded films

This chapter presents the results on in-situ hydrogen loading studies on Nb films of different
thickness. The thickness of the Nb film (d) is varied from 105 nm to 5 nm and it is considered as the main
experimental parameter. In-situ hydrogen gas loading STM- and XRD- measurements as well as EMF-,
stress-measurements and electrical resistance-measurements were carried out. The results are organized
by the chosen experimental method and subdivided by the variation of the film thickness.

Due to the large number of different aspects addressed by the variety of experimental techniques
(STM, XRD, EMF, stress measurements and electrical resistance measurements), sub/discussion and
method related data interpretation will be individually given (when it is required for better intermediate

result understanding) already in this chapter.

5.1 STM results on hydrogen loaded films

Results on different Nb-H films with a thickness d ranging from 55 nm to 8 nm are here presented.
This thickness range is chosen as it includes the predicted critical thickness of 26 nm suggested by
Northemann et al. [19], whose occurrence was not yet proven experimentally. Thereby, different samples
are considered with thicknesses d, lying close to the theoretical value, as well as lying well above and well
below this value. Hereby, hydride phase precipitation and growth, coherency state and dislocation

occurrence will be addressed. The obtained results will be summarized in chapter 5.1.6.

5.1.1 55 nm Nb-H film

5.1.1.1 Morphology change upon hydrogen loading of a 55 nm Nb-H film

To study phase transformation in 55 nm Nb-H films the hydrogenation process was controlled by
applying two independent techniques: in-situ STM and in-situ electrical resistance measurements. The Nb
film was loaded with hydrogen at hydrogen gas pressures py ranging from py= 3.3 x 10° mbar to

pn=4.3 x 10°mbar. Details regarding py and t,, for this measurement, are given in Table 5.1.1.

Table. 5.1.1 Experimental steps for a 55 nm Nb film

Experimental step pu [mbar] te [min]
i 3.3x107° 250
ii 7x107 208
iii 1.4x10° 910
iv < 5x 107 (Unloading) 300
v 4.3x10° 370
vi < 1.1x 107 (Unloading) 5370
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Surface changes caused by hydrogen loading are presented in Fig. 5.1.1 (a-e) for some
representative loading states. The frame size for all the images is 2000 x 2000 nm?. Figure 5.1.1 (a) shows
the STM surface-image before the sample was exposed to hydrogen gas. The initial surface in the area of

interest is relatively flat with a topographic roughness of about ogus = 0.44 nm.

11.00 nm

0.00 nm

Fig. 5.1.1 STM surface-image of a 55 nm Nb film: a) shortly before applying hydrogen pressure; b) during loading the
sample at py= 7 x 107 mbar for t. = 197 min.; c) during loading the sample at py;= 1.4 x 10° mbar for t. = 285 min..
Elevated (bright) regions, corresponding to local hydride phase precipitation are detected; d) during loading the
sample at py = 1.4 x 10°° mbar for t. = 905 min. Hydride related surface change includes about 42 % of the STM image;
e) during loading the sample at py= 4.3 x 10 mbar for 370 min. Hydride related surface change includes about 56 %

of the STM image. (Frame sizes: 2000 x 2000 nm?).

After the pressure increase to py = 7 x 107 mbar, the STM surface images do not show any
significant change. The STM surface-image in Fig. 5.1.1 (b), for example, was taken after hydrogen loading

for about t. = 208 min at py=7 x 107 mbar.
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Upon the second pressure increase to py= 1.4 x 10°mbar, the sample surface visibly changes, as
it is shown in Fig 5.1.1 (c). This particular STM image was taken after loading the sample at py= 1.4 x 10°
mbar for t.= 285 min. The observed local surface corrugations reach a typical lateral size in a range of
100 nm — 200 nm as shown in the linear profile in Fig. 5.1.2 (a, green curve). Figure 5.1.2 (a) shows linear
profiles measured along the black dotted lines in Fig. 5.1.1 (3, ¢, e). Further, the presence of new surface
corrugations on the film surface produces a quite broad distribution in the height change from 2 nm to 4
nm as visible in the corresponding height distribution histogram in Fig. 5.1.2 (b, green curve). Figure 5.1.2
(b) shows the height distribution histograms of the same area of interest measured for different
experimental stages during the hydrogen loading / unloading experiment. During further hydrogen
loading, the already modified surface topography areas continued to extend, as visible in Fig 5.1.1 (d)

(py = 1.4 x 10° mbar, t.= 905 min), in Fig. 5.1.1 (e) (pn= 4.3 x 10° mbar, t. = 370 min) and additionally
shown in Fig 5.1.2 (a) (marked by arrows). Furthermore, these hydrogen-induced surface corrugations
detected in the area of interest at the late loading stage, demonstrated in Fig. 5.1.1 (e), significantly
change also the height distribution histogram, as shown in Fig. 5.1.2 (b, red curve). Here, an additional
peak separated from the main peak (mid-plane) by about 2.9 nm appears in the graph. In other words, it
means that the new surface topography, in average, has a height change of about of 2.9 nm with respect
to the base level. However, the height distribution is relatively broad and shows that some elevated

surface regions reach significantly higher values of up to 6 nm, as also visible in Fig. 5.1.2 (a).
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Fig. 5.1.2 a) Linear profiles measured along the black dotted lines in Fig. 5.1.1 (a, c, e). Locally growing hydride
precipitates have a lateral size of about 200 nm and height variation from 2 nm to 6 nm. b) Height distribution
histograms describing the STM images in Fig. 5.1.1 (a, c, e): before hydrogen loading (black curve); during
hydrogen loading at py= 1.4 x 10° mbar, t. = 285 min (green curve); during hydrogen loading at py= 4.3 x 10°°
mbar, t.= 370 min (red curve); after sample unloading for t.= 5370 min at py< 1.1 x 10°° mbar (blue curve). Red
curve has two peaks, separated by 2.9 nm and corresponding, respectively, to Nb-H a-phase regions (on the left
side) and Nb-H B-hydride phase regions (on the right side). Upon hydrogen unloading the second peak
disappeared and only small shoulder present on the right side of the main peak shows that hydride related surface
corrugation are still present on the sample surface.
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Based on the previous results for thicker Nb-H films (see chapter 2.4.5), the magnitude of
hydrogen pressures applied in the system (see chapter 2.4.8) and the magnitude of surface corrugations,
detected on the surface (see Table 2.1), the observed topography changes were attributed to hydride
formation occurring in the film. As already described, hydride precipitates grow through the complete
film and, because of the local volume expansion, their upper part and their expansion become visible on
the sample surface (see chapter 2.4.2). The amplitude of surface corrugations appearing on the sample
surface due to the hydride formation depends on the particular film thickness and the width of the
miscibility gap (see chapter 2.4.2), while their shape depends mainly on the elastic properties of the
system and the state of the coherency in the underlying hydrides (see chapter 2.4.5). For the 55 nm film
a rough estimation of topography change according to the linear elastic approach (see Table 2.1, assumed
Ac = 0.4) gives the expected maximum surface corrugations of about Az = 2.99 nm. This value stays in a
good agreement with the experimentally observed average amplitude of surface corrugations shown in
Fig. 5.1.2 (b), but it is significantly smaller than the maximum height change detected within the STM
frame of Fig. 5.1.1 (e).

Therefore, as the observed surface topographies result from the underlying hydride precipitates
in the film, the development of the hydrides precipitates themselves at this point will be included in the
description. Herewith, the area fraction of surface corrugations with respect to the total area within the
frame, detected by STM, can be approximated with the volume fraction of the hydride phase with respect
to the total film volume, as presented in chapter 2.3.3. For instance, the volume fraction of the hydride
phase in the loading state shown in Fig. 5.1.1 (d) was about 42 %, while in Fig. 5.1.1 (e) it increased to
about 56 %. Thus, according to Fig. 5.1.1 (e) the sample volume was not completely transformed into the
hydride phase even after increasing the hydrogen pressure to p,= 4.3 x 10 mbar for t. = 370 min.

The related resistance curve that was measured simultaneously on a similar sample and at the
same experimental hydrogen pressures is shown in Fig. 5.1.3. In details, Fig. 5.1.3 shows how the
measured normalized resistance value (red curve) and hydrogen pressure (blue curve) were changing
depending on the relative experimental time. The experimental pressure steps, given in the first column
in Table 5.1.1, are marked as well in grey color in the lower part of the graph in Fig. 5.1.3. During the first
pressure increase to py = 7 x 10”7 mbar, the resistance value significantly increased and, within about one
hour, reached a new stable state visible as a plateau region in the resistance curve in Fig. 5.1.3 (green line
in “range ii” ). During the second hydrogen pressure increase to py= 1.4 x 10° mbar, the resistance curve
started to rise permanently as shown Fig. 5.1.3 (green line in “range iii”). Thus, a stable state, as observed
for py = 7 x 107 mbar, was not achieved within the chosen time span. A similar trend was observed by
further pressure increase to py = 4.3 x 10° mbar (green line in “range v”). Hereby, the resistance
measurements show that the system did not achieve a stable state. Furthermore, the slope of the
resistance curve visibly increases with pressure increase.
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Fig. 5.1.3 In-situ hydrogen gas loading electrical resistance measurements of a 55 nm Nb film. Blue curve shows the
pressure change in the loading chamber, red curve — the change of normalized resistance value during the loading
experiment. The experimental steps given in Table 5.1.1 are marked in a gray color. Additionally, the positions where
the STM images shown in Fig. 5.1.1 (a, b, c, d, e) was obtained are marked with filled circles (¢). The region of the
graph, where the hydrogen pressure was decreased are given by transparent curves (range iv and range vi).

Sloping resistance curves, as observed in Fig. 5.1.3 (“range iii” and “range v’) might be attributed
to two processes, namely on-going phase transformation (the increase of the volume fraction of the
hydride phase) and events of plastic deformation (the formation of dislocations), appearing in the sample
during hydrogen loading. Further, the change observed in the slope of the resistance curve in Fig. 5.1.3
(“range ii” and “range iii”) might qualitatively indicate a slower hydrogen absorption kinetics at py=1.4 x
10° mbar. Since the fact of phase transformation occurring in the system at this pressure was clearly
confirmed by STM, the observed change of the absorption kinetics can be directly attributed to the onset
of phase transformation. At the same time, the resistance curve at py = 4.3 x 10° mbar shows, in
comparison to hydrogen loading at py = 1.4 x 10° mbar, a steeper slope (see Fig. 5.1.3: “range iii” and
“range v”). This results hints on the improved kinetics at higher pressure and can be understood in terms

of the overpressure (chemical potential) applied to the system.
5.1.1.2 Morphology change upon hydrogen unloading of a 55 nm Nb-H film

To promote hydrogen desorption and, therewith, decompose the hydride phase, long sample
unloading by pumping of the vacuum chamber was carried out. Thereby, the hydrogen gas pressure was
decreased to py< 1.1 x 10° mbar. This last experimental step corresponds to “range vi” in Fig. 5.1.3. But,

because of the long unloading time (t.= 5370 min (89.5 hrs)), the pressure curve is only partly shown.
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The STM measurements show a significant surface corrugation contraction. However, after
relatively long sample unloading for t.= 5370 min (89.5 hrs), the hydride related surface changes discussed
in chapter 5.1.1.1 still could be found on the sample surface. Bright (elevated) regions in Fig. 5.1.4 (a)
corresponds to the remaining hydride-related surface corrugations. Hereby, the measured topographic
roughness orvs = 0.64 nm in the unloaded state is higher when compared to the “as-prepared” film surface
with orms = 0.44 nm (for comparison see Fig. 5.1.1 (a)). Further, the topographic height variation observed
at the film surface decreased to about 1.5 nm — 2 nm. This is exemplary shown in the linear profile in Fig.
5.1.4 (b) that was measured across the black dotted line added in Fig. 5.1.4 (a). Besides, comparison of
height distribution histograms in Fig. 5.1.2 (b) (red and blue curves) also indicates on significant
subsidence of the sample surface. Here, surface corrugations clearly visible in the red curve disappeared,
when the sample was partly unloaded (blue curve). Only small variation of surface topography, visible in
the blue curve in Fig. 5.1.4 (b), indicates some remaining hydrogen-related surface corrugations.

Reverse surface transformation, found in this part of the experiment can be attributed to the
process of hydrogen desorption and the dissolution of hydride phase. Further, the observation of the
increased topographic surface roughness, as compared to the “as-prepared” film surface state, can be
related to two expected contributions, namely to the presence of hydrides itself and to surface
corrugations caused by stress release (e.g. remaining glide lines resulting from dislocations formed during

the loading process).
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Fig. 5.1.4 a) STM surface-image of a 55 nm Nb film measured after long sample unloading for 5370 min (89.5 hrs.) at
py < 1.1 x 10° mbar. Backward surface modifications are clearly visible, as surface corrugations get smaller in
comparison to Fig. 5.1.1 (e). The observed topographic roughness ogrus= 0.64 nm is relatively high if compared with
the “as-prepared” film surface state (orvs = 0.44 nm) but small with respect to the loaded sample (orums = 1.56 nm).
(Frame size is 2000 x 2000 nm?). b) Typical linear profiles measured during the hydrogen loading / unloading
experiment: the red curve was measured in Fig. 5.1.1 (e) and blue curve - in Fig. 5.1.4 (a). Significant shrinkage of the
film and some residual surface corrugations are detected.

Despite the fact that STM measurements revealed significant reverse surface changes and, hence,
essential hydrogen desorption from the sample, the resistance measurement demonstrated a relatively
small drop in the curve as compared with the loaded state as shown in Fig. 5.1.5. Because the generation
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of new defects caused by hydrogen loading irreversibly changes the microstructure of the sample, the
resistance value measured before the hydrogen loading and after the hydrogen loading (in the unloaded
state) might be very different. Thus, it can be assumed that the contribution of processes of plastic
deformation to the resistance curve in Fig. 5.1.5 is quite big and that it becomes especially visible during
the unloading. Besides the resistance curve in Fig. 5.1.5 hints on the relatively slow kinetics of hydrogen
desorption from the sample. Thus, according to this qualitative resistance measurement, it can be seen
that the kinetics of hydrogen absorption/desorption in Nb-H thin films slows down when the system
reaches the two-phase region in the phase diagram and the hydride phase starts to precipitate or

decompose.
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Fig. 5.1.5 In-situ hydrogen gas loading/unloading resistance measurements of a 55 nm Nb film. As compared to Fig.
5.1.3, the part of resistance curve obtained during the unloading experiment is implemented in the graph. Measured
resistance curve point out on the relatively slow kinetics of hydrogen desorption from the sample and significant
contribution of process of plastic deformation. As compared to the STM results indicating significant hydrogen
desorption from the sample, the resistance curve demonstrates relatively small drop during the unloading of the
sample.

5.1.2 40 nm Nb-H film

5.1.2.1 Morphology change upon hydrogen loading of a 40 nm Nb-H film

Figure 5.1.6 (a) shows the STM surface-image of a 40 nm Nb film before hydrogen loading. Figure
5.1.6 (b) (pv=8 x 10" mbar, t. = 240 min) and Fig. 5.1.6 (c) (px= 1.6 x 10 mbar, t.= 100 min) demonstrate
the surface modification measured during hydrogen loading at different hydrogen pressures py and
exposure times t.. While the surface topography of the film in Fig. 5.1.6 (a) is relatively flat (orus = 0.24
nm), elevated (bright) regions are detected in Fig. 5.1.6 (b) (Orws = 0.49 nm) and in Fig. 5.1.6 (c) (Orws =
0.67 nm). Topographic surface changes elevated by about 3 nm —4 nm from the base film level are visible
in the linear profile shown in Fig. 5.1.7 (a). This linear profile was measured across the elevated surface

regions appeared on the sample surface during the hydrogen loading, as shown in Fig. 5.1.6 (c). The black
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dotted arrow in Fig. 5.1.6 (c) marks the position and the direction of related linear profile. The lateral sizes
of the surface corrugations visible in Fig. 5.1.6 (c) vary from 50 nm to about 700 nm. Most of them have
irregular shape and steep edges. The slope of the profile in the transition area separating the elevated
regions and the surrounding film surface in Fig. 5.1.7 (a) is about 6(1) °. The average distance between the
neighboring elevated regions ranges from 500 nm to 750 nm [133].

As discussed in chapter 5.1.1.1, the observed surface corrugations is attributed to the
precipitation and growth of the hydride phase in Nb-H films. Thus, elevated (bright) regions in Fig. 5.1.6
correspond to locally formed precipitates of the hydride phase. Hereby, the amplitude of the expected
surface corrugations Az according to the theory of linear elasticity for 40 nm film is estimated about 2.6
nm (see Table 2.1, Ac = 0.47 H/Nb). The experimentally observed surface corrugations shown in Fig. 5.1.7
(a) exceed the theoretically expected value. This hints on additional material transport towards the

surface, possibly by the implementation of dislocations.

Fig. 5.1.6 STM surface-image of a 40 nm Nb film a) before hydrogen loading (pu < 1x10° mbar), and during hydrogen
loading b) at py=8 x 107 mbar for t. = 240 min, and (c) at py = 1.6 x 10° mbar for a further t.= 100 min. Only a small
number of hydride precipitates is visible. They grow to large lateral sizes up to 700 nm. The average distance between
the neighbouring hydrides is about 500 nm — 750 nm [133]. Dotted black arrow indicates the direction and the length
of linear profile measured across the hydride precipitate. The related linear profile is given in Fig. 5.1.7 (a). (Frame
sizes change from (a) 500 x 500 nm?, to (b) 1000 x 1000 nm? and (c) 2000 x 2000 nm?). Figure created by author
from data originally published in Ref. [133].

Figure 5.1.7 (b) gives the height distribution histogram corresponding to the surface topography
shown in Fig. 5.1.6 (c). As one can see, two independent peaks corresponding to Nb-H a-phase (high
intensity) and to Nb-H B-phase (low intensity) can be clearly distinguished. These two peaks are separated
by about 2.15 nm. This value reflects the average height change detected within the frame size in Fig.

5.1.6 (c). It is lower than the value expected from linear elastic theory.
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Fig. 5.1.7 Details related to the STM surface-image in Fig. 5.1.6 (c): a) the linear profile of surface corrugation, whose
appearance was detected on the sample surface during hydrogen loading (marked with a black dotted arrow): the
height change of about 3 nm - 4 nm and steep edges are clearly visible. The slope of the profile in the transition area
between the a-phase and the B-phase is about 6(1)° (related regions are marked with red dotted lines). b) Height
distribution histograms: two peaks separated by about 2.15 nm are visible. They represent, respectively, Nb-H a-
phase regions (high intensity) and to Nb-H B-phase regions (low intensity) clearly distinguishable in the STM surface-
image in Fig. 5.1.6 (c).

The STM image in Fig. 5.1.8 (a) shows the surface topography change measured after hydrogen
loading at py = 1.6 x 10°mbar for t.= 500 min. The frame size is 4500 x 4500 nm> Here, the surface region
marked with a black dotted contour roughly corresponds to the position previously shown in Fig. 5.1.6 (c).
According to the STM surface-image in Fig. 5.1.8 (a), at the related loading stage a small number of large

hydrides in the micrometer range size grows in the 40 nm Nb-H film. The observed surface topography

show that hydrides are irregular in shape.

6.00 nm

Fig. 5.1.8 STM surface-image of a 40 nm Nb film (a) py = 1.6 x 10® mbar, t.= 500 min; the surface region marked with
a dotted line roughly corresponds to the position previously shown in Fig. 5.1.6 (c). (b) py =3 x 10® mbar, t.= 135
min. (Frame sizes: (a) 4500 x 4500 nm? and (b) 4000 x 4000 nm?).

By subsequent pressure change to py = 3 x 10° mbar the volume fraction of the hydride phase
continued to increase, as can be seen in Fig. 5.1.8 (b). Figure 5.1.8 (b) shows the STM image measured
after hydrogen loading at pi; = 3 x 10° mbar for t.= 135 min. The volume fraction of hydride phase at this

particular loading stage reached about 37 %. The position of STM measurements as compared to
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Fig. 5.1.8 (a) is the same, but the frame size is slightly rescaled from 4500 x 4500 nm? (in Fig. 5.1.8 (a)) to
4000 x 4000 nm? (in Fig. 5.1.8 (b)). At this loading stage it was clearly found that the pre-existing
precipitates of hydride phase detected in Fig. 5.1.8 (a) continued to expand after the pressure increase to

pw =3 x10° mbar. Herewith, they formed massive agglomerates of hydride phase, as shown in Fig. 5.1.8

(b).

5.1.3 25 nm Nb-H film

5.1.3.1 Morphology change upon hydrogen loading of a 25 nm Nb-H film

Topography changes observed upon hydrogen loading in a 25 nm Nb-H film are given in Fig. 5.1.9.
There are several STM surface-images taken shortly before hydrogen loading (Fig. 5.1.9 (a)) and during
hydrogen loading at fixed pressure py = 7 x 10” mbar (Fig. 5.1.9 (b-e)). The frame size for all the images is
500 x 500 nm®. Details about exposure times t.at given p, are given in the figure caption. The initial surface
topography is very smooth, as it is shown in Fig. 5.1.9 (a) (0rus = 0.24 nm). By hydrogen pressure increase
to py = 7 x 107 mbar, elevated (bright) regions appeared on the sample surface as shown in Fig. 5.1.9 (b-

e).

Fig. 5.1.9 STM surface-image of a 25 nm Nb film [133] a) before hydrogen loading (py< 1 x 10°° mbar) and (b-e)
during hydrogen loading at py = 7 x 107 mbar for different exposure times b) t. = 220 min, (c) t. = 520 min, (d) t. =
690 min, (e) t. = 1160 min. New surface corrugation appears upon hydrogen loading. They are visible as elevated
(bright) regions and marked with black arrows. (Frame size: 500 x 500 nm?).
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Similar to the case of the 55 nm and the 40 nm films, the surface topographies are mainly
attributed to hydride precipitates in the Nb-film. The height distribution histograms measured at the same

position for a fixed pressure py= 7 x 10" mbar and different loading times t. are given in Fig. 5.1.10.
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Fig. 5.1.10 Height distribution histograms of a 25 nm Nb film show the development of the surface topography
during hydrogen loading at pi, = 7 x 107 mbar for different t.. In average, elevated regions (B-phase) have a height
amplitude of about 1.15 nm as measured from the mid-plane corresponding to the a-phase regions in the STM
image.

Here, the main peak corresponds to the mid-plane of the STM surface-image and is related to the a-phase
region. Besides, one can clearly see a small shoulder appearing on the right side of the main peak. This
shoulder is attributed to the locally grown hydride phase (B-phase). After fitting the curve with two
Gaussian functions, the peak splitting in the height histogram was found to be only Az = 1.15 nm as shown
in Fig. 5.1.10.

For the assumed miscibility gap width of 0.3 H/Nb - 0.4 H/Nb the amplitude of surface
corrugations Az according to the theory of linear elasticity for the 25 nm film is expected to be about 1.02
nm—1.36 nm (see Table 2.1). Thus, experimentally observed average surface corrugations (see Fig. 5.1.10)
are close to the theoretically expected value.

As one can see, in the case of the 25 nm film the surface corrugations appearing upon hydrogen
loading are relatively small (1 nm - 1.5 nm) and hence, it becomes difficult to define clearly the topography
changes related to the hydride phase in the original STM images. Thus, a difference image comparing two
intermediate states and highlighting the absolute surface changes was considered, as it is discussed in
chapter 3.3.3. Particularly here, in Fig. 5.1.11 (a, b), we can see the difference images of two intermediate
states given in Fig. 5.1.9. Figure 5.1.11 (a) shows the result of image subtraction (c) - (a) given in Fig. 5.1.9
(tairr = 520 min). Figure 5.1.11 (b) represents the difference image obtained by subtraction (e) — (a) given
in Fig. 5.1.9 (tq# = 1160 min). Surface changes of about 1 nm - 2 nm height are now clearly visible, also in

the linear profile exemplary given in Fig. 5.1.11 (c). The slope of the profile in the transition area between

71



Chapter 5. Results and individual discussion on hydrogen loaded films

the a-phase and the B-phase is found to equal about 2(0.5)° as calculated from the linear profile in Fig.
5.1.11 (c). The position and the direction of the linear profile is shown by the black dotted arrow in Fig.
5.1.11 (b).
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Fig. 5.1.11 a) Difference image (Fig. 5.1.9 (c) — Fig. 5.1.9 (a), tairr = 520 min). First precipitates of hydride phase have a
lateral size of about 50 nm. Some hydrides keep their lateral size: their growth appeared very slowly as compared to
the total exposure time t. [133]. Following the suggestion of Noérthemann et al. [19], [73] this behaviour is labelled as
“locked-in size” (L.1.S.) and the related surface elevations are marked by dotted circles. b) Difference image (Fig. 5.1.9
(e) — Fig. 5.1.9 (a), tgir = 1160 min). The number density of hydride precipitates continues to increase. The average
distance between the neighbouring hydrides is about 50 nm — 100 nm. Black dashed arrow indicates the direction
and the length of linear profile measured across the hydride precipitates. (Frame size: 500 x 500 nm?). ¢) Linear profile
measured across the hydride precipitates: height changes of about 1 nm - 2 nm are visible. The slope of the profile in
the transition area between the a-phase and the B-phase is about 2(0.5)° (related regions are marked with red dotted
lines).

According to the difference images presented above, initially, most of the hydride precipitates reach a
lateral size of about 50 nm (see Fig. 5.1.11 (a)) while the average distances between the neighboring
hydrides range from 50 nm to 100 nm (see Fig. 5.1.11 (b, c)). In the initial precipitation stage, the hydride
precipitates, in a first approximation, have a circular surface shape (Fig. 5.1.11 (a)).

During continuous hydrogen gas loading some precipitates of the hydride phase keep their lateral
size: their growth appeared very slowly as compared to the total exposure time t.. Following the
suggestion of Nérthemann et al. [19], [73] this behaviour is labelled as “locked-in size”. But, at the same
time, new surface topographies appear indicating the formation of new hydrides in the film. Thus, by
changing the exposure time, the number density of hydride precipitates continues to increase. Thereby,
during the phase transformation observed hydrides form a relatively “dense” and “homogeneous” surface
topography as shown in Fig. 5.1.11 (b).

Thus, itis suggested, that the phase transformation from a- to B-phase in the 25 nm film is mainly
driven by the formation of new hydride precipitates, and not by growth of the pre-existing ones [133].

The STM surface-images shown in Fig. 5.1.12 (a) and Fig. 5.1.12 (b) were measured directly one
after the other during hydrogen loading at py = 7 x 107 mbar. The time difference between these two
images is only 17 minutes. Besides of small hydrides discussed before, an appearance of few hydrides

possessing larger volume, more irregular shape and clearly having facets, visible as straight lines in the
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STM-images of the surface, were detected in Fig. 5.1.12 (b). Here, black arrows and dotted lines indicate
on sharp facets appearing on the sample surface during the growth of hydride precipitates. Fig. 5.1.12 (c)

gives the difference image where these features are clearly detectable.

4.00 nm

Fig. 5.1.12 STM surface-images of a 25 nm Nb film showing an appearance of hydride precipitate of an irregular
shape: a) py= 7 x 107 mbar, t. = 501 min b) py= 7 x 107 mbar, t.= 518 min c) difference image: hydride of irregular
shape with a clearly serving facets, visible as straight lines (marked by black dotted lines) appeared on the sample
surface. (Frame size: 250 x 250 nm?).

Completed phase transformation was not observed even by increase the hydrogen pressure to py
= 1.6 x 10° mbar. Figure 5.1.13 shows the surface topography measured after about t.= 300 min at py =
1.6 x 10° mbar. The frame size is 1500 x 1500 nm?”. The volume fraction of the hydride phase at that
loading stage reached about 32 %. Herewith, a large density of small hydrides as compared to thicker films
was detected. Thus, the trend that was previously discussed in Fig. 5.1.11 (a, b) was confirmed also for

the bigger frame size and higher hydrogen pressure.

Fig. 5.1.13 STM surface-image of a 25 nm Nb-H film measured after about t. = 300 min hydrogen loading at py= 1.6
x 10° mbar. A large density of small hydrides visibly changes the surface topography as compared to thicker films.
(Frame size: 1500 x 1500 nm?).

5.1.3.2 Morphology change upon hydrogen unloading of a 25 nm Nb-H film

After the hydrogen loading experiment, the hydrogen pressure in the vacuum chamber was
reduced from py= 1.6 x 107 mbar to py= 8 x 10° mbar to unload the sample. In total, the sample was

unloaded for 3800 min (63.3 hrs.). Figure 5.1.14 shows the surface topography changes observed upon
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the hydrogen unloading experiment. The frame size is 250 x 250 nm?®. Surface corrugations marked in
pink color in Fig. 5.1.14 (a) appeared during the hydrogen loading experiment and, as discussed in chapter
5.1.3.1, result from the local precipitation of hydride phase. Subsequently, during the unloading
experiment, partial contraction of the film was found as shown in Fig. 5.1.14 (b). Some hydride
precipitates previously visible at the film surface vanished completely as marked by black dotted contours
in Fig. 5.1.14 (a, b). The difference image in Fig. 5.1.14 (c, d) clearly shows the absolute difference
appeared in the film topography. Here, regions given in pink color correspond to the surface elevations
that disappear in Fig. 5.1.14 (b) and, regions given in blue color show the surface regions that stay
unchanged. The height change detected in the difference image in Fig. 5.1.14 (c) does not exceed 1.2 nm.
The observed surface contraction is attributed to hydrogen desorption from the film interior and a related

decomposition of the hydride phase.

o

b)
7

Fig. 5.1.14 STM surface-images of a 25 nm Nb film: a) after hydrogen loading at py= 1.6 x 10°° mbar for t.= 320 min.
Surface regions marked in pink color correspond to the surface change resulting from the precipitation of hydride
phase. b) After extended hydrogen unloading at py= 8 x 10 mbar for t,, = 3300 min (55 hrs.) surface topography
clearly changed, some elevated region vanished completely (marked by dotted contours), and another only reduced
their volume. Surface morphology marked in blue/green colors corresponds to the a-phase regions. (c) Difference
image: surface regions marked in pink colour indicate on reverse topography changes occurred during unloading of
the sample. (d) An enlarged view of a representative part of surface area where a "linked behaviour” can be observed.
It is marked by dashed yellow contour lines and highlighted by the arrows. (Frame size: 250 x 250 nm?).

By visually comparing the surface area related to hydride precipitates in Fig. 5.1.14 (a) and the areas of

reverse topography, changes in the difference image in Fig. 5.1.14 (c, d), a “linked behaviour” can be
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observed in the region marked by the dashed yellow contour-lines and the black contour-lines. Here,
yellow arrows highlight strong linkage. Therefore, it can be suggested that the surface regions
corresponding to the a-phase shrink together with the hydride phase regions. This observation may
support the idea about coherent boundaries between two co-existing phases (a/B), but it cannot directly
approve the wholly coherent nature of the phase transformation in the complete sample volume.

Figure 5.1.15 (a, b, c) presents STM images of surface topography obtained during the unloading
experiment, with increasing the measured frame size. The STM surface — image in Fig. 5.1.15 (a) was
measured after t,,= 3300 min (55 hrs.) at ps= 8 x 10° mbar. It has a frame size of 250 x 250 nm” that
corresponds to the smallest frame size used in STM measurements. The STM surface-images shown in
Fig 5.1.15 (b) (b= 1.3 x 10° mbar, tu,= 3725 min (62.1 hrs.)) and Fig. 5.1.15 (c) (pn= 1.3 x 10° mbar, tu,=
3765 min (62.8 hrs.)) were measured for bigger frame sizes, respectively, 500 x 500 nm?* and 1000 x 1000
nm?Z Elevated (bright) surface regions are detected on all the STM-images given in Fig. 5.1.15. This proves
that they are not just a local phenomenon. The observed surface corrugations show that most
agglomerations of hydride precipitates present on the sample surface after the hydrogen loading did not
vanish during the unloading experiment. The elevated surface topographies visible in Fig. 5.1.15 (c) have
a height ranging between 1 nm and 2 nm.

Based on this result and the previously discussed STM results (see chapter 5.1.1.2), it is suggested
that residual surface corrugations cannot be completely attributed to the traces of plastic deformation. It
is, therefore, possible that the state of complete hydride phase decomposing was not reached in the long-

term unloading experiment (see also Fig. 5.1.4 and Fig. 5.1.5).

0.00 nm

Fig. 5.1.15 STM surface-images of a 25 nm Nb film after extended hydrogen unloading. a) Frame size: 250 x 250
nm2, py= 8 x 10 mbar, t,, = 3300 min (55 hrs). b) Frame size: 500 x 500 nm?, py= 1.3 x 10° mbar, t,,= 3725 min
(62.1 hrs). ) Frame size: 1000 x 1000 nm?, py= 1.3 x 10° mbar, tunioading= 3765 min (62.8 hrs). Surface topographies
appeared during the precipitation of the hydride phase (bright regions) stayed present in the STM images even
after the unloading experiment. The same areas of interest for differently scaled frame sizes are shown by dotted
contours.
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5.1.4 15 nm Nb-H film

5.1.4.1 Morphology change upon hydrogen loading of a 15 nm Nb-H film

A 15 nm Nb film was loaded with hydrogen until the state, in which the sample volume was
completely transformed into the hydride phase. In total, the hydrogen pressure was increased four times
from py=1.3 x10° mbarto py=3 x 10° mbar. Figure 5.1.16 (a-1) shows the evolution of surface topography
measured upon hydrogen loading at different pressures and exposure times. The frame size used for all
the STM surface — images is 500 x 500 nm?. Table 5.1.2 contains the information about py, t. and the
volume fraction of hydride phase achieved by applying different loading conditions. The evaluation was

made based on the related STM images.

Table 5.1.2 Experimental details on the STM surface-images given in Fig. 5.1.16 (py, t., Hydride volume
fraction).

pu, [mbar] te, [min] Hydride volume fraction, [%]
1.3x10° - 0
7x107 16 1.4
7x107 245 4.6
7x107 782 15.6
7x107 1068 28.9
9.2x107 110 36.9
1.7x10° 229 56.6
3x10° 25 63.3
3x10° 530 100

As can be judged from Fig. 5.1.16 (a-l), the sample surface experienced significant changes during
the hydrogen loading experiment. New surface corrugations started to appear on the sample surface at
pn=7 x 107 mbar as shown in Fig. 5.1.16 (b). Subsequently, the surface area of these new elevated regions
continued to grow depending on the hydrogen pressure and the related exposure times as shown in Fig.
5.1.16 (c-I).

As previously discussed, these new surface topographies are attributed to the precipitation and
growth of the hydride phase in the film. Therefore, according to the STM image in Fig. 5.1.16 (b) first
hydrides were detected already after 16 minutes of hydrogen exposure at py = 7 x 107 mbar. By
subsequent loading at the same pressure, the volume fraction of the hydride phase permanently
increases. After hydrogen loading for t.=1068 min (17.8 hrs.) no further precipitation or growth of hydride

phase was detected. Thus, it can be suggested that further phase transformation is locked. At this
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loading stage (see Fig. 5.1.16 (e)) the volume fraction of the hydride phase reached about 28.9 %. Thus,
to facilitate further phase transformation, the hydrogen pressure was increased, first to p,= 9.2 x 107
mbar for te= 110 min (Fig. 5.1.16 (f)), then to py= 1.7 x 10 mbar for t.= 229 min (Fig. 5.1.16 (g)) and finally
to py=3 x 10° mbar for t. = 530 min (Fig. 5.1.16 (h-1)). Only at this loading stage, the phase transformation

was completed.

before loading 16 min, P=7-10" mbar 245 min, P=7-10" mbar

)

782 min, P=7:-10" mbar 1068 min, P=7-10"mbar 110 min, P=9.2:10" mbar

R B : & \ .
229 min, P=1.7-10° mbar 25 min, P=3:10° mbar 530 min, P=3-10° mbar

Fig. 5.1.16 STM surface-images of a 15 nm Nb film shows surface topography change observed upon hydrogen
loading at different pressures and exposure times: a) before hydrogen loading; (b-e) py= 7 x 107 mbar; f) p4= 9.2
x 107 mbar; g) pu= 1.7 x 10 mbar; (h-1) py= 3 x 10° mbar. Two hydrides, that stay “locked-in size” and does not
grow by the increase of the hydrogen pressure, are shown by way of example (marked by black dotted contours
and labeled as “L.1.S”).
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As one can see from Fig. 5.1.16 (a-l), the hydrides form a very “dense” and “homogeneous”
surface topography. Thus, it is suggested, that similar to the case of the 25 nm film, phase transformation
in the 15 nm films mainly occurs by the formation of new hydride precipitates. Herewith, the hydrides
already present in the sample grow very slowly and upon reaching a certain lateral size almost do not
change (“locked-in size” or “L.I.S.”). In Fig. 5.1.16 (d-h), two hydrides following this behavior are shown by
way of example. They are marked by black dotted contours and labeled as “L.I.S.”. Their average lateral
size is fixed by 50 nm and it does not change by the increase of the hydrogen pressure from py =7 x 107
mbar to py=3 x 10° mbar.

Thus, the STM measurements presented in Fig. 5.1.16 (a-l) show that an increase of the mean
hydrogen concentration in the sample at RT (and crossing the two-phase region of the Nb-H phase
diagram) in the case of thin epitaxial Nb-H films requires a permanent increase of the applied hydrogen
pressure within the given time frame. Based on the result, obtained for the first loading step and indicating
no further surface topography change (p, = 7 x 107 mbar, t.= 1068 min (17.8 hrs.)), it is assumed that
there is no fixed plateau pressure corresponding to the phase transformation in the 15 nm Nb-H film.
Instead of this, there is a pressure range, in that the phase transformation occurs. Hereby, the lower limit
corresponds to initiation of phase transformation and the higher limit to the completion of phase
transformation in the sample volume. Very similar trend has also been observed by Nérthemann et al. for
thicker films [24], [73].

Figure 5.1.17 gives the height distribution histogram showing the topography change occurring
during hydrogen loading at py= 7 x 10" mbar and corresponding to the STM images shown in Fig. 5.1.16
(a-e). Again, the main peak corresponds to the mid-plane of the STM image and is attributed to the a-
phase regions. The second peak visible as a shoulder of the main peak corresponds to the hydride (B —
phase) regions. Two these peaks are separated by only Az = 0.65 nm. Thus, the average amplitude of
surface topography change caused by hydrogen absorption becomes relatively small.

For the assumed miscibility gap of 0.3 H/Nb - 0.4 H/Nb the amplitude of surface corrugations Az
according to the linear elastic theory for the 15 nm film is expected to be about 0.61 nm —0.82 nm (see
Table 2.1). Thus, the average amplitude of surface corrugations corresponds well with the theory.
However, at the same time, it can be seen also that the height distribution in Fig. 5.1.17 is quite broad

and the height of some hydrides clearly exceeds the theoretically expected change.
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Fig. 5.1.17 The height distribution histogram shows two close peaks, separated by 0.65 nm and corresponding,
respectively, to Nb-H a-phase regions (high intensity) and Nb-H B-phase regions (a shoulder of the peak).

Because the surface corrugation becomes relatively small, difference images comparing STM
images measured at intermediate loading stages will be further considered. The minimum time
difference, separating preceding and subsequent images recorded during in-situ STM measurements and
used for image subtraction was about 17 minutes. Figure 5.1.18 (a-c) demonstrates first hydride
precipitates and the related surface changes detected in the area of interest within first 16 minutes of
hydrogen loading at p,= 7 x 10" mbar. In details, two STM images measured on one after each other (Fig.
5.1.18 (a, b)) and their difference image (Fig. 5.1.18 (c)) are given. According to the difference image in
Fig. 5.1.18 (c) and linear profiles measured across hydride precipitates in Fig. 5.1.18 (d, e), in the initial
growing stage, hydride precipitates have a shape close to the circle and relatively small lateral dimensions
(£ 50nm). Furthermore, the absolute height change caused by local precipitation of hydride phase does
not exceed 1.2 nm. The lateral sides of hydride precipitates detected in the area of interest are slightly
inclined. The slope of the profile in the transition area between the a-phase and the B-phase lies in a range

from 3 °to 4.5 ° as it is shown in Fig. 5.1.18 (d, e).
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Fig. 5.1.18 STM surface-images of a 15 nm Nb film: a) before hydrogen loading, b) early stage of precipitation of
hydride phase detected within t.= 16 min of hydrogen loading at py=7 x 107 mbar. Dotted circles mark the surface
regions, where first precipitates of the hydride phase are detected c) difference image: elevated (bright) regions of a
circular shape are visible. Dashed lines mark the location and length of linear profile measured across the precipitates
of hydride phase d) linear profile 1 e) linear profile 2. The slope of the profile in the transition area between the a-
phase and the B-phase is about 4.5(0.5) ° (profile 1) and 3.2 (0.6) ° (profile 2). Related regions are marked with red
dotted lines.

Upon further hydrogen loading at the same hydrogen pressure py=7 x 10 ” mbar the number and
the density of new hydride precipitates continued to increase, and some of them overcome the lateral
size of 50 nm as shown Fig. 5.1.19 (a, b). Beside of these larger hydride precipitates, sharp straight edges
appeared on the sample surface as shown in the cropped difference image in Fig. 5.1.19 (c). Here, these
new surface features are marked with blue lines. The difference image shown in Fig. 5.1.19 (c) was
obtained as result of image subtraction and subsequent cropping and zooming. Figure 5.1.19 (d) shows
the linear profile measured across one of the sharp, straight edges visible at the surface and marked with
a black arrow in Fig. 5.1.19 (c). Other profiles measured in the surface regions marked with the blue lines
showed similar curve shapes. The height change measured particularly in the profile in Fig. 5.1.19 (d) as
well as in case of four other edges marked with the blue lines, does not exceed 0.3 nm.

It is supposed that the sharp, straight edges appearing on the sample surface are related to the
emission of dislocations, visible mainly in the STM difference image. Line profiles measuring this kind of
surface corrugation at different positions show a reproducible result: curves have a shape that can be

described as an atomic step on the one side and a sloped ramp on the other side of the edge (Fig. 5.1.19
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(d)). Similar findings were discussed by Pundt et al. for Gd-H films [18] and were attributed to misfit
dislocations formed at the interface between the film and the substrate during hydrogen loading.

Thus, surface changes discovered in Fig. 5.1.19 (c) are attributed to two processes: precipitation
of hydride phase (marked with the dotted circle) and formation of misfit dislocations (sharp, straight

edges marked with blue lines) visible as the emergence of ramps on the sample surface.

1+ 0.00 nm
profile

0 10 20 30 40 50
nm

Fig. 5.1.19 a) STM surface — image measured at py= 7 x 107 mbar after t, = 135 min of hydrogen loading. b) STM
surface — image measured at py = 7 x 107 mbar after t. = 152 min of hydrogen loading. ¢) Cropped and zoomed
difference image: two different kinds of surface corrugation are detected. Dotted circle marks the precipitate of
hydride phase that appeared within 17 min. Blue lines mark sharp, straight edges that were also detected on the
surface. d) Linear profile measured across one of the sharp, straight edge visible in the difference image and marked
with a black arrow. The height change visible in the profile is lower than 0.3 nm.

Figure 5.1.20 shows massive surface changes that appeared at the late stage of hydrogen loading.
STM surface —images shown in Fig. 5.1.20 (a, b) were measured one after the other at py=9.2 x 10" mbar
(te: = 212 min). The STM surface — images in Fig. 5.1.20 (d, e) were as well measured one after the other,
but at a higher hydrogen pressure p, =3 x 10° mbar (t. = 144 min). The related difference images are
given, correspondingly, in Fig. 5.1.20 (c) and Fig. 5.1.20 (f). The absolute surface changes shown in these
difference images, appear within a time interval of about 17 minutes. Some surface features appearing in
these difference images looks very similar to those discussed in Fig. 5.1.19 (c, d). In Fig. 5.1.20 (c, f) an
appearance of straight, sharp edges of about 0.3 nm in height was detected. The related surface regions
in Fig. 5.1.20 (c, f) are marked with the black arrows.

Thus, based on these images, one can suggest the appearance of massive plastic deformation
events occurring in the 15 nm Nb-H film. Furthermore, this result seems to be linked with the previously

discussed need for subsequently increasing the hydrogen pressure to complete the phase transformation.
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0.00 nm

0.00 nm

Fig.5.1.20 STM surface-images of a 15 nm Nb film showing surface modification appearing at the late stage of sample
hydrogenation. a) - b) Two following each other STM measurements: py=9.2 x 107 mbar, t. = 212 min. c) Difference
image: traces of dislocations are detected on the sample surface in the regions marked with black arrows; steep and
sharp edges are clearly visible. d) - e) Two following each other STM measurements: py=3 x 10° mbar, t. = 144 min.
f) Difference image: massive plastic deformation in the regions transformed into the hydride phase (marked with
black arrows) and simultaneous significant increase of hydride volume fraction in the related regions.

In other words, local stress release by the emission of dislocations affects the chemical potential on the
local scale [56]. This means that the lattice regions, where the precipitation starts, are mechanically
different from others due to the partial stress release occurring in the film. Recently Wagner et al.
discussed this concept in detail by the example of film buckling occurring in Nb-H thick films [56]. Here, in
the case of Nb-H thin films, the observations of a sloping plateau pressure and partial stress relaxation are
attributed to the formation of dislocations at the film / substrate interface. The occurrence of sharp,
straight edges and significant increase of volume fraction of hydride phase in related regions visible in Fig.
5.1.20 are linked with each other and, therewith, confirm this concept.

Besides, at late loading stages surface corrugations have a more irregular shape in comparison to
the earlier loading stages shown in Fig. 5.1.18. The maximum height change detected in the difference
images shown in Fig. 5.1.20 (c, f), reaches up to 1.5 nm. Previously separated regions of hydride phase
amalgamate and form a more complex surface topography consisting of agglomerates of hydrides and
traces of dislocations. Finally, the hydride phase fills out the complete sample volume.

To summarize, for the 15 nm Nb-H film the presence of phase transformation is clearly proven. It

is suggested that similar to the case of the 25 nm film, in the case of the 15 nm film the phase
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transformation is governed also by the formation of new hydride precipitates and not by growth of the
pre-existing ones. Further, it is suggested that even for this film thickness, events of plastic deformation
cannot be completely excluded in intermediate and late stages of hydrogen loading. The observed surface
corrugations and their amplitudes for the addressed film thickness hint on remaining stress release. In the
present study, this result is related to the formation of dislocations occurring mainly at the film / substrate
interface. Further, it is assumed that partial stress release also is the reason for the presence of sloping
plateau pressure, as suggested by Wagner et al. [14], [103]. Therefore, the presence of coherent a / B
interfaces as suggested by Northemann et al. [19] for thin films (d < 26 nm) cannot be unambiguously

proven only by using the STM technique, at this stage. Thus, alternative methods are required.

5.1.5 8 nm Nb-H film

5.1.5.1 Morphology change upon hydrogen loading of a 8 nm Nb-H film

8 nm Nb-H film is the thinnest film that was analyzed in the frame of this thesis by using in-situ
STM. Similar to the case of the 55 nm Nb-H film (chapter 5.1.1), the process of hydrogen loading /
unloading was controlled by applying simultaneously two independent techniques: in-situ STM and in-situ
electrical resistance measurements.

During hydrogen loading, pywas increased from py= 2.5 x 10° mbar to py =4 x 10° mbar. Details

about the experimental steps including pyand t.at given pressures are given in Table 5.1.3.

Table 5.1.3 Experimental details for a 8 nm Nb film (p4, t.)

Experimental step px [mbar] te [min]
2.5x10°
| 2.3x107 60
li 6x107 50
lii 1.3x10° 70
Iv 3 x10°® 70
Vv 8x10° 905
Vi 4x10° 168
Vii 9 x 10 (unloading) 4725

Figure 5.1.21 (a-f) shows the evolution of surface topography measured at different hydrogen
pressures up to py= 8 x 10° mbar. The frame size for all the present STM images is 250 x 250 nm? Overall,

STM images measured at different pyandt.look very similar. Surface roughness (orus) for these STM
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images ranges from 0.26 nm to 0.28 nm, but visually by eye, no distinguishable new surface features can
be specified and localized. The related height distribution histogram is shown in Fig. 5.1.22. As can be
seen, it also cannot be used to find signs of topographic changes as it was done for thicker films discussed

before.

70 min, P=1.3-10° mbar 70 min, P=3-10° mbar 26 min, P=8-10° mbar

Fig.5.1.21 STM surface-images of a 8 nm Nb film demonstrating surface evolution upon hydrogen loading. (a) before
loading; (b) py= 2.3 x 107" mbar, t. = 60 min; (c) py= 6 x 107 mbar, t. = 50 min (d) py= 1.3 x 10° mbar, t. = 70 min; (e)
pr=3 x 10°mbar, t. = 70 min; (f) pn= 8 x 10°mbar, t. = 26 min. First surface change appeared only after increasing
the hydrogen pressure to py=8 x 10° mbar. Black arrows mark the related regions.

Thus, because it is quite challenging to recognize the surface modification in the original STM
surface —image shown in Fig. 5.1.21, step by step drift correction and image subtraction algorithms were
applied to check precisely, if there appears any local topography change between the STM images
measured one after the other and at different pressures py. Detailed analysis of the STM surface —images,
some of them shown in Fig. 5.1.21 (a-e), reveals that there are no detectable surface topography changes,
including any kind of surface corrugation, discussed earlier in this chapter. For the assumed miscibility gap
width of 0.4 H/Nb, the amplitude of surface corrugations Az according to the theory of linear elasticity
for the 8 nm film is expected to be about 0.44 nm (see Table 2.1). Further analysis of difference images
showed that first surface change during hydrogen loading appeared only after increasing the hydrogen

pressure to py=8 x 10 *mbar..
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Fig.5.1.22 Height distribution histogram describing the STM surface-images shown in Fig. 5.1.21. Additional shoulder
in the peak that was observed earlier in case of thick films is not found.

The difference image shown in Fig. 5.1.23 (a) was obtained by subtracting the STM surface-image given in
Fig. 5.1.21 (e) from the STM surface-image given Fig. 5.1.21 (f). According to this difference image, some
elevated (bright) regions appeared on the film surface. Hence, it can be clearly stated that by pressure
increase to py= 8 x 10° mbar the sample surface experienced notable modification that occurred within
26 minutes after the pressure change. Black arrows in Fig. 5.1.21 (f) mark some surface regions, where
according to the difference image in Fig. 5.1.23 (a), first surface changes were detected by in-situ STM

measurements.
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Fig. 5.1.23 First surface modification was detected in the 8 nm Nb-H film after hydrogen loading for t.= 26 min at
pr=8 x 10°° mbar. a) STM difference image: elevated (bright) regions are clearly visible. Black arrows indicate
lengths and directions of linear profiles measured across the sharp edges of new surface corrugations. b) Two
linear profiles: Both curves have a shape of a sloped ramp on one side and an atomic step on other side. (Az =
0.22nm-0.23 nm).
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At this point, it is important to mention that the applied hydrogen pressure py= 8 x 10°® mbar
related to the first surface changes is 11 times higher in comparison to p,= 7 x 10" mbar applied to initiate
first precipitation of hydride phase in the 15 nm Nb-H films and still 3 times higher than py = 3 x 10° mbar
applied to complete the phase transformation in the 15 Nb-H film. Furthermore, based on the STM results
obtained for thicker samples discussed earlier in the frame of this chapter, it can be stated that local
precipitation of hydride phase as well as possible traces of dislocations may cause an occurrence of new
surface corrugation in here studied Nb-H thin film system.

Precipitates of hydride phase have a limited volume defined via the closed circular surface
contours as it was shown e.g. in Fig. 5.1.18 (c). Similar surface features are not observed, here. Returning
to the difference image shown in Fig. 5.1.23 (a), one can see an appearance of atomic steps visible on the
film surface. They look like sharp, straight facets. As an example, two linear profiles measured across the
new surface corrugations are shown in Fig. 5.1.23 (b). Both curves have a shape of a sloped ramp on one
side and an atomic step on other side, as the height of the step is Az =0.22 - 0.23 nm. This kind of surface
corrugation was already observed in the case of the 15 nm Nb-H film and, as it was already supposed,
might result from the glide-displacement of atomic planes caused by the formation of misfit dislocation
at the film / substrate interface.

In principle hydrides could also be very, very large — that was what we expected beforehand.
However, this is opposite to what was observed on the 15 and 25 nm films. Therefore, such large hydrides
are not very likely and not considered further for interpretation of results in this thickness range.

At this stage, for a better understanding of the sample hydrogenation process, it is suggested to
look at the result of resistance measurements that was performed simultaneously on the similar 8 nm Nb-
H film. A graph given in Fig. 5.1.24 shows the normalized resistance value (red curve) and logarithmic
pressure (blue curve) measured continuously during the hydrogen loading / unloading experiment. On
the abscissa axis the relative experiment time is given. On the ordinate axis, on the left side, normalized
resistance value and, on the right side, the hydrogen pressure are given. Here one can clearly see a direct
correlation between the change of applied hydrogen pressure and the measured resistance curve.
Additionally, for combined consideration, Fig. 5.1.25 (a-h) shows the STM difference images representing
the absolute change of surface topography detected at different stages of hydrogen loading. The time
points corresponding to the related STM images are linked with a relative time scale in the pressure /
resistance curve and marked by filled circles (e) in Fig. 5.1.24. The results of this combined experiment are

supposed to be considered together.
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Fig. 5.1.24 In-situ hydrogen gas loading / unloading resistance measurements of a 8 nm Nb film. On the abscissa
axis, the relative time scale is given. On the ordinate axis, on the left side, normalized resistance value and, on the
right side, the hydrogen pressure are given. Thus, the blue curve shows the pressure change in the loading
chamber and the red curve — the change of normalized resistance value measured during the experiment. The
STM images are linked with the relative time scale in the pressure / resistance curve (details see in the text).
Therefore, the positions of reference STM images with respect to the relative time scale (¢) are implemented.
These reference points was used to obtain the difference images given in Fig. 5.1.25.

Fig. 5.1.25 STM difference images represent the absolute change of surface topography detected at different
stages of hydrogen loading. The corresponding time points are marked by filled circles (¢) in Fig. 5.1.24. The
difference images were obtained by subtraction the images measured at different times “t” given in Fig. 5.1.24:
a) t;- ty, py=3 x10° mbar; b) t;- t1, py=8 x 10° mbar; ¢) ts- t;, py=8 x 10° mbar; d) ts- ty, py=8 x 10°° mbar;
e) ts- ts, py=4 x 10° mbar; f) t;- ts, py=4 x 10° mbar; g) ts- t;, pn=4 x 10% mbar; h) to- t;, py=4 x 10° mbar.
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First of all, this combined experiment revealed the finding of a relatively fast and strong response
of the resistance curve to the change of the hydrogen pressure in the UHV - STM loading chamber. In
details, upon every pressure increase up to py < 3 x 10° mbar, the resistance value increases and within
about 7 min - 10 min reaches a new equilibrium value (visible as a plateau region in the red curve in Fig.
5.1.24). At the same time, the STM measurements in this experiment revealed no surface modification,
up to py< 3 x 10° mbar as shown in Fig. 5.1.25 (a). The difference image in Fig. 5.1.25 (a) was obtained by
subtraction of the STM image measured at py = 2.5 x 10° mbar from the STM image measured at py= 3 x
10° mbar. Thus, combination of these results suggests that upon pressure increase hydrogen atoms
diffuse relatively fast in the Nb film, and, if there no plastic deformation or precipitation of hydride phase
occur, the resistance value jumps and achieves a new equilibrium value corresponding to a certain
hydrogen concentration in the sample (solid solution).

By further hydrogen pressure change to p,= 8 x 10° mbar, the resistance value does not achieve
a new equilibrium value even after long hydrogen loading for about t.= 905 min. Instead of this, the
resistance value in the beginning jumps and, then, continues to grow permanently, asymptotically
approaching the plateau (equilibrium) value. At the same time, according to the STM difference images,
only traces of dislocations appeare on the sample surface upon related hydrogen loading step as shown
in Fig. 5.1.25 (b). Furthermore, there are no localized circular elevations, similar to those as found for the
thicker films. During subsequent hydrogen loading at the same pressure the density of new dislocations
becomes smaller as shown in Fig. 5.1.25 (c, d). This trend demonstrates that the major stress release
happens relatively fast, soon after the pressure increase. To remind the reader, it is suggested that the
observed stress release in the 8 nm Nb-H film is attributed to the formation of misfit dislocation occurring
at the film / substrate interface upon H-loading. Besides, a long-time resistance increase hints on further
slower plastic deformation still occurring in the system even after long hydrogen exposure times. Careful
step-by-step data analysis of difference images obtained at this pressure allows to conclude that hydride
precipitates of a circular or any other clearly defined shape were not detected even at the highest applied
pressure. Thus, precipitates of the hydride phase were not found.

Alternatively, hydrides of much larger size than the frame size would not be visible as discussed,
for example, for coherent hydride precipitates in Pd-H films by Wagner et al. [23]. However, comparison
with the previous STM data shows a complete change of the absorption kinetics, for the 8 nm film. This
comparison supports the interpretation of the absence of hydrides.

Figure 5.1.25 (d) represents the difference image obtained by subtraction of two STM images,
measured after hydrogen exposure at p, =8 x 10° mbar for 825 min, and 675 min (see as well Fig. 5.1.24:
ts - t;). While the STM measurements show very small surface changes appearing at the late stage of
extended hydrogen loading at py =8 x 10° mbar (see Fig. 5.1.25 (d)), the related resistance value in Fig.
5.1.24 (t = t5) stays almost constant. Thus, it is suggested that the sloped resistance curve observed in this
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measurement can be attributed to the plastic deformation events (the formation of misfit dislocations at
the film / substrate interface) appearing in the film at this particular loading pressure. It is regarded to be
not related to the phase transformation.

The difference image in Fig. 5.1.25 (e) was obtained by subtraction of the STM surface — image
measured at py=8 x 10°mbar (t.= 825 min) from the STM surface —image measured at py=4 x 10° mbar
(t-:= 60 min) (see as well Fig. 5.1.24: t5- t5). Thus, one can see that by this further pressure increase to py
=4 x 10° mbar (Fig. 5.1.25 (e)) new surface corrugations similar to those that were already discussed in
Fig. 5.1.23 (a, b) are detected. Again, cylindrical precipitates of hydride phase were not found. All the new
surface corrugations visible in Fig. 5.1.25 (e) have a step-like elongated shape and their height does not
exceed 0.23 nm. Further analyses of difference images suggest that after two hours of hydrogen loading
at py =4 x 10 mbar the surface images remain unchanged. Herewith, further surface changes were not
detected, as shown Fig. 5.1.25 (f). At the same time, after the pressure increase to p,=4 x 10° mbar, the
resistance shows first a jump and then a sloping curve with a trend to saturation.

Thus, the combined results allow to suggest that for both hydrogen pressures of p,= 8 x 10° mbar
and py = 4 x 10° mbar, only stress release and no precipitation and growth of the hydride phase were
observed in the 8 nm Nb-H film. Furthermore, it is clearly visible that stress release is important for
equilibration of Nb-H thin film system.

The type of surface corrugations observed by in-situ STM measurements in the case of the 8 nm
Nb-H film could be questioned, if only results of the hydrogen loading experiment would be presented.
Thus, to strengthen the arguments, suggesting plastic deformation in the film and no precipitation of the
hydride phase, further discussion will address the second part of this experiment, namely the hydrogen

unloading experiment.
5.1.5.2 Morphology change upon hydrogen unloading of a 8 nm Nb-H film

If hydrogen atoms diffuse out of the sample, any extended crystal structure related to the hydride
phase (also a-phase) should shrink and cause reverse surface changes as it was shown in chapter 5.1.3.2.
Furthermore, if the hydrogen concentration in the sample becomes low enough, any possible precipitates
of hydride phase would completely decompose. Opposite, if the topography change detected during
hydrogen loading were caused by events of plastic deformation (at the film / substrate interface) and the
related displacement of Nb atoms to the sample surface, surface topography is expected to be not
reversible and it should not return to its original state upon sample unloading.

To unload the sample, the hydrogen leak valve was closed, resulting in a fast pressure drop in the
vacuum chamber to about 1 x 10®mbar and, then, subsequent slow exponential pressure decrease up to

pn=9 x 10 mbar, as shown in Fig. 5.1.24.
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Figure 5.1.26 shows the complete resistance curve measured during the hydrogen loading /
unloading experiment. Here, the abscissa is the relative experimental time and the ordinate is the
absolute resistance. According to the resistance curve, before the hydrogen loading experiment, the initial
resistance of the film was about R = 8.6 Ohm. Further, during the hydrogen loading experiment, it
increased to about R = 12.8 Ohm (48.8 percent of increase as compared to the initial value). Finally, during
the unloading experiment, it decreased again up to about R = 8.7 Ohm (2.4 percent of increase as
compared to the initial value).

Thus, these measurements clearly reveal a strong drop of the resistance that occurred after
decrease of hydrogen pressure. Hereby, the resistance curve doesn’t not show completely reversible
change. This result might be attributed to two factors: presence of new hydrogen-induced lattice defects

(e.g. dislocations [118]) and/or the remaining hydrogen in the sample.

13.0 pH=4~1O'5 mbar (STM image in Fig. 5.1.27 (a))
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Fig. 5.1.26 The complete resistance curve including, as compare to Fig. 5.1.24, additionally the data about the
unloading of the sample. On the abscissa axis the relative experiment time is given. On the ordinate axis the absolute
resistance value is given.

Nevertheless, the observed drastic decrease of the magnitude of resistance confirms the fact that the
average hydrogen concentration in the film significantly drops. After about 550 minutes of unloading (9.2
hrs.), the resistance decreased up to about 9.2 Ohm. This result shows that at that particular unloading
stage the largest part of the hydrogen atoms already diffused out of the film. Furthermore, for
comparison, R = 9.2 Ohm is an equilibrium resistance value reached during the first hydrogen pressure
increase to py = 2.3 x 107 mbar. Therefore, taking into account previous STM results presented in this
chapter for thicker films, hydrogen concentration at this pressure should be less than the solubility limit
of a-phase (cy < ¢,) in Nb-H thin film system (see chapter 2.4.7). Hence, it means that the mean hydrogen

concentration in the 8 nm Nb-H film should be already low enough to decompose any possible precipitates
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of the hydride phase, that could be theoretically present in the Nb host matrix after the hydrogen loading
experiment with a maximum hydrogen pressure py=4 x 10° mbar.

At the same time, STM measurements doesn’t not reveal any surface modification during
unloading of the sample. Figure 5.1.27 (a) shows the STM surface-image of the 8 nm Nb-film measured at
pr=4 x 10° mbar (t.= 168 min). Fig. 5.1.27 (b) presents the same surface region, but measured already

during the hydrogen unloading experiment (t,, = 550 min, and related to R = 9.2 Ohm). In Fig. 5.1.24, two

STM images correspond to the time-points labeled, respectively, as t; and ta.

Fig.5.1.27 STM surface-images of a 8 nm Nb film a) Sample was loaded at py=4 x 10°mbar for t.= 168 min b) Sample
was unloaded at py = 4 x 10° mbar for t,, = 550 min. ¢) STM difference image: no reverse surface changes, expected

in the case of hydride phase decomposition, are detected. (Frame size: 250 x 250 nm?).

Figure 5.1.27 (c) shows the difference image of the two previously taken intermediate images measured
in the loaded (Fig. 5.1.27 (a)) and in the unloaded (Fig. 5.1.27 (b)) state. The frame size for all the images
is 250 x 250 nm?. Figure 5.1.27 (c) clearly shows that no new surface modification was detected during
the unloading experiment. This means that any surface modifications appearing during the loading
experiment remain during the unloading experiment. Taking into account the previously noted drop of
the resistance to about R = 9.2 Ohm and the difference image shown in Fig. 5.1.27 (c) it can be clearly
stated that all the new surface corrugations measured by STM during sample loading were related to the
events of plastic deformation (see Fig. 5.1.23 (a) and Fig. 5.1.25 (b, e)). Beside the difference image given
in Fig. 5.1.27 (c), intermediate difference images taken to study the occurrence of local surface changes,
as one would expect for local hydride decomposition, show no topographic changes in the chosen frame.
In other words, no reverse surface changes appearing during unloading of the sample and indicating on
the presence of B-precipitates is found upon the unloading experiment in the STM images. This is also
shown in Fig. 5.1.25 (g, h). Here, for subtraction, the STM surface-image measured at py = 4 x 10”° mbar
was used as a reference image. The difference images related experimental time-points t;, tg and to are
given in the graph in Fig. 5.1.24. In general, this result correlates well with the finding during the loading

experiment, as shown in Fig. 5.1.23 (a, b, c).
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To summarize, the detected irreversible changes of the surface topography stay present on the
surface even when the largest amount of hydrogen atoms has left the sample. Any traces of the phase
transformation, similar to those that were revealed for thicker films, have not been found. Thus, it is
concluded here that the phase transformation in the 8 nm Nb-H film is suppressed. At the same time,
traces of dislocations, observed earlier also for thicker films, have been detected. Because the generation
of dislocation loops forming around any hydride precipitates can be excluded from the consideration that
precipitation does not occur in this film, one can suggest, that only misfit dislocations appearing at the
film / substrate interface can release the stress arising in the system during hydrogen loading. Thus, even
in the situation when the precipitation of the hydride phase does not occur, a regime of completely elastic

and reversible film expansion cannot be realized in the 8 nm film.
5.1.6 Summary of STM measurements

In this subchapter, the results of STM measurements performed on five different Nb film
thicknesses (55 nm, 40 nm, 25 nm, 15 nm and 8 nm) were presented. The results are summarized here.
The hydrogen exposure pressure was varied from py = 1 x 10° mbar to py = 4 x 10° mbar. Phase
transformation was found in the case of 55 nm, 40 nm, 25 nm and 15 nm films. In the case of 8 nm film
phase transformation was not detected.

First precipitation of hydride phase for most of the samples was detected at about py= 7 x 10”7
mbar. However, even after long hydrogen loading at these pressure conditions the phase transformation
is not completed (Fig. 5.1.9). Further, it is shown that to increase the mean hydrogen concentration in the
sample at RT and to cross the two-phase region of the Nb-H phase diagram in the case of thin epitaxial
Nb films one needs permanently to increase the applied hydrogen pressure. So, for example, in the case
of 15 nm Nb-H film the phase transformation was completed only after t.= 530 min of hydrogen loading
at p,= 3 x 10° mbar (Fig. 5.1.26). The observed sloping plateau pressure hints on partial stress release
that was also observed in the case of Pd-H films [14], [103].

Cyclic hydrogen loading / unloading experiments qualitatively showed that kinetics of hydrogen
absorption becomes slow as soon as the phase transformation is initiated (Fig. 5.1.3). Further, it is shown
that complete unloading of Nb-H films in vacuum conditions at RT is quite a challenging task, since
hydrogen desorption from the sample occurs very slowly (Fig. 5.1.5). Only in the case of 8 nm film the
unloading of the sample was possible (Fig. 5.1.26): The main mass of hydrogen released from the sample
within about 1000 min (16.7 hrs.). Thus, it can be assumed that the difference in the kinetics of hydrogen
desorption is attributed mainly to the increased contribution of mechanical stress (see chapter 2.4.3) and

the absence of the hydride phase in the 8 nm film.
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Furthermore, STM measurements have shown that depending on the film thickness different
regimes of hydride phase precipitation and growth can be found during the phase transformation. Two
differing appearances of the hydrides forming for the 40 nm and the 55 nm film and for the 15 nm and
the 25 nm film were experimentally revealed. Herewith, typical height of surface corrugations as well as
the distribution and lateral sizes of hydrides visibly change.

The 40 nm and the 55 nm films show a small number of large hydrides with a lateral sizes in a
range from a few hundred nanometers to a couple of micrometers (Fig. 5.1.1 and Fig. 5.1.8). During
hydrogen loading, these hydrides continued to grow forming the surface corrugations of an irregular
shape. By repeated hydrogen loading, pre-existing hydrides continued to grow.

In contrast to this, in the case of the 15 nm and the 25 nm film, hydride precipitates demonstrated
a much more dense and homogeneous lateral distribution and typically much smaller lateral sizes of about
50 nm — 60 nm (Fig. 5.1.11 and Fig. 5.1.19). According to the FEM simulations of Northemann, it is
suggested that hydrides in the earlier stage of precipitate growth, in a first approximation, have a
cylindrical shape (resulting in a circular surface modification) and grow very slowly as compared to the
loading time. Therewith, they preferentially conserve their volume and lateral sizes. Following the
suggestion of Northemann et al. [19], [73] this behaviour is labelled as “locked-in size”. Upon further
hydrogen loading at different py, the number density of hydrides increases.

The difference observed in precipitation and growth of the hydride phase is suggested as a
confirmation of an existence of the critical film thickness separating coherent and semi-coherent phase
transformation in Nb-H thin films. According to the STM measurements it is assumed to lie in a range
between d = 25 nm ad d = 40 nm. Furthermore, it is suggested that in the coherent regime (d <25 nm)
the phase transformation is governed mainly by nucleation while in the incoherent regime (d > 40nm) the
transformation is growth-controlled. The related result was recently published in Ref. [133].

Besides, the average height of surface corrugation caused by local volume expansion was found
to be scaled down together with the film thickness. While, in the case of the 55 nm Nb film it is about 2.9
nm (5.3 percent from the initial film thickness), in the case of the 15 nm Nb film it decreases to 0.65 nm
(4.4 percent from the initial film thickness). Because of this scaling, one cannot draw unambiguous
conclusions about the coherency conservation between hydride precipitates and the surrounding a-
matrix only from the local film expansion in STM surface-images. However, during STM measurements
performed on the 15 nm and the 25 nm thick samples, some indirect evidences of preferentially coherent
phase transformation were revealed. The related results for the thin films of 15 nm and 25 nm thickness,

where hydride formation was observed, can be summarized as a following:

1) Change of precipitation mode: Preferential appearance of new hydride phase precipitates

instead of the further growth of pre-existing ones (Fig. 5.1.11).
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2) Coupled contraction of co-existing volume fractions of a- and B-phases in the sample

(observed during the hydrogen unloading experiment, Fig. 5.1.14 (d)).

3) The finding of the ‘locked-in size’ precipitates suggests the formation of coherent hydrides

for the 15 nm and the 25 nm film (Fig. 5.1.16).

4) The decrease of the slope angle revealed in the transition area between the a-phase and

the B-phase region (Fig. 5.1.11 (c) and Fig. 5.1.18 (d, e) vs. Fig. 5.1.7 (a)).

Nevertheless, events of plastic deformation were clearly revealed at the late stage of sample
hydrogenation even in the case of 15 nm Nb-H film (Fig. 5.1.19 and Fig. 5.1.20). It was suggested that an
appearance of step-like surface corrugations with the sharp, straight edges are related to the emergence
of misfit dislocations forming at the film / substrate interface (see chapter 2.4.4).

Finally, combined results of STM and resistance measurements on the 8 nm Nb-H film were
provided (chapter 5.1.5). The main result of these simultaneous measurements performed at the same
experimental conditions was the finding of suppression of phase transformation in the 8 Nb-H nm film.
Despite the fact that at the applied p, =4 x 10 mbar the average hydrogen concentration in the sample
has to be relatively high to promote the phase transformation process, any precipitation of a hydride
phase was not detected. Thus, only Nb-H solid solution phase was present in the film. Furthermore, the
combined consideration of the resistance curve (Fig. 5.1.24) and the STM difference images (Fig. 5.1.25)
allows to suggest that there are several stages of sample hydrogenation. Up to the pressure py=3 x 10°®
mbar events of plastic deformation were not detected (Fig. 5.1.25 (a)). This is suggested to directly affect
the waiting time required for equilibration the Nb-H system. Directly after the pressure increase to py=8
x 10°mbar and py=4 x 10° mbar, some events of plastic deformation were detected (Fig. 5.1.25 (b, e)).
The observed traces of dislocations were related to the stress release occurring at the film / substrate
interface. Therewith, sloped resistance curves observed in these combined measurements were
attributed to the plastic deformation events appearing in the film at this particular hydrogen loading
pressures and not to the phase transformation process. To strengthen this argumentation, the sample
was unloaded as shown by resistance measurements (Fig. 5.1.26). Herewith, the related STM
measurements did not show any reverse surface modification (Fig. 5.1.27) that would indicate on the
decomposition of hydride phase in the film. New surface corrugations stayed present on the surface, even

when the major amount of hydrogen atoms was released from the sample.
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5.2 XRD results upon hydrogen loading

To verify the STM results, namely the finding of the critical film thickness (25 nm <d. <40 nm) and
coherent phase transformation for films thicknesses below than d, the second independent experimental
technique was required. Therefore, as an alternative method to study the phase transition in Nb-H thin
films, in-situ XRD measurements were applied, as presented in chapter 3.5.3. Series of XRD measurements
were performed in-situ during hydrogen loading / unloading experiment for different film thicknesses in
the range from 5 nm to 105 nm. Changes occurring in the XRD diffraction patterns and their reversibility

upon cyclic hydrogen loading have been studied.

5.2.1 Different XRD patterns below and above the critical thickness: refinement

of the critical value

During the loading experiment the hydrogen gas pressure py was increased from py=1 x 10° mbar
to py=1 mbar. In-situ XRD measurements show a strong difference in the X-ray patterns of the films with
a different thickness above and below the experimentally derived by STM critical film thickness range
between 25 nm and 40 nm. First, results of XRD patterns observed for the relatively thick film (d > d.,) will
be presented in chapter 5.2.1.1. Then, in chapter 5.2.1.2, the results obtained on intermediate films
between 37 nm and 15 nm will be given. Finally, the results for films thinner than 15 nm will be presented

in chapter 5.2.1.3.
5.2.1.1 Thick Nb film: studies on films with d >43 nm

Figure 5.2.1 shows the peak development for different stages of hydrogen loading at py =1 x 10
mbar in a 60 nm Nb-H film. The black arrow that is given on the right side in Fig. 5.2.1 shows the time axis
of the experiment. In the lowest curve only two peaks are visible, namely the Nb (110) at 29 =26.35° and
the Pd (111) at 29 =27.25°. In intermediate curves three peaks, namely the Nb-H (a-phase), the Nb-H (B-
phase) and the Pd (111) peaks are clearly visible. The upper curves show only the Nb-H (B-phase) peak
and Pd (111) peak.

Conditionally, changes appearing in XRD patterns during hydrogen absorption are related to three
different stages of sample hydrogenation. Gray markers given in Fig. 5.2.1 show the regions corresponding
to these three different stages and will be used further in the text for more detailed description of the
graph. Hereby, the Pd (111) peak does not change its width and the position is not affected by hydrogen
(see also chapter 3.5.3). This can be understood in terms of the solubility ratio between H in Nb and H in

Pd at RT for the pressure range used (3.33 x 10* [111]).
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During the first stage (i) the Nb crystal lattice undergoes the homogeneous expansion that is
visible via the Nb peak shift from 26.35 ° to 25.95 °. At this stage, only the Nb-H (a-phase) with relatively
low hydrogen concentration is present in the sample volume (for details see chapter 2.1.2 and chapter
3.5.3). Observed peak shift corresponds to the lattice expansion of about 1.1 % in the out-of-plane <110>
crystallographic direction, if compared to the as-prepared state.
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Fig. 5.2.1 Change of XRD pattern during hydrogen absorption in the 60 nm Nb-H film (A = 0.1078 nm). The Nb (110)
peak shifts to lower angles because of the lattice expansion upon hydrogen absorption. Due to the precipitation of
hydride phase in the sample Nb-H (B-phase) peak occurs in the intermediate curves. Thereby, two well-separated
peaks corresponding to the Nb-H a — phase and Nb-H B — phase volume fractions are visible upon phase
transformation. Corresponding peak positions are marked with dashed lines. The Pd (111) peak position stays
constant. Gray markers conditionally show the regions of three different stages of sample hydrogenation (details see
in the text).

The second stage (ii) corresponds to the phase transition from the Nb-H (a-phase) to the Nb-H (B-
phase) occurring continuously in the sample. By continuous hydrogen loading, the Nb-H (B-phase) peak
appears and the intensity of the Nb-H (a-phase) peak lowers. The positions of the Nb-H (a-phase) peak
and the Nb-H (B-phase) peak (28 = 25.95 °and 219 = 24.96 ° respectively) stay constant during the phase
transformation. No linkage between the peak positions is visible and the peak positions are independent
of each other. Furthermore, the Nb-H (B-phase) peak position at 20 = 24.96 ° corresponds to the local
lattice expansion of about 5.1 % in the out-of-plane <110> crystallographic direction. This result clearly
demonstrates the presence of the phase transition and that, in the two-phase field, the two phases
behave independently. This is expected for incoherent phases, or large hydrides with negligible interfacial
area.

In the third stage (iii) the Nb-H hydride peak shifts from 28 = 24.96 ° to 2 = 24.75 °. At this stage,
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only the Nb-H (B-phase) with relatively high hydrogen concentration is present in the sample volume.
Thus, the Nb-H crystal lattice undergoes a lattice expansion in the hydride single-phase field. The final
position of the Nb-H (B-phase) at 280 = 24.75 ° corresponds to the lattice expansion of about 6 % in the
out-of-plane <110> crystallographic direction if compared to the peak position of (110) reflection of the
a-phase, in the as-prepared state.

Thus, in the 60 nm Nb-H film phase transformation is clearly visible via XRD measurements
performed in-situ during hydrogen gas loading. Hereby, the Nb-H (a-phase) and the Nb-H (B-phase) peaks
can be well separated. A similar "two peak"- behaviour, besides that demonstrated here for the 60 nm

Nb-H film, was found as well in the case of 43 nm, 80 nm and 105 nm thick Nb-H films.

5.2.1.2 Intermediate film thickness: studies on 15 nm —37 nm Nb films

In comparison to XRD patterns obtained for “thick” samples, there was a set of XRD
measurements on "intermediate" samples, where XRD patterns showed significant differences despite
the use of similar experimental conditions [133]. Studies were performed on 15 nm, 17nm, 25 nm, 30 nm
and 37 nm Nb-H films.

The principal differences appearing in the XRD patterns are presented exemplary in Fig. 5.2.2. It
shows the peak development for different stages of hydrogen loading at py = 1 x 10° mbar for a 17 nm
Nb-H film. As previously, the black arrow shows the time axis direction of the experiment. In the bottom
curve only two peaks, namely the Nb (110) at 28 = 26.22 ° and the Pd (111) at 28 =27.25 ° are visible. The
difference appears upon hydrogen loading, namely in the 28 angle range, where the phase transformation
and the “two peaks” — behavior was observed in the case of “thick” films. In detail, only one broad
symmetric Nb (110) - peak is now observed in the Fig. 5.2.2. This one broad peak moves towards lower
2% angles upon hydrogen loading, as shown in Fig 5.2.2. No separated hydride peak appears in the pattern.
Due to the lattice expansion caused by hydrogen absorption at py = 1 x 10 mbar, the Nb (110) peak shifts
from 26.22 °t024.69 ° that corresponds to about 6.1 % of lattice expansion in the out-of-plane direction
<110> - crystallographic direction if compared to the peak position of (110) reflection of the a-phase, in

the as-prepared state.
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Fig. 5.2.2 Change of XRD patterns during hydrogen absorption in the 17 nm Nb-H film (A = 0.1078 nm). The Nb (110)
peak shifts to lower angles because of the lattice expansion upon hydrogen absorption. Due to the precipitation of
hydride phase in the sample, Nb (110) peak gets broader in the intermediate curves. Thereby, only one broad
symmetric peak corresponding to mixture of Nb-H (a — phase) and Nb-H (B — phase) volume fractions is visible upon
phase transformation. Corresponding peak shift is marked with dashed lines. Pd (111) peak position stays constant.

Figure 5.2.2 shows for the peak observed in the marked region (two red vertical lines), a slight
drop in intensity and a peak broadening, with respect to the a-phase reflection. Figure 5.2.3 illustrates
the behaviour of the FWHM values of the Nb (110) peak at different 28 angles, given in Fig. 5.2.2. The
experimental curve clearly shows that the FWHM value changes and reaches a maximum value of 0.51 °
at a peak position of 289 = 25.25 ° and then starts to decrease. Such a behaviour would not be expected
within a single-phase region. Even when defect occurrence could explain the peak broadening upon

hydrogen loading, the peak width decrease would be difficult to explain.

98



Chapter 5. Results and individual discussion on hydrogen loaded films

0,52

0,50

1 \

0,44

FWHM / [deg]

0,42
0,40 - o

- /

0,36 -t r t ~ t v it r 1 1 v 11
246 248 250 252 254 256 258 260 262

Diffraction angle, 26/deg (A=0.1078 nm)

Fig. 5.2.3 Broadening of Nb (110) peak appearing upon phase transformation. FWHM value is determined from the
Gauss fitting applied to Nb (110) peak measured at different intermediate stages of phase transformation in the 17
nm Nb-H film. Measured experimental curve shows that the FWHM value in the beginning increases and reaches its
maximum value equal 0.51 ° under 28 = 25.25 ° and then starts to decrease.

At this point it should be reminded that the fact of phase transformation was explicitly found with
STM measurements for similar thicknesses of films (see chapter 5.1.4.1). Thus, even though there is just
one peak, phase transition is known to appear. Thus, the finding of peak broadening, intensity drop and
strong shift must be related to the phase transition. It can be understood in the frame of a coherent
matching between the two coexisting Nb-H (a-phase) and Nb-H (B — phase) volume fractions in the
sample. The detailed explanation and argumentation how two coexisting phases can build one peak will

be given later in chapter 6.1.

The peak position at 28 = 25.25 ° should roughly correspond to the transformation stage, where
the coexisting Nb-H (a-phase) and Nb-H (B-phase) occupy roughly equal volume fractions. The
corresponding average lattice expansion in the out-of-plane <110> - crystallographic direction at this stage
reaches about 3.8 % if compared to the peak position of (110) reflection of the a-phase, in the as-prepared
state.

In the frame of this study, a similar "one peak" - behaviour, as demonstrated for the 17 nm Nb-H
film, was found as well for the 15 nm, 25 nm, 30 nm and 37 nm thick Nb-H films. Therewith, in XRD-
pattern, for these films only the broadening of the Nb (110) peak and the drop of its intensity suggest the
presence of the phase transformation, in this intermediate film thickness range.

In common, these results show that phase transformation can become nearly invisible for XRD
measurements. Hence, the phase transformation can be easily missed or the XRD result can be

misinterpreted as the absence of phase separation.
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5.2.1.3 Thin films: studies on films with d < 15 nm

Figure 5.2.4 shows XRD patterns measured during hydrogen absorption in a 8 nm Nb-H film.
Hydrogen pressure during this loading experiment was increased from py = 5 x 10° mbar to py; = 1 x 10™
mbar. First notable peak shift was detected at py = 1 x 10”° mbar within about 10 min. To facilitate further
hydrogen absorption, py was several times increased and after all applied steps it reached py = 1 x 10!
mbar. At this stage, the system came into an equilibrium state that was proven by accompanying electrical
resistance measurements and fixed final position of the Nb (110) peak. Total exposure time of the sample
to hydrogen atmosphere was about t.= 280 min. XRD patterns shown in Fig. 5.2.4 demonstrate strong

peak shift, as marked with a red arrow.
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Fig. 5.2.4 Change of XRD patterns during hydrogen absorption in the 8 nm Nb-H film (A = 0.1078 nm). The Nb (110)
peak shifts to lower angles because of the lattice expansion upon hydrogen absorption (marked with a red arrow).

This peak shift appeared within about 195 minutes and was confirmed by set of 22 XRD scans
measured after each other. The maximum intensity of Nb (110) peak stayed constant during hydrogen
absorption. The FWHM value of the peak continuously decreased simultaneously with the peak shift. Due
to the lattice expansion caused by hydrogen absorption, the Nb (110) peak shifts from 26.17 °to 24.62 °
that corresponds to about 6.1% of lattice expansion in the out-of-plane <110> - crystallographic direction
if compared to the peak position of (110) reflection of the a-phase, in the as-prepared state. Figure 5.2.5
clearly demonstrates the shrinking of the Nb (110) peak width from 0.8 ° to 0.68 ° that occurred during
hydrogen absorption and lattice expansion. Hereby, intermediate peak broadening, as discussed
previously for intermediate film thicknesses (see Fig. 5.2.3), was not found. Similar results were

obtained for the 5 nm Nb-H film.
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Fig. 5.2.5 Shift and shrinking of Nb (110) peak width appearing upon hydrogen loading. FWHM value is determined

from the Gauss fitting applied to Nb (110) peak measured at different intermediate stages of hydrogen loading in the
8 nm Nb-H film. Observed experimental dependency shows that the FWHM value decrease from 0.8 ° to

0.68°. Peak broadening is not found.

Thus, it is suggested that for this film thickness range, phase separation does not appear. This
interpretation correlates with the STM results on the 8 nm Nb-H film, as previously presented in chapter
5.1.5. Hydrogen absorption in the sample without any phase separation causes a homogeneous lattice
expansion that is visible in XRD patterns as only a shift of the Nb (110) peak. Thereby, XRD patterns might
look very similar to “one peak” behavior that was found before for thicker samples (15 nm, 17 nm, 25 nm,
30 nm, 37 nm). However, there, the peak also broadened upon hydrogen absorption — for films of 8 nm
and 5 nm, the peak width continuously decreases upon hydrogen absorption. The possible explanation

why this happens will be given later in chapter 5.2.3.

The series of in-situ hydrogen gas loading XRD experiments performed for different film
thicknesses in the range from 5 nm to 105 nm allowed to find experimentally the thickness range, where
the shape of XRD patterns switches between three different types, as shown exemplary for 60 nm (“two
peak” behaviour), 17 nm (“one peak” behaviour) and 8 nm (“one broad peak” behaviour) Nb-H films.
Table 5.2.1 summarizes the information about different types of XRD patterns and the peak broadening
measured for different film thicknesses. All the samples were exposed to hydrogen pressures not
exceeding py = 1 mbar. According to the Table 5.2.1, switching between different XRD patterns occurs

first in the thickness range between 37 nm - 43 nm and then between 8 nm - 15 nm.
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Table 5.2.1 Different behavior of the Nb-H related peaks in the XRD pattern in dependence on the film
thickness. Three different regimes (marked by different colours) are revealed: “two peak” behaviour, “one

peak” behaviour and “one broad peak” behaviour.

Nb film thickness, Peak separation, Peak broadening,

[nm] [yes / no] [- / yes / no]
105 Yes -

80 Yes -

60 Yes -

43 Yes -

37 No Yes

30 No Yes

25 No Yes

17 No Yes

15 No Yes

8 No No

5 No No

5.2.2 Cyclic hydrogen loading: reversibility test

In the case of coherent phase transformation, reversible lattice changes are expected to be found
during cyclic hydrogen loading / unloading experiments. Thereby, in the frame of this study, this type of
experiment was performed for several film thicknesses. Possible peak broadening and irreversible shift of
the Nb (110) peak in the unloaded sample state were addressed with respect to the initial peak state
before the hydrogen loading experiment.

To facilitate hydrogen desorption from Nb-H film, the samples were exposed to atmospheric
environment (by breaking the vacuum conditions in the chamber) or, sometimes, by use of bottled oxygen
gas, as described in chapter 3.5.3.

Figure 5.2.6 demonstrates the change of XRD patterns observed during hydrogen desorption from
the 17 nm Nb-H film (intermediate thickness range) that was previously loaded with hydrogen. Exposing
the sample to atmospheric conditions shifts the Nb (110) peak from 29 = 24.733 °in the loaded state to
about 28 = 26.194 °in the unloaded state. The reverse peak shift is attributed to the contraction of
interplanar distances in the measured <110> - crystallographic direction. Thus, the cyclic hydrogen loading

/ unloading experiment was successfully carried out.

102



Chapter 5. Results and individual discussion on hydrogen loaded films

Nb-H (o-phase)

] + Peak shift (unloading) * ;
4 -l .
: 4_4_# 5
] @©
- o
4 w
: 7 [0}
3 4
S &
~N ] o
= 1 £
3 ] E
< ] ie)
L c
= i -
= ] "
: [0}
i - o
< ; | . o
- ©
= 3 5%
Nb-H (B-phase) ' ! . =
|
= :‘ Peak shift (loading) ' Nb (110) Pd (111)
L T ] T * T % T . * T L 1
23 24 25 26 27 28 29

Diffraction angle, 20/deg (A=0.1078 nm)

Fig. 5.2.6 Change of XRD patterns observed during hydrogen desorption from the 17 nm Nb-H film (A = 0.1078 nm).
Reverse hydride phase decomposition is visible in the XRD patterns as a single broad peak that shifts forward to the
higher angles. Therewith Nb (110) peak shifts from 20 = 24.733 °(in the loaded state) to about 29 = 26.194 °(in the
unloaded state).

Figure 5.2.7 shows the FWHM values of Nb (110) peaks measured at different 2 angles for different
stages of reverse phase transformation given in Fig. 5.2.6. Similar to the result obtained upon hydrogen
loading, significant broadening of Nb (110) peak was found. However, the broadening of the Nb (110) -
peak appearing upon reverse phase decomposing becomes much stronger in comparison to the first
loading experiment discussed in chapter 5.2.1. The measured experimental curve shows that the FWHM
value reached its maximum value equal 0.84 ° under 28 = 25.45 ° and then started to decrease. Again, this
is attributed to crossing the concentration range related to a miscibility gap of the Nb-H film system and
the reverse transformation from the B—phase into the a—phase. Thus, the intermediate peak broadening
and the peak shift confirm the presence of two coexisting phases in the 17 nm Nb-H film.

Furthermore, as compared to the FWHM value of initial Nb (110) peak in the as-prepared sample
state (FWHM =0.396 °), a peak broadening of about 0.554 ° remains in the unloaded state at 29 = 26.194°
(see Fig. 5.2.7: the related area of interest is marked with a red dashed ellipse). Even by the assumption
that some residual hydrogen atoms may be present in the sample, and that the hydrogen concentration
in the film is not equal to zero, the hydride phase should be clearly decomposed at this unloaded state.
Thereby, the detected significant peak broadening indicates on some irreversible lattice distortions that

appeared in the sample during cyclic hydrogen loading / unloading experiment.
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Fig. 5.2.7 FWHM value determined from the Gauss fitting applied to Nb (110) peak measured at different
intermediate stages of reverse decomposition of hydride phase in the 17 nm Nb-H film. Measured experimental curve
shows that the FWHM value in the beginning increases and reaches its maximum value equal 0.84 ° under 28 = 25.45
° and then starts to decrease. As compared to the FWHM value of initial Nb (110) peak in the as-prepared sample
state (FWHM = 0.396 °), significant peak broadening of about 0.554 ° was measured in the unloaded state at 29 =

26.194 ° (marked with a red dashed ellipse).

5.2.3 Suppression of phase transformation in the 8 nm thin film

As presented above, hydrogen absorption in the thinnest films leads to peak width reduction. This
result can be explained by the film expansion upon hydrogen absorption. To prove it, Scherrer’s formula
was applied as a first approximation (see chapter 3.5.1). Thereby, the two Nb (110) peaks corresponding
to the initial and to the final stage of hydrogen loading were considered, as given in Fig. 5.2.4.

By calculating the theoretically expected FWHM (Bieor) by using Eg. (3.4), the domain size D was
assumed to equal to the film thickness (8 nm and 8.47 nm, respectively, as determined by XRR

measurements), and by taking A = 0.1078 nm. The calculation results are presented in Table 5.2.2.

Table 5.2.2 The calculation of peak width reduction due to the film expansion according to the
Scherrer’s formula.

Loading stage | 28 [degrees] | D [nm] Bineor [radians] | Bieo-[degrees] | Bey, [degrees] | AB [degrees]
as-prepared 26.174 8.00 0.012451 0.7134 0.8008 0.087
loaded sample 24.625 8.47 0.011738 0.6716 0.68116 0.009
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According to the calculation results, one can see that the film expansion upon hydrogen absorption in the
thinnest films can indeed result in a visible decrease of the peak width. The decrease of the calculated
Biheor related to the FWHM from 0.71 ° to 0.67 ° stays in good agreement with the experimental
observation of a FWHM reduction from 0.80 ° to 0.68 °, resulting from the reverse dependency on the
film thickness. The theoretically possible value of peak broadening (0.67 °) related to the film expansion
caused by hydrogen absorption is very close to the experimentally measured FWHM value (0.68 °). It is
important to note that the By, includes as well the instrumental line broadening that might make this
value higher as compared to the calculated one.

Thus, the change of the peak shape (constant intensity and decreasing FWHM) can be mainly
attributed to the lattice expansion detected in homogeneous high concentration solid solution phase. To
strengthen this point, it should be reminded that any intermediate peak broadening (during H-loading)
that could appear in the XRD patterns due to the presence of micro-stresses and coherency strain [134]
related to the precipitation of the hydride phase in the case of 8 nm Nb-H film was not observed (see Fig.
5.2.5).

The unloading of the sample shows that the Nb (110) peak again shifts backwards to higher angles
in the unloaded sample state. It shifts from 29 = 26.174 ° (as-prepared state) to about 28 = 26.407°
(unloaded state). The corresponding graph is given in Fig. 5.2.8. Besides, the FWHM value increases from
0.80 ° (as-prepared state) to 0.86 ° (unloaded state). Thus, the Nb (110) peak of the unloaded film is wider

than that of the initial hydrogen-free film.
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Fig. 5.2.8 Change of XRD patterns observed after the hydrogen loading / unloading experiment on the 8 nm Nb-H
film (A = 0.1078 nm). Due to irreversible hydrogen-induced microstructural changes, Nb (110) peak shifts as
compare to the as-prepared sample state (2 = 26.174 °) to higher angle (28 = 26.407 °), while the FWHM value
increases from 0.80 ° (as-prepared state) to 0.86 ° (unloaded state).
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Two these observations indicate irreversible microstructural changes occurring in the sample during the
hydrogen loading / unloading experiment. If tensile stress results from dislocation emission upon
hydrogen loading of this film, the finally unloaded film might also be thinner than the initial film via
transverse contraction.

To summarize, the phase transformation in the 8 nm Nb-H film does not occur: only Nb-H solid
solution phase is presented during the hydrogen loading/unloading experiment in the film. Nevertheless,
stress release was clearly detected by XRD. Hence, since the absence of precipitation of the hydride is
suggested, only the formation of dislocation occurring at the film / substrate interface may explain the

irreversible changes detected in the sample.

5.2.4 Reversible changes in the 5nm Nb-H film

During a hydrogen loading / unloading experiment performed on the 5 nm Nb-H film, XRD
patterns and XRR curves were measured at different intermediate loading / unloading stages. On top of
this, in combination with the XRD technique, resistance measurements were carried out. During the
loading experiment hydrogen pressure was increased from py = 5 x 10° mbar to py = 6 x 10° mbar. A first
notable peak shift of Nb (110) was detected at py, = 5 x 10* mbar. The total exposure time of the sample
to hydrogen atmosphere was about t. = 220 min. To facilitate hydrogen desorption and to unload the
sample, the sample was exposed to atmospheric conditions for about t.= 120 min.

Figure 5.2.9 shows XRD patterns obtained during the hydrogen loading / unloading experiment
for the 5 nm Nb-H film. Because the intensity of the related Nb (110) peak was relatively low, the intensity-
axis is here given in logarithmic scale. Only the three most important curves are shown in the graph. The
green curve corresponds to the reference state before the hydrogen loading; the red one was measured
after t. = 220 min of hydrogen loading; and the blue one was measured after t. = 120 min of hydrogen
unloading. The intermediate curves are not shown in the graph. Similar to the case of 8 nm Nb film, at the
intermediate stages, only one broad XRD peak, shifting depending on the experimental direction, was
observed. Furthermore, during hydrogen loading the decrease of the peak width was again observed in

the XRD patterns.
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Fig. 5.2.9 Change of XRD patterns during hydrogen loading / unloading experiment in the 5 nm Nb-H film (A = 0.1078
nm). The green curve corresponds to the reference state before hydrogen loading; the red curve was measured after
te = 220 min of hydrogen loading; the blue curve was measured after t. = 120 min of hydrogen unloading. During
hydrogen loading, Nb (110) peak shifts from 29 = 26.60 ° to 28 = 25.09 ° that corresponds to the lattice expansion of
about 5.9 %. During hydrogen unloading, Nb (110) peak shifts backwards to the initial position and shows completely
reversible change including interference fringes (marked with a dashed red ellipse).

The XRD pattern corresponding to the as-prepared sample state in Fig. 5.2.9 (green curve) exhibits
thickness fringes resulting from the strong interference of photons reflected at different interfaces (Pd,
Pd/Nb and Nb/Al,Os) that can be expected in thin films with smooth interfaces [23], [135]. The XRD
patterns in Fig. 5.2.9 show that during hydrogen loading (red curve), the Nb (110) peak shifts from 2§ =
26.60° to 29 = 25.09 °, indicating the Nb lattice expansion of about 5.9 % with respect to the as-prepared
film state (green curve). After hydrogen unloading (blue curve), the 5 nm Nb-H film possesses fully
reversible XRD pattrens. All the peak features observed for Nb (110) reflection in the as-prepared sample
state (green curve) fully reappear after hydrogen unloading (the area of interest is marked with a dashed
red ellipse in Fig. 5.2.9).

Figure 5.2.10 gives the resistance curve measured together with XRD also for all intermediate
experimental stages. There are five vertical dashed lines specifying five intermediate experimental stages:
1% zone — no hydrogen, 2™ zone - hydrogen loading, 3™ zone — an equilibrium state at the fixed hydrogen
pressure of py= 6 x 10° mbar, 4™ zone — unloading via the use of pumps and 5" zone - unloading via the
use of atmospheric conditions. This resistance curve shows that the main amount of hydrogen diffuses
out of the sample during the unloading (5" zone in Fig. 5.2.10). It reveals fully reversible resistance
changes appearing during the loading / unloading experiment, as demonstrated by the complete match
between the initial and the final resistance value. The reference value measured before hydrogen loading

and the final value measured in the unloaded state were found to be the same and equal R = 6.32 Ohm.
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Fig. 5.2.10 Resistance curve measured in-situ during hydrogen loading / unloading experiment performed on the 5
nm Nb-H film. There are five vertical dashed lines specifying five intermediate experimental stages: 1% zone — no
hydrogen, 2™ zone - hydrogen loading, 3™ zone — an equilibrium state at py,= 6 x 10 mbar, 4" zone — unloading via
the use of pumps and 5 zone - unloading via the use of atmospheric conditions.

To check the correlation between the sample volume change and the measured out-of-plane
lattice expansion of the 5 nm Nb-H film, reflectivity curves (XRR) were measured at three different
experimental stages: 1) before hydrogen loading, 2) in the equilibrium loaded state at py= 6 x 10 mbar,
and 3) in the equilibrium unloaded state. Figure 5.2.11 shows, as an example, the combined result of two
XRR curves measured 1) before hydrogen loading (black curve) and 2) in the unloaded state (red curve).
According to this graph, it can be seen that the reflectivity curve mainly restored its shape in the unloaded
state. As it was discussed in chapter 3.5.2, via the physical modeling, by choosing the best correlation
between the simulated and experimentally measured curves, parameters of the Nb and the Pd layers,
namely their thicknesses, roughness at different interfaces and densities, were determined. An example
of fitting of the experimental curve is given in Fig. 5.2.12. This particular fitting was done for the XRR curve
measured shortly before hydrogen loading. The red curve in Fig. 5.2.12 represents the experimentally

measured reflectivity curve, while the green one corresponds to the simulated XRR curve.
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Fig. 5.2.11 XRR curves measured for the 5 nm Nb-H film at different experimental stages:
loading (black curve) and 2) in the unloaded state (red curve).
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Fig. 5.2.12 Red curve represents the XRR curve that was measured for the 5 nm Nb-H films shortly before
hydrogen loading. Green curve shows the simulated curve that was fitted. Details regarding the physical model
are given in Table 5.2.3. (Fitting: IMD software [136])
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The result of the physical modeling obtained for this particular XRR curve as well as the results for
two subsequent XRR curves measured in 2) loaded and in 3) unloaded states including all the required

details regarding the physical model are given in Table 5.2.3.

Table 5.2.3 Results of the physical modeling based on three XRR curves measured: 1) - shortly before hydrogen
loading, 2) - in the loaded state and 3) - in the unloaded state. The estimated absolute error for the film thickness
determination by this method does not exceed 0.1 nm.

Experimental z z O (o (o P o] o]
stage (Pd), | (Nb), | (Pd), | (Pd/Nb), | (Nb/Al0;), (Pd), (Nb), (Al;03),
[hm] | [hm] | [nm] [nm] [nm] [kg/cm?] [g/cm’] [g/cm?]
(1) 1495 | 5.45 0.19 0.45 0.21 11.55 8.64 3.97
(2) 1495 | 5.77 0.3 0.39 0.23 11.66 8.58 3.97
(3) 1490 | 5.43 0.35 0.31 0.19 11.68 8.66 3.97

According to the Table 5.2.3 one can see that during hydrogen loading the thickness of Nb layer increases
from 5.45 nm to 5.77 nm. This expansion corresponds to the thickness change (in fact the volume change)
of about 5.9 %. At the same time, during the loading experiment, the thickness of Pd capping layer doesn’t
not change. This correlates well with the XRD results shown earlier in Fig. 5.2.9. Besides, the evaluation
of the sample parameters after the XRR curve (3) obtained in the unloaded sample state shows that
because of hydrogen desorption from the sample, the thickness of Nb layer decreased from 5.77 nm to
5.43 nm. Thereby, within the experimental error (= 0.1 nm), the sample thickness doesn’t not change if
compared to the as-prepared sample state (5.45 nm). For this film thickness an absence of dislocations is
therefore, suggested. Thus, this film should behave as predicted by the linear elastic theory. This
interpretation will be further strengthened in chapter 6.4.

The mean hydrogen content in the samples can now be calculated: By determining the film

Adqi9

expansion (Ad—d) measured via XRR and the lattice expansion ( ) measured via XRD in the out-of-plane

a110

<110> - crystallographic direction it is found, in good agreement, that:

2 _0.059  and A110 _ (0,059,

d ajio

If an ideal one-dimensional expansion is assumed, as described in chapter 2.4.1, the average hydrogen

concentration in the Nb-H film, as given by Eq. (2.22) with % = 0.136 - cy, is approximately equal to 0.43
o

H/Nb. Despite the simplicity of this approach, the calculated concentration value is supposed to be very

close to the true hydrogen concentration in the Nb-H film. This conclusion based on the results in Fig.

5.2.9 and Fig. 5.2.10. They confirm reversible behaviour of XRD patterns and resistance curve, and, thus,

fully elastic regime which is required for applying linear elastic theory.
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5.2.5 Summary of XRD measurements

The results of XRD measurements performed in-situ during the hydrogen loading / unloading
experiment on films of different thicknesses in the range from 5 nm to 105 nm are presented. During the
loading experiment, the hydrogen pressure py was increased from p,=1 x 10°mbar to p;= 1 mbar. During
unloading experiments, the samples were exposed to atmospheric conditions.

In-situ XRD measurements shows a strong difference in the XRD patterns of the films with a
thickness d < 37 nm. This value is higher than the calculated critical film thickness of d.= 26 nm [19].
Further, It is found that in the case of relatively thick samples (d > 43nm) the a-phase and the hydride B-
phase related peaks can be well separated. Therewith, positions of the a-phase peak and the hydride -
phase peak stay constant and only corresponding peak intensities change during the phase
transformation. This kind of change observed in the XRD patterns during the phase transformation is
conditionally called “two peak”- behaviour. Opposite to this, for the intermediate film thickness (15 nm
<d <37 nm) only one symmetric peak moving towards lower 2 angles during the phase transformation
is observed. In other words, no additional hydride peak appears in XRD patterns. This kind of change
observed in XRD patterns is conditionally called “one peak”- behaviour. Similar experiments performed
on a variety of samples shows that the switchover between different XRD patterns occurs in the thickness
range between 37 nm - 43 nm. Besides, for ultrathin films (d < 15 nm) it is defined “one broad peak” -
behaviour in that as it is suggested, the phase separation does not appear.

Besides, it is shown that the peak broadening and the change of maximum intensity are the signs
of phase transformation and coherent matching of the phases, in the case when "one peak" - behaviour
is observed in XRD patterns during the hydrogen loading experiment. Peak broadening during the phase
transformation is revealed for film thicknesses in the range from 15 nm to 37 nm. Furthermore, during
unloading of these samples, XRD patterns demonstrate a significant peak broadening and a peak shift
towards higher angles. This indicates irreversible microstructural changes that appear in the sample
during the hydrogen loading / unloading experiment.

In the case of 8 nm film peak broadening and intensity drop are not found, but on the contrary,
the shrinking of Nb (110) peak and a constant peak intensity are observed in XRD patterns during hydrogen
loading. The inverse dependency of FWHM on the film thickness suggested by Scherrer’s formula stays in
a good agreement with the experimentally measured decrease of FWHM values. Similar to XRD patterns
measured in the case of thicker films, the peak shape and its position after the unloading experiment

indicate irreversible hydrogen-induced microstructural changes that appeare in the sample.
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In the case of the 5 nm Nb-H film completely reversible changes in XRD patterns are observed
during the hydrogen loading / unloading experiment. Besides that, to verify full unloading of the sample,
the result of resistance measurements are presented. The resistance curve also shows reversible changes,
if one compares the resistance measured in the as-prepared and in the unloaded sample states. Thus,
based on the combined results it is suggested that stress relaxation doesn’t appear at applied loading
conditions in the 5 nm Nb-H film. On top of this to check the correlation between the sample volume
change and the measured out-of-plane lattice expansion, XRR measurements are performed at three

different experimental stages: 1) before hydrogen loading 2) in the equilibrium loaded state, and 3) in the

equilibrium unloaded state. By comparing the film expansion (Ad—d) measured via XRR and the lattice

Aa“o) measured via XRD in the out-of-plane <110> - crystallographic direction, it is found that
0

expansion (
aj1

they are both equal to 0.059. Finally, by use the theory of linear elasticity and related linear dependency
between the film thickness and the average hydrogen concentration, the hydrogen concentration reached
in the 5 nm Nb-H film upon hydrogen loading is estimated. Thus, hydrogen concentration that could cause

the observed film expansion is about 0.43 H/Nb.
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5.3 Mechanical stress measurements upon hydrogen loading

In this chapter stress measurements results on Nb-film thicknesses ranging from 5 nm to 40 nm
will be shown. They are required to prove the suggested occurrence of ultrahigh stresses and the
suggested presence of pure elastic behavior for films below critical sizes. By doing this experiment, several
hydrogen loading and unloading cycles were performed while the mechanical stress and the EMF were
determined, as described in chapter 3.6.1 and chapter 3.6.2. Herewith, hydrogen was introduced into the
films by electrochemical loading. Both, stepwise electrochemical loading and continuous electrochemical
loading with a constant current were applied depending on the addressed film thickness (details will be
given in the text).

In the case of ultrathin films (5 nm, 7 nm and 10 nm) the data were obtained by Magnus Hamm,
during his Master thesis [74]. Combined results were recently published in Ref. [75]. The content of sub-
chapters will be organized based on certain generalized aspects that were found in the experiments when

the film thickness is reduced from 40 nm to 5 nm.
5.3.1 Stress-strain curve for the 40 nm thick film

Figure 5.3.1 gives the stress curves measured for the 40 nm Nb-H film. In details, besides the first
loading curve (1. red), the unloading (1. black) and second loading (2. blue) curves are shown. During the
first loading (1. red), compressive in-plane stress initially increases linearly with about o =-(11.45 + 0.25)
GPa/cy, up to an inflection point. Hereby, the first inflection point in the stress curve corresponds to the
deviation from the linear elastic behavior caused by stress release, as it was discussed in chapter 2.4.4. In
the 40 nm Nb-H film, first stress release is detected at cy = 0.11 H/Nb and at a mechanical stress of about

= - 1.2 GPa. Here, plastic deformation via dislocation formation is assumed. Thus, this experimental
point will be associated with the critical yield stress and the critical hydrogen concentration in the sample
(see chapter 2.4.3 and chapter 2.4.4). Because Nb films deposited on Al,Os sapphire substrate are known
for their strong adhesion, film delamination from the stabilizer as a side mechanism for stress release can
be excluded for this film thickness (see chapter 2.4.4). In addition, film delamination is typically visible by
eye, and in this study, it was not detected. Besides, the second inflection point is visible at about 0.57
H/Nb. In Fig. 5.3.1 these two experimental points are marked by x. Finally, the stress curve terminates at
a total stress o = - 3.8 GPa at a concentration of ¢y =1 H/Nb. Based on the stress measurements shown in
Fig. 5.3.1 one can state that the maximum relative mechanical stress lies below the theoretically expected
from the pure elastic response, calculated in chapter 2.4.1 ({(0')teor = —9.6 * cy). The stress was reduced
by plastic deformation as demonstrated by the shape of the stress curve (1. Red, see also chapter 2.4.4).

Besides, stress release was also proven during the unloading experiment. The obtained stress curve
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(1.black) shows that hydrogen release results in tensile stress of 6 = 0.8 GPa after unloading. During the
second loading (2. blue), in the presence of dislocations formed in the first cycle, the stress increase

demonstrates a slightly convex curve. However, no clear point of inflection can be detected.

“}"l_ 8

_ 1 R ‘I::-I*-u-
LSE -2-_ x=0.11 H/Nb \. *"‘\\
o) x= 0.57 H/Nb i
—_— _3 . 2 "2 ~a
O \ a
4 H\\\_\-
it
54 s,

-6 frrrrrrre Jreveveee preveveree JrreveTTII prrveTTTTe frevevTevTY JrevevvTeS Jrevevere b frevvevTTe g
00 01 0,2 03 04 05 06 0,7 08 09 1,0

¢, [H/Nb]

Fig. 5.3.1 Stress curve of the 40 nm Nb-H film. The first (1. red) and the second loading curve (2. blue) of the 40 nm
differ strongly. Plastic deformation (onset marked with x) reduces the stress increase at 0.11 H/Nb and at 0.57 H/Nb,
during the first loading run. Unloading results in 0.8 GPa tensile stress (1. black). During the second loading run (2.
blue), no clear point of inflection is detected.

Simultaneously with stress measurements, the EMF curve was obtained. Figure 5.3.2 shows the
EMF curve measured during the first hydrogen loading of the 40 nm Nb-H film. Here, two concentration
values marked with e confine the plateau region in the EMF curve as discussed in chapter 2.4.8. Besides,
the black dotted line representing the linear dependency predicted by Sieverts’ law [16] is given as a
reference. In a bulk Me-H systems the deviation from this linear dependency defines the onset of the two-
phase region that seems to work as well in Nb-H films for d > 40 nm. Gray regions in Fig. 5.3.2 define three
segments in the EMF curve named: a (a - phase), a+B (two coexisting phases in the presence of new
generated lattice defects) and B (B - phase in the presence of new generated lattice defects).

By combined consideration of two curves given in Fig. 5.3.1 and Fig. 5.3.2, it is found that the
second inflection point in the stress curve (cy=0.57 H/Nb) corresponds to the hydrogen concentration at
which phase transformation was mainly completed. Further, the deviation from the predicted linear
elastic behavior is detected at cy corresponding to the beginning of plateau region in the EMF curve. In
details, first stress release is visible at cy = 0.11 H/Nb (see Fig. 5.3.1), while phase transformation is
supposed to be initiated at cy = 0.1 H/Nb (see Fig. 5.3.2). Thus, measured stress curve proves the fact that
stress release occurs in the very beginning of phase transformation process. Besides, the flat plateau,
observed in Fig. 5.3.2 is more typical for the bulk systems (chapter 2.4.8). This result indicates strong stress

release.
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Fig. 5.3.2 EMF curve measured simultaneously with a stress curve during first hydrogen loading of the 40 nm Nb-H
film. The black dashed line represents the linear dependency predicted by Sieverts’ law [16]. Additionally, there two
concentration values marked with e given in the graph. They confine the plateau region in the EMF curve, at that
the phase transformation occurs.

5.3.2 Stress-strain curve for the 25 nm thick film

In Fig. 5.3.3 the stress curves measured for the 25 nm Nb-H film are given. As before, besides the
first loading curve (1. red), the unloading (1. black) and second loading (2. blue) curves are shown. During
the first loading (1. red), the compressive stress initially increases linearly with about o = - (11.57 £ 0.19)
GPa/cy. Further, one can see that at the stress of - 2.9 GPa (marked by x) and hydrogen concentration of
¢y =0.26 H/NDb, an inflection point appears and further stress increase is diminished. Stress release is very
effective and the stress curve even slightly turns upwards. The second inflection point is visible at about
0.49 H/Nb. Finally, the stress curve terminates at o = - 4.6 GPa at a concentration of ¢, = 0.72 H/Nb. Similar
to the result on the 40 nm Nb-H film, the deviation from the linear elastic behavior (dashed black line) at
the inflection point indicates stress release, most probably via dislocation formation. The unloading
experiment (1. black) results in tensile stress of o = + 2.8 GPa appearing in the sample. This finding also
proves irreversible microstructural changes occurring in the 25 nm Nb-H film upon hydrogen loading /
unloading experiment. During the second loading (2. blue), in the presence of dislocations formed in the
first cycle, the stress increases linearly up to a concentration of 0.72 H/Nb and no point of inflection is
detected anymore. The film follows a linear elastic stress dependency and reflects the stress expected for
purery elastic film expansion. As the film only shows this behavior after the first loading cycle, it will be
called as ‘quasi-elastic’ behavior, as suggested in Ref. [75]. Herewith, hydrogen-induced stress change of
Ao =-(7.4+0.7) GPa for Acy= 0.7 H/Nb, and a final stress of o = - (4.6 £ 0.5) GPa builds up in this film, at
cu =0.72 H/Nb.
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Fig. 5.3.3 Stress curve of the 25 nm Nb-H film. The first (1. red) and the second loading curve (2. blue) of the 25 nm
differ strongly. Plastic deformation (onset marked with x) reduces the stress increase at 0.26 H/Nb and at 0.49 H/Nb,
during the first loading run. Unloading results in 2.8 GPa tensile stress (1. black). During the second loading run (2.
blue), no further plastic deformation is detected.

Figure 5.3.4 shows the EMF curve measured during the first hydrogen loading of the 25 nm Nb-H
film. As it can be seen, there are three concentration values marked with (®) in the graph. The first one
of about cy= 0.1 H/Nb indicates the point of deflection where the deviation from the Sievert’s law (black
dashed line) appears. The second one (cy = 0.2 H/Nb) and the third one (cy = 0.49 H/Nb) confine the

plateau-like region in the EMF curve.
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Fig. 5.3.4 EMF curve measured simultaneously with a stress curve during first hydrogen loading of the 25 nm Nb-H
film. The black dashed line represent the linear dependency predicted by Sieverts’ law [16]. Additionally, there three
concentration values marked with (®) given in the graph (details see in the text).

116



Chapter 5. Results and individual discussion on hydrogen loaded films

By combined consideration of the two curves given in Fig. 5.3.3 and Fig. 5.3.4, it can be seen that
the third inflection point in the stress curve (cy= 0.49 H/Nb) corresponds to the hydrogen concentration
at which the phase transformation is completed. Further, the deviation from the predicted linear elastic
behavior occurs in the concentration range of phase transition, as visible in Fig. 5.3.3. Moreover, first
stress release is detected at ¢ = 0.26 H/Nb (see Fig. 5.3.3). In this figure, phase transformation would be
expected to occur close to cy = 0.20 H/Nb. However, it will be shown later on, that the phase
transformation is initiated already at ¢y = 0.1 H/Nb (for details see chapter 6.6). Thus, the measured stress
curve shows that events of plastic deformation take place at the intermediate stage of phase
transformation. Gray regions in Fig. 5.3.4 define four segments in the EMF curve named: a (a - phase),
O+Beoherent (WO coherently coexisting phases), a+p (two coexisting phases in the presence of new

generated lattice defects) and B (B - phase in the presence of new generated lattice defects).

5.3.3 Combined stress-strain curves for films of different thickness

In chapter 5.3.1 and chapter 5.3.2, the stress curves measured in the case of 40 nm and 25 nm
films were addressed. Similar analysis of stress curves has been performed as well, in the case of 5 nm, 7
nm, 10 nm and 15 nm films. Figure 5.3.5 (a) summarizes the mechanical stress resulting from hydrogen
uptake for films of different thicknesses, ranging from 5 nm to 40 nm, for the first loading run [75]. Except
the 5 nm film, all the given stress measurements were performed in stepwise loading mode. For Nb films
above 5 nm film thickness (red curves), the compressive stress first increases linearly up to a certain
hydrogen concentration, that is defined by the film thickness. These yield hydrogen concentrations are
marked by x for each curve in Fig. 5.3.5 (a). According to the graph in Fig. 5.3.5 (a), it has a trend to
increase by decreasing the film thickness. The details on the stress developments are summarized in Table
5.3.1. According to these data, all the slopes lie in the theoretically predicted range. In details, in the case
of the 40 nm thick film, first stress relaxation occurs at relatively low cy = 0.11 H/Nb. Herewith, relative
mechanical stress of about o = - 1.2 GPa is reached on that loading stage. In the case of 25 nm and 15 nm
thick, first stress release is detected significantly later at cy = 0.22 - 0.26 H/Nb. Herewith, relative
mechanical stress caused by hydrogen absorption in the film reaches a magnitude of about 0 =- 2.8 GPa.
Furthermore, additional bending points can be found in the stress curve in the case of 40 nm, 25 nm and
15 nm thick films (see Table 5.3.1). For 10 nm and 7 nm thick films, a first deviation from the linear
dependency is observed at cy = 0.5 H/Nb. The measured mechanical stress in the moment of stress
relaxation reaches, respectively, c = - 5.0 GPa and o = - 5.8 GPa. Finally, in the case of the 5 nm thin film
(blue curve), the compressive stress always increases linearly up to the final concentration of ¢, = 1 H/Nb.
No inflection points are detected. This finding is a strong indication for the absence of plastic deformation.

Thus, it is suggested that dislocations cannot be formed for films of less than 5 nm thickness [75].
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Using the observed thickness dependency of the yield stresses measured for thicker films, a
theoretical thickness, below which plastic deformation is expected to be absent [75], can be calculated
(chapter 2.4.3, Eq. (2.26)). As shown in Fig. 5.3.5 (b), theory predicts an absence of dislocations for a film
thickness of 3.4 nm, using ¢,,; = (C,/d) - In(C; - d) [68], with C;= 1.2 and C;= 5 as fitted to the obtained
values (x in Fig. 5.3.5 (a)) [75]. Thus, the theoretically predicted critical film thickness is close to the

experimentally observed one shown in Fig. 5.3.5 (a).
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Fig. 5.3.5 a) Hydrogen induced stress arising during first loading of Nb films of different thickness d between 5 nm
and 40 nm. Films above 6 nm film thickness (red curves) deform plastically that reduces the final stress. Films
below 6 nm film thickness (blue curve) show a linear dependency between the concentration of hydrogen atoms
and stress measured in the film. They stay in the elastic regime and reach an ultrahigh stress state [75]. b)
Theoretical model [68] suggesting ¢, = (C;/d) - In(C, - d) with C;= 1.2 and C; =5 as fitted to the experimental
values predicts an absence of dislocations for d = 3.4 nm. This value is relatively close to the experimental one.
[75] Figure created by author from data originally published in Ref. [75].
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Table 5.3.1 Slope of stress / composition curves and conditions of stress relaxation (upon stepwise loading). In the

case of 5 nm Nb-H film (*) - continuous hydrogen loading mode was applied (for details see chapter 3.6.1).

d [nm] Initial curve slope k ¢} (1%tinflection point / o (c}) [GPa] c (2" inflection
[GPa/ch] stress relaxation) point)

40 -11.45+0.25 0.11 -1.2 0.57
25 -11.57+£0.19 0.26 -2.9 0.49
15 -11.58 +0.44 0.22 -2.7 0.44
10 -10.55+0.18 0.5 -5.0 -
7 -10.63+£0.15 0.55 -5.8 -
5 -10.73+0.53 - - -

5(%) -8.01+2.00 - - -

5.3.4 Reaching the elastic limit in stress-strain curves: elastic and quasi-elastic

behavior

To further study the suppression of plastic deformation in ultra-thin films, the stress build-up in
successive hydrogen loading cycles is investigated [74], [75]. Figure 5.3.6 shows the mechanical stress
data of the 5 nm (Fig. 5.3.6 (a)) and the 10 nm film (Fig. 5.3.6 (b)) including subsequent loading data [75].
In Fig. 5.3.6 (a) the stress o is given with respect to the stress measured before each loading sequence.
Thereby, intrinsic stress, presented in the film before hydrogen loading is not shown. According to this
graph the compressive stress increases quasi-linearly with the hydrogen concentration over the whole
hydrogen concentration range [75] and reaches a maximum stress of - (8 + 2) GPa at ¢y =1 H/Nb. Thus,
this result reflects the value expected for linear - elastic regime. Besides, the first (1. red) and the second
(2. blue) loading curves closely reproduce each other. Herewith, inflection points similar to the observed
ones in Fig. 5.3.5 (a) are not detected in any of the loading runs. Thus, for the 5 nm Nb-H film plastic
deformation can be excluded [75].

Fig. 5.3.6 (b) shows the result of stress measurements on the 10 nm film. Here, the first loading
(1. red) and unloading curve (1. black) and the second loading (2. blue) curves are presented [75]. As one
can see, during the first loading (1., red), the compressive stress initially increases linearly with about - 11
GPa/cy. However, at a relative yield stress of about - 5 GPa (marked by x) and a concentration of ¢4 = 0.5
H/Nb, an inflection point appears and, hence, subsequent increase of hydrogen-induced mechanical
stress becomes less steep. The highest relative stress of 6 = - 7 GPa is measured at a concentration of cy
=1 H/Nb [75].

Further, unloading (1., black) results in relative tensile stress of + 1.8 GPa. During the second
loading (2., blue), in the presence of dislocations formed in the first cycle, the stress increased linearly up

to an concentration of 1 H/Nb and no point of inflection is detected. Thus, the film follows the linear
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elastic dependency and therefore behaves quasi-elastically. An ultrahigh hydrogen induced stress
difference of Ac =—(11.8 £ 1.2) GPa and a final stress of 0 =— (10 * 1) GPa built up in this film, at cy =1
H/Nb. In subsequent cycles, this reversible behavior was maintained [74], [75]. In total for 10 nm thin

films, this result indicates on the complete absence of further plastic deformation and dislocation

formation after first loading.

a)0

o [GPal]

-84

00 01 02 03 04 05 06 0.7 08 09 1.0
c,, [H/Nb]

o [GPa]

-104

-12 b AAAE B 1 AL EA A LAARSAROL] Al ALIhSL ] BERARSALLS bIAASLESS] boddddddlsd hibhiAlAld 23 ALEEELA] AaRitbld s
00 01 02 03 04 05 06 07 08 09 10

¢, [H/Nb]

Fig. 5.3.6 Elastic and quasi-elastic behavior in ultra-thin Nb-H films. a) The 5 nm Nb film shows similar behavior for
the first (1. red) and the second loading (2. blue). Here, plastic deformation is not detected and the stress curves
nearly reproduce each other. b) The first (1. red) and the second loading curve (2. blue) of the 10 nm differ strongly
[75]. During the first loading, plastic deformation reduces the stress increase at 0.5 H/Nb (marked with x). Besides,
unloading results in 1.8 GPa tensile stress. Opposite, during the second loading (2. blue), plastic deformation is not
detected. The stress-composition curve behaves quasi-elastically. Figure created by author from data originally

published in Ref. [75].
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5.3.5 Change of phase boundaries

Figure 5.3.7 shows the EMF curves measured for different film thicknesses ranging from 5 nm to
40 nm during first hydrogen loading (stepwise loading). The information about the bending points in the
EMF curves is summarized in Table 5.3.2. According to these data, there is a slight shift of the solubility
limits (low cy and high cy) and a decrease of the width of the miscibility gap occurring for the addressed
film thicknesses. With the decrease of the film thickness, the plateau region shrinks, while the slope of
the EMF curve in the related concentration ranges becomes steeper (marked with black dashed vertical
lines). In the case of the 5 nm film the EMF curve demonstrates a very steep permanent slope in the whole
hydrogen concentration range. Thereby, only one bending point at about cy = 0.47 H/Nb is visible in the
graph.
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0.05
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Fig. 5.3.7 EMF curves measured for different film thicknesses from 5 nm to 40 nm. By reducing the film thickness
the plateau region shrinks, while the slope of the EMF curve in the related concentration range becomes steeper
(marked with black dashed vertical lines).

Table 5.3.2 Bending points in the EMF curve in Fig. 5.3.7. The estimated absolute error for the given bending
points is about 0.05 [H/Nb].

Film thickness d [nm] Bending points in the EMF curve [H/Nb]
Low cy High cy
40 0.1 0.5
25 0.1-0.2 0.48
15 0.1-0.25 0.47
5 - 0.45

By repeated hydrogen loading of films with a thickness exceeding d > 7 nm the EMF curves

obtained during the first (red curve) and the second (blue curve) hydrogen loading experiment

121



Chapter 5. Results and individual discussion on hydrogen loaded films

demonstrate a shift with respect to each other as it is exemplary shown in Fig. 5.3.8 (a) for the 15 nm Nb-
H film. Opposite to this result EMF curves obtained during the first (red curve) and the second (blue curve)
hydrogen loading of the 5 nm Nb-H film nearly reproduce each other as it is shown in Fig. 5.3.8 (b). Only

at relatively high cy>0.55 H/Nb some slight deviation is visible.
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Fig. 5.3.8 EMF curves measured during the first and the second hydrogen loading for a) 15 nm Nb-H film and b) 5 nm
Nb-H film. While in the case of the 15 nm film EMF curves are shifted with respect to each other, in the case of the 5
nm film EMF curves nearly reproduce each other.

5.3.6 Summary of stress measurements

The actual stress measurements results show that the linear elastic regime of ultrahigh stress can
be reached in a controlled way for Nb-H thin film system below a critical size [75]. In the elastic range of
very thin films (d <5 nm), ultrahigh stress can be achieved already during the first hydrogen loading (o =

-8 + 2 GPa).
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It is shown that the 5 nm film demonstrates reversible behavior by repeated loading / unloading cycles.
The compressive stress always increases linearly up to the hydrogen concentration of ¢y = 1 H/Nb.
Herewith, no inflection point is detected in the stress-composition curve. This result is a strong indication
for the absence of plastic deformation.

It is suggested that for the quasi-elastic behavior of slightly thicker films (d > 5 nm), dislocation
formation is allowed during the first hydrogen loading. Herewith, stress release turns the sample into
tensile stress during unloading that leads to complete absence of further plastic deformation and
dislocation formation after the first loading [75]. All the films exceeding this thickness (d = 5 nm) deviate
from the linear dependency predicted by the theory of linear elasticity.

Further, it is revealed that the initial stress development (slope of the stress / composition curve)
for all the samples lies in the theoretically predicted range. The experimentally found trend shows that
this deviation associated with the plastic deformation, occurs at higher hydrogen concentrations when
the film thickness is decreased.

The EMF measurements show that the width of the plateau region slightly decreases by reducing
the film thickness and that a plateau region cannot be determined for d < 10 nm. Combined consideration
of stress and EMF curves suggests that the visibility of plateau-like region in the EMF curve should be
mainly attributed to stress release appearing by reaching a critical yield stress and a certain critical
hydrogen concentration in the sample. It is argued that these critical values are mainly controlled by the
film thickness. In the case of 25 nm and 15 nm films first stress release occurs only at intermediate stages
of sample hydrogenation, respectively, at cy=0.26 H/Nb and cy=0.22 H/ Nb. This is in contrast to results
on the 40 nm thick film which shows a clearly visible plateau in the EMF curve, whose beginning at cy =
0.1 H/Nb matches with an activation of stress release, detected already at cy = 0.11 H/Nb. Thus, this
relatively early stress release allows seeing a plateau region in the EMF curve, as typical for bulk-like
samples. Accordingly, the thicker samples exhibit the same properties. Therefore, one can suggest that
in the two-phase region, before the first stress release appears in the system, one deals with the coherent
phase transformation, while for the later stages of the phase transformation one can only assume
coherent phase transformation and thereby conditionally call it quasi-coherent.

Additionally, EMF measurements performed for different samples show that at repeated
hydrogen loading for films with a thickness d > 7 nm the EMF curves obtained during the first and the
second loading experiment are shifted with respect to each other. This change might be attributed to the
stress release and the related plastic deformation occurring in the film during the first hydrogen loading.
In contrast, in the case of the 5 nm film, EMF curves obtained during the first and the second hydrogen
loading experiment reproduce each other. Thus, the obtained result correlates well with an elastic

behavior confirmed also by stress measurements.
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6 Global discussion

In this central chapter, the results obtained via different measurement techniques for similar Nb-
H film thicknesses (in-situ STM, in-situ XRD, stress and EMF measurements) are combined and discussed.
Hereby, the details on the phase transformation upon hydrogen loading, namely different precipitation
and growth modes, critical thicknesses influencing coherent or incoherent pathways of phase transitions
and (ir)reversible changes occurring in the samples will be addressed. Additionally, the influence of the
mechanical stress on the suppression of phase transformation in ultrathin Nb-H films will be considered.
Besides, the invisibility of phase transformation via in-situ XRD measurements will be discussed.

Finally, the applicability of the theoretical model suggested by Noérthemann et al. (see chapter

2.4.6) will be discussed with respect to the experimental results obtained in this study.

6.1 Precipitation and growth of hydride phase: different modes (based on STM
and XRD results)

STM measurements have shown (see chapter 5.1.2.1 and chapter 5.1.3.1) that, depending on the
film thickness, different regimes of hydride phase precipitation and growth can be found during the phase
transformation in Nb-H films. Therewith, typical height change, distribution and lateral sizes of hydride
precipitates were found to be very different [133].

The different appearances of the hydrides forming in the 25 nm films and in the 40 nm films are
compared exemplary in Fig. 6.1 (a, b). The appearance of hydrides for films below 25 nm resembles that
of the 25 nm film, and the appearance of hydrides for films above 40 nm resembles that of the 40 nm
film. The hydrogen pressure for both STM images is about p,= 1.6 x 10° mbar. They both were obtained
after extensive loading. The height difference in the topography of the two films is illustrated in the height
histograms, added in an inset for each STM image (see Fig. 6.1 (a, b)).

For the 25 nm film, shown in Fig. 6.1 (a), and the films below this thickness, a large number of
small surface elevations related to hydride precipitates is found. Thus, it is suggested that for the
addressed film thickness the phase transformation is governed mainly by nucleation [133] that is linked
to a “locked-in size” behaviour (for details see chapter 5.1.3.1).

The term “locked in-size” was employed here because of the relatively slow enlargement of the
lateral size of precipitates (as compared to the experimental loading time scale) of a certain size, and,
their related limited lateral size (as compare to the measured frame size). This finding of the “locked-in
size” can be interpreted by the arising elastic strain energy that, in a first approach, in the elastic regime

depends on the particular volume of a single precipitate.
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Fig. 6.1 a) STM surface-image of the 25 nm Nb-H film after extended hydrogen loading at py= 1.6 x 10 mbar. A large
number density of small hydrides (30 nm - 50 nm in lateral size) is found (see chapter 5.1.3.1). Inset: The height
histogram shows two close peaks, separated by 1.15 nm [133]. b) STM surface-image of the 40 nm Nb-H film after
extended hydrogen loading at py= 1.6 x 10 mbar. A small number of large hydrides with sizes of up to 500 hm in
lateral size is visible (see chapter 5.1.2.1). Inset: The height histogram shows two peaks separated by 2.15 nm [133].
(Frame size: a) 1500 x 1500 nm? and b) 2000 x 2000 nm?). Figure created by author from data originally published in
Ref. [133].

The finding of “locked in-size” precipitates correlates well with Nérthemann’s results, who invented this
name [24]. Northemann found them for thicker films, for the kind of hydrides that were called T1 and
suggested to be fully coherent (see chapter 2.4.5, [19], [24]). However, for the films studied by
Northemann, all hydrides became incoherent and T2-type upon loading [24], [73]. This is different for the
films below 25 nm presented in this study.

For the assumed miscibility gap width of Acy = 0.3 H/Nb - 0.4 H/Nb (see chapter 5.3.2) the
amplitude of surface corrugations Az according to the theory of linear elasticity for 25 nm film is expected
to be about 1.02 nm -1.36 nm (see Table 2.1). In our case, the experimentally found surface corrugations
have height amplitudes Az ranging from 1 nm to 1.5 nm (see Fig. 5.1.11 (c)). Thus, the observed surface
corrugations are close to the theoretically expected values. Besides, the amplitude of surface corrugations
Az found here corresponds to the values reported by Nérthemann et al. [24], [73] for coherent hydride
precipitates of T1-type. The slope of the profile in the transition area between the a-phase and the B-
phase was always found to be about 2.2(0.5)° (see Fig. 5.1.11 (c)). In total, these findings hint on the
absence of any dislocation loop formation around the observed hydride precipitates in the 25 nm film (for
details see chapter 2.4.5 and Fig. 2.14). Hence, exclusively coherent phase transformation in the 25 nm
film is suggested.

Additionally, it is found that some of these small hydrides coalesce together at a late stage of
hydrogen loading. It allows the increase of their total volume and, apparently, facilitates the

accompanying increase of local topography change up to 2 nm (see Fig. 5.1.11 (c)) in height. Since this
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magnitude already significantly exceeds the theoretically expected one (see Table 2.1), this can be
interpreted by material transport towards the precipitate surface, which demonstrates that some stress
release in the 25 nm for this bigger precipitates cannot be excluded.

In contrast to this, the 40 nm film in Fig. 6.1 (b) (and the films above this thickness) shows a small
number of large hydrides with lateral sizes in the range from a few hundred nanometres up to almost
micrometre size [133] (see also Fig. 5.1.8). During further hydrogen loading, these hydrides continue to
grow and form surface corrugations of irregular shapes (for details see chapter 5.1.2.1)

According to Northemann’s results on films of similar thicknesses, this kind of hydrides is assumed
to be incoherently linked with a surrounding a-matrix and conditionally called T2 (see chapter 2.4.5, [19],
[24]. For the miscibility gap width of Acy = 0.47 H/Nb (see chapter 5.3.1) the amplitude of surface
corrugations Az according to the theory of linear elasticity for the 40 nm film is expected to be about Az
= 2.6 nm (see Table 2.1). However, the experimentally found surface corrugations for this film thickness
have a height amplitude Az ranging from 2.5 nm to 3.5 nm (Fig. 5.1.7 (a)) that mainly exceeds the
theoretical value. Thus, there is a deviation from the linear elastic approach. This can be attributed to
significant plastic deformation occurring in the 40 nm film. The slope of the profile in the transition area
between the a-phase and the B-phase was found to be about 6(1)° (see Fig. 5.1.7 (a)), which is clearly
larger as compared to the 25 nm film. This finding hints on the formation of dislocation loops around
hydride precipitates in the 40 nm film as given by Nérthemann (for details see chapter 2.4.5 and Fig. 2.14).
Hence, incoherent phase transformation in the 40 nm film is suggested.

By repeated hydrogen loading upon pressure increase, the pre-existing hydrides continue to grow
as shown in Fig. 5.1.8 (a, b). Thus, it can be assumed that possible stress release at the a/pB interface
facilitates the lateral growth of the pre-existing hydrides. It might happen because hydrogen absorption
in pre-expanded lattice regions is energetically more favourable [16]. Moreover, the new generated
dislocations located around the hydrides themselves are energetically favourable sites for further
hydrogen accommodation due to the locally reduced chemical potential of hydrogen [9], [56], [137],
[138]. In total, it can be suggested that for the addressed film thickness the transformation is growth-
controlled [133].

To explain the finding of different modes of hydride precipitation and growth, there is a number
of possibly influencing factors that are supposed to be considered. First of all, it should be noted that the
samples were prepared at similar experimental conditions by use of the same sputter rates and relatively
close deposition temperatures. As discussed in chapter 4, the temperature decrease (see Fig. 4.3) from
800 °C (40 nm film) to about 740 °C (25 nm film) improves the surface conditions and, at the same time,
still allows producing epitaxial films of good structural quality confirmed by XRD measurements (see Fig.

4.4). Thus, the tiny optimization of the deposition temperature applied in this study to get the desired
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“smooth” and “closed” surface topographies (see chapter 4), is suggested here to not affect the
mechanisms of hydride precipitation and growth. Further, the Pd islands added on the Nb film to facilitate
the hydrogen absorption are very small and are always distributed homogeneously over the Nb surface
(see Fig. 4.6). Their distribution is always the same, for all film thicknesses. This allows excluding this factor
from the consideration as also concluded in earlier studies by Nérthemann [73]. Further, the hydrogen
pressures that were applied for loading of different film thicknesses were changed in a quite broad range,
but for qualitative comparison the STM images obtained at similar experimental pressures are used (e.g.
in Fig. 6.1: py= 1.6 x 10 mbar). Another factor is the number of pre-existing defects in the as-prepared
film state (dislocations, vacancies, impurity atoms, grain boundaries, interfaces and surfaces). In the
present study, it is assumed that for all regarded samples, this parameter does not change significantly
(also due to the similarity of preparation conditions of our samples) and, hence, their impact is neglected.
This is also in accordance with earlier studies [14], [127].

Therefore, the differences observed in the two different regimes of hydride phase precipitation
and growth detected in thin epitaxial Nb films, may be mainly attributed to the “degree of ideality” of the
coherency state (coherent or semi-coherent) at the a/B-interface that increases by reducing the film
thickness. This value cannot be directly measured, but is implemented in the discussion to qualitatively

explain the obtained results.

Further, at this point of the discussion, to support the result of STM measurements hinting on the
coherent phase transformation in the 25 nm film (chapter 5.1.3.1) and the 15 nm film (chapter 5.1.4.1),
the results of XRD measurements have to be considered. To remind the reader, in-situ XRD measurements
shown in chapter 5.2.1 reveal the phase transformation down to 15 nm film thickness. This result stays in
a good agreement with the STM measurements that unambiguously reveal local precipitates of hydride
phase in these films.

A strong difference in the XRD patterns of the films with a different thickness is clearly found.
Conditionally called “two peak” - behaviour (d =43 nm) and “one peak” - behaviour (15 nm <d <37 nm)
are observed experimentally (for details see chapter 5.2.1). Two typical examples of different XRD
patterns demonstrating the change in the peak behaviour, measured under the same experimental

conditions, but for different film thicknesses (60 nm and 17 nm) are given in Fig. 6.2.
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Fig. 6.2 Change of XRD patterns upon hydrogen loading of Nb-H films, of a) 60 nm and b) 17 nm film thickness (A =
0.1078 nm). For both films, the Nb (110) peak shifts to lower angles because of the hydrogen-induced lattice
expansion. Differences appear in the two-phase region: a) Two well-separated peaks corresponding to the a - and the
B - phases are visible at the intermediate loading stages. Their positions are marked with dashed lines. b) Only one
broadened peak is detected at the intermediate loading stages, its intensity changes. The phase separation becomes
nearly XRD-invisible [133].

There is a number of reasons that, as it is suggested, facilitate an appearance of the “one peak” —
behaviour in the XRD patterns measured for the “intermediate” film thickness range in Nb-H films. Figure
6.3 demonstrates roughly the sketch of XRD measurements performed in the §-280 geometry. It can be
assumed that, for the coherent hydride formation, the a-phase is strained by the presence of the B - phase
(hydride) precipitates and the hydrides are compressed by the surrounding o-matrix. Thereby, the
contribution of coherent micro-strain in the diffracted beam becomes significant. It leads to an additional
diffuse photon scattering on (110) crystal planes oriented parallel to the sample surface. By this, the (110)-

interplanar spacing changes gradually in the vertical direction.

detector

substrate

Fig. 6.3 The sketch of XRD measurements performed in the §-2¢ geometry. Coherent micro-strain appearing at the
interface between the a- and B-phases volumes fractions cause an additional diffuse scattering visible via the peak
broadening.
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Furthermore, the local hydrogen concentration change within the sample becomes smaller, when
the film thickness is reduced. This happens, because the width of miscibility gap shrinks with a decrease
of the film thickness, (see chapter 5.3.5 and Ref. [14]).

Two final important factors are the high density and typically small lateral size of hydride
precipitates in case of “intermediate” films as compared to the “thick” ones (see Fig. 6.1 (a, b). At this
stage of the discussion, it is important to note that the surface area irradiated by the X-ray beam is very
large (= 5 x 10" mm?) as compared to the lateral size of individual hydride precipitates (e.g. in the 25 nm
thick film: = 1 x 10® mm?). Thus, the coherent phase transformation governed by nucleation [133] as
revealed by STM measurements (see Fig. 6.1 (a)) in the presence of a relatively small modulation of
hydrogen concentration (not mix up with a spinodal decomposition) becomes nearly invisible via XRD
measurements. In total, it is suggested that during the hydrogen absorption in Nb-H thin films all the
previously discussed contributions become visible via the peak broadening by crossing the two-phase
region and continuous peak shift, whose position seems to depend on the average hydrogen
concentration in the sample (for details see chapter 5.2.1).

A similar behaviour was reported in literature in the past, for coherently decomposed systems
[139], [140], [141]. C. Gente et al. [139] and R. Busch et al. [140] observed in their studies on Cu-Co alloys
only one XRD peak while the sample consisted of phase-separated (fcc) Cu- and (fcc) Co-rich regions. The
separated regions were found to be coherently linked and small in size [139], [140]. A single broad XRD
reflection was also reported by Michaelsen et al. for coherent Cu-Co multi-layers, below a layer thickness
of 8 nm [141]. According to Michaelsen et al, different layers become XRD-invisible because of the lattice
coherency.

Another finding also supports the suggested coherent match between the phases: If the phases
were matched incoherently, the XRD peak profile would change asymmetrically upon hydrogen loading
in the two-phase region. This is not observed in Fig. 6.2 (b). For thicker films (d > 43 nm), incoherency and
significantly larger hydride lateral dimensions (see Fig. 6.1 (b)) make two XRD peaks related to different
phases well distinguishable in the XRD pattern.

Thus, based on our XRD results, on the related literature data and on the STM results, the
discussed “one peak” behaviour observed during in-situ XRD measurements on Nb-H thin films in the
range of 15 nm < d < 37 nm can be attributed to the coherency state. In more details, this result can be
explained by the coherent lattice matching between the a-phase and the hydride phase in combination
with a high number density of small precipitates, distributed homogeneously in the a-matrix (see Fig. 6.1
(a)). To summarize this sub-chapter, combined consideration of STM and XRD data suggests coherent
phase transformation for an “intermediate” thickness range in the Nb-H thin film system (15 nm <d <37

nm).
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6.2 Irreversible changes in thin Nb-H films (based on STM, XRD and stress

measurements results)

For all the film thicknesses above d > 8 nm according to the actual STM, XRD and stress
measurements results, the presence of irreversible microstructural changes occurring in the Nb-H
epitaxial films upon the hydrogen loading / unloading experiments was clearly proven. To remind the
reader, it is supposed that in our samples dislocation formation is the dominant mechanism of stress
release (see chapter 2.4.4).

As discussed in chapter 2.4.4, dislocation formation can occur at the hydride/a-matrix interface
[9], [19], [22] as well as at the hydride/substrate interface [18], [20], [21], [23], [35]. Concerning the
theoretical prediction made by Nérthemann, the steep height increase at the interface between a-phase
and hydride phase as detected by STM for film thickness d > 40 nm, suggests the formation of dislocation
loops (see chapter 2.4.6) forming around the hydride precipitates. For the 25 nm film and films below this
thickness coherent phase transformation occurs, as revealed by STM and XRD measurements (see chapter
6.1). Further, it is suggested that an appearance of ramps with sharp straight edges detected by STM (see
chapter 5.1.4.1 and chapter 5.1.5.1) can be attributed to the emergence of misfit dislocations forming
mainly at the film / substrate interface (see chapter 2.4.3). This was directly proven by STM measurements
on the 8 nm film, where local precipitation of hydride phase does not appear. One of the related STM

difference images is given in Fig. 6.4 (a). Here, only the traces of dislocations are detected, as previously

discussed in chapter 5.1.5.
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Fig. 6.4 Combination of STM, XRD and stress measurements results that proves the presence of stress release in Nb-
H films for d = 8 nm - 10 nm. a) STM difference image: traces of dislocations visible as elevated (bright) regions are
detected b) Irreversible microstructural change in the 8 nm Nb-H film: as compared to the as-prepared sample state,
Nb (110) peak is shifted and became broader in the unloaded state. c) The deviation from the linear elastic behavior
(red curve) and the residual tensile stress observed in the unloaded sample state (black curve) are clearly visible [75].
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Furthermore, stress release was confirmed explicitly by two additional independent techniques,
namely by in-situ XRD and in-situ stress measurements. To remind the reader, the related XRD patterns
demonstrates significant peak broadening and peak shift forward to the higher angles measured in the
unloaded sample state for film thickness d > 8 nm (see chapter 5.2.2 and chapter 5.2.3). One of the related
XRD measurements, performed particularly on the 8 nm film is given in Fig. 6.4 (b). Here, the irreversible
microstructural changes are visible via the different Nb (110) peak positions measured, in the as-prepared
(black curve, peak at 20 = 26.174°) and the unloaded (red curve peak at 20 = 26.407°) sample states,
respectively. The observed lattice contraction in the out-of-plane direction related to the peak shift from
26.174° to0 26.407 ° indicates in-plane lattice stretching resulting from the Poisson effect. It is not expected
in the elastic regime with one-dimensional film expansion predicted by the theory of linear elasticity (see
chapter 2.4.1). Besides, peak broadening itself can be attributed to both factors: increased density of
defects and, at the same time, increased mosaicity of the film (disorientation or imperfections of crystal
structure) resulting from the dislocation formation and their movement. The instrumental peak
broadening related to the method itself is expected to be negligible, since the relative sample / detector
geometry and the parameters of the primary X-Ray beam were not changed.

The next important point is that XRD measurements stay in a good agreement with the stress
measurements performed for similar film thickness range. For all the measured film thicknesses above d
> 7 nm a deviation from the linear - elastic behaviour was clearly observed (see Table 5.3.1). This, again,
indicates plastic deformation occurring in the films as discussed in chapter 2.4.4. One of the related stress-
composition curves measured, particularly, for the 10 nm is given in Fig. 6.4 (c) [75]. Here, the deviation
from the linear elastic behavior (solid red curve deviating from the dashed red curve) and the residual
tensile stress observed in the unloaded sample state (black curve value of cy=+ 1.8 GPa at cy= 0 H/Nb
deviating from the initial value of the red curve, set to o4=0 GPa at cy= 0 H/Nb ) are clearly visible.

Huge mechanical in-plane stress in the GPa range measured in our samples upon hydrogen
loading (see chapter 5.3) is suggested to arise mainly due to the strong adhesion between the film and
the substrate [17], [30]. Although the average stress contains the contributing stress from the complete
sample and includes coherency stress arising at the a/B interfaces, in this work it is argued that the film /
substrate interface and the nearby regions mainly react on the hydrogen-induced stress and, hence, have

to be considered as the main origin of hydrogen-induced dislocations.

6.3 Quasi-elastic behavior detected by using stress measurements

As discussed in chapter 5.3.4, for films of d > 7 nm, the unloading of the sample results in tensile

stress arising in the film. Exemplary it was shown for the 10 nm film, where the stress in the unloaded
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sample state achieved about + 1.8 GPa (see Fig. 6.4 (c)). The interesting finding is that during the second
loading, in the presence of dislocations formed in the first cycle, the stress increases linearly up to a
concentration of 1 H/Nb and no point of inflection was detected. An ultrahigh hydrogen-induced stress
difference of Ao =—(11.8 + 1.2) GPa and a final stress of 6 = — (10 + 1) GPa built up in the 10 nm film, at
cy = 1 H/Nb [75]. Thus, by second hydrogen loading the system followed the linear elastic dependency
and reflected the stress expected for the pure elastic response ({(¢') = —9.6 - ¢y , see chapter 2.4.1).
Because the film shows this behavior only after the first loading cycle, we conditionally named it as ‘quasi-
elastic’ [75]. This finding indicates on the complete absence of further plastic deformation and dislocation
formation after the first loading. Thus, hydrogen assisted hardening of epitaxial Nb-H films occurring in
the presence of residual tensile stress is found [75].

It is supposed that dislocations generated upon the first loading at the film / substrate interface
significantly change the Nb layer. This modified sample volume contains a dislocation network that results
in material strengthening due to the work hardening [142]. In total, one may assume that the interaction
between the dislocations prohibits the mobility of pre-existing dislocation and suppress the generation of
the new defects [75]. Thus, the nucleation barrier for dislocation formation is increased that causes an
appearance of significantly higher mechanical stresses accumulated in the system. Hereby, the amount of

force required to start plastic deformation is larger than it was for the original film.

6.4 Evidence of pure elastic one-dimensional film expansion: reversibility test

based on XRD, resistance, EMF, stress and XRR measurements

For the 5 nm film according to our XRD, resistance, stress and EMF measurements, reversible changes
occurring in the 5 nm Nb-H film during the hydrogen loading / unloading experiment were clearly proven.
Related data for the film thickness d =5 nm are summarized in Fig. 6.5. As discussed in chapter 5.2.4, the
XRD patterns for the unloaded sample reappeared in their original shape. This reflects reversibility (elastic
behavior) of the microstructural changes occurred in the film. Here, it is once again shown in Fig. 6.5 (a),
where the green curve corresponds to the XRD pattern measured in the as-prepared sample state, and
the blue one — to the unloaded sample state. The resistance curve shown in Fig. 6.5 (b) also indicates
completely reversible behavior during the loading / unloading experiment, as discussed in chapter 5.2.4.
Two these results are in full accordance with the stress curve shown in Fig. 6.5 (c) showing no deviation
from the linear elastic behavior (see chapter 2.4.1). For this film thickness the compressive stress
increased quasi-linearly with the hydrogen concentration over the whole hydrogen concentration range
and reached a maximum stress of -(8 £ 2) GPa at c, =1 H/Nb [75]. Tensile stress, detected for thicker films

in the unloaded sample state after the first loading cycle (see Fig. 6.4 (c)) for the 5 nm film was not found.
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Fig. 6.5 Combination of XRD, resistance, stress, and EMF measurements results that proves the fact of reversible
(elastic) behavior in Nb-H films for d = 5 nm. a) Change of XRD patterns during hydrogen loading / unloading
experiment: The green curve corresponds to the reference stage before hydrogen loading and the blue one —to the
unloaded sample state. Two these curves mainly reproduce each other. b) Resistance curve measured in-situ during
hydrogen loading / unloading experiment: the resistance value measured in “zone 1” (as-prepared sample state) and
in “zone 5” (unloaded sample state) are equal to each other c) Stress-composition curves show similar behavior for
the first (1. red) and the second loading (2. blue). No plastic deformation is detected. The stress curves match each
other [75]. d) EMF curves measured during the first (in red color) and the second (in blue color) loading experiments
nearly reproduce each other.

Further, as compare to the thicker films (see chapter 5.3.5), the EMF curve measured for the 5 nm film
did not reveal any differences between the first and the second loading curves as shown in Fig. 6.5 (d).

This behavior is also expected for a reversible process.

A61110)

Finally, by comparing the film expansion (%) measured via XRR and the lattice expansion ( "
110

measured via XRD in the out-of-plane <110> - crystallographic direction it is shown in chapter 5.2.4 that
corresponding values are equal to each other. Considering all the previously reviewed data for the 5 nm
film, this result indicates the realization of the ideal one-dimensional expansion model described in
chapter 2.4.1. Thus, it is suggested here that for the 5 nm epitaxial Nb-H film, any stress release is
suppressed and the system follows the pure elastic behavior, predicted by the linear elastic theory (see

chapter 2.4.1).
133



Chapter 6. Global discussion

6.5 Suppression of phase transformation in ultrathin films

As discussed in chapter 5.1.5, the STM measurements performed on the 8 nm Nb-H film showed
that the phase transformation from a- to B-phase does not occur. In other words, by reducing the film
thickness d < 8 nm our model system transforms continuously into the high concentration solid solution
phase without any phase separation (see chapter 2.1.2). Thus, If, upon increase of hydrogen
concentration, phase separation in the Nb-H film is suppressed, “one peak” behavior discussed in chapter
6.1 should not appear in XRD patterns: The related XRD measurements performed on the 8 nm film
supports this interpretation and shows only a “one broad peak” behavior without any intermediate peak
broadening (see chapter 5.2.1).

The suppression of phase transformation can be attributed to the increasing impact of mechanical
stress on the thermodynamics of Nb-H thin film system. The impact of mechanical stress was recently
implemented in a theoretical model by Wagner et. al. [56], [103]. This theory was shortly introduced in
chapters 2.4.8 and chapter 2.4.9 and will be applied here. The E,4 and T, values were estimated from the
EMF curves measured for different film thicknesses, taking the measured in-plane stresses of the films
during H-loading into account. This presented exemplarily in Fig. 6.6 (a, b, c). By using Eq. 2.27 and
assuming that Eyy stays mainly constant in the whole hydrogen concentration range, measured EMF
curves were fitted by use Eq. 2.27. Hereby, the measured electromotive force (EMF) U of a hydrogen -
loaded film was linked to the chemical potential uy via Eq. 3.10. Eny, T and E, were considered as fitting
parameters.

The experimental (“black”) and fitted (“red”) EMF-curves films are given in Fig. 6.6 (a, b, c) for 40
nm, 25 nm and 5 nm thick films, respectively. As previously, the abscissa gives the hydrogen concentration
and the ordinate the EMF value U. The fitted curves match the experimental curves well in the important,
intermediate concentration range (see Fig. 6.6 (a, b, c)). The fitted curve in Fig. 6.6 (a, b) surrounds the
measured curve in a Maxwell-type shape, as expected in the two-phase region [14]. However, in the low
concentration range (cy < 0.05 H / Nb for 40 nm and 25 nm and cy £ 0.10 H / Nb for 5 nm film) clear
deviations occur. This can be explained in terms of limitation of the model that not includes the influence
of defects on the shape of the EMF-curve [14], [103]. For thin films, this contribution typically becomes
stronger [9]. Besides, for the 5 nm film, additional deviations are observed at cy > 0.5 H /Nb. The apparent
reasons for this phenomenon are not clear. Table 6.1 contains the parameters (Euy, 1, Eo) derived from
the fitted curves given in Fig. 6.6 (a, b, c) and the data of Song et al. [32] and Edelmann [33] as well as a

bulk value [16] for references.

134



Chapter 6. Global discussion

a ) 0.104 measured EMF curve b)
fitted EMF curve, E,,=20.2 kJ/mol,,

4 >
> 0059 toog7k r=067 <
=) 2
5 000+ 3
) (&)
2-0.05- <
g 2
4 -0.10 2
= w
S =
i -0.15 w

] 40 nm

0.20 y
0.01 0.1 0.8
¢, [H/Nb])
C) 0.10 ~ measured EMF curve
fitted EMF curve, E,,,=12.5 kJ/mol,
005 1 1_-297K r=060
5 L r=0.
= 0.00 -
L
G -0.05 A ;
(=] 5o
2 .
<-0.10 ‘
g et =
T <" “suppressed” stress release
< 015 -
O 5nnm
-0.20 -

0.01 0.1 0.8

¢, [H/Nb])

0.10 7 measured EMF curve
— fitted EMF curve, E_ =18.4 kJ/mol,,
0.059 T=297K,r=0.60
0.00 A
e e I R = " s
0104 _— “delayed” stress release
0.15
25 nm
0.20 T
0.01 0.1 0.8
c.,[H/Nb])

Fig. 6.6 Experimental (given in black color) and fitted (given in red color) EMF curves. In the presence of compressive
stress the slope and the shape of the chemical potential depends on the particular stress development (details see
in the text). a) 40 nm: “early” stress release results in an appearance of plateau region b) 25 nm: “delayed” stress
release results in the change of the slope inside the two-phase region c) 5nm: “suppression” of stress release results
in a permanently sloped EMF curve. The shape of the EMF curve can be also partly related to the absence of phase

separation.

Table 6.1 Fitted parameters derived from the shape of the EMF curves given in Fig. 6.6 (a, b, c). Here, the hydrogen-
hydrogen interaction energy (Eny), the number of available interstitial sites per metal atom (r), the site energy (Eo)
and the calculated critical temperature (T.) are summarized for different film thicknesses (d).

d, [nm] Enn, [k)/moly] r Eo, [kJ/moly] T,, [K] (Eqg. 2.32)
40 22.2 0.67 -15.2 366
25 18.4 0.6 -15.6 324
5 12.5 0.6 -18.8 243
23 [33] 12.4 - - -
32 [32] 7.7 - - 254 - 275
Bulk [16] 25.1 0.62 - 444

All the calculated parameters lie in the expected range if compared with the “bulk” system. According to

Table 6.1, performed model calculation shows, that Eyy for thin films is expected to lie below the Eny

reported for the “bulk” samples [16].
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At the same time, the calculated values are 2 - 2.5 times higher as compared to the value reported by
Edelmann [33] and Song [32], for comparable film thicknesses (see Table 6.1). This difference can be
explained by the fact that in the related works the authors did not consider any stress contribution to the
strain-pressure isotherms used for the calculation of Eyy [14]. In opposite, this work supports the results
of Wagner et al. [14], [103] that the stress contribution modifies the EMF curve significantly (more details
will be given in chapter 6.6). The fit of the EMF curve with different parameters shows that in the absence
of the measured stress term in the fitting equation, the calculated E.y becomes smaller - that might
explain the difference to the literature data of Edelmann or Song et al. [32], [33]. Thus, the obtained result
strongly depends on the particular physical model chosen for the fitting.

Further, the calculations show that by decreasing the film thickness the H-H interaction energy
Eny visibly decreases. In the case of 5 nm film, that demonstrates no stress release (see chapter 6.4) and
the highest stress state (see chapter 5.3.3), the calculated E, drops by a factor of two if compared to the
value known for the “bulk” samples (see Table 6.1). Hence, since the stress contribution in “bulk” samples
is negligible (for details see chapter 2.3.1 and chapter 2.4.1), this result on thin Nb-H films indicates that
the compressive stress reduces Ep.

The drop of Eny yields a destabilization of the hydride phase and subsequent decrease of T, as
visible in the last column of Table 6.1. Here, the critical temperatures (T.) of hydride formation were
calculated according to Wagner’s model and, particularly, by using Eq. 2.32. According to the model
calculations, performed for the 40 nm and the 25 nm film, T, for these samples lies well below “bulk”
value TP¥k = 444 K, but still above RT (Tzr = 294 K). Thus, phase transformation should occur upon the
hydrogen gas loading performed at RT. The related STM and XRD experiments clearly proved the presence
of phase transformation for this film thickness range occurring by hydrogen gas loading at RT. Further, T,
tends to decrease with a decrease of the film thickness from 40 nm to 5 nm. Moreover, T, = 243 K
calculated for the 5 nm film lies significantly below Tzr = 294 K. This is in good accordance with the finding
that the 5 nm (and also the 8 nm) film does not show traces of phase transition at Tzr = 294 K. The exact
value of T, cannot be proven experimentally in frame of this study, since all the measurements were
performed at RT. Nevertheless, the use of the methodological approach describing the measured EMF
shows that for this film thickness range, the phase separation is not expected. Thus, these calculations
directly support STM (chapter 5.1.5) and XRD (chapter 5.2.1) data indicating on the suppression of phase
separation in the considered Nb-H model system for the film thickness below d =8 nm. Furthermore, the
stress measurements results (chapter 5.3.3) confirm the assumption of a dominant role of the mechanical
stress arising in the system on the destabilization of the hydride phase.

Finally, one has to note that by the presence of compressive stress, the slope and the shape of

the chemical potential (EMF curve in Fig. 6.6 (a, b, c)) strongly depends on the particular stress
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development. Hereby, based on the result obtained in this work, one can distinguish three different
shapes of EMF curves (see also chapter 5.3.2). “Early” stress release occurring at low hydrogen
concentrations (cy < ¢4 1im) results in the appearance of a horizontal plateau region in the EMF curve. It
corresponds to the phase transformation occurring within the system (see Fig. 6.6 (a)). “Delayed” stress
release occurs already during the phase transformation at intermediate hydrogen concentrations
(Calim < CH < Cg1im)- The argumentation will be given in chapter 6.6. It results in the appearance of two
different slopes present in the EMF curve in the two-phase region (see Fig. 6.6 (b)). For films, in which
stress release appears at high hydrogen concentrations or even stress release does not happen at all, the
EMF curves possess a permanent slope and no inflection point (see Fig. 6.6 (c)). This behavior is supposed
to be related to the significant stress contribution and already shows the suppression of the phase

transformation.

6.6 Stress contribution and change of solubility limits visible in EMF curves

As discussed at the end of the previous chapter, mechanical stress arising in the system
significantly affects the EMF curve. In this chapter, this topic is discussed in more details. The EMF curve
obtained for a 40 nm film (see Fig. 6.7 (a)) has a clearly visible plateau region (0.1 H/Nb < C4< 0.57 H/Nb)
corresponding to the miscibility gap where the phase transformation occurs. This result is conventional
for the bulk-like systems [67]. Hereby, the beginning of the plateau region correlates with the initiation of
stress release (cy = 0.11 H/Nb) detected in the film (see Table 5.3.1). Therefore, this result allows
concluding that an appearance of bulk-like plateau region in the EMF curve is directly linked with a

relatively early stress release occurring in the system, when the hydrides start to precipitate.
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Fig. 6.7 The difference occurring in the EMF curve due to the stress contribution: a) 40 nm film: a clearly detectable
plateau region is visible at 0.1 H/Nb < Cy;< 0.57 H/Nb), b) 25 nm film: red curve corresponds to the original EMF
including the stress contribution and the blue one — obtained by subtracting of the stress contribution (details see
in the text).
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Opposite to this result, the EMF curve obtained for the 25 nm film in the two-phase region is
curved (see Fig. 6.7 (b)). When applying the model suggested by Wagner et al. for description of the EMF
curve (Eq. (2.27)) and subtraction the stress contribution term (Auy (o) = —1.124-¢ LI [56]) from

moly’

the measured EMF curve, the plateau region (Maxwell-shape) gets visible for a range of 0.1 H/Nb < Cy <
0.49 H/Nb as given by the blue curve in Fig. 6.7 (b). Its start at c; = 0.1 H/Nb corresponds to the beginning
of the two-phase region in the 40 nm film (Fig. 6.7 (a)). At the same time, stress measurements performed
on the 25 nm film shows that first stress release was detected at ¢y = 0.26 H/Nb (see Table 5.3.1).
Therefore, it is concluded that stress release occurring at higher hydrogen concentrations directly affects
the EMF curve and makes it problematic to identify clearly the boundaries and the width of the miscibility
gap. Further, it is suggested that the bending point roughly estimated at cy = 0.2 H/Nb is most probably
related to the stress release occurring in the sample, while the lower boundary of the solubility gap lies
below this value (0.1 H/Nb < ¢ jim < 0.2 H/Nb).

A more accurate determination of this low limit is challenging, but its value is obviously below
what is reported for Nb-film of comparable thickness by Dornheim et al. (cjim = 0.26 nm [35]). The
observed deviation might be attributed to many factors including the differences in the conditions of the
film preparation as well as in the experimental conditions. Nevertheless, the two EMF curves given in Fig.
6.7 (b) clearly show that the contribution of mechanical stress to the shape of the EMF curve should be

always regarded, when the solubility limits and the width of the miscibility gap are of interest.

6.7 Critical film thickness for coherent phase transformation: model validation

(STM, XRD, EMF and stress measurements)

According to the STM results (chapter 5.1), the critical film thickness separating coherent and
semi-coherent phase transformation lies in the thickness range between 25 nm and 40 nm. Amore precise
determination was not possible due to the limited number of the experimental data. At the same time,
XRD results (chapter 5.2) performed for a similar film thickness range showed that the critical film
thickness lies in the thickness range between 37 nm and 43 nm. Thus, the XRD and STM data supports
each other, since experimentally derived two ranges overlap. Hereby, XRD data give a more precise value
because of the bigger number of the experimental data. Thus, based on this combined result of STM and
XRD measurements, the critical film thickness corresponding to preferable coherent phase transformation
is supposed to lie in the thickness range from 37 nm to 40 nm. While for the 43 nm film the measurements
of XRD patterns demonstrated two overlapping, but still distinguishable a-phase and hydride phase
related peaks, the measurements on the 37 nm film showed already “one peak” behaviour (see Table

5.2.1). According to the results of chapter 6.1, this “one peak” behaviour was related to the coherent
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match between the a- and the hydride phase. Thus, according to the experimental data, the critical film
thickness is higher than the theoretical one (d. = 26 nm, predicted by Nérthemann [19]). Our empirical
model explaining different appearance of XRD patterns proposed in chapter 6.1 is supported by the STM
results showing significant changes occurring in the regime of hydride phase precipitation and growth in
the film thickness range from 25 nm to 40 nm (see Fig. 6.1).

Returning to the starting point, namely to the result of finite element modeling [19], related
theoretical prediction was done for the fully coherent phase transformation that is a kind of an extreme
case. To remind the reader, the simulation is based on a simplified physical model, in which only one
hydride precipitate of cylindrical shape is considered (see chapter 2.4.6). Furthermore, the interaction
between the neighboring precipitates and as a result, the superposition of their stress fields that might
affect the critical film thickness is not implemented in the model. Another critical point is the presence of
the imperfect interfaces between the film and the substrate. In Northemann’s simulation, its possible
impact to the coherency conservation was not regarded at all, despite the fact that huge mechanical
stresses arising at this interface may cause dislocation formation and irreversible lattice distortion as it
was shown in this PhD work. These contributions may lead to an underestimation of the film thickness
separating the coherent and the incoherent phase transition d..

Thus, the actual experimental results show that the effect of coherent interfaces in the phase
transformation becomes visible at higher film thickness d. = 37 nm — 40 nm, but the “degree of ideality”
of the coherency state still can be increased by reducing the film thickness. Based on the related
experimental result we define this value as the critical film thickness separating coherent and semi-
coherent phase transformation. Hereby, even in case of dominant coherent phase transformation, stress
release may occur, since new defects still can be generated e.g. at the film / substrate interface [23]. STM
measurements revealed that for the film thickness 15 nm < d < 25 nm hydrides in the initial stage of
precipitating have a circular shape and a relatively small slope of the profile in the transition area between
the a-phase and the B-phase (for details see chapter 5.1.3 and chapter 5.1.4). These topographic changes
are attributed to the coherency state (see chapter 2.4.5) that actually correlate well with Nérthemann’s
theory [19], [73]. Nevertheless, some irreversible change of interfaces and sample volume appears during
the hydride phase precipitation and grow at the late stages of sample hydrogenation, as revealed by STM,
XRD and stress measurements. Thus, in total the validation of the suggested theoretical model shows that
the achievement of pure coherent phase transformation without any stress release is not possible for the
Nb/Al,O3 system at ambient temperature. Stress release was clearly detected even below theoretically
predicted critical film thickness of the 26 nm film (see chapter 6.2). To summarize the data, it is suggested
to specify the “degree of ideality” in dependence on the film thickness. Hereby, three different regimes

i

of “full plasticity”, “partial plasticity” and “elastic behavior” are defined. The details are given in Table 6.2.

139



Chapter 6. Global discussion

Further, it is supposed that the hydrogen-induced dislocations formed mainly in the region nearby
the film / substrate interface (see chapter 6.2). These dislocations appear, because the system needs to
accommodate huge mechanical stresses occurring by the presence of the related interface and due to the
increasing lattice mismatch in the presence of hydrogen.

By further reduction of the film thickness, the stress contribution increases (see chapter 5.3.3).
This results in the suppression of the phase transformation (see chapter 6.5). The "second critical film
thickness" where this change occurs, lies in the range between 8 nm and 15 nm. Here, the phase transition
is suppressed (see chapter 6.5). Finally, by reducing the film thickness down to 5 nm, the regime of pure
elastic and reversible sample change predicted by the linear elastic theory can be realized (see chapter
6.4). Herewith, the regime of linear elastic expansion and ultrahigh mechanical stress can be reproducibly

achieved (chapter 5.3.4).

Table 6.2 “Degree of ideality” and different regimes of stress release experimentally derived for the model Nb-H
thin film system.

Film thickness Degree of ideality o/p phase boundary Film/ substrate interface
d=>43nm full plasticity incoherent dislocations
37n$m<d<40nm l dislocations
15nm<d<37nm partial plasticity coherent dislocations
8ném<d<15nm l dislocations
d<5nm elastic behavior no phase transformation no dislocations
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7 Summary and outlook

For nanoscale systems such as Nb-H thin films, changes of physical properties have been
suggested to appear below certain critical sizes. The presence of these critical sizes and the related
changes of thermodynamical and mechanical properties are the central topics of this thesis, using the
model system of Nb-H thin films. This includes the suggested appearance of coherent phase
transformation, the suggested drop of T to less than Tzr = 294 K, the suggested occurrence of ultrahigh
stresses and the suggested presence of pure linear elasticity for films below critical sizes.

Recently, Northemann et al. ( [19], chapter 2.4.6) suggested the presence of a coherent phase
transformation for Nb-H thin films of thickness d of less than d. <26 nm. The film thickness range regarded
in this thesis varies from above this value to far below this value, to see the differences occurring in the
system more clearly. Since all the effects and, especially, the efficiency of stress release depends on the
film thickness (d), d was considered in this PhD study as a tunable size parameter that was varied from
105 nm to 5 nm. To avoid the influence of grain boundaries on the hydrogen absorption and the phase
transformation and to minimize the number of pre-existing defects in the model Nb-H/Al,Os thin film /
substrate system, epitaxially grown Nb films with flat surfaces were addressed.

In this thesis, the critical film thickness for coherent phase transformation (d.) was derived
experimentally as based on the STM and the XRD methods. Besides, a systematic study on the stress
development and stress release within the Nb-H films upon hydrogen loading depending on the film
thickness was performed. Hereby, a regime of the pure elastic one-dimentional film expansion and high
stress state predicted by the linear elastic theory was realized for film thicknesses below d = 5 nm.
Furthermore, changes occuring in the regime of hydride phase precipitation and growth in the coherent
and the semi-coherent phase transformation were studied. Finally, a large effect of high mechanical stress
on the drop of T. in thin epitaxial Nb-H films was proven.

The topic was investigated by studying different aspects of hydrogen-induced changes occurring
in the sample during the hydrogen loading / unloading experiments for different film thicknesses.
Therefore, the results obtained for similar film thicknesses by using different in-situ techniques including
STM (chapter 5.1), XRD (chapter 5.2), electrical resistance (chapter 5.1 and chapter 5.2) in the vacuum
conditions, and in-situ EMF and substrate curvature measurements (chapter 5.3) under ambient
conditions, were considered and discussed with respect to each other. This kind of combined approach
provides the most complete picture of the physical processes occurring in the system during the hydrogen
absorption and desorption in/from the sample.

The presented in-situ STM measurements have shown that, depending on the film thickness, two

different regimes of hydride phase precipitation and growth can be distinguished. It is qualitatively shown

141



Chapter 7. Summary and outlook

in chapter 6.1 where typical lateral dimensions and the densities of hydride precipitates are compared for
the cases of the 25 nm and the 40 nm films under similar loading conditions. It was suggested that related
differences are attributed mainly to the “degree of the ideality of the coherency state” at the a/B-
interface that increases by reducing the film thickness. Hereby, it is concluded that for the 25 nm film, the
phase transformation is governed mainly by nucleation (preferential nucleation of new precipitates
instead of their lateral expansion). On the other hand, for the 40 nm film the phase transformation is
hydride growth-dominated (preferential growth of precipitates). These results were published in Ref.
[133]. They are in line with results of Kiirschner et al. for Pd-H thin films [143].

In-situ XRD measurements surprisingly revealed also a strong difference occurring in the XRD
patterns measured for the films of different thickness above and below the calculated critical value (d. =
26 nm). Conditionally called “two peak”- behaviour (d > 43 nm) and “one peak” —behaviour (15nm <d <
37 nm) were observed experimentally. With respect to the STM results, a model was proposed, in which
coherent lattice matching between the a-phase and the hydride phase in combination with a high number
density of small precipitates, distributed homogeneously in the o-matrix makes the “one peak” —
behaviour observable (see chapter 6.1). It is shown as well that intermediate peak broadening in some
cases can be considered as a sign of phase transformation that in the presence of coherent phase
boundaries becomes nearly XRD-invisible (see chapter 5.2.1). Thus, it was pointed out that in some cases
an independent technique is required to identify the phase separation.

Further, by use of in-situ stress measurements, hydrogen-induced mechanical stresses were
measured and analysed for deviations from the linear elastic behaviour that results from stress release.
Herewith, the maximum mechanical stress achieved is about -10 GPa (chapter 5.3.4). It should be noted
that this huge value was never measured before on any similar systems. Besides, it was clearly shown that
the inflection point in the stress-composition curve permanently shifts to higher hydrogen concentrations
with decreasing the film thickness. On top of this, a quasi-elastic sample behaviour, in which the stress
curve follows a linear elastic behaviour in the second and subsequent loading cycles (see chapter 6.3),
was found for the film thickness range between 7 nm and 25 nm. This finding was attributed to work
hardening, occurring due to the interaction between the dislocations formed during the first loading cycle.
These results were published in Ref. [75].

A large influence of mechanical stresses on the thermodynamics of the system was directly
addressed in the EMF measurements that possess a sloping plateau region corresponding to the phase
transformation and the shift of solubility limits (chapter 6.5 and chapter 6.6). Hereby it is found that, in
the presence of compressive stress, the slope and the shape of the chemical potential (EMF curve) depend
on the particular stress development. It is assumed that partial stress release also is the reason for the

presence of sloping plateau pressure, as suggested by Wagner et al. [103]. Using the thermodynamic
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description recently suggested by Wagner et al. [14], [103] that bases on the theoretical description of
EMF curves (chapter 2.4.9) it was revealed that by decreasing the film thickness the H-H interaction energy
Eny visibly decreases. This result is supposed to be directly linked with the increasing contribution of
mechanical stress, destabilizing the hydride phase. It is suggested further that in ultrathin Nb-H films the
stress arising in the system can even suppress the formation of the hydride phase at room temperature,
by subsequently dropping of T. down to T < Tgr = 294 K. This was confirmed by STM and XRD results. The
film thickness, at which this change occurs, lies in the range between 8 nm and 15 nm. The calculation
based on the theoretical model describing the EMF curve [14], [103] performed for the 5 nm film supports
the related experimental results.

For all film thicknesses above d > 8 nm, irreversible microstructural changes occur in Nb-H
epitaxial films upon the hydrogen loading / unloading. These changes were related to misfit dislocations
and it was suggested that hydrogen-induced dislocations mainly appear in the region near to the film /
substrate interface.

Finally, it was established that by decreasing the film thickness down to 5 nm, and likely below
that value, stress release can be completely suppressed (chapter 6.4). Here, the requirements of the linear
elastic model are fully satisfied and, hence, the regime of pure elastic and reversible sample change is
achieved even upon cyclic hydrogen loading. It is important to note that in Nb-H thin films loaded at RT
this regime was realized in the case when no phase transformation was found in the system.

In general, the validation of the suggested theoretical model shows that the achievement of pure
coherent phase transformation is a challenging task, since the stress release was clearly detected down
to 5 nm film thickness. However, in this research, the corresponding result is mainly attributed to the
dislocation formation occurring at the film / substrate interface due to the high mechanical stress arising
in the system. The interfaces between the hydride and the a-phase are regarded as being coherent and
coherent thermodynamics should hold. However, the critical film thickness suggested by Northemann et
al. ([19], chapter 2.4.6) is underestimated because of remaining path of stress release. Thus, in this thesis,
it is proposed to regard only “the degree of ideality” and the related regimes of stress release that
according to our results visibly changes with a decrease of the film thickness (some characteristic film
thicknesses are summarized in Table 6.2). The STM and the XRD data obtained for different film
thicknesses clearly support the influence of coherency state at the a / B interface on the results obtained
for different film thicknesses above and below the suggested here critical film thickness range 37 nm < d.
<40 nm. “Locked-in size” behaviour, different modes of hydride phase precipitation and growth, small
steepness of hydride precipitates and typical XRD patterns (“one peak” behaviour) hint on a dominant
coherent phase transformation occurring in Nb-H thin films for the film thickness range between 15 nm

and 37 nm.

143



Chapter 7. Summary and outlook

To summarize, three important film thickness ranges can be experimentally derived for the model

Nb-H/Al,Os thin film/substrate system:

1) d;= 37 nm —40 nm: thickness range that separates the coherent and the incoherent phase
transformation; irreversible microstructural changes occur in the sample.

2) d,=8 nm — 15 nm: thickness range of coherent phase transition, in which T.drops below to
RT (suppression of phase separation), but film/substrate dislocations release stress;
irreversible microstructural changes occur in the sample during the first loading cycle.

3) d; £ 5 nm: No precipitation of hydride phase occurs in the film at room temperature;
reversible microstructural changes occur in the sample during first and subsequent loading

cycles.

Because of the model character, these results give fundamental insights into the physics of
decomposition in thin alloy films when crossing the predicted d. - values. They will be transferable to other
nano-sized systems fixed to stabilizers offering the possibility to tune the stress state and to affect the
stabilities of phases by crossing critical system sizes. The realization of pure elastic or quasi-elastic regimes
for ultrathin films might be interesting from the application point of view for materials interacting with
hydrogen (e.g. for protective layers), since complete reversibility upon cyclic hydrogen loading and film

properties independent of the sample history are needed.
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