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Abstract

Mixed anion compounds have multiple different anions as part of their structure. Due
to the different nature of individual anions the mixed anion compounds may exhibit
other properties than the well known single-anion compounds (examples being oxides
and hydrides). One group of the relatively new field of mixed anion compounds is the
oxyhydrides. The oxyhydrides contain both H� and O2� anions. In this work yttrium
oxyhydride (YHO), regarded as one of the rare-earth oxyhydrides (RE-O-H), was stud-
ied. This compound had already been observed to have interesting photochromic (PC)
properties when illuminated by UV and visible light. A complete understanding on the
origin of the PC effect and its limitations had although not yet been established.

The aim of this thesis was to study thin films of YHO on glass before and after UV-
illumination to understand more of the color changing mechanism. Thin films of YHO
deposited by reactive magnetron sputtering were studied by the methods of Raman spec-
troscopy, X-ray diffraction (XRD) and cyclic optical testing. Some films coated with thin
layers of palladium (Pd) were studied with regards to electrical resistivity as well. The
latter was an attempt on revealing whether hydrogen diffusion takes part in the photo-
darkening. The electrical measurements were performed with a four point probe.

The thin films of YHO were observed to easily burn when exposed to lasers of wavelength
532 and 633 nm. From Raman measurements within the damaged spots on the film it was
clear that the sample had been destroyed by the lasers. Thus, a large part of this work was
related to optimizing the measurement conditions for Raman spectroscopy. The Raman
peaks of the obtained spectra before and after UV exposure were assigned by literature
study on similar compounds and factor group analysis (FGA).

The average grain size of the films was estimated by the Scherrer equation from the
diffractograms obtained by XRD. Average grain size was shown to decrease with in-
creasing deposition pressure. The experimental diffraction patterns were compared to
reference patterns of yttrium hydrides and yttria in addition to theoretical patterns of
different YHO structures. Raman and XRD showed possible hydrogen distortion after
UV-illumination performed in Ar atmosphere and the possibility of multiple crystal struc-
tures present.
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Abbreviations and constants

The collection of abbreviations and their full expressions used throughout the thesis are
listed alphabetically. Scientific constants are listed as well.
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n Refractive index of air

h Planck’s constant

k Boltzmann constant
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Chapter 1

Introduction

1.1 Thesis purpose
The aim of this thesis was to study thin films of the photochromic mixed-anion compound
yttrium oxyhydride (YHO). The goal was to understand more about the underlying rea-
son for the photodarkening when the compound is exposed to ultraviolet light on the
atomic scale. A large part of the work was also intended to learn how to operate different
instruments such as the Raman microscope and the X-ray diffractometer, to subsequently
process and analyze the obtained data, and finally, relate it to the theory. The motivation
for studying YHO was the broad range of its potential applications. It can, e.g., be used
in smart windows, energy storage devices and sensors. [1]–[3]. Thus, this study gives
further insight into a relevant compound for up-to-date applications.

1.2 Background
In materials physics there are some compounds that contain several different anions. An
unifying term is the mixed anion compounds. Compared to single anion compounds,
the study of the mixed anion compounds is relatively new, being only "in its infancy" by
2018 according to Kageyama et al. [4]. The fact that individual anions differ in nature
with regards to properties like e.g. electronegativity, polarizability and charge makes the
structure of a mixed anion compound more complex than single anion structures. In the
same paper from 2018 two interesting properties of the hydrogen anion is explained. It
is shown that H� is both flexible in size and a labile ligand. Hence, it can adapt to many
different atomic and molecular environments and allow for anionic conductivity. The
properties of size flexibility and good adaptability of H� stands for the case when both
H� and O�2 anions are present in a compound. Such compounds are called oxyhydrides
and contain both hydrogen and oxygen anions in addition to metal cations [4].

The rear-earth oxyhydrides can generally be written in short form as RE-O-H or expressed
by REOxH3�2x allowing for different stoichiometries, where x e [0.5, 1.5] [5], [6]. The value
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1.2. BACKGROUND CHAPTER 1. INTRODUCTION

of x affects the properties of the RE-O-H and depends on the working parameters of
sample preparation and further oxidation [7]. When a RE-O-H is prepared as a thin film
the color of the film changes for different values of x [5]. Also, the unit cell volume
depends on the value of x as the two anions have different atomic radii and charge.

One of the very interesting RE oxyhydrides is the yttrium oxyhydride (YHO). It is com-
posed of hydrogen and oxygen anions and the RE element yttrium (Y). Y has atomic
number 39 and the electronic configuration [Kr]4d15s2. When Y is ionized to Y3+ it bonds
independently with H� and O2� and together they constitute the mixed anion compound
YHO. Even though, the Y3+ is "the most favourable" ionic state for YHO, some cations of
the compound may be less ionized, according to ref [3]. Thin films of YHO have been ob-
served to have very interesting properties when exposed to ultraviolet (UV) and visible
light [8]. The origin of one of the most studied properties, photochromism, has not yet
been established [5], [9].

The pioneering work which brought YHO into the research spotlight was published in
1996 by Huiberts et al. [10]. Their study reported a switchable transparency for thin films
of yttrium hydride when tuning the concentration of hydrogen [10], [11]. Starting with
pure yttrium, they observed a shiny metallic appearance for the film. Adding hydrogen
to obtain YH2 they still observed the reflective mirror properties. Adding more hydrogen
to the film at a pressure of 105 Pa obtaining YH3 they observed a clear change towards
transparent properties. These results showed a great potential for smart windows by the
use of YH2  ! YH3 transition. A challenge to this application was the sensitivity of
the yttrium hydride to air. The presence of oxygen in yttrium hydride films became of
great interest after accidental oxidation of the films in air. The oxidation of thin films of
yttrium hydride resulted in thin films of YHO with stable transparent properties. The
first believed cause for the oxygen present in the films was the incorporation of oxygen
inside the sputtering chamber [12], which actually occurred simply due to exposure of
the films to air [13]–[15].

Thin films of YHO have later been observed to possess photochromic (PC) properties
when illuminated with UV and visible light under normal pressure and temperature con-
ditions [16]–[18]. Both green and red light has been observed to induce photodarkening.
Green light of wavelength 532 nm (2.33 eV) affects the film more than red light of wave-
length 623 nm (1.99 eV) [18]. Montero et al. have shown that the degree of transmittance
of the YHO sample decreases with increasing illumination time. They proposed a forma-
tion of metallic domains within the clear state of YHO under illumination as a reason for
the photo darkening [16]. When thin films of YHO were removed from the light source
they restored their initial color and transparency with time [17]. The bleaching time of
YHO has been shown to depend on the amount of oxygen contained in the surrounding
atmosphere. The term bleaching is used for the process when the photodarkened film
restores its initial transparency. It has been proposed that oxygen diffusion or oxygen ex-
change plays a role in the PC phenomenon [8], [16]. Another property of YHO influenced
by UV-radiation is the dimensions of the crystal lattice. YHO with a cubic structure and
lattice parameter a = 5.34 Å has been shown to contract upon UV-radiation in which the
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1.2. BACKGROUND CHAPTER 1. INTRODUCTION

lattice parameter changed to a = 5.20 Å [8]. When removing the illumination source, the
unit cell restores its dimensions (in an expansion process) [8], [17]. This cycle of contrac-
tion and expansion during illumination and bleaching of YHO was proposed to be due
to oxygen diffusion or oxygen exchange which stabilizes when oxygen again is incorpo-
rated. This phenomenon has been referred to as "breathing" by E. M Baba et al. [8]. Most
recently, in the work of Moro et al. [9], an unchanged PC response for encapsulated YHO
thin films was reported. Thus, the proposed role of oxygen transport (between thin film
and surrounding environment) in the PC process in YHO can be debated. Moreover, since
the capping materials were oxygen and hydrogen free, any material transport to or from
the thin film as a reason for the photodarkening should be up for discussion [9].

YHO can be studied when prepared as e.g. thin films. The thin films of YHO can be pre-
pared by the process of reactive magnetron sputtering [13] as discussed in section 2.1. In
this work, four thin films of YHO deposited onto glass substrates were studied by Raman
spectroscopy before and after illumination with UV-light. YHO thin films were also stud-
ied by X-ray diffraction (XRD), cyclic optical testing and four point probe measurements.

10



Chapter 2

Theory

This section includes the theoretical background for the experimental techniques em-
ployed. Among others, Raman spectroscopy was used in order to gain information about
structural properties of YHO before and after illumination by UV-light. Cyclic optical
testing was performed in order to study the PC effect i.e., the PC contrast, due to UV-
illumination. Electrical measurements were made with a four-point probe before and
after illumination. XRD was used to assign the crystallographic phase and to determine
the average grain size of the samples prepared with different deposition pressures.

2.1 Magnetron Sputtering
The thin films of YHO were prepared at the Institute of Energy Technology (IFE) by re-
active magnetron sputtering. This is a two step process which includes an initial sputter
deposition of YHx onto a glass substrate followed by an oxidation in air [13], [19].

Figure 2.1: Simplified model of
angular emission distribution for
sputtered atoms [20].

In the reactive magnetron sputtering process, the
atoms of the target material are sputtered off due to
ionized gas molecules bombarding the target. The
kinetics of the sputtered atoms include energies up
to 10 eV and a cosine angular distribution. This dis-
tribution can be illustrated as a circle (or a sphere
in three dimensions) showing the relative number
of sputtered atoms in any direction. Whether the
sputtered atoms follow the cosine angular distribu-
tion or not can be affected if the incident ion has
lower or higher energy resulting in wider or nar-
rower emission distribution (shown in Fig. 2.1) [20].
For an atom of the target to be sputtered, a physical
momentum exchange has to occur. Stroke by an in-
cident ion the target atom transfers momentum to its surrounding atoms resulting in fur-

11



2.1. MAGNETRON SPUTTERING CHAPTER 2. THEORY

ther collisions. Some of the target atoms close to the surface obtain enough momentum
in the outward direction to get sputtered (shown in Fig. 2.2) [21].

Figure 2.2: Magnetron sputtering il-
lustrated on the atomic scale.

The sputtered atoms from the target material ap-
pear in the plasma between a magnetron cathode
and anode which are directly connected to a power
circuit. This makes it a Direct Current (DC) Sputter-
ing process. The atoms in the plasma get deposited
onto a chosen substrate in the form of a thin film
due to condensation.

In a sputtering process there are many important
parameters that can be adjusted in order to produce
specific thin films. For thicker films the process may
be left for longer and for changes in density and
electrical resistivity the working pressure can be ad-
justed. E.g. as the deposition pressure is increased

the density of the film decreases [20].

A schematic of the DC Magnetron Sputtering is shown in Fig. 2.3. The cathode and
anode setup is directly connected to a current which creates a magnetic field surrounding
the target material. The substrate is mounted on top of the anode, and the target is placed
at the cathode side of the setup.

Figure 2.3: Schematic of the DC Magnetron Sputtering. Illustration inspired by [22].
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2.2. RAMAN SPECTROSCOPY CHAPTER 2. THEORY

2.2 Raman Spectroscopy
The Raman effect occurs due to the inelastic scattering of light in matter [23]. Depending
on the change in polarization of the molecule induced by a laser, the scattered light from
the sample may have a small shift in energy compared to the incident laser. This small
change in energy, measured in wavenumbers w, is what is known as the Raman effect,
first explained and published in 1928 by C.V. Raman [24] and K.S. Krishnan [25]. Raman
spectroscopy includes a source of intense monochromatic light in the UV-visible part of
the electromagnetic spectrum. The laser beam which irradiates the sample propagate
in the direction perpendicular to the scattered light detected. This geometry originates
from a filter positioned at the entrance. The filter acts like a dichroic beam splitter. This
means that its properties depend on the incident laser’s wavelength. The filter reflects
the incoming laser beam in the direction of the sample while the Raman light from the
sample is transmitted [26]. More details about the Raman instrument used in this study
are provided in section 2.2.3. Lasers are used to detect shifts in the frequency of light due
to interaction between incident light with matter. This interaction distorts the electron
clouds which induces polarization of the molecules resulting in Raman activity [26], [27,
p. 30].

2.2.1 Origin and Intensity of Raman
Using the theory of classical electromagnetism one can describe the origin of Raman scat-
tering by deriving the dipole moment µ. Following the same steps as ref [27, pp. 6–7], an
incident light wave with amplitude E0 and frequency n is given by

E = E0 cos 2pnt, (2.1)

where t is time. When a molecule (diatomic) is exposed to the light, it gets an induced
dipole moment µ expressed by the product of the light wave (in the form of the electro-
magnetic wave E) and a polarizability factor a:

µ = aE . (2.2)

The polarizability is a second rank tensor (3x3 matrix) with components aij.

A molecular vibration of frequency ni accounts for a nuclear displacement q given by

q = q0 cos 2pnit, (2.3)

with q0 being the amplitude of the vibration. In the case of vibrations of smaller amplitude
the polarizability can be expressed as a function of the nuclear displacement. Then a can
be approximated from a truncated Taylor (Maclaurin) expansion to first power:

a = a0 +

 
∂a

∂q

!

0

q , (2.4)
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2.2. RAMAN SPECTROSCOPY CHAPTER 2. THEORY

where the first term is the equilibrium polarizability and the second term represents the
rate of change of the polarizability with respect to the nuclear displacement . Meant by
the equilibrium polarization, is the initial polarizability of the molecule. From Eqs. 2.2-2.4
the final expression for the dipole moment is

µ =

2

4a0 +

 
∂a

∂q

!

0

q

3

5 E0 cos 2pnt

= a0E +
1
2

 
∂a

∂q

!

0

q0E0[cos 2p(n + ni)t + cos 2p(n� ni)t] .

(2.5)

In Eq. 2.5 the first term describes the Rayleigh scattering and the second term the Raman
scattering. From this equation one sees that in order for the scattering to be Raman-
active, the molecule has to have a change in polarizability during the vibration. If not
(∂a/∂q)0 = 0 and the Raman scattering disappears from the equation. This criterion
constitutes a selection rule for the Raman scattering [28, p. 24], saying that at least one of
the components of the polarizability tensor has to change during the molecular vibration
for it to be Raman active [27, p. 32].

We have the cases of Stokes Raman scattering (increased w) and anti-Stokes (decreased
w) Raman scattering [29, p. 122], shown by the first and second term of the Raman part of
Eq. 2.5, respectively. The Stokes Raman scattering occur when a molecule in the ground
vibrational state v0 is excited to a virtual state and then relaxes (vibrational relaxation) to
e.g. the first excited vibrational state v1. At ambient conditions, when most of molecules
are in the ground state, this is the most common Raman scattering. The phenomenon
of anti-Stokes Raman scattering occurs when a molecule in an excited vibrational state
relaxes back to the ground vibrational state [30], [31]. If there is no difference between
the incident and outgoing scattered light, the process is elastic and called Rayleigh scat-
tering. The three different cases of Raman scattering mentioned (Stokes, anti-Stokes and
Rayleigh) are illustrated in Fig. 2.4.

The wavenumber and wavenumber shift have units of reciprocal cm from its definition
as the inverse of wavelength shown in Eq. 2.6, where c is the speed of light, n is the
frequency of the electromagnetic wave and l is the wavelength:

w = c/n = 1/l (2.6)

When the incident energy from the light source (laser) and the energy of an electronic
transition of the atom or molecule match, one gets the situation of resonance Raman scat-
tering (RR) [27, p. 98]. This is manifested as a significant increase in the Raman intensity
due to the fact that the electronic transition has a much larger energy than a vibrational
transition. If the energy in such case gets absorbed and re emitted by the molecule, scat-
tering light with less energy than the incoming laser, one has the phenomenon of reso-
nance fluorescence (RF) [27, p. 8]. RF is a form for photo luminescence (PL) and will often
overshadow the much weaker Raman scattering. In some cases, different substrates show

14



2.2. RAMAN SPECTROSCOPY CHAPTER 2. THEORY

Figure 2.4: The Stokes, anti-Stokes, Rayleigh, resonance Raman (RR) and resonance fluo-
rescence (RF) phenomena illustrated.

fluorescence with specific laser wavelengths. There are, however, methods to avoid this
background effect. One possibility is to do measurements with other excitation wave-
lengths (green or blue lasers) or to change the support substrate of the sample [30], [31].
The RR and RF are illustrated together with the former described effects in Fig. 2.4.

Raman intensity of a measurement depends strongly on the chosen laser and its wave-
length. We can derive this relation starting from Eq. 2.5. For simplicity the term for the
Stokes radiation is considered only. The dipole moment of the stokes scattering is then
given by

µStokes =
1
2

 
∂a

∂q

!

0

q0E0 cos[2p(n� ni)t]

=
1
2

 
∂a

∂q

!

0

q0E0 cos[(w�wi)t] ,

(2.7)

using the relation
w = 2pn , (2.8)

where w (omega) is the angular frequency of the incident light. From here, we introduce
the power emitted by an ideal dipole, also known as a Hertzian dipole [28]. The ideal
dipole models the oscillating induced dipole well with its length being much smaller
than the wavelength scale [28, p. 26], [32]. The emitted power from the ideal dipole is
proportional to the absolute value of the double time derivative of µStokes squared [28]
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2.2. RAMAN SPECTROSCOPY CHAPTER 2. THEORY

and is given by

P =

��µ̈
��2

6pe0c3

=
q2

0
24pe0c3

 
∂a

∂q

!

0

(w�wi)
4E2

0 cos2[(w�wi)t] .
(2.9)

Doing a time average of the oscillating cosine factor, using the trigonometric identity

sin(a + b) = sin(a) cos(b) + cos(a) sin(b) , (2.10)

we get the rest of the proportionality factor of a half:

h f (t)i = 1
2p

Z t+2p

t
cos2(wt)dt

=
1

2p

"
2wt + sin(2wt)

4w

#t+2p

t

=
1

2p

"
2w(t + 2p) + sin(2wt + 4pw)

4w
� 2wt + sin(2wt)

4w

#

=
1
2

.

(2.11)

Thus, Eq. 2.9 can be written as

P =
q2

0
48pe0c3

 
∂a

∂q

!

0

(w�wi)
4E2

0 . (2.12)

The intensity of the Stokes Raman scattering IStokes detected in a Raman microscope is
proportional to the power P of the ideal dipole induced [28, p. 26]. Hence, the important
relation between the intensity of Raman scattering and the laser wavelength to the fourth
power can be expressed by

IStokes µ

 
∂a

∂q

!

0

(w�wi)
4E2

0 , (2.13)

where
w =

2p

l
c . (2.14)

This classical derivation provides a good understanding of the relation between the inten-
sity of the Raman lines and the laser wavelength, but does not describe the phenomenon
of e.g. RR scattering [28, p. 27]. Thus, we need the quantum mechanical theory of light
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scattering as the basis for Raman intensity. The following equation for Raman intensity
has been derived thoroughly in sections 1.20-1.21 of ref [27]:

In = KI0
(n0 � n)4

µn(1� e�hn/kT)
[45(ā)2 + 13g2] , (2.15)

where:
K - Summarizing constant (a product of all other constant factors)
I0 - Intensity of the incident light (µ E2)
n0 - Frequency of the incident light
n - Frequency of the scattered light (Stokes frequency)
µ - Reduced mass
h - Planck’s constant
k - Boltzmann constant
T - Temperature
ā - Mean value of the polarizability tensor (resulting from the averaging over random
orientations for liquid/gas samples)
g2 - Anisotropic part of the polarizability averaged over all orientations for liquid/gas
samples.

Raman scattering at room temperature usually involves scattering of molecules initially
in the ground vibrational state. This is not always the case, so the intensity will, according
to the Maxwell-Boltzmann distribution law, depend on the temperature T. As T increases
the exponential term of Eq. 2.15 approaches one. Physically the increase of T (above room
temperature) makes it more probable for the initial state of the molecule to be above the
ground vibrational state. One also sees, as already shown in Eq. 2.13, that the intensity is
directly proportional to the fourth power of the incident light frequency. As the incident
frequency increases, the Raman intensity increases proportionally. Thus, shorter excita-
tion wavelengths are preferred to obtain stronger Raman peaks. However, there are other
dependencies which have to be taken into account when choosing the excitation source.
The phenomenon of PL may appear for some wavelengths, but not others. Accordingly,
one can agree that the theoretical background for Raman spectroscopy gives a good indi-
cation on the parameters of optimal setups, even though it regularly has to be modified
for practical reasons.

In the derivation of Eq. 2.15 [27] the average of the polarizability components is consid-
ered for the case of randomly oriented molecules, which takes place inside the square
brackets of the equation, where

ā =
Tr(a)

3
(2.16)

and

g2 = 0.5[(axx � ayy)
2 + (ayy � azz)

2+

(azz � axx)
2 + 6(a2

xy + a2
yz + a2

zx)] .
(2.17)
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The vibrational transitions appear in the region of wavenumbers ranging from w = 104 to
w = 102 cm�1 and originate from vibrating nuclei in molecules [33, p. 5]. The vibrational
energies disclosed by Raman spectroscopy can provide information about the phase of
the compound, the structure of the molecules and crystal structure of the compound [33],
[34].

In a Raman spectrum the wavenumber or Raman shift in units of reciprocal cm is plotted
against the intensity of detected scattering. The Raman spectrum will only show lines
or peaks for compounds with Raman active modes. Whether a certain compound have
Raman active modes or not, is related to the crystal structure of the compound. This
important relation will be pointed out in the following section.

2.2.2 Factor group analysis
There is a direct relation between the crystal structure of a compound and its vibrational
modes possible to detect with Raman microscopy. The space group of a compound de-
scribes its spacial symmetry and includes symmetry operations like translations, screw
axes and glide and mirror planes. There are in total 230 different space groups which
can be expressed using (at least) two different notations; The Hermann-Maugin and the
Schønflies notation [27]. The Hermann-Maugin notation is used consistently for the space
groups introduced, while the Schønflies notation is more common when referring to point
groups and site symmetries (as expressed in Table 4.1).

Table 2.1: Meaning of the Mulliken symbols

Symbol Describing properties
A Singly degenerate, symmetric with respect to principal axis
B Singly degenerate, anti-symmetric with respect to principal axis
E Doubly degenerate

F (T) Triply degenerate
1 Symmetric with respect to additional rotations
2 Anti-symmetric with respect to additional rotations
g Symmetric with respect to inversion through center
u Anti-symmetric with respect to inversion through center
’ Symmetric with respect to horizontal plane of symmetry
” Anti-symmetric with respect to horizontal plane of symmetry

Character tables of specific point groups can be used for obtaining necessary information
about what impact different symmetry operations have on a compound. The irreducible
representations in the first column of a character table, expressed by Mulliken symbols (A,
B, E, F, 1, 2, g, u, ’ and ”), are central for finding Raman active modes. For the Mulliken
symbols the capital letters denote degeneracy and symmetry with respect to the principle
axis of rotation and the other symbols, appearing as subscripts or superscripts, express
the symmetry with respect to mirror planes, inversion centers and additional rotation
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axis. An overview of the Mulliken symbols and their meaning is given in Table 2.1. The
character tables also contain columns of polarization functions that show which of the
modes are having linear or quadratic functions. The linear functions tell about translation
in 3 dimensions, while quadratic functions for instance tell if modes are Raman active.

Figure 2.5: The procedure used to find Raman active modes of a compound by factor
group analysis.

The process starting with atomic positions of a compound and a certain space group
resulting in the determination of Raman active modes is called a factor group analysis
(FGA) [35]. Such an analysis has been performed on relevant compounds for interpreting
the Raman spectra of the samples of YHO. This includes FGA of YH2, YH3, Y2O3, Y,
Y2H3O and YHO. The structure of these six compounds is shown in Fig. 4.4. The main
steps of the FGA are summarized in Fig. 2.5. In the paper of Carsteanu et al. from 2004,
the Raman spectrum of YH2 was measured [36]. Doing a FGA for this compound one
sees the relation between Raman active modes and crystal structure (section 4.1.1).
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2.2.3 Instrumentation

Figure 2.6: Schematic of the Renishaw inVia Raman instrument adapted from the Ren-
ishaw user manual.

A schematic setup of the Raman instrument is shown in Fig. 2.6. At the bottom of the
schematic the incoming laser gets steered (by the RH and LH mirror steer and through
a beam expander) in the direction of the Rayleigh filters. Except from the very small
portion of Raman scattered light all light gets absorbed in the filters including the laser.
A diffraction grating (top right of schematic) divides the Raman scattered light into the
wavelengths of which it is composed. Finally, a CCD (Charge-coupled device) lens de-
tects the Raman spectrum. The wavelength of the laser affect how much gets detected as
an effect of the dispersion relation of Eq. 2.6. A good illustration on why shorter laser
wavelength implies more spectrum detected from ref [26] is shown in Fig. 2.7.

Figure 2.7: Illustration showing how the laser’s wavelength affects CCD coverage due to
the dispersion [26].
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Table 2.2: Relevant objective and laser beam properties for the Raman measurements.
WD is short for working distance. NA and laser spot sizes have been calculated by Eqs.
2.18 - 2.19 with M2 = 1 and refractive index n = 1.0003.

The laser spot size varies depending on the properties of objective and laser source and is
calculated using the formula

Laser spot size =
M2 ⇥ 1.22⇥ l

NA⇥ 1000
. (2.18)

Here M2 is the propagation ratio of the laser beam giving information about how close
the laser beam is to have a perfect Gaussian distribution. For the laser spot calculations
M2 has been set to equal 1. Thus, it had no influence on the laser spot size. l is the laser
beam‘s wavelength in units of nm and NA is called the numerical aperture of the lens.
NA determines how bright and resolved the image is for a specific objective and depends
on the refractive index of the relevant medium (n ⇠ 1 for air) and the lens aperture angle
a by the following equation,

NA = n⇥ sin a . (2.19)

High NA results in short working distance (WD), small spot size and high laser power
density at the sample. How this affects the measurement depends on the sample. For
homogeneous transparent materials it can be advantageous to work with low NA objec-
tives for better signal to noise ratio. Low NA corresponds to increased volume covered
by the measurement. While opaque samples can be measured very well with high NA
objectives since the laser will not be able to penetrate as deep into the material [26]. Some
laser spot sizes are given in table 2.2.

2.3 Cyclic Optical Testing
The photochromic contrast of the YHO thin films can be determined as the difference in
% transmittance between the initial and final state of a time interval t by the equation,

DT(w, t) = Ti(w, 0)� Tf (w, t) , (2.20)

where w is the wavenumber, T is the % transmittance and t is the time in minutes for the
initial (i) and final ( f ) transmittance values. The value of DT is usually averaged over a
wavenumber interval.
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2.4 Four Point Probe
To examine possible hydrogenation of a metal the setup of a four-point probe can be used
in order to measure the change in sheet resistance of the surface of a sample. The sheet
resistance is proportional to the sheet resistivity by a factor of p/ ln 2. An increase in
sheet resistivity, of e.g. a Pd coating on top of another material, can in principle indicate
hydrogenation of Pd. This is an indication that H might leaves the material underneath
the Pd coating during a specific process (like annealing or photodarkening, for instance).

The sample measured in a four-point probe is assumed to have an infinite area with small
sample thickness in comparison to s, the distance between the probe tips. Then, in the
colinear setup of the four probes in which current flows between the two outer probes,
the current will spread as concentric rings from the contact point between the probe tip
and sample surface (Fig. 2.8). The measurement needs to be taken as close to the surface
center as possible to hold on to the assumption of an infinite sample. There are factors for
correction to be included in the case of this type of error.

Figure 2.8: Schematic of the four-point probe configuration. All point probes are equally
separated. The circular geometry of Eq. 2.21 is shown in the left hand side of the sample
surface.

When current, I, crosses a ring with radius r, an infinitesimal drop in voltage can be given
by

dV = rI
dr

2prd
, (2.21)

where d is the layer thickness, different from dr, the infinitesimal radial distance. By
integrating both sides of Eq. 2.21 between points A and B on the surface, the change in
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voltage between the two points is given by

DV =
Z B

A
rI

dr
2prd

=
rI

2pd

Z B

A

dr
r

= rs
I

2p
ln rB/rA ,

(2.22)

where the sheet resistivity is represented by rs = r/d.

The change in voltage, called the voltage drop, from tip number 2 to 3 is influenced by
the current of both outer probe tips, I1 and I4. Due to superposition the total voltage drop
from tip number 2 to 3 becomes

DV23 = DVI1 + DVI4 , (2.23)

by which the limits of integration are the concentric ring radii rA and rB with lengths s
and 2s for I1 and radii rA and rB with lengths 2s and s for I4, respectively. Using Eq. 2.22
we get

DV23 =
rs
2p

"
I1 ln

✓
rB1
rA1

◆
+ I4 ln

✓
rB4
rA4

◆#

=
rs
2p

"
I1 ln(2) + I4 ln

✓
1
2

◆#

=
rs
2p

[I1 ln(2)� I4 ln(2)]

= rs
ln 2
2p

(I1 � I4) ,

(2.24)

where I1 = I = �I4. Inserting these values for the currents at probe tip 1 and 4 the total
voltage drop DV23 can be expressed by

DV23 = rs
ln 2
p

I , (2.25)

which implies the proportionality equation between the sheet resistance and sheet resis-
tivity given by

rs = k
V
I

. (2.26)

From this, the proportionality constant k has the value of p/ ln 2 ⇡ 4.53 [37, p. 10]. This
shows that by measuring the sheet resistance using a four-point probe, one can easily
convert it to the often desired value of resistivity.

The point probes of the instrument, linearly aligned (Fig. 2.8), are equally spaced with
a distance of s = 1.59 mm. The probe tips consist of a tungsten metal with finite radii
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and each of the tips is supported by a spring at the other end for minimizing potential
damages of the sample during probing. The four probe tips are mounted to an auto-
mechanical stage which moves vertically during measurement as a reaction to crests and
hills appearing at the sample surface.

To supply the outer probes (probe number 1 and 4 in Fig. 2.8) a source of current with
high impedance is used. High impedance corresponds to circuits of low current and
high voltage [38]. In order to determine the sample resistivity a voltmeter measures the
voltage drop between the two inner probes (probe number 2 and 3). Taking the ratio of
the voltage drop and the current supplied, the sheet resistance is found. As formerly
described, this result has to be multiplied by a factor of correction depending on the
geometry of the probe and the ratio of the probe spacing s and the film thickness d. In this
case the assumption of a semi-infinite thin sheet can be made and the geometric factor
takes the value of k = p/ ln 2.

2.5 X-Ray Diffraction
The physics of x-ray interaction with matter as well as structural properties of crystals
are important factors for understanding the phenomenon of XRD. As for interaction of
visible light with matter the properties of absorption, reflection and refraction can occur
in the case of x-rays. When a high energy photon from an x-ray beam is incident on a
compound the typical cases observed include Compton scattering, Thomson scattering,
Auger emission and Fluorescence. These phenomena include elastic and inelastic scatter-
ing and absorption in which electrons or photons are emitted. For XRD we have the case
of Thomson scattering, meaning elastic and coherent scattering from the target [39].

2.5.1 Diffraction geometry
Crystals appear as periodically arrangements of atoms or molecules. The distances within
a crystal structure are of the order of a few Angstroms 1. This length coincides with the
wavelength of x-rays [40, p. 2]. The fact that these two lengths coincide is crucial for the
phenomenon of XRD. This is better understood from deriving Bragg’s law. Based on the
simplified illustration of two incident x-ray beams on a 2D crystal structure, shown in Fig.
2.9, one can perform the derivation, and better understand the geometry of diffraction.
The parallel beams 1 and 2 incident on atoms 1’ and 2’, respectively, are incoming at angle
q. From the illustration one sees that beam 2 has to travel a longer distance than beam 1
by an integer number of wavelengths nl expressed by

AB + BC = nl . (2.27)

Using the geometry of Fig. 2.9, where AB = BC = d sin q, Eq. 2.27 becomes

2d sin q = nl , (2.28)
11 Å = 10�10 m
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known as Bragg’s law, where d is the distance between the crystal planes, n is an integer, l
is the wavelength of the incident light and q is the angle between the incident light and the
crystal plane. Hence, using the method of XRD one can, e.g., determine the inter-planar
spacing within a crystal structure.

Rearranging Bragg’s law one sees that in order for diffraction to occur, meaning con-
structive interference of scattered beams in phase, the order of magnitude of the incident
wavelength and the inter-planar distances has to be the same because sine of some angle
q is always smaller than one:

nl

2d
= sin q < 1 . (2.29)

In summary, when crystals are being irradiated by high energy photons, like in the case
of x-rays having the same order of magnitude of its wavelength as of the inter-atomic
spacing, diffraction may occur and a diffraction pattern is to be observed.

Figure 2.9: Geometry of two parallel x-ray beams, 1 and 2, incident on two crystal planes
separated by a distance, d.

2.5.2 The diffraction pattern
The peaks observed in a diffraction pattern give information about the angle of which
diffracted light scatter off and at what intensity. By comparing experimentally obtained
patterns with theoretical patterns from international databases, one can get an indication
on which reflection planes the experimental peaks represent. The calculations behind a
theoretical diffraction pattern includes determination of scattering angle, structure factor,
polarization factor and requires data on excitation source, lattice type/parameters, atomic
positions of the unit cell and experimental geometry. The relation between Bragg’s law
(Eq. 2.28) and the interplanar distance d is important. Rewriting Eq. 2.28 and introducing
the equation for the interplanar distances in a cubic lattice

d =
ap

h2 + k2 + l2
, (2.30)
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we arrive at the formula for calculating the diffraction angle:

sin2 q =
l2(h2 + k2 + l2)

4a2 . (2.31)

There is a direct relation between the particular directions of diffracted x-ray beams and
the positions of atoms in the unit cell. An example on the procedure of finding a theo-
retical diffraction pattern for a given compound is now presented. Further, theoretical
powder diffraction files (PDFs) from international databases can be used to make such
analyses less time consuming.

Example

The compound of interest is YHO with space group F4̄3m (No. 216). The space group
tells that the unit cell is a face centered cubic (fcc). For this lattice structure the miller
indices (hkl) are required unmixed, i.e. all even or all odd for each set of hkl, in order for
the reflection to be allowed [41, p. 79].

Table 2.3: Position of the atoms in the unit cell of fcc YHO F4̄3m [42].

The first six allowed reflection planes are represented in column 2 of Table 2.4. The index
of zero is regarded even because e2npi = e0 = 1. Column 3 represents the sum of squares
of the miller indices which is used for determining the scattering angles of column 7 by
Eq. 2.31. Columns 4-6 are directly related to the scattering angle 2q. The atomic scattering
factors (also called form factors) for Y, O and H atoms (in columns 9, 10, 11) are found
from Table 6.1.1.1 in ref [43]. The atomic scattering factor depends on the scattering angle
and excitation wavelength via the relation in column 8. The structure factor F (squared in
column 12) for each of the six reflection planes is found from the equation

F =
N

Â
j

f je2pi(huj+kvj+lwj) . (2.32)

Here N is the number of lattice points in the unit cell, f is the atomic scattering factor and
u, v and w are the atomic positions. In this case N = 4 and the atomic positions of Table
2.3 are used. So, the structure factor is a sum of the scattered waves from the atoms of the
unit cell. The values of p in column 13 are the multiplicity factors. This factor depends
on the Bravais lattice (in this case fcc) and on the miller indices of the reflection plane
and is found in Table 2.2 of ref [41, p. 28]. Column 14 is the Lorentz polarization factor
depending solely on the scattering angle. Lorentz polarization factor is the combination
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of the polarization factor and the Lorentz factor given by 1/(4 sin2 q cos q) and 1/[2(1 +
cos2 2q)], respectively. It depends on the geometry of the experiment, the intensity of
diffraction peaks with small deviations in 2q, and on the number of crystals oriented
around 2q.

Table 2.4: Spreadsheet for calculating the theoretical diffraction pattern of YHO (SPGN
216). The table includes explanations and notes (in blue) to the different columns.

The squared structure factor of column 12, the multiplicity factor of column 13 and the
Lorentz polarization factor of column 14 are all contributing to the integrated intensity of
the diffraction peaks. In column 15 the intensity is determined as a product of the three
former columns. Column 16 contains the same data as column 15 divided by a factor of
105. The relative intensity in column 16 represents all the intensities relative to the first
reflection plane (111). The theoretical diffraction pattern of YHO (F4̄3m, No. 216) with
lattice parameter of 5.34 Å and X-ray excitation wavelength of 1.5046 Å is depicted in Fig.
2.10.
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Figure 2.10: Diffraction peaks of YHO (216) obtained by theory. The intensity scale shows
the relative intensities in the data set (Table 2.4)

2.5.3 Scherrer Equation
The diffraction peaks from different samples may vary in width. This can give informa-
tion about the crystallite properties of the sample, provided that the contribution from
instrumental broadening is accounted for. Broad peaks disclose small grain size, and
sharp, thin peaks can reveal large grain size [44]. As a rule of thumb, broader peaks dis-
close smaller particle size with the extreme case of diffraction peaks turning into a broad
"background" when the sample is amorphous. Using basic physics of constructive in-
terference one can derive the Scherrer equation and determine the grain size. Following
the same idea and main steps as of ref [44] the Scherrer equation can be derived in the
following way.

Multiple reflection planes of a sample are separated from each other by a distance d. The
difference in path length of different beams incident on different atoms was explained
to be an integer number of wavelengths in Eq. 2.28 and will in this case be referred to
as d. The total amount of diffracted beams reaching the detector is the sum over all the
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individual beams from different reflection planes:

b =
n

Â
i=1

bi

=
n

Â
i=1

Aeik[x+(i�1)d]

= Aeikx 1� einkd

1� eikd

= Aeikx einkd/2

eikd/2

 
e�inkd/2 � einkd/2

e�ikd/2 � eikd/2

!

= Aeikx einkd/2

eikd/2
sin (nkd/2)
sin (kd/2)

,

(2.33)

where n is the total number of beams reaching the detector. Further, the relation n = t/d
between separation distance d and thickness of sample t is used:

= Aeikx einkd/2

eikd/2
sin (tk sin q)
sin (kd sin q)

= Aeikx einkd/2

eikd/2
sin (tk sin q)

sin

 
tk sin q

n

! . (2.34)

The number of detected beams n is usually large enough (n > 10 [44]) for making the
approximation of

sin

 
tk sin q

n

!
⇡ tk sin q

n
. (2.35)

Utilizing Eq. 2.35, we continue the algebraic part of the derivation from Eq. 2.34:

= nAeikx einkd/2

eikd/2 sinc tk sin q . (2.36)

The superposition of the beams detected has an intensity proportional to the absolute
square of the superposition b expressed as

I µ |b|2 = I0sinc2(tk sin q) . (2.37)

The width of the diffraction peak is related to the grain size calculation by the value of
the peak’s full width at half maximum (FWHM) which can be defined to be the width of
the peak when I = I0/2 is satisfied [44]. Combining this definition with Eq. 2.37 we get

sinc (tk sin q) =
1p
2

. (2.38)
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If we let the angles q ± Dq satisfy Eq. 2.38, we can write

tk sin (q + Dq) = sinc�1

 
1p
2

!

and

tk sin (q � Dq) = �sinc�1

 
1p
2

!
,

(2.39)

and take the difference which gives

tk cos q sin Dq = 2sinc�1

 
1p
2

!
. (2.40)

Small Dq allows the approximation of sin Dq = Dq which can be defined as FWHM di-
vided by two (Dq = B/2) [44]. The case of sinc2x ⇡ p/2 can be made from the condition
sinc2x ⇡ 1/2 when x is positioned at the center of the peak’s maximum (x=p/2). This
gives sinc�1(1/

p
2) ⇡ p/2. Thus, Eq. 2.40 can be expressed in an approximate form as

tk cos q
B
2
⇡ 2sinc�1

 
1p
2

!

tk cos q
B
2
⇡ p

(2.41)

t =
l

B cos q
, (2.42)

where k = 2p/l. Eq. 2.42 is the derived equation for the original Scherrer formula. It
is common to multiply the right hand side by a constant factor K similar to unity (e.g.
K=0.94 [45] or K=0.90 [46][47]). The general Scherrer formula can thus be written as

t =
Kl

B cos q
, (2.43)

where K is a constant close to one, l is the wavelength of the x-ray source, B is the FWHM
of the diffraction peak and q is one half of the Bragg angle in radians.
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Chapter 3

Methods

In this chapter there will be explanations with regards to the different experimental setups
and procedures used for studying the YHO samples. The first section includes the method
of Reactive Magnetron Sputtering for preparing the samples. This preparation was not a
part of the project, but gives at least an insight.

3.1 Reactive Magnetron Sputtering

Figure 3.1: The collection of four
YHO thin films prepared by re-
active magnetron sputtering. The
right most sample had a photodark-
ened spot at the moment. The
deposition pressure used for each
sample increases from left to right.

For the case of preparing the thin films of YHO,
metallic yttrium (Y) was used as the target material.
Ionized argon (Ar) bombarded the metallic yttrium
in an atmosphere containing hydrogen (H2). Both
Y and H reacted in the plasma and got sputtered
onto a glass substrate (soda lime glass) in the form
of a thin film as a result. After the deposition the
film was exposed to air in which oxygen (O) got in-
corporated into the thin film of YHx resulting in a
thin film of YHO. The technical setup for the prepa-
ration followed the same details as described in ref
[13] by Montero et al. and the working parameters
are listed in Table 3.1. The metallic yttrium used as
target had a purity of 99.99 % and the argon to hy-
drogen gas ratio (purity 5N) in the sputter chamber
was 0.125. The substrate used as support for the
films was a soda lime glass, and the thickness of the
prepared films ranged from ⇠ 500 to 1300 nm on
top of the 1 mm thick glass substrate 2.

21 mm = 106 nm
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Table 3.1: Working parameters for the preparation of YHO thin films by reactive mag-
netron sputtering in a Leybold Optics sputter unit [13].

Parameter Value Note

Power density 1.33 W/cm2

Base pressure ⇠10�4 Pa
Flux ratio 1.25 : 10 H(5N) : Ar(5N)

Deposition thickness 500-1300 nm
Substrate dim. 75 x 26 x 1 mm3 Soda-lime glass

A collection of four thin films were deposited at dif-
ferent deposition pressures (Pd), all below 1 Pa, shown in Fig. 3.1. The thin film properties
are summarized in Table 3.2. They differed in thickness from 580 to 1300 ± 10 nm. Three
out of four samples appeared transparent yellow (in different shades of yellow) while one
of the samples appeared black and non-transparent.

Table 3.2: Properties of the thin films of YHO used for Raman spectroscopy, X-ray diffrac-
tion and cyclic optical testing.

Sample Pd (Pa) H2/Ar-ratio Thickness (nm) Color

138 0.63 0.125 750±10 Yellow
141 0.72 0.125 580±10 Yellow
148 0.82 0.125 1300±10 Yellow
155 0.53 0.125 780±10 Black

3.2 Setup and Procedure
In between preparation and the different measurements the collection of YHO thin films
was stored in a MBraun glove box to protect them from air. The glove box at UiS was
filled with Ar. It had an average amount of H2O less than 0.5 ppm and contained less
than 8 ppm of O2 [48]. The glove box at IFE was filled with nitrogen (N) and an average
containment of H2O and O2 less than 0.1 ppm and 0.1 ppm, respectively.

3.2.1 Raman Spectroscopy
For the Raman measurements a Renishaw inVia Raman microscope equipped with two
laser sources and a Leica DM2700 M microscope with four different objectives (x5, x20,
x50, x100) was used. The two laser sources available were the 633 nm He-Ne laser and
the 532 nm diode laser. Working parameters of the Raman microscope, like acquisition
time, laser power and magnification lens, varied in order to obtain best possible spec-
tra for the different measurements. All measurements were made with the door shut
and with the lamp in the instrument switched off. The lamp was switched on for short
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periods only (when searching for focus of the sample and when taking pictures in the
microscopic view) in case it would induce a photodarkening of the sample and affect the
measurements.

We optimised the measurement conditions by comparing spectra obtained with differ-
ent working parameters. This included a variety of different laser powers, two different
laser wavelengths, changes in acquisition times and switching between different objective
lenses.

Measurements of the glass support before and after illumination with UV was done in
order to see how it was affected by illumination. In that case it could have had an impact
on the Raman spectra of YHO before and after UV.

Literature study on earlier measurements of similar compounds was done in the process
of interpreting the obtained Raman spectra of YHO. In order to assign the peaks we had to
compare with other spectra of other compounds because of very few previously reported
measurements on YHO, in fact only one [16]. Raman spectra of YH2, YH3 and Y2O3 and
their assignments were considered.

FGA for different phases of YHO, yttrium hydrides and yttrium oxides was also made
in order to understand the vibrational symmetries of the compounds and to determine
which of the vibrational modes were Raman active and expected in spectra.

3.2.2 Cyclic Optical Testing

Figure 3.2: Simplified overview of the cyclic optical measurement setup.

For each of the samples of YHO (Table 3.2) an infrared (IR) transmittance spectrum was
measured as a reference. The four spectra were measured by the usage of a Bruker IFS
125HR Fourier transform spectrometer. The spectrometer was equipped with a light
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source of quartz (SiO2), an InSb detector and a CaF2 beam splitter in order to filter out
radiation that could induce photodarkening of the films.

Then, a cyclic optical testing was performed with the same instrument. We did cycles of
30 minutes UV-illumination followed by 30 minutes bleaching for a total of 2 cycles for
each sample (2 hours total). In the first part of the cycle a collimated UV laser diode was
used (section 3.2.3). For the next part of the cycle, where the films bleached, a nontrans-
parent black sheet was placed in the trajectory of the UV-light source which stopped the
UV-light from reaching the film. During the 2 hours of cyclic testing of each film the %
transmittance got measured approximately every 0.8 second and averaged between 700
and 900 cm�1. The averaged range was determined from the response in the reference IR
transmittance spectra. The measurement setup for the cyclic experiment is illustrated in
Fig. 3.2.

3.2.3 UV-Illumination
For illumination of the YHO samples different light sources were used. In the case of
Raman spectroscopy before and after UV-illumination a collimated UV laser diode (Thor-
labs GmbH) with wavelength of 402.9 nm and an output power of 4.6 mW was used.
With this source the four samples of Table 3.2 were illuminated for at least 30 minutes
and at most 1 hour in air. The setup is illustrated in Fig. 3.3, where it is shown that the
UV-light was perpendicularly incident to the film surface.

The same UV laser diode was used for irradiating the YHO samples inside the glove-box
in an Ar atmosphere for 2-3 hours before Raman measurements. The UV-light was, also
in this setup, incident to the sample surface at a right angle.

For the cyclic optical testing a collimated UV laser diode (Thorlabs CPS405) with wave-
length of 405 nm and an output power of (4.5 ± 0.5) mW was used.

In the case of the electrical measurements of Pd coated samples before and after UV-
illumination a Wavelabs SINUS-220 solar simulator was used. The samples were light
soaked by LED-lamps simulating the radiation of 1 sun. Both AM 1.5 G light soaking and
UV-channels light soaking programs were used to photodarken the Pd coated YHO films.
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Figure 3.3: Setup for the UV illumination of YHO thin films in air and in glove box of
before Raman measurements.

3.2.4 Four Point Probe

Figure 3.4: Picture of six Pd coated
thin films of YHO used for electrical
measurements with the four-point
probe.

The Keithley 197 Autoranging Microvolt DMM in
a direct current (DC) mode measuring sheet resis-
tance in units of W was used. The samples for in-
vestigation had different thicknesses in Pd coating
ranging from 5 to 50 nm (Table 3.3). Prior to the
Pd coating the YHO samples had been deposited
by reactive magnetron sputtering on glass at a de-
position pressure of 1 Pa with Ar and H2 flow of 160
and 20 sccm, respectively. The YHO thin films had
all a thickness of ⇠ 2400 nm measured by a stylus
based profilometer (Alpha-step 200).

Six samples of Pd coated YHO thin films, depicted
in Fig. 3.4, were measured with the four-point
probe before and after UV-illumination in a solar
simulator (section 3.2.3). The samples were placed
under the four point probe with the Pd side up.
They were measured as close to the surface centre
as possible for a set of 10 measurements, removing
and replacing the sample each time. When illumi-
nating the samples after the initial four-point probe measurement they were placed with
the glass side up (Pd pointing downwards) inside the solar simulator. Immediately after
illumination the samples were placed with the Pd pointed upwards for the probing. Each
measurement was made 10 times for a final arithmetic average to reduce the random un-
certainties. The mean standard deviation was calculated for random uncertainty within
the 10 data points of measured sheet resistance.

The electrical measurements were made once more for the same samples after 3 weeks
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stored in a glove-box (N atmosphere). This time the samples were light soaked in the
same solar simulator for continuously 1 hour with UV-channels. The two days of electri-
cal measurements of Pd/YHO/glass combined with UV-illumination are denoted A and
B and were performed 1 month apart. All the measured data can be found in Appendix
D.

Table 3.3: An overview of the six Pd/YHO/glass samples measured with the four-point
probe before and after UV-illumination and the chosen properties of illumination in the
solar simulator for each sample.

Sample Pd (nm) Illumination A Illumination B

TY121B 50 1 h AM 1.5 G + 10 min UV channels 1 h UV channels
TY121C 50 1 h AM 1.5 G + 15 min UV channels 1 h UV channels
TY120A 20 1 h AM 1.5 G 1 h UV channels
TY120C 10 1 h AM 1.5 G + 20 min UV channels 1 h UV channels
TY121A 10 1 h AM 1.5 G + 30 min UV channels 1 h UV channels
TY122B 5 1 h AM 1.5 G 1 h UV channels

3.2.5 XRD
For the XRD measurements of YHO a D2 PHASER X-ray diffractometer from Bruker with
Cu K-alpha radiation source (0.15406 nm) was used. The instrument was equipped with
a LynxEye XE-T detector which filters out most of the Cu K-beta radiation. The zero point
offset of the angular scale less than 0.01°, made the uncertainty in step size between data
points negligible. Both the sample stage and detector were rotating (q � 2q configura-
tion) during the measurement as shown in the simple illustration of Fig. 3.5, sometimes

Figure 3.5: Geometry of the XRD
setup.

referred to as a Bragg-Brentano geometry.

The films of YHO were placed in four different
holders and attached using gum on the glass side.
Then the holders were placed at four of the six posi-
tions of the sample stage. During the measurement
the Bragg angle 2q went from 1 to 100 degrees in
one hour for each of the four samples.

For the analysis of the obtained XRD spectra Ori-
gin software (Pro 2019 version) was used for Gaus-
sian peak fitting and FWHM determination needed
for grain size calculations. The average grain size
for each of the samples was estimated by the Scher-
rer equation (Eq. 2.42) with the Scherrer constant
K of 0.9. This constant value has commonly been
used in relevant litterature [46], [47]. When using
the Scherrer equation, the particles were assumed
to have spherical shape.
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In order to assign the reflection planes present the measured patterns were compared to
powder diffraction files (PDFs) of similar compounds (Y2O3, YH2 and YH2±d) from the
International Centre for Diffraction Data (ICDD). The reason for only comparing the ob-
tained diffractograms of YHO with similar compounds was the overall lack of references
on YHO in ICDD.
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Chapter 4

Results and Discussion

In this chapter the results from the different experimental methods are presented. First
the results from the Raman study and the associated experiments will be introduced.
This accounts for the main part of the thesis. Then the resulting spectra of the cyclic
optical testing will be presented. This shows the photochromic response of the YHO
samples. Then, the results from electrical measurements of Pd coated samples are given,
and finally, the XRD patterns obtained for YHO are shown with comparison to different
references.

In case of the sputtering, the non-transparent sample was deposited at 0.53 Pa. Thus, it
seems like the critical limit for the deposition pressure of transparent films is below 0.63
Pa. The colors of the thin films are related to the band gap energy of the sample [7]. This
energy relates to the oxygen content of the sample which is dependent on the Pd of the
sputtering process. Higher pressure results in higher oxygen content in the thin film after
oxidation. The oxygen content has been shown to be negatively linked to the hydrogen
content in the film [7], [14], [49], [50]. Thus, the band gap increases with increasing Pd
along with the O/Y ratio [51].

4.1 Raman Measurements
The results of the Raman measurements include FGA of two different YHO stoichiome-
tries and different yttrium hydrides and yttrium oxides as well as peak assignments after
literature study of similar compounds. A large part of the experimental work with the Ra-
man microscope involved optimization of the measurement conditions. Thus, results of
different working parameters and the best fitted parameters found are included here. The
spectra obtained for the photodarkened state compared with the clear state are presented,
in addition to the glass substrates’ effect on the measurements.
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4.1.1 FGA and Literature Study

Table 4.1: Data for input to the FGA retrieved from ref [52]. WP is short for Wyckoff posi-
tion and the right most column (Sym.) shows the site symmetries of the atomic positions.

Compound Space group Point group WP Sym.

YH2 Fm3̄m (225) O5
h 8c, 4a Oh, Td

YH3 P63/mmc (194) D4
6h 4f, 2c, 2a C3v, D3h, D3d

Y2O3 Im3̄ (206) T4
h 48e, 24d, 8a C1, C2, S6

Y P63/mmc (194) D4
6h 2c D3h

Y2H3O Pn3̄m (224) O4
h 6d, 4b, 2a D2d, D3d, Td

YHO F4̄3m (216) T2
d 4c, 4b, 4a Td

YH2 has space group number (SPGN) 225 expressed in Hermann-Maugin notation as
Fm3̄m [36]. This corresponds to the point group O5

h in Schønflies notation. The space
group tells us that YH2 has a face-centered cubic Bravais lattice (F), two mirror planes (m)
and a six fold rotation-reflection axis (3̄ = S6). In YH2 the yttrium atom is positioned at the
origin while the hydrogen atoms are positioned at coordinates (1/4, 1/4, 1/4) and (3/4,
3/4, 3/4) with site symmetries Oh (m3̄m) and Td (43m) [53]. From the character tables of
Oh and Td [27, pp. 365–366] the yttrium and hydrogen atoms have translational modes F1u
and F2 which according to the correlation table between Oh and Td [27, p. 405] transform
as F1u and F2g. From the character table of the point group O5

h only the F2g mode is Raman
active. F2g represents a three dimensional (triply degenerate) irreducible representation
(F), anti-symmetric with respect to principal axis rotation (2) and symmetric with regards
to inversion (g). This single Raman active mode agrees with the single peak appearing
in the spectrum of YH2 shown in Fig. 4.3. This peak, centered at ⇠ 1142 cm�1, is due
to tetrahedral sites of hydrogen and is thought to be broad due to interaction between
hydrogen atoms [36].

When more hydrogen is added to the highly symmetric YH2 the symmetry reduces and
more modes appear [36]. This can be observed from the spectra of YH2+d and YH3 in Fig.
4.3. The factor group analysis for YH3 of SPGN 194 (P63/mmc) was carried out in the
same way as for the YH2 and is summarized in Table 4.2. It has non-degenerate (A1g) and
doubly degenerate (E1g, E2g) active modes, all symmetric to inversion through the center
(g). Since the FGA of YH3 with space group P63/mmc gave four Raman active modes,
shown in Table 4.2, while the experimental spectrum of Fig. 4.3 shows 9, it suggests that
YH3 has another structure. Carsteanu et al. proposed the space group I4/mmm for an
intermediate state YH2+d [36].
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Figure 4.1: The lowermost spectrum for
metallic Y in hcp phase shows one broad
peak at approximately 90 cm�1. Modi-
fied to not include all the measured spectra
[54].

Figure 4.2: Raman spectrum of Y2O3
shows 9 peaks in the range 100 - 700 cm�1.
Modified to include less of the measured
spectra of other compounds [55].

Y2O3 with SPGN 206 (Im3̄) is expected to have 22 Raman-active vibrational modes when
studied with Raman spectroscopy according to the FGA with 16 units of Y2O3 per unit
cell and a total of 3N = 3 · 16 · 5 = 240 normal vibrations. The total vibrational modes
were determined as

Ovib + Yvib = (3Ag + 3Eg + 9Fg) + (Ag + Eg + 5Fg) . (4.1)

Figure 4.3: Raman spectra of three
phases of yttrium hydride [36].

The Raman spectrum of Y2O3 for a truncated range
is shown in Fig.4.2.

Metallic yttrium has hexagonal close packed (hcp)
structure and SPGN 194 (P63/mmc) which corre-
sponds to the point group D6h. The atomic coordi-
nates of the Y atoms are (1

3 , 2
3 , 1

4) with site symmetry
D3h (6̄m2). According to the character table for the
site symmetry the translational modes (Tx, Ty, Tz)
for Y are E0 and A002 [27, p. 362]. According to the
correlation table between D6h and D3h the symme-
try species for the translational modes transform to
E2g, E1u, B2g and A2u of which only the first mode is
Raman active [27, p. 401]. This agrees with the ex-
perimental Raman spectra obtained by Olijnyk with
647 nm Kr+ laser containing only one peak (Fig. 4.1) [54]. E2g represents a two dimen-
sional irreducible representation, anti-symmetric with respect to principal axis rotation
and symmetric to inversion. The Raman microscope at hand during this project had a
cutoff in the frequency range at about 100 cm�1. Hence, potential formations of metallic
domains could not be observed for our YHO samples.
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For the case of YHO the stoichiometry preferred from the energy point of view is YHxOy
with x=y=1 and space group F4̄3m (SPGN 216) [8][42]. This space group corresponds to
the point group Td which denotes full tetrahedral symmetry for the atoms of hydrogen
and oxygen. For this phase of YHO there is one Raman active mode, F2, determined by
FGA. This result agrees with Supplementary Table 28 of Supporting Information of ref
[42] and with Raman active modes from Bilbao Crystallographic Server [56]. F2 denotes
a three dimensional representation (triply degenerate) anti-symmetric with respect to the
improper rotation S4. S4 consists of a rotation by 90 ° about the C4 axis followed by a
reflection across the plane perpendicular to the C4 axis.

Figure 4.4: Unit cell structure of six different compounds relevant for the interpretation
of the yttrium oxyhydride samples. The illustrations have been made using VESTA Soft-
ware [57] with input data from ref [42], [53], [58]–[60]

Another stoichiometry of the YHO has also been studied to find the number of expected
peaks of our samples. FGA was done for Y2H3O with space group Pn3̄m (SPGN 224) and
point group Oh. The Y, H and O atoms are positioned at Wyckoff positions (WP) 4b, 2a
and 6d, respectively. Two Y2H3O molecules occupy a single unit cell. Thus, there are 12
atoms per unit cell giving 3N = 3·12 = 36 normal vibrations. Following the procedure of
Fig. 2.5 the total vibrational modes of this yttrium oxyhydride were found:

Ovib + Yvib + Hvib = 3F2g + 5F1u + Eu + 2F2u + A2u + F1g . (4.2)

This coincides with the 3N modes due to the singly, doubly and triply degeneracy of A,
E and F, respectively. According to the character table of Oh only F2g is Raman active [27,
p. 366]. This means three peaks are expected in Raman measurements of Y2H3O, but none
of them related to any of the Y atoms. Therefore, one could conclude that our samples of
YHO were not solely of this stoichiometry because peaks due to Y vibrations did occur in
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experiment as discussed in section 4.1.3. However, this phase could have been present in
the samples as a mixture with another phase with Raman active Y-vibrations.

Table 4.2: Output data from FGA. Raman active vibrational modes determined for the
atoms of different compounds.

Compound Raman active modes
H O Y

YH2 F2g
YH3 A1g + E1g + E2g E2g
Y2O3 3Ag + 3Eg + 9Fg Ag + Eg + 5Fg

Y E2g
Y2H3O 2F2g F2g
YHO F2 F2 F2

4.1.2 Optimisation of measurement conditions

Figure 4.5: Visible dark spots on
film No. 138 due to the lamp in the
the Raman instrument.

The aim was to obtain the best spectrum with best
signal-to-noise ratio, least effect of the laser on the
sample and least contribution from the glass sup-
port. For this, we varied laser wavelength, objec-
tive lens and measurement time. In the earliest at-
tempts of measuring one of the thin films (No. 138)
the lamp inside the chamber used to focus the laser
beam was switched on. This left visible dark spots
on the film (Fig. 4.5) which restored when the film
was not exposed to the lamp. For this reason, the
rest of the measurements were made with the lamp
inside the chamber switched off in case this photo-
darkening would influence the results.

For the Raman measurements objective lenses with
magnification x50 and x100 with working distances (WD) of 8.20 and 0.33 mm, respec-
tively gave the best results together with the 532 nm laser. The relation between laser
wavelength, WD and objective is given in Table 2.2. With these magnifications the spec-
tra contained less background signal from the glass substrate. Comparing Figures 4.6 and
4.7, one observes that the Raman spectrum of YHO made with low magnification (x20)
objective lens had more signal from glass than the one with high magnification (x100)
objective lens. According to ref [26], the use of an objective lens with small magnification
(low NA) would often be an advantage in Raman experiments including transparent, ho-
mogeneous samples. In the optimisation process for our Raman experiments this was
shown not to be the case. Hence, when performing Raman measurements for samples
which easily get damaged from the laser source the hypothesis of working with low NA
objectives for good quality spectra may not be fulfilled.
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Figure 4.6: Data arithmetic of the measured spectra of YHO No. 148 with objective x20
and spectra of glass made with 532 nm laser. The three panels include measured spectrum
of YHO (a), measured spectrum of glass (b) and the resulting spectrum after subtracting
glass from sample spectrum (c).

Figure 4.7: Data arithmetic of the measured Raman spectra of YHO No. 141 with objective
x100 and spectra of glass made with 532 nm laser. The three panels include measured
spectrum of YHO (a), measured spectrum of glass (b) and the resulting spectrum after
subtracting glass from sample spectrum (c).
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Of the two available lasers, with wavelengths of 532 and 633 nm, there were challenges
with both. The 532 nm laser easily damaged the thin films of YHO and caused fluores-
cence of the resulting compound(s). This was evident from dark spots left on the sample
on the microscopic scale after measurements with the laser. In order to show that the dark
spots observed in the microscope were caused by sample damage and not a photodarken-
ing effect, Raman measurements were performed at the position of the dark spots. These
measurements were made with low laser power of the 633 nm laser which was found to
not leave dark spots on the sample. The spectra showed neither sample peaks nor peaks
from the glass substrate for the the largest spots (from 50 and 100 % laser powers) as
shown in Fig. 4.9. The fact that we did not observe the peaks from glass may evidence
that the destroyed sample was yttrium metal which is expected to have one single Ra-
man active mode outside of the measurement range (centered at 88 cm�1 [61] ). The same
spots were observed the next day (after 22 hours) as well. Thus, the conclusion of the film
being damaged by sufficient powers of the 532 nm laser could be made. An overview
of how the different laser powers of the 532 nm laser caused sample damage is shown
in Fig. 4.8. The concentric ring structure for the most damaged cases is thought to be
due to laser ablation influenced by monochromatic optical aberration of the lens [62]. In
Appendix A (Fig. A3), Raman of different parts of the ring structure of the most damaged
spot is presented which supports the cause of laser ablation. Thus, in order to perform
Raman measurements without damaging the samples the 633 nm laser was thought to be
preferred. Unfortunately, the 633 nm laser introduced new difficulties. The spectrum of
glass showed fluorescence with the red laser. This is clear from the intensity scale when
comparing with the Raman measurements of glass with green laser in Fig. 4.14 in section
4.1.4. In Fig. 4.10 one sees the strong Raman intensity of glass compared to the Raman
intensity of YHO when using the 633 nm excitation source. This comparison evidences
how weak the Raman scattering is with regards to fluorescence. Thus, the glass substrate
contributed a strong background to the Raman spectra of the samples and hid potential
Raman signals from the sample.

Figure 4.8: Damaged spots on thin film after Raman measurements with different per-
centage powers of 532 nm laser.
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High laser powers like 50-100 % usually gives the highest intensity of peaks with little
background noise, but in this case it damaged the samples and caused fluorescence. This
was solved by reducing the laser powers to 1-10 % together with increasing the acqui-
sition time from seconds to minutes. The fluorescence and background from the glass
support made the choice of 532 nm laser and large magnification objective lens most effi-
cient. The spectra of Fig. 4.11 were obtained with x100 magnification, 1 % of maximum
power of 532 nm laser for 300 seconds acquisition time. The maximum laser power for
532 nm laser was 50 mW resulting at 0.5 mW (at most) for 1%.

Figure 4.9: Raman measurements of YHO No. 138 made with 633 nm laser at damaged
spots. The spectra for the most damaged spots (50 and 100 %) show no sample peaks. The
less damaged spots (5 and 10 %) show better response of the sample in the low Raman
shift region (< 200 cm�1).

The fluorescence of glass with 633 nm laser detected in Raman experiment (section 4.1.4)
compares well with the literature of ref [27, p. 98],[30],[31]. Changing to the 532 nm
laser the background from glass was reduced. According to this, the usage of shorter
wavelength lasers for Raman measurements of the YHO thin films should be investigated
while keeping in mind that the thin films of YHO easily burn. Measurements with shorter
wavelength laser should, in that case, be performed with low percentage laser power. An
UV-laser with wavelength of 325 nm would theoretically give 14 times better efficiency
for the Raman measurements than the 633 nm laser. With 325 nm laser one would also ob-
tain Raman peaks with shorter absolute wave lengths and completely eliminate the effect
of fluorescence which was shown to overlap with the Raman effect for the 633 nm laser.
Except for the increased energy per photon most likely to induce damage, it would possi-
bly induce photodarkening of the films as well. Therefore, measurements of a YHO film
in its complete clear state before photo darkening may be difficult and may challenge a
complete comparison between Raman effect before UV and after UV. The solution points
towards sputtering thin films on different support. One could also propose the usage of
lasers in the IR region for Raman measurements. Raman with IR lasers of YHO have not
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been reported previously and could be a good way to eliminate photodarkening when
seeking clear state spectra.

Figure 4.10: Raman spectra of glass and YHO film compared when measured with 633
nm laser with the same y-scale.

Due to the strong background from glass in the high Raman shift region, the samples
should, for further research, be deposited onto other substrates when studied with Raman
spectroscopy. One suggestion is to deposit the thin films on top of fused quartz substrates.
Fused quartz has been observed to scatter strongly only below 500 cm�1 without any PL
[31]. For investigation of YHO in the low wave shift region a suggestion is to deposit the
thin film onto CaF2 substrate. The Raman spectrum of CaF2 shows a single peak at 321
cm�1 and minimal fluorescence [63]. This would make it easier to distinguish the sample
peaks from a potential background from the substrate with lower frequency lasers to not
damage the thin films.

4.1.3 Raman spectra of films before illumination
An overview of the Raman peaks of YHO and their assignments compared to previous
papers and Raman spectrum of glass is presented in Table 4.3. From the table one sees
that the peak positions lower than or equal to 200 cm�1 are all due to Y vibrations. The
bands due to Y vibrations in YH3 and Y2O3 have different vibrational symmetries of Eg
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and Fg+Ag, respectively. In the obtained spectra for YHO films, we observe 3 modes in
the low wave shift instead of the one triply degenerate mode predicted for YHO F4̄3m by
FGA. This signifies a symmetry lower than for YHO F4̄3m. Upon the symmetry lowering
the triply degenerate mode can split. Two subgroups of Oh that provide such splitting are
D2 and C2v which give the 222 and mm2 in the Hermann-Maugin notation, respectively
and point to orthorhombic crystal lattice. In such case, the other two F2 modes related
to H and O are also expected to split into 3 modes each. This corresponds well with our
experimental spectra of YHO with only one suggested peak related to O and with the 4
peaks related to H if at least one out of those are due to glass.

Figure 4.11: Raman spectra of four thin films of YHO deposited at different pressures
and glass (grey). The measurements were made with 532 nm laser for long acquisition
time (300 s) and large magnification (x100) before any radiation with UV light. The labels
show manually added peak positions. The low wave shift region has been magnified and
labeled in the right hand side panel. Glass spectrum has been re-scaled in y to fit the
diagram.

The peak at 141 cm�1 could, however, be assigned to glass. To examine this, we measured
a sample with different magnification of the objective. In this case, the larger amount
of glass with respect to that of film was measured for smaller magnification (x20) due
to deeper laser penetration into the sample. The result is shown in Fig. 4.12, and it is
evident that in the case of x20 objective the glass contribution significantly increases for
all peaks but those at low shifts. Thus, we can conclude that the peak at 141 cm�1 is due
to the sample. Further, since vibrational modes of H atoms at octahedral sites appear
for wavenumber shifts between 362 and 798 cm�1 and vibrational modes of H atoms
positioned at tetrahedral sites appear for intermediate shifts [36], we suggest that the
Raman band centered at 580 cm�1 may be due to H at octahedral sites and that the peaks
positioned at approximate 910 and 1090 cm�1 are due to tetrahedral H. Nevertheless,
there is a possibility that the 580 and 1090 cm�1 peaks are due to the glass substrate as
can be seen by their corresponding peak positions in Fig. 4.11 and by the fact that the peak
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at 580 cm�1 decreases in intensity when the laser penetrates deeper (Fig. 4.12). Further,
it is possible that the thin films are composed of several phases, one of them being F4̄3m
and another unknown phase.

Figure 4.12: Comparison of Raman spectra of film No. 148 with different objectives with
spectrum from glass.

It is known that the region above 3200 cm�1 can reveal OH� anions. However, since
the band appearing at 3130 cm�1 in the measured spectrum was very weak it was not
concluded that the sample contain OH� anions. Also, the peak positions of 3130 and
2952 cm�1 seem to match the peaks from glass. The suggestion of Y-O bond about 390
cm�1 was motivated by the general Raman band table of ref [64] assigning metal-O bonds
to the region 150-450 cm�1. The spectra of YHO films with corresponding peak labels to
Table 4.3 are shown in Fig. 4.11.

The most striking difference between the four Raman spectra is the measured intensity for
film No. 148 in the high wave shift region compared to the other three spectra. Film No.
148 is the thickest of the four films and it was deposited at the highest pressure. Another
difference is the peaks positioned around 3000 cm�1 for sample No. 148 which are not
as clearly present for the other samples. The other three spectra are more similar to each
other in intensity, but still not the same. The lowest measured intensity was obtained for
sample No. 155 which is the only opaque film deposited at the lowest pressure. A promi-
nent difference between film No. 155 and the other three is the low intensity spectrum as
well as the three peaks present in the low region to the contrasting two peaks present at
the same position for the other. Also, the broad peaks at about 400 and 600 cm�1 seem to
be missing for film No. 155.
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Table 4.3: Table of Raman peak positions of different, but similar compounds from litera-
ture, and suggestions on the interpretation of our spectra of YHO.

Overall, one observes the presence of peaks due to yttrium vibrations in the low wave
shift region (<200 cm�1) in all four spectra. There are no clear shifts in peak positions, but
there are differences in measured intensity between the different films. The intensity of
the spectra does not correlate perfectly with the deposition pressure nor the film thickness
because the spectra of film No. 138 and 141 cross each other at approximately 1500 cm�1

and the intensity of film No. 155 exceeds the intensity of film No. 138 in the region 2000-
3500 cm�1. Finally, one observes that the spectrum of film No. 148 is markedly more
noisy compared to the other three, although it was measured with the same working
parameters.

The positions of the experimentally obtained peaks in this work were compared to the
experimental spectra of transparent and opaque films of YHO in ref [16]. They used a
higher frequency laser (l = 325 nm) for the measurements and did not report possible
sample damage. The peak centered at approximately 400 cm�1 may refer to the peak
present at 374 cm�1 in their spectrum. Two of the peaks present in our spectra centered at
580 and 1090 cm�1 compare very well to their peaks at 590 and 1096 cm�1, respectively.
Especially, because of the agreement that the peaks are present in the case of the trans-
parent films but missing for the opaque film. Beyond that, the Raman spectra of YHO
obtained with the 532 and 325 nm lasers do not match. The potential presence of pure Y
vibrations was out of scale in ref [16] and could therefore not be compared. This applied
for the peaks present in the high wave shift region as well, since the maximum measured
shift were set to 1700 cm�1 in ref [16]. For one of the transparent YHO films (No. 141)
we compared the spectra measured at three different spots to investigate the sample ho-
mogeneity. The comparison showed some effect on the spectra due to slight variation of
laser focus for different spots. The comparison is shown presented in Fig. 4.13.
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For better interpretation of the measured spectra of YHO one could try changing hydro-
gen (H2) with deuterium (D2) (H-D isotope exchange) in the deposition. This could make
the assignment of vibrations that include H easier. An exchange with D2 should cause a
linear shift towards lower Raman shifts by

p
2 for all H-included vibrational modes. Such

isotope exchange studies for YH2 are reported in ref [36].

Figure 4.13: Raman measurements with laser focus at three different arbitrary points on
film No. 141.

4.1.4 Effect from UV on glass
Spectra of glass with 532 and 633 nm lasers before and after illumination with UV are
shown in Fig. 4.14. The obtained spectra did not show changes in the peak positions
when comparing before/after illumination. The intensity of the obtained spectrum for
glass with green (532 nm) laser shows an overall increase after irradiated for 30 minutes
with UV-light. The peak at position 1097 cm�1 increases by ⇠ 4600 counts (33.33 %). The
increase in intensity can be due to movement of the sample between measurements as
well. The intensity of the obtained spectrum for glass with red (633 nm) laser shows a
decrease in the first part of the wave shift range before it shows an increase from ⇠ 1700
cm�1. The largest decrease between these spectra is observed to about 3800 counts (34.86
%) and the largest increase to⇠ 6100 counts (11.73 %). We observe that the signal appears
much stronger for glass with 633 nm laser than 532 nm laser. This does not follow from
the intensity equation in section 2.2.1, and is believed to be solely due to the fluorescent
effect. According to the intensity dependency, the 532 nm laser should theoretically give
two times higher counts than the 633 nm laser. Hence, comparing the Raman spectra of
glass for the two lasers mentioned we observed that glass is fluorescent with the red laser.
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Figure 4.14: Raman spectra of glass before and after 30 minutes UV illumination mea-
sured with 532 nm laser (a) and 633 nm laser (b).

4.1.5 Raman of UV-illuminated samples
As reference the four thin films of YHO were measured in the Raman microscope before
UV-illumination as shown previously in Fig. 4.11.

Illuminated in air

Raman measurement of sample No. 138 after 30 minutes UV-illumination showed both
similar and decreased intensity in different parts of the Raman shift range. The spectra
are presented in Fig. 4.15a. For the low wavenumber region the intensity before and after
UV was similar, while for wavenumbers larger than 1500 cm�1 the intensity decreased
by a minimum of 22 % after illumination by UV. This may be due different measurement
spots. None of the Raman peaks shifted, nor vanished. Only the peak centered at 2412
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cm�1 is close to vanish in the photodarkened state.

The comparison of the obtained Raman spectra of sample No. 141 before and after pho-
todarkening is shown in Fig. 4.15b. For this film the comparison showed a consistent
decrease in measured intensity after photodarkening. It was not observed any clear shifts
in peak positions, but the peak centered at 2427 cm�1 was more present in the photodark-
ened state in this case compared to the similar peak present for the former film.

(a) (b)

Figure 4.15: Raman of clear (coloured spectrum) and photodarkened state (black spec-
trum) of YHO film No. 138 and 141 after 30 minutes UV-illumination in air.

For the thickest film, No. 148, the comparison of the Raman spectrum of clear and pho-
todarkened (in air) state is shown in Fig. 4.16. Due to the film thickness (1300 nm) it
was expected the least contribution from glass compared to the other films. These Ra-
man measurements were performed some weeks later than the others. One of the most
striking differences with regards to film No. 138 and 141, is the broad peaks obtained
in the high wave shift region (>1500 cm�1) for the clear state. This background was ob-
tained when measuring the clear film before UV, more than once. Since the broad peaks
are more or less not present for the photodarkened state, they could be described as a
background effect from glass. However, this type of background was not obtained in any
other measurement. Thus, we can not assign the broad peaks to the effect from glass.
The other significant difference from the former transparent films is the presence of pos-
sibly three peaks between 900 and 1200 cm�1 rather than two. The third peak centered at
approximately 1197 cm�1 appears more like a shoulder for the photodarkened state. In
principle, this could point towards a less symmetric phase for this film. Beyond that, it is
worth to mention the relatively low signal to noise ratio. This makes the peak positions
approximate, and there could be a masking of other potential peaks as well.
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Figure 4.16: Raman of clear (coloured spectrum) and photodarkened state (black spec-
trum) of YHO sample No. 148 after 30 minutes UV-illumination in an air.

Illuminated in an inert atmosphere

The three initially transparent YHO samples (No. 138, 141 and 148), illuminated for 2-3
hours inside a glove box with argon atmosphere, showed changes in Raman with regards
to the measured intensities. For sample No. 138 (Fig. 4.17a) the photodarkened state
consistently measured lower counts for the Raman peaks, and the peak positioned at
⇠ 1066 cm�1 vanished for the photodarkened state. For these measurements the peak
centered about 2400 cm�1 was not present in the case of either clear nor photodarkened
state.

For sample No. 141 the measured intensity in the low Raman shift region (<200 cm�1)
was approximately the same for the photodarkened and clear state. Moving towards
higher wavenumbers, the intensity from the photodarkened state decreased with respect
to the clear state spectrum. The spectrum of sample No. 141 before and after UV illumina-
tion in the inert atmosphere is shown in Fig. 4.17b. Also for this sample, the peak centered
about 1100 cm�1 (1104 cm�1) nearly vanished in the case of photodarkening. The peak
centered at 2427 cm�1 vanished as well from its broad and weak presence detected in the
clear state.

In the case of sample No. 148, with obtained spectra shown in Fig. 4.18, the trend some-
how differed from the two former samples. In the high Raman shift region (<1500 cm�1)
the measured intensity of the photodarkened state decreased by a much larger amount.
Around 2000 cm�1 the measured counts decreased by ⇠127 %. Observation of peaks
present in the ⇠3000 cm�1 region were also made. From clear to photodarkened state
the two peaks centered approximately at 2952 and 3130 cm�1 appear as one single peak
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centered at 2910 cm�1. As mentioned for film No. 138 and 141, it was observed a change
between the clear and photodarkened state about 1100 cm�1 for this film as well.

(a) (b)

Figure 4.17: Raman of clear (coloured spectrum) and photodarkened state (black spec-
trum) of YHO film No. 138 and 141 after 2-3 hours UV-illumination in an argon atmo-
sphere.

When comparing the photodarkened states induced by UV-illumination in two differ-
ent atmospheres (air and Ar) for samples No. 138, 141 and 148 it was observed changes
between the Raman spectra for different media of illumination. In all cases, the peak posi-
tioned about 1100 cm�1 vanished in the case of photodarkening when illuminated inside
the glove box (Ar atmosphere) as well as in air. A possibility for the peak vanishing is the
effect from glass, because when the films are photodarkened, less glass is measured than
for the transparent state. The results from section 4.1.4 imply that the observed decrease
in Raman intensity after UV-illumination in general, is a consequence of the photodarken-
ing, because the UV-illuminated glass measured higher intensities in the relevant regions.
The Raman spectra of films 138 and 141 before UV, after UV in air and after UV in Ar are
combined in Figures A4 and A5 in Appendix A for overview.

It is important to stress the difference in time duration of the UV-illumination between
the process in air and in the inert gas atmosphere. This could be a factor for the spectrum
changes. The reason for the short illumination time in air was the air sensitivity of the
samples. Thus, it cannot be concluded that the change is solely due to illumination in the
Ar atmosphere. One should perform the measurements with the same illumination time
in each medium to be more certain about the origin of the changes.
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Figure 4.18: Raman measurement of clear (coloured spectrum) and photodarkened state
(black spectrum) of YHO sample No. 148 after 2 hours UV-illumination in an argon at-
mosphere.

4.2 Cyclic Optical testing
As a reference the infrared transmittance was measured before UV illumination of the
samples. These transmittance spectra are shown in Fig. 4.19 with % transmittance plotted
against wavenumber w (cm�1). The average transmittance of the YHO thin films between
700 and 900 cm�1 were approximately 80 % for all of the samples except for sample No.
155 (Fig. 4.19d) which initially had an opaque appearance.

The cyclic measurement over 2 hours of sample No. 148 is shown in Fig. 4.20a where %
transmittance is plotted as a function of time. Immediately before the first photodarken-
ing (t=0) the film transmitted ⇡ 80% of the IR light source. During the first 30 minutes
of UV illumination the % transmittance decreased to ⇡ 41% giving a photochromic per-
formance of DT ⇡ 39%. When the UV-light was blocked for the next 30 minutes of the
cycle the sample restored some of its transparency (%T ⇡ 64). It is evident that it takes
more time for the sample to bleach back to initial transparency from the photodarkened
state than for it to obtain the same amount of photochromic contrast. One also sees that as
the sample was illuminated for the second time the % transmittance decreased to lower
values. The total photochromic performance of sample No. 148 during the 2 cycles was
determined to approximately DT = 45%.

The cyclic testing of sample No. 141 (Fig. 4.20b) shows similar performance starting from
79 % transmittance. During the first 30 minutes of UV illumination the % transmittance
reduced to ⇡ 47 before the UV source was blocked and the sample restored some of its
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(a) Film No. 138 (b) Film No. 141

(c) Film No. 148 (d) Film No. 155

Figure 4.19: IR transmittance spectra of YHO thin films No. 138 (a), 141 (b), 148 (c) and
155 (d) before UV-illumination. Film No. 155 is as we can see (d) opaque from start and
does not transmit any of the incident IR light.

transparency (%T ⇡ 59). The total photochromic performance of sample No. 141 during
2 hours of cyclic testing was determined to approximately DT = 36% which is the lowest
performance compared with sample No. 148 and 138.

The same cyclic measurement setup over 2 hours for sample No. 138 showed that dur-
ing the first 30 minutes of UV illumination the transmittance decreased from 77% to 36%.
During the next 30 minutes the film bleached back to ⇡ 48% transmittance before it got
illuminated again. The thin film darkens much faster than it bleaches. As soon as the
film was exposed to UV light the steepness of the graph shows how quickly it darkens
the first couple of minutes (t<5) before the curve evens out. The total photochromic per-
formance of sample No. 138 during 2 cycles of darkening and bleaching was determined
to approximately DT = 46%. The thin film got darker for each set of illumination which
agrees with the memory effect mentioned for this compound by Baba et al. in ref [65].
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(a) Film No. 148 (b) Film No. 141 (c) Film No. 138

Figure 4.20: Average % transmittance between 700 and 900 cm�1 during 2 hours of pho-
todarkening and bleaching of thin films No. 148 (a) and No. 138 (b) of YHO.

Comparing the cyclic optical testing of the three samples of YHO deposited at different
deposition pressures we observed that the initial transparency of the samples tend to be
higher for higher deposition pressures and thus higher oxygen content. This compares
well with literature. Sample No. 148 deposited at 0.82 Pa showed initial % transmittance
of 80 while sample No. 141 and 138 deposited at 0.72 and 0.63 Pa, respectively showed ini-
tial % transmittance of 79 and 77, respectively. Another observation was that the amount
of bleaching per time also is higher for samples with higher oxygen content. During the
first bleaching of the cycle sample No. 148 increased in % transmittance by 23% while
sample No. 141 and 138 had an increase of 16 and 13%, respectively, in the same part of
the cycle.

4.3 Electrical measurements
Electrical measurements with the four-point probe (discussed in section 2.4) were pro-
ceeded in order to study potential changes in electrical resistivity of the Pd layer in the
Pd-capped films. Sufficient changes could reveal hydrogenation of the Pd coating layer
at the YHO samples. This could indicate H leaving the sample under photodarkening.

An overview of the results of the six samples is presented in Table 4.4. This table includes
sample number, thickness of the Pd coating in nm, arithmetic mean of the 10 data points
of measurement sets A and B for each sample before and after UV-illumination. The three
right most columns show total estimated change in sheet resistance for both measure-
ment sets. Estimation of measurement uncertainty (random error) for the two different
sets, A and B, of 10 data points was calculated by taking the square root of the sum of
squares of the mean standard deviation before and after UV-illumination. In Appendix D
a spreadsheet containing the data of the collected measurement sets is included.

Only three out of six samples showed sufficient changes with regards to measurement
uncertainty during two sets of measurements, A and B, one month apart. Sample No.
TY121B coated with 50 nm Pd had a total increase in resistivity of (0.092 ± 0.032) W for
measurement set B after 1 hour and 10 minutes light soaking in the solar simulator (sec-
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tion 3.2.3). Sample No. TY121A with 10 nm Pd coating had a total increase in resistivity of
(0.011 ± 0.003) kW after light soaking for 1 hour and 30 minutes in the solar simulator for
measurement set A. The last of the three samples which showed sufficient changes in re-
sistivity for both sets A and B was sample No. TY122B coated with 5 nm Pd. This sample
had most change in measured sheet resistance, but the largest measurement uncertainty.
As much as 70% of the measured values from the four-point probe were not able to settle
at an exact value during measurement. Therefore, the values from 7 of the measurements
needed to be averaged before added to the data set of 10 measurements for this sample.
A large decrease in resistivity after 1 h illumination was observed. The four-point probe
measured a total decrease of (16 ± 5) MW in sheet resistance corresponding to a negative
change in resistivity of (72.5 ± 22.7) MW.

Table 4.4: A summary of the electrical measurement results of Pd/YHO/glass samples.
Yellow lettered values of resistance change in measurement sets A and B indicate most
sufficient changes in sheet resistance with respect to total measurement uncertainty.

In summary, for thinner coatings of Pd we observed greater changes in sheet resistance
upon illumination than for the case of thicker coating. This may indicate hydrogenation
of the corresponding films. Other than this, the results show no clear trends. The total
calculated uncertainties were large and varying with regards to measured values of the
different samples. From this, one cannot conclude that the Pd layers were hydrogenated
and that H diffuse from YHO when photodarkened. Moreover, the samples were pre-
pared as small rectangles of each 26 x 25 mm2 surface area. For further studies on the
electrical properties of Pd/YHO/glass samples by a four-point probe it could be ideal to
prepare samples with larger surface area since the area is assumed to be of infinite dimen-
sions theoretically. Also, the sample edges can be of deficient quality and thus influence
greater variation in the measurements.
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4.4 XRD

4.4.1 Diffraction pattern

Table 4.5: Peak positions for the ex-
perimentally obtained patterns of
YHO films by XRD.

The XRD patterns measured for the thin films of
YHO deposited at different deposition pressures are
shown in Fig. 4.21. The intensity scale is arbitrary
and the Bragg angle (2q) is plotted in units of de-
grees. The patterns seem to match the previously
measured patterns of YH2+d in ref [12]. The most
striking difference between the four obtained pat-
terns of YHO is the intensity ratio of the peaks at 29°
and 33-34° in the pattern of No. 155 and the other
three samples. Sample No. 155 is the only opaque
of the four and was deposited with the lowest de-
position pressure. The other difference is the extra
peaks at 26° and 60.6° and the absence of the peak at
70.3° for sample No. 155. The overall pattern of 155
is shifted to higher 2q with respect to the other three
patterns indicating a larger unit cell. At about 23°
one can see an amorphous hallow which is partic-
ularly prominent when the patterns are normalized
with respect to the most intense peak. The inten-
sity of this hallow correlates with the film thickness
being the largest for the thinnest film. Therefore, it
can be explained by the contribution from the amor-
phous glass support.

The other three patterns have the most intense peak
at about 33° for 2q. In sample 148 this peak appears
to be shifted by 0.1° with respect to the other two
patterns. In fact, among the remaining three pat-
terns sample No. 138 and 141 seem to be nearly
identical differing only in the intensity of the peaks
at 28.7°, 43.6° and 47.9° and slight shifts in peak po-
sitions. The XRD pattern of film No. 148 differs
in the relative intensity of the most intense peak at
33.5° and all the other peaks, with exception from
the peak at 70.2° which is lower in intensity com-
pared to the other two patterns. In addition, the
peaks at ⇠ 64° and 80° are missing and the peak at
30.2° is more pronounced than in the patterns of films 138 and 141. The peaks at 70.2°
and 33.5° are most notably shifted for film No. 148 with respect to the similar peaks in
the other patterns. Shift towards lower angles can indicate small increase in the unit cell
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volume. The only distinction of sample No. 148 from the other two is its thickness. The
peak positions obtained in experiment are summarised in Table 4.4.1.

Figure 4.21: Overview of the measured x-ray diffraction patterns of four thin films of YHO
deposited at different pressures ranging from 0.53 to 0.82 Pa as labeled in the diagram.

The patterns of our samples were compared with a number of reference structures. The
comparison with the structures YH1.94, YH2 and Y2O3 shown in Fig. 4.23 (b) shows that
some of the peaks can be explained by means of the reference structures. Difference in
lattice parameters of YH1.94 and YH2 is evident from the shift in peak positions. The
relative intensities are only corresponding well to the pattern of YHO No. 155 which
is opaque like expected for YH2. However, the intensity of the peaks in the patterns
can be affected with the preferential crystal orientation. In fact, it is possible to control
the preferred crystal growth orientation by varying the deposition pressure [46]. The
preferential orientation changes from (111) for film No. 155 deposited at 0.53 Pa to (200)
for the films deposited at pressures higher than or equal to 0.63 Pa.
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Figure 4.22: Overview of the measured x-ray diffraction patterns of YHO with normalized
intensities plotted non-stacked to study shifts and intensity ratios (a). The same patterns
are magnified in (b) and (c).

The theoretical pattern of YHO (Fm4̄3) obtained in the example of section 2.5.2 has been
compared to the experimental pattern as well as presented in Fig. 4.23 (a). From this
comparison one sees that there are missing peaks in the theoretical pattern at approx-
imate positions for 2q of 26°, 30°, 44° and 64°. That is why the experimental patterns
were compared to the series of 17 predicted structures of various YHO by Pishtshev et
al. [42]. We did not find a perfect correspondence for any of the structures. Thus, none
of them could perfectly explain the peaks in our experimental patterns. Because of this,
we will consider that our samples crystallize as YHO (Fm4̄3) structure with different pre-
ferred crystal orientations and a small fraction of an unknown phase responsible for the
unidentified peaks. It can be recommended that the high quality patterns, preferably
synchrotron, should be obtained. That can help to solve the crystal structures.
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Figure 4.23: Experimental patterns of YHO compared with theoretical pattern of YHO
(F4̄3m, No. 216) (a). Experimental patterns of YHO compared with the theoretical ref-
erence patterns of YH1.94 (PDF 04-004-4827), YH2 (PDF 04-006-6935) and Y2O3 (PDF 00-
043-0661) [66]–[68] retrieved from ICDD [69](b). The intensities are normalized and the
experimental patterns are stacked by a constant value.
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4.4.2 Grain size estimation

Figure 4.24: Estimated grain size aver-
age D plotted against film thickness and
deposition pressure Pd. The numbered
labels correspond to the sample num-
bers.

The average grain size of the samples was esti-
mated to (158.8 ± 3.6) Å, (157.8 ± 3.8) Å, (136.2
± 2.6) Å and (117.8 ± 3.4) Å for sample No.
155, 138, 141 and 148, respectively. The grain
size decreased consistently with increasing de-
position pressure. This negatively correlated
relation between the grain size and deposition
pressure was also shown by Moldarev et al. in
ref [51]. With the grain size also dependent on
the sample thickness, the relation between esti-
mated grain size (Å), thickness (nm) and depo-
sition pressure (Pa) is presented in a 3D scatter
plot in Fig. 4.24.

To study the trend of these three related vari-
ables, grain size D was plotted against one of
the parameters at a time (Pd and Thickness) in
2D scatter plots with error bars shown in Fig.
4.25. From Fig. 4.25a one sees, as expected, a
descending trend of the grain size with increas-
ing deposition pressure. A clear resemblance in
the grain size between to of the films was ob-
served, with a small decrease of only 1 Å (= 0.1 nm) from film No. 155 to 138. These
were the two films deposited at the lowest pressures. Between the grain size and the film
thickness the plot showed no clear trend (Fig. 4.25).

(a) Grain size D plotted as a function of deposi-
tion pressure Pd.

(b) Grain size D plotted as a function of film
thickness.

Figure 4.25: Estimated grain size average for thin film samples of YHO plotted as func-
tions of deposition pressure (a) and film thickness (b).
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In order to study the dependence between grain size, deposition pressure and film thick-
ness more systematically by means of XRD methods, one should vary one parameter at
a time during film preparation. This would explicitly mean to perform the deposition of
thin films with the same thickness for varying pressures and to perform another deposi-
tion of thin films with varying film thickness under constant pressure.
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Chapter 5

Conclusions

The purpose of this work was to study the photochromic properties of the mixed-anion
compound yttrium oxyhydride by Raman spectroscopy, X-ray diffraction, cyclic optical
testing and four-point probe measurements. The former three methods utilized the same
thin film samples of YHO on glass, while the four-point probe measurements included a
different YHO sample capped with palladium.

the Raman measurements before UV and after UV-illumination may revealed some kind
of distortion of hydrogen as a result of the photochromic effect with the peak centered
about 1100 cm�1 vanishing for the photodarkened state. Even though, this could be ex-
plained by the decreased film transparency and thus less contribution from the glass sup-
port.

Raman spectroscopy was used for studying potential changes in the chemical structure
after illumination with UV-light. Some challenges were met when using the available
lasers of 532 and 633 nm wavelength for the YHO/glass samples. The thin films proved
to burn easily and the glass substrate showed fluorescence with the latter light source.
Therefore, a great amount of time was used for optimising the measurement conditions
for Raman. This optimization process showed that, for the transparent films, the large
magnification objective lens gave less background signal from the glass support together
with low percentage laser powers of the 532 nm laser for long acquisition times to reduce
the chances of damage. The peaks were assigned by literature study to pure Y vibrations,
Y-O bonds and H on tetrahedral and octahedral sites. Moreover, some of the obtained
peaks corresponded well with the spectrum of glass and were thus assigned to glass.
The Raman measurements before and after UV-illumination may revealed some kind of
distortion of hydrogen as a result of the photochromic effect with the peak centered about
1100 cm�1 vanishing for the photodarkened state. Even though, this could be explained
by the decreased film transparency and thus less contribution from the glass support. To
overcome these shortcomings, we are planning further Raman studies: Raman study of
the films deposited on CaF2 in order to obtain spectra with less background contribution,
since CaF2 only have one, strong Raman active mode. Studies of YHO and YDO powders
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in order to better assign the peaks which involve H/D (isotope exchange studies).

The cyclic optical testing was performed to measure the photochromic effect (contrast)
of the thin films. The resulting transmittance spectra showed an initial % transmission
of about 80% for the transparent films, whereas no transmittance for the opaque (No.
155). The total cycle of 2 hours with illumination and bleaching showed a photochromic
response of 45-46% for film No. 148 and 138. The photochromic response for film No.
141 was only 36% in comparison. The overall message from the cyclic optical testing
is that the photodarkening develops much faster than the bleaching process which is
confirmed by observations. Also, the initial transparency of the films showed to decrease
with decreasing deposition pressure.

The electrical measurements performed with a four point probe did not, with confidence,
confirm a hydrogenation of the Pd coated layer due to photodarkening of the YHO thin
films. There were large variations in the measurement sets and thus a high measurement
uncertainty. However, if the measurements should be performed again, the sample sur-
faces should be larger to better assure the assumption of an infinite surface area. Also,
thinner Pd coatings should be preferred, as they showed better response in the measure-
ments.

By XRD methods we searched for the proper crystal structure by comparison to theoret-
ical reference patterns and previous literature. This showed no perfect match to the ob-
tained patterns. However, we assigned the F4̄3m phase with two supplementary peaks
which can indicate an additional phase. From the obtained patterns we observed a change
in preferential growth orientation from the proposed (111) to the proposed (200) for depo-
sition pressures larger than 0.53 Pa. Patterns obtained from synchrotron could be helpful
for a more precise decision on the crystal structures. Grain size estimation was performed
by means of the obtained data from XRD for the different films and showed a negative
correlation to the deposition pressure.

The comparison of experimental diffraction patterns with theoretical patterns for different
stoichiometries of YHO may have shown the possibility of multiple crystal phases present
in our thin films. However, the origin for the photochromic effect in YHO thin films was
not obtained in this work. Hence, further studies on the photochromic mixed anion rear-
earth yttrium oxyhydride should be considered as it may be a promising material for
the future with regards to e.g. energy saving smart windows [2] and efficient hydrogen
sensors [1].
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Appendices

A Additional Raman spectra

Figure A1: Film No. 148 measured with 532 and 633 nm lasers compared with spectrum
of glass.
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Figure A2: Picture made in the microscopic view of thin film damages with different
percentage laser powers (5-100%) with 633 and 532 nm lasers.

Figure A3: The Raman spectra obtained with 633 nm laser for low laser power with x50
objective. The spectra show the Raman effect in different parts of a damaged spot by
100% 532 nm laser for 30 seconds with x50 objective. The colors of the spectra correspond
to the parts shown in the picture on the right hand side
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Figure A4: Comparison of the UV-illumination in air with UV-illumination in Ar atmo-
sphere and reference spectrum of film No. 138.

Figure A5: Comparison of the UV-illumination in air with UV-illumination in Ar atmo-
sphere and reference spectrum of film No. 141.
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Figure A6: Comparison of the UV-illumination in air with UV-illumination in Ar atmo-
sphere and reference spectrum of film No. 148.

81



Factor group analysis
Procedure shown for Y and YH2

Tables from

Atomic coordinates from

B Factor group analysis
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Metallic Y 
• Hexagonal close packed (hcp)
• Space group No. 194 P63/mmc
• Point group D6h

• !
" ,
#
" ,
!
$ Atomic coordinates

• Site symmetry "6$2 = D"%

E´ à E2g, E1u
A2´´ à B2g, A2u

Γ = A!" + B!# + &$% + E&"
Raman active mode 83



YH2 
• Face centered cubic (fcc)

• Space group No. 225 Fm"3m
• Point group Oh

5

• Coordinates of atoms from cif file:
Y (0 0 0) with site symmetry m"3m = Oh
H (¼ ¼ ¼) with site symmetry 43m = Td
H (¾ ¾ ¾)

Γ = F&" + F&" + F!#
= )$% + 2F&"
Raman active mode

F1u à F1u
F2 à F2g + F1u
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