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1.1 Inorganic photochromic materials and potential applications 

Photochromism is defined as a light-induced reversible transformation of a substance 
between two forms that have two different optical absorption spectra. The photochromic 
phenomenon was first reported in 1867 by J. Fritzsche, who observed the bleaching of orange 
tetracene solutions in sunlight and the recovery of the orange color in the dark [1]. In 1951, 
Yehuda Hirshberg created the term "photochromism" to describe a reversible and repeatable 
color change upon light exposure [2]. In addition to light, other stimuli such as electric fields, 
temperature, gases, chemical species, mechanical forces can also trigger a color change in 
certain materials. These phenomena are termed photochromic, electrochromic, 
thermochromic, gasochromic, chemochromic, and mechanochromic, respectively. 

The photochromic phenomenon can occur in both inorganic and organic systems. 
Inorganic photochromic materials offer distinct advantages over organic ones, such as high 
thermal stability and excellent chemical resistance [3]. A broad spectrum of inorganic 
photochromic materials exists, including silver halide glasses [4], transition metal oxides 
(WO3, MoO3, V2O5, Nb2O5, etc.) [5], rare-earth doped CaF2 [6], certain natural minerals 
(Hackmanite Na8Al6Si6O24Cl2 and Tugtupite Na4AlBeSi4O12Cl) [7], and so on. These 
materials exhibit various absorption characteristics and corresponding photochromic 
mechanisms. 

Among the classic inorganic photochromic materials, silver halide glasses have attracted 
significant attention due to their photochromic effect since the 1960s [4]. These glasses are 
composed of a glass matrix, typically borosilicate or alumino borosilicate, homogenously 
embedded with copper-doped silver halides crystallites. In commercialized photochromic 
glasses, the concentration of Cu-doped AgCl crystallites, with an average diameter of ~10 
nm, is about 0.2-0.7 wt% (weight percent), and the distance between these crystallites is of 
the order of ~100 nm [6,8]. Silver halide crystals are wide-bandgap semiconductors, with 
bandgaps ranging from ~3.2 eV to 2.4 eV for AgCl to AgI, respectively [9]. When illuminated 
by photons with an energy above the bandgap of the silver halide, electron-hole pairs are 
generated. The photo-excited electrons are captured by interstitial Ag+ ions to form Ag0 
(𝑒𝑒− + 𝐴𝐴𝐴𝐴+ ⇋ 𝐴𝐴𝐴𝐴0), which is mobile and can form clusters, while the holes are captured by 
Cu+ dopants to form Cu2+, preventing the formation of Cl2 [10]. Ag clusters with sizes above 
about 1 nm absorb light, with an absorption peak with its maximum positioned in the 
wavelength range between 400 and 800 nm [11]. Note that the size of the metallic-like Ag 
clusters formed under illumination dominates the color of the glasses. For example, the color 
varies from yellow to purple as the size of Ag clusters increases from 8 to 30 nm [12]. 
Additionally, it was demonstrated that the shape of Ag nanoparticles significantly influences 
the absorption properties and color both in water solutions and when embedded in a TiO2 
matrix [13,14]. The photochromism in Cu-doped AgCl can be described by a reduction-
oxidation reaction (𝐶𝐶𝐶𝐶− + 𝐴𝐴𝐴𝐴+ ⇋ 𝐴𝐴𝐴𝐴0 + 𝐶𝐶𝐶𝐶2−) and the reverse bleaching process occurs 
when the light source is removed [10].  
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Another well-known example of an inorganic photochromic material is tungsten oxide 
(WO3), which can repeatably switch from transparent to blue upon light exposure. WO3 
compounds are n-type semiconductors with an indirect bandgap ranging from 2.6 to 3.4 eV 
[15,16]. Initially, the formation of F-like color centers and a double-charge-injection model 
were proposed to explain the photochromism of WO3 [17]. In the double-charge-injection 
model [18], hydrogen tungsten bronze HxWO3 is formed due to the injection of electrons and 
protons from the external environment upon above bandgap excitation. However, the 
expected increase in H content of the films was not experimentally observed [19]. Later, an 
advanced model involving absorbed H2O was proposed [20]. This model was supported by 
findings in ref. [21], which linked the amount of absorbed H2O at the surface to the photo-
induced optical density of the films. When WO3 is illuminated by light with a photon energy 
above its bandgap, electron-hole pairs are generated. Subsequently, the holes react with the 
absorbed water molecules and generate protons and oxygen ( 4ℎ+ + 2𝐻𝐻2𝑂𝑂 → 4𝐻𝐻+ +
𝑂𝑂2(𝑔𝑔) ↑), while the photo-excited electrons reduce W ions and create W5+ cations (𝑊𝑊𝑂𝑂3 +
𝑥𝑥𝐻𝐻+ + 𝑥𝑥𝑥𝑥− → 𝐻𝐻𝑥𝑥𝑊𝑊1−𝑥𝑥

6+ 𝑊𝑊𝑥𝑥
5+𝑂𝑂3 ), leading to a color change from transparent to blue. 

Bleaching of the film occurs when oxygen is absorbed by the film and the chemical reactions 
described above are reversed.  

The reversible optical coloring and bleaching characteristics and the accompaning 
physical and chemical properties of inorganic photochromic materials render them promising 
for applications in sunglasses [8], smart windows [22], optical information storage [2], 
photocatalysis [23], wearable fabric [24]. Fig. 1.1 shows that research publications and 
citations on " inorganic photochromic materials " have steadily increased over the past 
decades. 

 
Figure 1.1 Research publications and citations for different years for inorganic photochromic 
materials, using “inorganic photochromic” as the search word (Web of Science, July 20th, 
2024). 
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1.2 Rare-earth oxyhydride  thin films 

Rare-earth oxyhydride (REHxOy) thin films are an emerging class of inorganic photochromic 
materials. Polycrystalline yttrium oxyhydride thin films were first identified to exhibit 
photochromic properties under ambient conditions in 2011 [25]. REHxOy are transparent 
semiconductors with a bandgap typically above ~2 eV, depending on the cation and 
deposition pressure [26-30]. Upon optical excitation above the bandgap,  these films exhibit 
a color-neutral photochromic effect in which they absorb light across a broad wavelength 
range (visible and near-IR up to ~2500 nm), unlike most inorganic photochromic materials 
which have specific absorption peaks. When the light is switched off, the transparency of 
REHxOy films is recovered. So far, rare-earth (RE) oxyhydride thin films with the RE cation 
including Y, Gd, Sc, Nd, Dy, Er, and Sm have been discovered to exhibit the color-neutral 
photochromic effect [26-31].  

The preparation of such photochromic REHxOy films involves a two-step process. First, 
rare-earth dihydride (REH2) films are deposited by reactive magnetron sputtering at room 
temperature on unheated fused-silica substrates above a critical pressure, necessary to ensure 
sufficient porosity for subsequent oxidation. The critical pressure is approximately 0.6 Pa for 
NdHxOy, SmHxOy, GdHxOy, DyHxOy, and ErHxOy, and 0.3 Pa and 0.4 Pa for ScHxOy and 
YHxOy [26,29-32]. Second, upon exposure to air, these dihydride films oxidize and become 
transparent. This oxidation process is accompanied by a change in the valence state of RE 
from RE2+ to RE3+. Assuming full oxidation of the RE cation to RE3+, the minimum oxygen 
amount with x=0.5 is obtained for semiconducting REH3-2xOx [27].  

In REH2, all hydrogen atoms are positioned at tetrahedral sites of the fcc lattice, while in 
REH2O0.5, each oxygen ion displaces one tetrahedral hydrogen ion to an octahedral site, 
resulting in half of the octahedral sites being occupied by hydrogen. This configuration is 
based on a face-centered cubic (fcc)-based model proposed by Cornelius et al. [27]. 
Subsequently, an EXAFS study confirmed that oxide anions preferentially occupy the 
tetrahedral sites, as this minimizes the electrostatic lattice energy [33]. The proposed 
occupancy of hydrogen and oxygen anions for REH2 and REHxOy, compared to that of REH3 
and RE2O3 is illustrated in Fig. 1.2 [27]. As the O:H ratio increases for REH3-2xOx when x 
increases from 0.5 to 1, the content of oxygen sitting at the tetrahedral sites increases, while 
the number of octahedral hydrogen decreases. When the O:H ratio reaches 1:1, there is no 
hydrogen occupying the octahedral sites, with tetrahedral sites equally occupied by oxygen 
and hydrogen. REHxOy films deposited at a higher pressure (exceeding the critical pressure) 
possess a higher O:H ratio due to the increased porosity and subsequently larger post-
oxidation of the dihydride films, and exhibit a weaker photochromic effect [32,34]. In 
addition to the O:H ratio, other strategies such as cation variation [26,32], doping [35], and 
annealing [29] can significantly influence the photochromic properties. The tuneable color-
neutral photochromic effect and additional light-induced properties, such as photo-
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conductivity, make REHxOy films promising candidates for applications in smart windows 
[22,31], memory devices [36], and photo-catalysts [37]. 

 
 

  
Figure 1.2 Crystal structure and the lattice site occupancy of anions in MH2, MH2O0.5, MHO, 
MH3 and M2O3 based on the fcc-fluorite (Fm3̅m) structure motif. Reprinted from [27].  
 

However, at the time of starting this research, the mechanism underlying the 
photochromic effect and the memory effect (slower rate of bleaching upon cycling) [25] in 
REHxOy was not well understood, and studies on these mechanisms were limited.  

In 2017, Montero et al. [38] proposed the formation of phase-segregated metallic domains 
to explain the photodarkening of YHxOy films, as the optical transmittance and ellipsometry 
data of YHxOy during illumination could be modelled well by the formation of metallic 
domains with a volume fraction up to 6%. Later, positron annihilation studies [39,40] showed 
that the S-parameter increases during UV illumination and remains after bleaching, 
suggesting the light-induced formation of open-volume defects and indirectly supporting 
(hydrogen) ion mobility during photodarkening. Significant findings and insights into the 
photochromism and mechanism in REHxOy films can be found in two recent review articles 
[31,41].  

This thesis focuses on: i) investigating the nature of metallic domains and their evolution 
during photodarkening and bleaching to better understand the mechanism of the 
photochromism, and ii) examining the nature of open-volume defects before, during and after 
illumination, to elucidate their formation mechanism and their potential role in the slowing 
down of the bleaching kinetics in REHxOy films upon cycling (the so-called memory effect). 
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A deeper understanding of these aspects may enable optimizing the control and design of 
REHxOy films with desired photochromic properties for various future applications.  

1.3 Positron annihilation spectroscopy and spectroscopic ellipsometry  

In this section, the main features of the two most important techniques applied in this thesis 
to study properties of photochromic films are described, namely positron annihilation 
spectroscopy and spectroscopic ellipsometry. 

 
1.3.1 Positron annihilation spectroscopy  
Positron annihilation spectroscopy (PAS) is a powerful non-destructive tool to characterize 
open-volume defects at the atomic scale in solids. The positron as the antiparticle of the 
electron was predicted by Paul Dirac in 1928 [42] and it was experimentally discovered by 
Carl Anderson in 1932 using a cloud chamber to observe cosmic rays [43]. Since the 1950s, 
the annihilation properties of positrons (e.g. annihilation rate and positron lifetime) with 
electrons have been widely studied in various types of materials. By the late 1960s, it became 
evident that positrons could be trapped by lattice defects and cavities in materials and 
positrons could be used for studies of defects in materials, for instance, the color center in 
NaCl crystals [44]. In the 1980s, the development of variable energy slow positron beams 
[45] and the theory of positrons in semiconductors and defects [46] enabled the application 
of PAS to thin films, which sparked increased interest in PAS from the 1990s onward. The 
investigation of vacancy-type defects in semiconductors and metals by the use of PAS have 
been thoroughly reviewed in several excellent review articles [47-50]. 

When implanted into a solid, positrons encounter a very fast (< 10-15 s) energy loss 
process through inelastic collisions with core electrons. This is followed by a thermalization 
process, during which the positrons further loose energy to around a few tens of meV over a 
period of 10-12 s (typically 1-3 ps for semiconductors and metals [51,52]) via excitation of 
plasmons, electron-hole pairs or phonons. After thermalization, the positron diffuses through 
the space between atoms in the lattice until it annihilates with an electron, emitting in most 
cases two gamma rays of ~511 keV in approximately opposite directions, according to the 
conservation laws of energy and momentum. In an ideal, defect-free crystal lattice, 
thermalized positrons are in a free delocalized Bloch-like state. In the presence of open-
volume defects, positrons can be easily trapped at these vacant sites in most cases, due to the 
reduced Coulomb repulsion from the ion cores, leading to a localized positron state. Some 
thermalized positrons may form positronium (Ps), a bound state of a positron and an electron, 
particularly in the presence of pores/voids in semiconductors or insulators. Ps can exist in 
two forms based on the spin states: para-positronium (p-Ps), which is in a singlet state (S=0, 
ms=0), and ortho-positronium (o-Ps), which is a triplet state (S=1, ms=0, ±1). They typically 
form in a ratio of approximately 1:3 (as in vacuum). p-Ps has a lifetime of ~125 ps in vacuum, 
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and it decays into two gamma rays of ~511 keV each in opposite directions, while o-Ps has 
a lifetime of ~142 ns in vacuum and it decays via three-gamma annihilation. In solids, o-Ps 
can pick up an electron from the local surrounding with a spin opposite to that of the positron 
and decay into two gamma rays, such that the effective lifetime of o-Ps can be reduced to a 
few ns in voids [53]. This process is named pick-off annihilation.  

In addition, positrons can also be trapped by nanoclusters in a semiconducting or metallic 
matrix, provided that the nanoclusters (with a different electronic structure) have a higher 
positron affinity than the matrix [54]. The trapping of positrons at precipitates was first 
observed in single crystals of the Al-Zn alloy using one dimensional angular correlation of 
annihilation radiation (1D-ACAR) by Sedov et al. in 1970 [55]. Later, the kinetics of 
formation of nanoprecipitates in age-hardening metal alloys was extensively studied 
employing PAS [56,57]. Additionally, PAS has been used to investigate Cu nanoparticles 
embedded in Fe, as well as Li, Au, Kr nanoclusters and Li2CO3 precipitates embedded in 
MgO [54,58-62].  

Thus, PAS may provide key insights into the nature and evolution of metallic domains 
and open-volume defects in photochromic REHxOy films. 
 
The most common positron annihilation techniques used for studying open-volume defects 
and nanoclusters in semiconductors and metals are Doppler broadening positron annihilation 
spectroscopy (DB-PAS) and positron annihilation lifetime spectroscopy (PALS).  
 
DB-PAS 
In the annihilation process, where two gamma photons are emitted into opposite directions, 
energy and momentum conservation dictates that the energy of the each photon is 𝐸𝐸𝛾𝛾 =

𝑚𝑚0𝑐𝑐2 ± 1
2
𝑝𝑝//𝑐𝑐  in the laboratory frame, where 𝑚𝑚0𝑐𝑐2  is 511 keV and 𝑝𝑝//  represents the 

momentum component of the electron-positron pair parallel to one of the gamma rays. Given 
that the momentum of the thermalized positron is relatively low (energy of a few tens of 
meV), the Doppler broadening of the 511 keV annihilation line is mostly determined by the 
momentum of the annihilation electrons.  

In DB-PAS, the shape parameter (S-parameter) and the wing parameter (W-parameter) 
are used to represent the low-momentum and high-momentum regions of the positron-
electron momentum distribution. For the DB-PAS instrument VEP at TU Delft [63], the low 
momentum S-parameter and high momentum W-parameter were defined as, respectively, the 
number of annihilation events (1) in the central area with an energy window of |E| < 0.77 keV 
(or electron momentum |p| < 3.0 × 10-3 m0c) and (2) in the area with a energy window of 2 
keV < |E| < 6 keV (8.2×10-3 m0c < |p| < 23.4×10-3 m0c), divided by the total annihilation events 
under the gamma photopeak around 511 keV. The definitions of the S-parameter and W-
parameter are illustrated in a representative energy spectrum of gamma rays emitted from 
positron-electron annihilation near ~511 keV, as shown in Fig. 1.3. 
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Typically the annihilation of positrons with valence and conduction electrons contributes 
to the S-parameter due to the low localization (low momentum) characteristic of these 
electrons. Furthermore, as shown in Fig. 1.3, the presence of open-volume defects results in 
a higher S-parameter compared with that for the defect-free lattice region. This increase 
occurs because the probability of annihilation of the localized positron at a vacancy with a 
low-momentum valence electron is higher, owing to the strong reduced overlap of the 
positron wave function with (semi)core electrons of the neighbouring atoms. On the other 
hand, primarily the annihilation of positrons with high-momentum (semi)core electrons 
(inner shell of electrons in atoms) contributes to the W-parameter. Hence, the W-parameter 
is sensitive to the local chemical environment of surrounding atoms at the positron 
annihilation site. The presence of atomic nanoclusters with a different electronic structure 
than the embedding matrix could change the S and W parameters significantly, assuming that 
those clusters can effectively trap positrons. 

The variable-energy slow positron beam (0.1-30 keV) used in DB-PAS allows us to probe 
thin-film samples with thicknesses of up to a few micrometer. The mean implantation depth 
𝑧𝑧̅ in nm in a material with density 𝜌𝜌 in g/cm3 can be calculated as a function of positron 

implantation energy E in keV according to 𝑧𝑧(̅E)= AEn

ρ
, and we used n=1.6 and A=4 μg cm-2 

keV-n [64,65]. By varying the positron implantation energy, one can obtain a depth profile 
for the film sample. The S and W parameter, measured as a function of positron implantation 
energy can be analyzed using VEPFIT [66]. This program solves the equations for positron 
implantation and diffusion of thermalized positrons, enabling the extraction of parameters 
such as the S and W parameter and the positron diffusion length L+ for each layer in a multi-
layered sample. 

 
Figure 1.3 Energy distribution of the annihilation gamma rays for a vacancy-free sample 
(blue line) and a vacancy-containing material (red line) and the representative energy 
windows for the S-parameter and the W-parameter. 
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PALS 
PALS is a powerful technique for identifying and quantifying open-volume defects in solid, 
providing detailed information on their size and the concentration. The positron lifetime 
depends solely on the local electron density encountered by the positron, described by 𝜏𝜏 = 1

𝜆𝜆
 

and 𝜆𝜆 = 𝜋𝜋𝑟𝑟02𝑐𝑐𝑛𝑛𝑒𝑒, where 𝜆𝜆 is the corresponding annihilation rate, 𝑟𝑟0 is the classical electron 
radius, 𝑛𝑛𝑒𝑒 is the electron density, and 𝑐𝑐 is the speed of light [53]. The positron bulk lifetime 
refers to the lifetime value of positrons annihilating in defect-free regions of a material. 
Longer lifetime components indicate positron annihilation in regions with a lower electron 
density, such as vacancies or voids. In addition, the positron lifetime increases with the size 
of vacancy defects, due to the reduced local electron density. A representative example of 
theoretically calculated positron lifetimes for bulk (defect-free) crystalline silicon (c-Si) and 
for vacancy clusters in c-Si is shown in Fig. 1.4 [67]. In defect-free c-Si, the positron bulk 
lifetime is ~220 ps, and the positron lifetime increases from ~250 ps for monovacancies to 
~420 ps for V10, after which positron lifetime tends to saturate.  

 
Figure 1.4 The calculated positron lifetime versus the number of vacancies in a vacancy 

cluster in c-Si, data extracted from ref. [67]. 
 

The concentration of vacancy defects can be determined using a defect trapping model, 
provided that the concentration of vacancy defects is above ~10-7 and positron saturation 
trapping does not occur, i.e. the concentration does not exceed ~10-4 [53]. The positron 
trapping rate kd is proportional to the vacancy concentration Cd, following kd = 𝜇𝜇dCd, where 
𝜇𝜇d is the trapping coefficient. In the defect trapping model, kdi for the number of defects i can 
be calculated by solving the rate equations, assuming that the open-volume defects are non-
interacting [53]. For example, in the single-defect trapping model (only one type of vacancy 
is present), kd is given by kd = I2( 1

τ1
 - 1

τ2
). Hence, the concentration of vacancies can be 

estimated from their respective positron lifetime parameters, as typically the 𝜇𝜇d at negatively 
charged vacancies is approximately 1015 to 1016 s-1 at 300 K and the 𝜇𝜇d at neutral vacancies 
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is ~1014-1015 s-1, independent of temperature [49,53]. More details on the defect trapping 
model and the calculation of the concentration of vacancy defects can be found in ref. [53]. 

Therefore, in this thesis both DB-PAS and PALS are applied to explore the nature and 
the evolution of metallic domains and open-volume defects in REHxOy films by measuring 
Doppler broadening of annihilation radiation and positron lifetimes.  
 
1.3.2 Spectroscopic ellipsometry 
Spectroscopic ellipsometry is a non-destructive and non-invasive optical technique used to 
determine the optical parameters, thickness and roughness of thin films by measuring 
changes in polarization state and intensity of light upon reflection from the film. 
Spectroscopic ellipsometry has been widely used in inorganic, organic, composite and even 
biological materials [68-70]. 
 

  
Figure 1.5 (a) Schematics of the basic principle ellipsometry. Reprinted from [71], (b) 

Schematics for a representative three-layer model applied to this thesis. 
 

Fig. 1.5 (a) illustrates the basic principle of ellipsometry. Incident light, containing two 
orthogonal electromagnetic waves in the p (parallel) and s (“senkrecht”, perpendicular) 
directions to the incidence of plane, hits the sample at an angle of incidence (ϕ). Upon 
reflection, the light undergoes changes in its polarization state due to interactions with the 
material (including reflection, transmission and absorption). These light-material interactions 
are determined by the optical parameters (the refractive index n and the extinction coefficient 
k), the thickness and roughness of the film and the optical properties of the substrate, causing 
the light to become elliptically polarized. These changes are quantified by two ellipsometry 
parameters, psi (Ψ) and delta (Δ), described by the equation ρ= rp

rs
= tan (Ψ) ei∆, where rp and 

rs are the Fresnel reflection coefficient for the p-wave and s-wave. Ψ reflects the change in 
relative amplitude of both the p-wave and s-wave after reflection, which is defined as 

tan (Ψ) = �𝑟𝑟𝑝𝑝�
|𝑟𝑟𝑠𝑠|

. Δ reflects the phase shifts of both waves, defined as Δ = δ1 − δ2, where δ1 

denotes the phase difference between the p-wave and s-wave after polarization, and δ2 
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denotes the phase difference of the p-wave and s-wave after reflection from the sample 
surface. Ψ and Δ are two quantities that ellipsometry measures as a function of the wavelength 
λ of the applied light source. 

The measured Ψ(λ) and Δ(λ) can be analyzed and fitted by building an layered model. For 
example, for a homogenous transparent YHxOy film deposited on a f-SiO2 substrate, a three-
layer model can be constructed (Fig. 1.5 (b)), consisting of a roughness layer, a YHxOy layer 
and a substrate layer. The roughness layer is fitted using an in-built Bruggeman effective 
medium approximation model, assuming that this roughness layer consists of a mixed layer 
with 50% oxyhydride and 50% air (n = 1, k = 0).  The remaining layers can be fitted 
employing selected mathematical equations such as the Cauchy dispersion equation 
(n(λ) = A+B λ2+⁄ C λ4⁄ ), which is valid for wavelength regions below the bandgap of a 
transparent film [72]. Through iterative fitting, optical parameters can be obtained.  

In addition, the development of in-situ ellipsometry enables the characterization of films 
under various conditions, such as during film deposition [73], heating and cooling [74], and 
under UV illumination [75]. In this thesis, in-situ illumination above the bandgap is used to 
monitor the variation in the optical parameters of RE oxyhydride films during 
photodarkening and bleaching. 

1.4 Thesis outline 

In this thesis, in-situ above bandgap illumination PAS and spectroscopic ellipsometry are 
employed to investigate the nature and evolution of microstructural and (opto-)electronic 
structure changes of rare-earth oxyhydride films on a nanometer scale during 
photodarkening-bleaching cycles, and to explore their possible relationship with the 
photochromic effect and the memory effect. 

In Chapter 2, we systematically investigate the formation of metallic-like domains and 
open-volume defects by in-situ illumination DB-PAS during one photodarkening-bleaching 
cycle in both YHxOy and GdHxOy films. Under illumination, clear shifts of the Doppler 
parameters toward those of dihydrides are observed that partially recover back during 
bleaching. Accordingly, we propose two types of metallic-like domains to explain the 
photochromic effect, including (i) phase-segregated hydrogen-rich metallic domains, and (ii) 
Anderson-Mott insulator-to-metal transition in certain domains of the film. In addition, the 
irreversible part of the shifts in S and W parameters observed after bleaching suggests that 
divacancy-like defects are formed, as PALS on as-prepared films shows that yttrium 
monovacancies are the dominant positron trapping vacancies in the as-prepared oxyhydride 
films.  

In Chapter 3, we further explore the evolution of open-volume defects and metallic-like 
domains upon six photodarkening-bleaching cycles in YHxOy and GdHxOy films employing 
in-situ DB-PAS and investigate whether and how these microstructural and electronic 
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changes relate to the evolution of photochromic transmittance. For the first three cycles, a 
strong correlation between the increase in S-parameter after each cycle and the slower 
bleaching rate (known as the memory effect) is observed. This increase in the S-parameter is 
attributed to vacancy agglomeration of the preexisted yttrium monovacancies with hydrogen 
vacancies, and the growth of vacancy clusters, as revealed by PALS measurements before 
and after one cycle. Furthermore, we propose several possibilities to understand the memory 
effect and corresponding systematic slowing down of the bleaching rate from an microscopic 
perspective. For the second three cycles, the observed reversible shifts in Doppler parameters 
in every cycle reinforce the hypothesis of the formation of metallic-like domains during 
photodarkening for explaining the photochromic effect. 

In Chapter 4, we employ in-situ illumination PALS measurements on two yttrium 
oxyhydride films to monitor the time-dependent evolution of open-volume defects and 
metallic-like domains on the nanometer scale and their correlation with the photochromic 
effect. We observed distinct dynamic changes in the positron lifetime and intensity for each 
of the three observed lifetime components during photodarkening and bleaching processes. 
Accordingly, we provide a schematic illustration depicting the dynamic changes of open-
volume defects and metallic domains before illumination, during the first fast phase of ~3 
min and the subsequent gradual phase of ~2 h of photodarkening, and during two subsequent 
bleaching phases (I and II) in yttrium oxyhydride films, as revealed by PALS. Notably, a 
strong correlation is found between the shortest positron lifetime and the photochromic 
contrast during these two bleaching phases in both samples. This study deepens our 
microscopic understanding of the photochromism and the memory effect in yttrium 
oxyhydride films. 

In Chapter 5, we further examine the nature of metallic-like domains formed during 
photodarkening in yttrium oxyhydride films from an optical perspective using spectroscopic 
ellipsometry. We report on the optical constants of as-prepared YHxOy and YH~2, YHx and 
Y films. By applying a Bruggeman effective medium approximation model to the 
ellipsometry data obtained in the photodarkened state of the YHxOy film, we assess whether 
the formation of phase-segregated Y or Y hydride metallic domains in a semiconducting 
YHxOy matrix can explain the photochromic effect. Alternatively, we utilize a Kramers-
Kronig consistent basic-spline approach to fit the ellipsometry data and determine the 
dielectric function and absorption coefficient of the photodarkened YHxOy film. Based on 
these optical parameters, we examine the potential formation of metallic domains related to 
hydrogen vacancies-induced Anderson-Mott insulator-to-metal transition as the basic 
mechanism of the photochromism. Finally, the possibility of the formation of Y monoxide-
like domains in the semiconducting YHxOy matrix is assessed, based on the derived feature 
of the optical absorption coefficient α(λ) during photodarkening.  
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Abstract 

Rare-earth oxyhydride thin films show a color-neutral, reversible photochromic effect at 
ambient conditions. The origin of the photochromism is topic of current investigations. Here, 
we investigated the lattice defects, electronic structure, and crystal structure of photochromic 
YHxOy and GdHxOy thin films deposited by magnetron sputtering using positron annihilation 
techniques and X-ray diffraction, in comparison with Y, YH~1.9, Y2O3 and Gd, GdH~1.8, 
Gd2O3 films. Positron annihilation lifetime spectroscopy (PALS) reveals the presence of 
cation mono-vacancies in the as-deposited Y and YH~1.9 films at concentrations of ~10-5 per 
cation. In addition, vacancy clusters and nanopores are found in the as-prepared YHxOy and 
Y2O3 films. Doppler broadening positron annihilation spectroscopy (DB-PAS) of the Y-
based and Gd-based films reflects the transition from a metallic to an insulating nature of the 
rare-earth (RE) metal, metal hydride, semiconducting oxyhydride and insulating oxide films. 
In-situ illumination DB-PAS shows the irreversible formation predominantly of di-
vacancies, as PALS showed that cation mono-vacancies are already abundantly present in 
the as-prepared films. The formation of di-vacancies supports conjectures that H- (and/or O2-

) ions become mobile upon illumination, as these will leave anion vacancies behind, some of 
which may subsequently cluster with cation vacancies present. In addition, in RE oxyhydride 
films, partially reversible shifts in the Doppler parameters are observed that correlate with 
the photochromic effect and point to the formation of metallic domains in the semiconducting 
films. Two processes are discussed that may explain the formation of these metallic domains 
and the changes in optical properties associated with the photochromic effect. The first 
process considers the reversible formation of metallic nano-domains with reduced O:H 
composition by transport of light-induced mobile hydrogen and local oxygen displacements. 
The second process considers metallic nano-domains resulting from the trapping of photo-
excited electrons in an eg orbital at the yttrium ions surrounding positively charged hydrogen 
vacancies, that are formed by light-induced removal of hydrogen atoms from octahedral sites. 
When a sufficiently large concentration, on the order of ~10%, is reached in a certain domain 
of the film, band formation of the eg electrons may occur, leading to an Anderson-Mott 
insulator-metal transition similar to the case of yttrium trihydride in these domains.  
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2.1 Introduction  

Inorganic photochromic materials have attracted extensive interest because they possess a 
higher physico-chemical stability compared to organic photochromic materials. They are 
promising for applications in the fields of energy-saving smart windows [1], adaptive 
eyewear lenses [2] and sensors [3]. Traditional inorganic photochromic materials include 
transition metal oxides and doped metal halides, e.g. tungsten oxide [4] and copper doped 
silver halide [5]. The photochromism of yttrium oxyhydride thin films (YHxOy), where 
oxygen is incorporated into YH2-x metal hydride films by ex-situ oxidation, was discovered 
in 2011 [6]. Other rare-earth metal oxyhydride films, based on Gd, Er, Dy and Sc, also 
showed similar photochromic properties, characterized by a strong reduction in the optical 
transmission below the band gap energy in a broad wavelength range in the visible and near-
IR upon UV illumination [7, 8]. These photochromic oxyhydride films were prepared by 
reactive magnetron sputtering of metal dihydride films in an argon/hydrogen atmosphere 
above a specific critical deposition pressure, followed by exposure to air. The incorporation 
of oxygen into the rare-earth metal hydride films during post-oxidation does not induce a 
phase transition, but the crystal lattice expands and maintains an fcc-like structure similar to 
the dihydride films [7]. The bandgap, optical properties and electrical properties of 
oxyhydride films can be modified by tailoring the chemical composition (O2- and H- contents) 
by varying the deposition pressure [8-12].  

However, the mechanism of photochromism in rare-earth oxyhydride films is still 
unclarified. The photochromic mechanism of the well-known inorganic photochromic 
material Cu-doped AgCl is associated with the formation of metallic silver clusters due to 
the light-induced electron generation and transport that induces a change in the valence state 
of Ag ions according to  Ag+ + e- → Ag0 [13]. The Ag0 atoms move to interstitial sites and 
cluster to form metallic regions, leading to pronounced photo-darkening of the material. A 
similar mechanism may be involved in rare-earth oxyhydride films. Based on spectroscopic 
ellipsometry, Montero et al. [14] proposed that the photo-darkening of YHxOy films is related 
to the formation of metallic domains, since the optical transmittance of YHxOy under 
illumination could be modelled well by the formation of a small fraction of up to 6 vol.% of 
metallic domains. The domains were supposed to be YH2-like, but it remained unclear how 
they formed. Based on solid state Nuclear Magnetic Resonance (NMR), Chandran et al. [15] 
showed that a rearrangement of mobile hydrogen species occurs during illumination of 
YHxOy, that reverses during bleaching, correlating with the photochromic changes. Our 
previous positron annihilation studies [8, 16] showed that the UV illumination induces the 
formation of vacancies, providing additional (indirect) support for ion mobility during photo-
darkening. In that study, the formation of vacancies appeared irreversible during the 
subsequent bleaching phase, suggesting that the vacancies observed by positron annihilation 
are not directly responsible for the photochromic effect.  
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In this study, we further clarify the formation of vacancies during photo-darkening. 
Moreover, we monitored the changes in electronic structure during illumination and 
subsequent bleaching, and found that these are (at least partially) reversible in character. 
Positron annihilation lifetime spectroscopy (PALS) was used to identify the sizes of vacancy-
like defects and concentrations of vacancies in as-prepared Y/YH~1.9/YHxOy/Y2O3 films. X-
Ray Diffraction (XRD) and Doppler broadening positron annihilation spectroscopy (DB-
PAS) were employed to investigate the crystal structure and electronic structure via detection 
of electronic momentum distributions of as-deposited Gd-based and Y-based films. In 
addition, in-situ illumination DB-PAS was used to probe the evolution of vacancies and 
electronic structure properties of the oxyhydride films during UV illumination and 
subsequent bleaching in the dark. We describe and discuss two different possible mechanisms 
for the photo-darkening of the rare-earth metal oxyhydride films consistent with the 
reversible changes observed in the in-situ illumination positron studies. The first mechanism 
involves the formation of H-rich domains that exhibit a metallic-like electronic structure, 
enabled by photo-induced transport of hydrogen. Modelling based on diffusion-limited 
positron trapping in such H-rich domains suggests that the characteristic sizes of these 
domains are in the range of ~1-20 nm. The second mechanism involves the formation of 
positively charged hydrogen vacancies at octahedral sites with a localized charge-
compensating electron in an eg-state orbital at the surrounding yttrium ions. At sufficiently 
high concentrations, overlap between the eg-state orbitals of these localized electrons may 
occur, leading to band formation and a local metallic behaviour in the respective domains in 
the YHxOy film, similar to what has been proposed for the Anderson-Mott insulator-to-metal 
transition of yttrium trihydride at a composition of YH~2.7. 

2.2 Experiment 

2.2.1 Sample preparation 
The rare-earth metal dihydride and oxyhydride films were deposited on unheated UV-grade 
fused silica (f-SiO2) substrates by reactive direct current (DC) magnetron sputtering of 
yttrium or gadolinium targets (with 99.9% purity) in an Ar/H2 gas mixture. The DC power 
supplied to the Y and Gd target was 200 W and 180 W, respectively. The sputtered metal 
dihydride films were deposited under a pressure of 0.3 Pa, while the oxyhydride films were 
obtained from the post-oxidation of metal dihydride films deposited above the critical 
pressure of around 0.4 Pa for YHxOy and 0.6 Pa for GdHxOy films, respectively [7], at room 
temperature. A second type of rare-earth metal dihydride films was prepared by post-
hydrogenation of sputtered Y or Gd films capped with a thin Pd layer. The Pd layer not only 
protects the film from oxidation and but also catalyzes the hydrogenation process [17]. Some 
of the oxyhydride films were capped by a thin aluminum (Al) layer after exposure of the 
reactively sputtered dihydride films to air for around 3 hours. The Al layer was used to 
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prevent interaction of the oxyhydride films with the ambient (or vacuum) environment during 
the experiments. The Y and Gd metal films were deposited in an Argon atmosphere under a 
pressure of 0.3 Pa, while the Y2O3 and Gd2O3 metal oxide films were made in an Ar/O2 
atmosphere under a pressure of 0.3 Pa via pulsed DC reactive magnetron sputtering. Detailed 
information about the deposition method can be found in Ref. [8]. All the samples used are 
listed in Table 2.1 and Table S2.1 (see Supplemental material [18]). 
 

Table 2.1: List of main samples, deposition pressures and experiments. 

Samples Deposition pressure measurements 
Y 0.3 Pa PALS, DB-PAS, XRD 
YH~1.9//Pd 0.3 Pa (hydrogenation) PALS, DB-PAS, XRD 

YHxOy-1 0.5 Pa PALS, DB-PAS, XRD, In-situ illumination DB-
PAS 

YHxOy-2 0.5 Pa PALS 
YHxOy//Al 0.5 Pa DB-PAS, XRD, In-situ illumination DB-PAS 
Y2O3 0.3 Pa PALS, DB-PAS 
Gd 0.3 Pa DB-PAS 
GdH~1.8//Pd 0.3 Pa (hydrogenation) DB-PAS, XRD 
GdH2 0.3 Pa DB-PAS, XRD 
GdHxOy  0.8 Pa DB-PAS, XRD 
GdHxOy//Al  0.8 Pa DB-PAS, XRD 
GdHxOy  0.9 Pa DB-PAS, XRD, In-situ illumination DB-PAS 
GdHxOy//Al  0.9 Pa DB-PAS, XRD, In-situ illumination DB-PAS 
Gd2O3 0.3 Pa DB-PAS 

 

2.2.2 Characterization 

Grazing-incidence XRD measurements were performed on a PANalytical X-pert Pro 
diffractometer with a Cu Kα source (λ = 1.54 Å) at room temperature and the angle of 
incidence was fixed at ω = 2° for all measurements. The XRD patterns were analyzed by the 
Rietveld refinement method using the Fullprof Suite [19, 20]. The crystal structures of the 
various films deduced from the Rietveld refinement are in agreement with previous findings 
[8, 9], with a hexagonal close-packed (hcp) structure and space group of P63/mmc for the Y 
and Gd films, and a face-centered-cubic (fcc) structure and space group Fm-3�m for the rare-
earth metal dihydride and oxyhydride thin films. Yttrium oxide (Y2O3) crystallizes in a body-
centered-cubic (bcc) structure with space group I-a3�  [21]. Detailed information on the 
Rietveld refinement analysis of the films, including the crystal structures, lattice parameters 
and volume per Y (or Gd) atom, is given in the Supplemental Material [18]. 

PALS studies were performed using the pulsed low-energy positron lifetime spectrometer 
(PLEPS) of the neutron-induced positron source (NEPOMUC) facility at the Heinz Maier-
Leibnitz Zentrum (MLZ) research reactor in Garching [22, 23, 24]. For each lifetime 
spectrum, 4×106 counts were collected. The instrument time resolution function, determined 
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by PALS measurements on a reference p-doped SiC sample at each positron implantation 
energy, was taken into account when decomposing the experimental positron annihilation 
lifetime spectra. The extracted time resolution was approximately 180 ps. The lifetime 
spectra of eight samples, collected at various positron implantation energies in the range of 
0.5-16 keV, were fitted by the POSWIN program [25, 26]. 

DB-PAS was employed to study the electronic structure and vacancy-type defects in Y-
based and Gd-based thin films. DB-PAS depth profiles of the films were measured at room 
temperature with positron implantation energies ranging from 0.1 keV to 20 keV, using the 
variable energy positron beam (VEP) facility at the Reactor Institute Delft [27]. A high purity 
Ge (HPGe) detector cooled by liquid-nitrogen with the energy resolution of 1.2 keV was used 
to detect the energy distribution of the ~511 keV γ-rays produced by the annihilation of 
positrons and electrons. The intensity of the low energy positron beam at the sample position 
is around 104 e+/s and the FWHM of the beam diameter is around 8 mm. The depth-profiles 
of the extracted shape (S) and wing (W) parameters were fitted by the VEPFIT program [28]. 
The S-parameter represents positron annihilation with valence electrons, which provides 
sensitivity to the electronic structure and open volume defects such as vacancies or vacancy 
clusters, while the W-parameter reflects positron annihilation with (semi-)core electrons, 
which provides information on the local chemical environment of the positron trapping site. 
Momentum windows of |p| < 3.0 × 10-3 m0c and 8.2×10-3 m0c < |p| < 23.4×10-3 m0c were used 
for determining the S- and W-parameter, respectively. 

Optical transmittance measurements were performed in a custom-built setup equipped 
with a white source (DH-2000BAL, Ocean Optics) and a silicon CCD array spectrometer 
(HR4000, Ocean Optics). The light source triggering the photochromic effect of oxyhydride 
films used in the transmittance measurements was a narrow wavelength LED (385 nm, I ~ 
75 mW/cm2). In the in-situ illumination DB-PAS experiments, the same LED equipped with 
a Köhler lens system is placed ~45 cm behind the sample, with an intensity of ~ 33 mW/cm2 
at the position of the sample.  

2.3 Results and discussion 

2.3.1 Open-volume defects in Y-based thin films examined by PALS 

In order to examine the nature of the positron annihilation sites and presence of vacancy-
related defects in the as-deposited films, positron annihilation lifetime spectroscopy (PALS) 
experiments were performed on various yttrium-based films. This PALS study enabled us to 
probe the sizes and concentrations of vacancy-related defects in the films. Representative 
spectra obtained for the YH~1.9//Pd and YHxOy-1 films, collected at a positron implantation 
energy of 4 keV are shown in Fig. 2.1, together with best-fits obtained using POSWIN 
analysis. In order to reliably extract the lifetime parameters for each film, we considered the 
PALS spectra collected at 3 and 4 keV, since at these positron implantation energies the 
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largest fraction of positrons (~91-96% for YH~1.9//Pd and ~94-98% for YHxOy-1) annihilate 
inside the film, according to VEPFIT analysis [28], as presented in Fig. S2.3 of the 
Supplemental Material [18]. The positron lifetime spectra of all Y-based thin films at 3 and 
4 keV are shown in Fig. S2.4, Supplemental Material [18]. The spectra of the metallic Y and 
YH2-x films decay according to a sum of exponential decay components too close to the 
background level beyond ~6 ns. In contrast, a component with a long exponential decay is 
observed in the PALS spectra of YHxOy and Y2O3 films. This shows that ortho-positronium 
(o-Ps) pick-off annihilation is present in the YHxOy and Y2O3 films, while it is absent in the 
metallic Y and YH2-x films. Positronium (Ps) is a hydrogen-like bound state of a positron and 
an electron. Ortho-positronium (o-Ps) has spin S=1 and a long self-annihilation lifetime in 
vacuum of ~142 ns due to annihilation into 3 gamma-ray photons, and can be formed in 
sufficient large open space, for instance, nanopores present in a material. The self-
annihilation lifetime of ~142 ns can be reduced substantially by so-called pick-off 
annihilation, in which the positron of o-Ps annihilates with an electron of opposite spin of the 
surrounding material under emission of 2 gamma quanta. The formation of o-Ps in the YHxOy 
and Y2O3 films therefore indicates the presence of nanopores. However, o-Ps formation is 
likely inhibited in the metal and metal hydride films due to their metallic character. 

The PALS spectra of the Y and YH2-x films were satisfactorily fitted by a three-lifetime-
component analysis, while the spectra of YHxOy and Y2O3 films were satisfactorily fitted by 
a four-lifetime-component analysis using the POSWIN analysis program [25, 26]. For all Y-
based films, the lifetime of the first component extracted in the analysis (Table 2.2, and Table 
S2.3 in the Supplemental Material [18]) is significantly shorter than typical values for the 
positron bulk lifetime characteristic for annihilation in defect-free materials [29]. We 
attribute this first component to positron annihilation in a defect-free local environment in 
our vacancy-containing films, that only occurs at short timescales before these positrons had 
the chance to find and trap into vacancy-related point defects in the films. The lifetime of the 
first component is reduced with respect to the positron bulk lifetime by the competitive 
process of positron trapping in vacancy-related open volume defects, which provides 
additional decay channels that add to the decay rate of the first component [29]. The other 
two lifetime components, which are linked to positron annihilation in open volume defects, 
have a lifetime that is characteristic for the size of the vacancy-related defect, vacancy cluster 
or nanopore involved, while their intensity is associated with the concentration of the 
respective open volume defect. As we will discuss further on, the second component with 
observed positron lifetimes in the range of 260 to 295 ps is related to positron trapping in 
mono-vacancies, while the third component with a lifetime τ3 in the range of 500-700 ps may 
originate from larger vacancy clusters. The fourth component seen for YHxOy and Y2O3 films 
with long lifetimes in the range of 1.5-3.2 ns corresponds to pick-off annihilation of o-Ps 
formed in nanopores in the films. The best-fit parameters of lifetimes (τi), intensities (Ii) and 
average lifetimes (τav) of all Y-based films at 4 keV and 3 keV are presented in Table 2.2 and 
Table S2.3 (see Supplemental Material [18]), respectively.  
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Figure 2.1: PALS spectra collected at a positron implantation energy of 4 keV of (a) 
YH~1.9//Pd with 3-component best-fit analysis and (b) YHxOy-1 with 4-component best-fit 
analysis using the POSWIN program. The peaks in the rectangular region in the spectra are 
excluded in the analysis, since they correspond to back-scattered positrons that annihilate at 
a different location in the sample chamber of the PLEPS spectrometer. 
 

Table 2.2: Positron lifetimes (τi), intensities (Ii), average lifetimes (τav) for the PALS spectra 
of Y-based thin films collected at 4 keV as deduced from POSWIN best-fit analysis. 

samples τ1 
(ps) τ2

 
(ps) τ3

 
(ps) τ4

 
(ns) I1

 
(%) I2 (%) I3

 
(%) I4

 
(%) τav (ps) 

Y 65±3 279±1 683±22 - 6±0.2 92±0.2 1.5±0.2 - 272±1 
YH~1.9//Pd 73±5 294±1 624±17 - 5±0.2 92±0.2 3±0.3 - 293±3 
YHxOy-1 47±5 266±4 500±20 1.63±0.03 3.8±0.2 71±2 22±2 4.2±0.2 365±17 
YHxOy-2 60±4 281±3 638±29 2.16±0.05 5.2±0.3 78±1 13±1 4.2±0.2 395±9 
Y2O3 58±5 276±4 539±16 3.03±0.06 5.1±0.3 71±2 21±2 3.4±0.1 412±13 

 
Two-defect positron trapping model 

In order to elucidate the size and concentration of the vacancy-related defects, a two-defect 
positron trapping model [29] was applied to extract the bulk lifetime (τb), positron trapping 
rate (ki) and defect concentrations (Ci) of all samples. In the two-defect positron trapping 
model, we consider that positrons may be trapped and annihilate in two different types of 
vacancy-related defects independently. We neglect de-trapping of positrons from either of 
the vacancy-related traps. Besides, positrons may annihilate in defect-free regions of the 
material (bulk annihilation) if they do not get trapped in either type of defect before 
annihilation. According to this model, the lifetime of the first component τ1 corresponds the 
reduced bulk lifetime, that satisfies 1

τ1
= 1

τb
+k1+k2, with k1 and k2 the trapping rates in the two 

types of defects. As will be explained further on, the second component τ2  for the series of 
films studied here is a signature of cation mono-vacancies and τ3 is a signature of vacancy 
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clusters. The minor contributions from the long lifetime o-Ps components (< 5%) in the 
lifetime spectra of YHxOy and Y2O3 were ignored when using this two-defect positron 
trapping model. The intensities of the other three components were rescaled accordingly in 
order to ensure ∑ Ii

3
i=1 =1, as required for application of the two-defect positron trapping 

model. The main equations of this model    
k1 = μC1 = I2( 1

τ1
 - 1

τ2
)                                                                                                                 (2.1) 

k2 = μC2 = I3( 1
τ1

 - 1
τ3

)                                                                                                                 (2.2) 

τb = �I1
τ1

 +  I2
τ2

 + I3
τ3
�

-1
                                                                                                                   (2.3) 

are used to derive the positron trapping rates k1 and k2 in the two types of defects and the 
positron bulk lifetime τb from the lifetimes τi and intensities Ii (i=1,2,3) extracted from the 
positron lifetime spectra. The trapping coefficient μ for single vacancies in solids is generally 
on the order of 1015 s-1 [29, 30]. Since empirical or theoretical values for the trapping 
coefficients for defects in the Y-based films are not available, we set μ=1015 s-1 for mono-
vacancies in our analysis. The trapping coefficient will be approximately proportional to the 
number of vacancies n for small vacancy clusters Vn (n ≤ 5), according to the equation μn=nμ, 
while it will saturate at a high value for larger vacancy clusters, since the trapping coefficient 
will be limited by the positron mobility [29]. Correspondingly, we included a multiplication 
factor of 5 in the estimation of the trapping coefficient for V5-clusters, and a factor of 7-8 for 
V10-clusters [29]. The τb, ki and Ci for Y-based thin films determined from the average of the 
respective values as extracted at 3 and 4 keV are shown in Table 2.3. The expressions used 
to derive the standard deviations in these parameters are given in the Supplemental Material 
[18].  
 

Table 2.3: Positron bulk lifetime τb, positron trapping rates ki (i=1,2) and defect 
concentrations Ci (i=1,2) for Y-based thin films obtained from the average of the respective 
values extracted from PALS spectra collected at 3 and 4 keV. The error ranges correspond to 
the standard deviations. 

Samples τb
 
(ps) k1

 
(1010 s-1) k2

 
(1010 s-1) C1

 
(10-6) C2 (10-6) 

Y 235±4 1.0±0.1 0.02±0.001 10±1 <0.1 
YH~1.9//Pd 260±6 0.8±0.1 0.03±0.003 8±1 <0.1 
YHxOy-1 238±6 1.5±0.3 0.5±0.1 15±3 1±0.5 
YHxOy-2 242±4 1.2±0.2 0.33±0.05 12±2 0.4±0.2 
Y2O3 256±4 0.9±0.1 0.27±0.03 9±1 0.3±0.1 

 
 

The extracted bulk lifetime for the hcp Y thin film of 235±4 ps is comparable to previous 
studies that report an experimental bulk lifetime of 249 ps and a calculated bulk lifetime of 
215 ps for hcp Y [31], indicating that the two-defect trapping model is valid for the Y thin 
film. The dominant second component, with an intensity ~92%, has a lifetime of 279 ps 

39



 

 

2 

28 

which is about 19% larger than the positron bulk lifetime in hcp Y. Such an increase in 
lifetime is comparable to the case of VMg mono-vacancies in Mg, where Mg crystallizes in 
an hcp structure with the same space group (P63/mmc) as Y. The positron lifetime related to 
the Mg mono-vacancies was ~13% larger than the positron bulk lifetime in defect-free Mg 
[32, 33]. This suggests that the second component for the Y film can be attributed to yttrium 
mono-vacancies (VY). Since the increase of ~19% is, on the other hand, significantly lower 
than for Mg di-vacancies in hcp Mg (with a positron lifetime that is 39% larger than the 
positron bulk lifetime) [32, 33], Y di-vacancies are not present in the film at detectable 
concentrations. The concentration of cation mono-vacancies extracted from the two-defect 
trapping model is ~10×10-6 (Table 2.3), which means that 1 out of approximately 105 Y sites 
is vacant in the as-deposited Y film. The observed third lifetime component with a lifetime 
τ3 ~680 ps is a signature of vacancy clusters that are present at a very small amount, while o-
Ps formation in the yttrium film is not seen, as can be understood in view the high density of 
conduction electrons in the metallic phase that will effectively screen the positron charge, 
prohibiting Ps formation.   

The two-defect trapping model is applied to the YH~1.9 and YHxOy films as well. The 
extracted positron bulk lifetime τb for the palladium capped YH~1.9 (YH~1.9//Pd) thin film is 
~260 ps, which is about 10% larger than that for the hcp Y film. To the best of our knowledge, 
no positron lifetime experiments or calculations on yttrium dihydride nor YHxOy are reported 
in the literature, meaning that no reference values for the positron lifetime in defect-free 
regions (bulk annihilation) are available. Nevertheless, the observed increase of ~10% in the 
extracted positron bulk lifetime for YH~1.9  compared to Y can be understood, as it can be 
attributed to the increase in the lattice volume per Y atom of ~6% in YH~1.9 compared to Y 
(as extracted from our XRD results presented in Table S2.2 in the Supplemental Material 
[18]), leading to larger interstitial space, while the concentration of delocalized conduction 
electrons is also smaller in YH~1.9 compared to Y. Furthermore, the extracted bulk positron 
lifetime τb for YH~1.9 is also compatible with the estimated value for the positron bulk lifetime 
of ~256 ps based on an empirical equation for the dependence of τb on lattice volume for 
similar metal dihydrides, derived from ab-initio calculations for defect-free TiH2 and MgH2 

[33]. The dominant second component with a lifetime τ2  of ~294 ps is ~14% larger than the 
bulk positron lifetime, and can therefore be assigned to VY mono-vacancies with an extracted 
concentration of ~8×10-6 (Table 2.3). The low intensity third lifetime component arises from 
a very small amount of larger open volume defects such as vacancy clusters, similar to the 
case of Y. 

Two YHxOy thin films, YHxOy-1 and YHxOy-2, were examined in the positron lifetime 
measurements. The average extracted bulk lifetime for these films is ~240 ps. The lifetime 
of the dominant second component τ2 for YHxOy-1 is ~11% larger than the bulk positron 
lifetime τb, which again can be attributed to VY mono-vacancies. The concentration of cation 
vacancies in the as-prepared YHxOy films is similar to those in the Y and YH2 films. The 
lifetime of the third component of τ3 ~500 ps is characteristic for vacancy clusters. These 
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vacancy clusters, at concentrations of about one third to one fourth of the concentration of 
cation vacancies, are much more abundant than in the Y and YH~1.9 films. The lifetime of τ3 
~500 ps suggests that the number of vacancies in the cluster is more than five. Namely, we 
may compare this value to the positron lifetime ~450 ps observed for semiconducting GeSn 
and phosphorus doped Ge (with bulk lifetimes of ~225 ps) that is associated with vacancy 
clusters formed by more than five vacancies [34, 35]. Finally, the long lifetime of ~1.6 ns of 
the fourth component for YHxOy-1 indicates that o-Ps is formed in the oxyhydride films, 
which may occur in nanopores. The estimated average radius of these nanopores is ~0.25 nm 
according to the Tao-Eldrup (TE) model [36, 37] that relates the o-Ps pick-off annihilation 
lifetime to the size of nanopores, assuming that they are spherical in shape. This pore size 
corresponds to about seven atoms missing in one unit cell of YHxOy (~V7 vacancy cluster). 
We notice that such vacancy clusters with an average size of V7 could (in principle) also be 
responsible for the third lifetime component, if both positron annihilation as well as Ps 
formation and annihilation occur in the same type of vacancy clusters. The YHxOy-2 film 
shows similar lifetimes and intensities as YHxOy-1, indicating that the dominant second 
lifetime component of YHxOy-2 can also be assigned to VY mono-vacancies, while the fourth 
lifetime component with τ4  of ~2.2 ns indicates the presence of nanopores with an average 
radius of ~0.29 nm, corresponding to ~V10 clusters, i.e. somewhat larger than in the YHxOy-
1 film.  

The bulk lifetime of the Y2O3 thin film extracted from the two-defect positron trapping 
model is ~256 ps, which is a bit larger than the lifetime of 239 ps observed in Y2O3 powders 
[38]. On the other hand, an experimental lifetime of about 200 ps for sintered Y2O3 has also 
been reported [39], while first-principles calculations using the parameter-free generalized 
gradient approximation indicate a theoretical bulk lifetime of ~174 ps [40]. Assuming, 
nevertheless, that the two-defect positron trapping model is applicable, our study suggests 
that VY mono-vacancies are present in the Y2O3 film, together with vacancy clusters. The 
concentrations of these two types of open-volume defects are of the same order as for the 
YHxOy films. Moreover, the presence of a long lifetime component with τ4 ≈ 3.0 ns indicates 
that o-Ps is formed in nanopores, with an average radius of ~0.37 nm according to the Tao-
Eldrup model assuming a spherical shape. This suggests that ~14 atoms are locally missing 
in the lattice (~V14 cluster), showing that the Y2O3 film contains larger nanopores than the 
YHxOy films. 

Summarizing the results of our PALS study, VY cation mono-vacancies are present in all 
of the sputtered films at similar concentrations of the order of 10-5, leading to near-saturation 
trapping of positrons and a dominant second lifetime component in the PALS spectra. In 
addition, vacancy clusters are observed in the yttrium oxyhydride and oxide films at a 
concentration that is about 15 to 30 times lower than the concentration of the mono-
vacancies. Furthermore, o-Ps pick-off annihilation in the yttrium oxyhydride and oxide films 
is seen, indicating the presence of nanopores with an average diameter in the range of ~0.5-
0.7 nm. The extracted bulk positron lifetimes for Y, YH2 and Y2O3 are in line with the results 
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of previous studies, supporting the validity of the two-defect positron trapping model used to 
analyze the PALS results obtained for the magnetron sputtered Y-based thin films. 
Furthermore, the information extracted by PALS on the vacancies present in the as-prepared 
yttrium oxyhydride films aids to elucidate the relationship between the changes in DB-PAS 
parameters observed during illumination and the microstructural changes that cause the 
photochromic effect (see section C). 

2.3.2 Evolution of the electronic structure of Y-based and Gd-based thin films observed 
by DB-PAS 

In this section, we describe our investigation of the variation in electronic structure of the Y-
based and Gd-based thin films, that ranges from metal and semiconductor to insulator 
behaviour, via detection of key aspects of their electron momentum distributions (EMDs) as 
seen by positrons in DB-PAS. The S- and W-parameters extracted from VEPFIT analysis of 
the depth-profiles for the Y-based and Gd-based metal, metal hydride, oxyhydride and oxide 
thin films are presented in the S-W diagrams shown in Fig. 2.2. A systematic decrease of the 
S-parameter and increase of the W-parameter occurs going from the Y or Gd metal to the 
metal hydride and metal oxide films, which follows the same trend as previously reported for 
these types of Y-based films in Refs. [16] and [8], induced by the variation in their electronic 
structure [16]. Both Gd and Y metal thin films possess the highest values for the S-parameter 
due to their relatively narrow electron momentum distributions, reflecting the contributions 
of electrons in a free-electron-like conduction band. The incorporation of H into the lattice 
of Y or Gd leads to a reduction in S-parameter and increase in W-parameter, indicating a 
broader positron-electron momentum distribution (PEMD) of the rare-earth (RE) dihydride 
films compared to the RE films [16]. This is in line with previous positron angular correction 
of annihilation radiation (ACAR) studies and theoretical models for Y and YH2 [41, 42]. The 
broadening in part stems from localization of some of the conduction electron states in 
orbitals associated with the H, involving the formation of covalent-ionic Y-H bonds. Detailed 
insights into the shape of the PEMD and its evolution upon hydrogenation of Y could be 
obtained by ACAR experiments [43] and/or by ab-initio calculations [44], that are beyond 
the scope of the present study. The low S-parameter and high W-parameter observed for the 
insulating RE metal oxide films can also be understood, as this is induced by the strongly 
localized valence electron orbitals centred around the electronegative oxygen atoms, leading 
to a correspondingly broad PEMD [45, 46].  

If we now compare the S- and W-parameters for the Gd, GdH2 and Gd2O3 films with 
those of the corresponding Y-based films in Fig. 2.2, very similar trends are observed, while 
a clear systematic shift towards higher W-parameters and lower S-parameters is apparent. 
The higher W-parameters of the Gd-based films as compared to the corresponding Y-based 
films can be attributed to electrons in the confined 4f-orbital of Gd, leading to a broader 
momentum distribution. 
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Figure 2.2: S-W diagrams of Y-based and Gd-based thin films. The Al capped oxyhydride 
films are marked with blue colour. 
 

Fig. 2.2 shows that the semiconducting YHxOy and GdHxOy metal oxyhydride films have 
S- and W-parameters that lie in-between those of the respective RE metals and RE oxide, 
reflecting their intermediate composition and ionicity. The S-W points of YHxOy films are 
almost on the line in the S-W diagram connecting Y2O3 and YH~1.9. Clearly, the S-W points 
of GdHxOy films are shifted to higher S values compared to the line from Gd2O3 to GdH2, 
suggesting that as-prepared GdHxOy films have more and/or larger vacancies that trap 
positrons compared to YHxOy films. This could be related to a more porous structure of the 
GdHxOy films, as these are deposited at higher pressures (0.8 Pa and 0.9 Pa) compared to the 
YHxOy films (0.5 Pa). 

The S-W points for the uncapped and capped YHxOy films (0.5 Pa) are close together and 
consistent with our previous results [8, 16]. The S-W points of the uncapped GdHxOy films 
on the other hand are shifted compared to the S-W points of the Al-capped GdHxOy films, in 
the direction towards the S-W point of the Gd2O3 film. This suggests that these uncapped 
GdHxOy films have a higher O:H ratio compared to the Al-capped films, which could be the 
result of continued incorporation of O into the lattice of the films for prolonged exposure to 
ambient air. Apparently, in the films investigated in this study, the air exposure time seems 
to have a noticeable effect on the oxygen content in GdHxOy, while the effect in YHxOy is 
negligible, again pointing to a more porous structure of the GdHxOy films. 

2.3.3 In-situ illumination positron Doppler study of the nanostructural evolution of 
photochromic YHxOy and GdHxOy films during photo-darkening and bleaching 

A. Optical properties 
The optical transmittance of YHxOy and GdHxOy films was measured in order to extract their 
optical indirect bandgap by Tauc analysis [47] as shown in Fig. S2.5 in Supplemental material 
[18]. The band gaps of the three YHxOy (0.5 Pa) thin films are similar, with an average band 
gap 2.53±0.08 eV, while the band gaps for the GdHxOy (0.8 Pa) and GdHxOy (0.9 Pa) films 
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of 2.36±0.05 eV and 2.51±0.06 eV, respectively, are slightly lower than that for the YHxOy 
films. The increase in band gap for the GdHxOy film deposited at higher pressure is 
presumably related to the larger degree of oxidation that increases the ionicity of the film, as 
found in our previous studies [8, 9].  

The YHxOy and GdHxOy films show a high transmittance window in the visible and near-
IR range (see Fig. S2.5 in the Supplemental Material [18]). The change of the average optical 
transmittance in the wavelength range of 450-1000 nm between the virgin and the photo-
darkened state is used to define the photochromic contrast. Fig. 2.3 shows the time 
dependence of the average transmittance of YHxOy

  and GdHxOy films before illumination, 
during photo-darkening and during bleaching, normalized to the transmittance of the as-
prepared films. Both YHxOy and GdHxOy films show a clear reduction in sub-bandgap 
transmittance upon UV illumination at 385 nm, i.e. with a photon energy of 3.22 eV, larger 
than the band gap. The transmittance of the films nearly fully recovers after stopping 
illumination and subsequent bleaching for several hours. The change in transmittance nearly 
saturates after ~1 h illumination for the YHxOy (0.5 Pa) and ~0.5 h illumination for the 
GdHxOy (0.8 Pa) sample. The photochromic contrast is ~40% for the YHxOy film, and ~55% 
(0.8 Pa) and >35% (0.9 Pa) for the GdHxOy films.  
 

 
Figure 2.3: Normalized transmittance (averaged over the wavelength range of 450-1000 nm) 
for representative YHxOy and GdHxOy films during UV illumination (yellow regions) at 385 
nm, followed by bleaching in the dark. 
 
B. In-situ Positron Doppler experiments during UV illumination 
In-situ illumination DB-PAS measurements were performed on four oxyhydride film 
samples, namely Al-capped YHxOy (0.5 Pa), uncapped YHxOy (0.5 Pa), Al-capped GdHxOy 
(0.9 Pa) and uncapped GdHxOy (0.9 Pa), in order to investigate the evolution of open-volume 
defects and electronic structure of the oxyhydride films during photo-darkening and 
subsequent bleaching. In order to ensure  saturation of photo-darkening, an illumination time  
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Figure 2.4: S- and W-parameter positron Doppler broadening depth profiles of YHxOy//Al 
(0.5 Pa), YHxOy (0.5 Pa), GdHxOy//Al (0.9 Pa) and GdHxOy (0.9 Pa), thin films before 
illumination (black symbols and lines), and after 2.5 h illumination and bleaching for ~38 h 
(red circles and lines). The dashed lines indicate the positron implantation energy for the in-
situ illumination DB-PAS measurements shown in Figure 2.5. The vertical solid lines 
indicate the boundaries between adjacent layers based on the VEPFIT analyses. 
 
of 2.5 h was used for all oxyhydride films, while the bleaching phase was monitored for ~38 
hours, i.e. well beyond the time required to achieve full bleaching. 

Fig. 2.4 shows the S- and W-parameter depth profiles extracted from the DB-PAS 
measurements for the four samples before illumination, and after full bleaching of the 
darkened state, respectively. The clear increase in S-parameter and modest reduction in W-
parameter indicate that some of the nanostructural modifications of the oxyhydride films 
induced by the illumination do not fully recover after bleaching. The changes in the S- and 
W-depth profiles are qualitatively similar to those observed in our previous study on Al-
capped YHxOy films [8], where they were attributed to the formation of VY cation vacancies 
or small vacancy clusters such as VY-VH or VY-VO di-vacancies, suggesting that some of the 
H- and/or O2- ions are removed from their lattice positions during the illumination. More 
insights are gained by including the results of our current PALS study, which shows that as-
prepared YHxOy films already contain a large concentration of cation vacancies of ~12-
15×10-6 [48] (I2~71-78%) and vacancy clusters of ~0.4-1×10-6 (I3~13-22%), leading to near-
saturation trapping of positrons in these vacancy-related defects (I2+I3~91-95%) [29, 49]. 
Therefore, we can exclude that the formation of more cation mono-vacancies plays a 
dominant role in the observed significant changes in the positron Doppler broadening S-
parameter after illumination and bleaching. However, the observed changes may originate 
from light-induced formation of anion vacancies (VH, VO) that are created by H- or O2- 
released from their lattice positions. The formed anion vacancies may subsequently cluster  
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Figure 2.5: Time dependence of the S and W Doppler broadening parameters collected in 
in-situ DB-PAS measurements on YHxOy//Al, uncapped YHxOy, GdHxOy//Al and uncapped 
GdHxOy films before UV illumination (black symbols), under 2.5 h illumination (photo-
darkening, red triangles) and during ~38 h of bleaching (blue circles) collected at a positron 
implantation energy of 6.4, 5, 6.4 and 7.2 keV, respectively. 

 
with cation mono-vacancies to form VY-VH or VY-VO di-vacancies, or small vacancy clusters 
[16], leading to positron trapping and annihilation in these larger vacancy defects. Since the 
changes in S- and W-parameter systematically occur in all films, we infer that in general the 
optical excitation of electron-hole pairs induces the release of H- or O2- ions from their lattice 
positions. Such a (possibly local) displacement of anions may play a role in the mechanism 
of the photochromic effect for both rare-earth oxyhydride systems, as suggested previously 
in Refs. [8, 50]. 

More insights into the evolution of the nanostructure of the oxyhydride layers were gained 
from the time dependence of the S- and W-parameter of the YHxOy//Al, uncapped YHxOy, 
GdHxOy//Al and uncapped GdHxOy films before illumination, during UV photo-darkening 
and during subsequent bleaching, collected at a fixed positron implantation energy of 6.4, 5, 
6.4 and 7.2 keV, respectively, as shown in Fig. 2.5. These positron implantation energies 
were selected in order to ensure that most of the positrons annihilate in the oxyhydride layer. 
For all samples, the S-parameter shows a substantial increase during illumination, while the 
W-parameter decreases strongly. In the case of the Al-capped YHxOy film, the S- and W-
parameter do not change further during bleaching, demonstrating that irreversible changes 
take place that persist on a time scale of at least 38 h, i.e. long after optical transparency of 
the film has returned, in line with the corresponding depth profiles and as reported in Ref. 
[8]. In contrast, the S- and W-parameters of the other three samples show a partially reversed 
behavior once the illumination is stopped, as the S- and W-values are seen to move back into 
the direction of their initial values, suggesting that the nanostructural properties of the films 
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Figure 2.6: S and W values for YHxOy//Al, uncapped YHxOy, GdHxOy//Al and uncapped 
GdHxOy films before illumination (1, black symbols), upon illumination for 1.5-2.5 hours (2, 
red triangles) and after illumination in the bleaching state (3, blue circles) according to the 
in-situ illumination DB-PAS measurements, compared to the (S,W)-points of the as-
deposited Y, Gd metal, YH~1.9, GdH~2 metal hydride and YH2O3, Gd2O3 metal oxide films. 

 
partially return towards the initial state. Nevertheless, permanent changes are also seen for 
these samples, with shifted S- and W-parameters that remain stable during bleaching for ~38 
hours, consistent with the depth profiles in Fig. 2.4. As discussed, these permanent changes 
are related to the formation of stable di-vacancies (or small vacancy clusters) during 
illumination. It is remarkable that the Doppler broadening parameters, in particular the W-
parameter, show large changes during illumination which partially shift back to the original 
state upon bleaching in the uncapped YHxOy, Al-capped GdHxOy//Al and uncapped GdHxOy 
films. This strongly suggests that a second type of nanostructural changes occurs during 
illumination, which recovers during bleaching.  

In order to gain more insights into the origin of the changes in S and W during 
illumination, we compare the evolution of the S and W parameters in an S-W diagram with 
those of the as-deposited metal, metal hydride and metal oxide films, Y, YH~1.9, Y2O3 and 
Gd, GdH~2, Gd2O3, respectively. In Fig. 2.6, the S-W points are presented for YHxOy//Al, 
uncapped YHxOy, GdHxOy//Al and uncapped GdHxOy films before illumination (1), upon 1.5 
to 2.5 hours of illumination (2) and after illumination in the bleached state (3) extracted from 
the time-dependence measurements at fixed positron implantation energy (Fig. 2.5), together 
with those of the as-deposited metal, metal hydride and oxide films. The values of the S- and 
W-parameters are also given in Table S2.4 in the Supplemental Material [18]. The shifts in 
the (S,W) points of the YHxOy, GdHxOy//Al, and GdHxOy films during illumination (process 
1→2) clearly are parallel to the line connecting the (S,W) points of the metal oxide RE2O3 
and metal hydride REH2 phases. The corresponding quantitative values of the parameter R = 
∆S
∆W

 , with ∆S and ∆W the change in respectively the S- and W-parameter induced by the 

illumination, for the oxyhydride films of R = -2.0 ± 0.5 (YHxOy), -2.5±0.5 (GdHxOy//Al) and 
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-2.2 ±0.7 (GdHxOy) are close to R = -2.5 ± 0.1 for the line that connects the Y or Gd metal 
oxide and metal hydride. After the illumination is stopped and bleaching sets in, the shifts in 
the S-W diagram are partially reversed (process 2→3), suggesting that part of the 
illumination-induced nanostructural transformations is reversible, possibly related to 
formation and disappearance of metallic domains. In contrast, the illumination-induced shift 
in S-W for the Al-capped YHxOy film, with R = -4 ± 1, is not exactly parallel to the line 
connecting the S-W points of Y2O3 and YH~1.9. Furthermore, in the bleaching phase, no sign 
of reversibility is observed for this sample, in line with Ref. [8]. This could be due to a larger 
concentration of di-vacancies induced in this sample by the illumination, leading to a 
relatively large increase in S compared to the other samples. During bleaching, the metallic 
domains disappear, causing even more positrons to trap in di-vacancies during bleaching 
compared to the photodarkening state. In this case, the irreversible formation of di-vacancies 
(or small vacancy clusters) that act as positron trapping centers appears to be the dominant 
process. The increase in S-parameter indicates that the S-parameter for di-vacancies is higher 
than for the metallic domains. 

We note that the irreversible formation of di-vacancies occurs for all samples, as the R-
values obtained from a comparison of the as-prepared state with the state of the films after 
bleaching (1→3) of R = -7 ± 1  (YHxOy//Al),  R = -6.9 ± 2.5  (YHxOy),  R = -3.1 ± 0.9 
(GdHxOy//Al), and  R = -4.0 ± 0.8 (GdHxOy) are larger than for the shifts in (S,W) observed 
during photo-darkening. In view of the photochromism, the partially reversible behaviour 
observed during bleaching for the latter three samples is significant and points to a second, 
reversible nanostructural process induced by the illumination, besides the formation of 
vacancies and irreversible formation of di-vacancies. Below we will discuss two proposed 
mechanisms that may contribute to the photo-darkening and at the same time could also 
explain the observed reversible part of the changes in the positron Doppler broadening S and 
W parameters. These two proposed mechanisms are schematically illustrated in Fig. 2.7. 

 
Proposed mechanism 1: the formation of hydrogen-rich metallic-like nanodomains 
The observed shift of the S-W points for the oxyhydride films during UV illumination into 
the direction of the S-W point of the metal hydride suggests that the illumination leads to the 
formation of domains with lower O:H ratios (lower ionicity). Indeed, in our previous study 
[8], we found that YHxOy films synthesized at lower deposition pressure contain more 
hydrogen (lower O:H ratio) and exhibit systematically higher S- and lower W-parameters 
[8]. If we assume that the difference in (S,W) point for YHxOy with respect to the (S,W) point 
of the metal oxide Y2O3 phase is proportional to its hydrogen fraction, and that YHxOy 
deposited at 0.4 Pa (near the boundary pressure beyond which the films gain full optical 
transparency) corresponds to a composition close to YH2O0.5, the composition of the film 
deposited at 0.5 Pa would approximately correspond to YH~1.7O~0.65. Upon illumination, the 
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Figure 2.7: Schematic illustration of the two proposed mechanisms 1 and 2. 

 
(S,W) point of the 0.5 Pa sample approaches that of the as-prepared 0.4 Pa sample, suggesting 
that the domains probed by the positrons contain an hydrogen-enriched composition that is, 
on the average, close to that of YH2O0.5. The picture, thus, emerges that during UV 
illumination some hydrogen ions are released from their lattice positions, possibly from the 
energetically less favourable octahedral sites [51, 52], due to the light-induced formation of 
mobile neutral hydrogen by the excitation of electron-hole pairs with H- + h+ → H0. 
Subsequently, the mobile neutral hydrogen ions move towards a local environment with 
lower oxygen content and form hydrogen-enriched domains. If the local composition reaches 
an O:H ratio below that of YH2O0.5, in particular YH2Ox with x<0.5, a mixed valence 
character of the Y cations sets in, with part of the Y3+ replaced by Y2+, and the electronic 
structure becomes metallic-like for a sufficiently high local concentration of Y2+. 
Alternatively, the mentioned removal of hydrogen atoms in combination with a local 
displacement of an oxygen ion to the site of one out of two removed hydrogen atoms can lead 
to local phase segregation into a hydrogen-poor area and a metallic hydrogen-rich area with 
a local composition of YH2Ox (x<0.5), for example according to 2 Y4H8O2 →  Y4H8O2 + 
Y4H6O2 + 2 H0 → Y4H8O + Y4H6O3 + 2 H0, with the resulting YH2O0.25 in a mixed Y2+/Y3+ 
valence state, while the hydrogen-poor YH1.5O0.75 fully retains the Y3+ valence state. Both 
mentioned options suggest that phase-segregated domains with a metallic-like character are 
formed during illumination, enabled by mobility of light-induced interstitial hydrogen 
(supported also by the observation of release of a small amount of hydrogen molecules from 
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YHxOy films during UV illumination [53]), and local displacements of oxygen ions. Indeed, 
molecular dynamics simulations suggest hopping mobility primarily of hydrogen located at 
octahedral sites, but a small hopping mobility of oxygen is also seen [52]. The occurrence of 
the phase segregation process is supported by previous spectroscopic ellipsometry studies 
that suggested that metallic domains at a volume fraction of up to ~6 vol. % are formed during 
the illumination [14], leading to pronounced changes in the dielectric function in the near-
infrared and visible range. NMR studies on YHxOy films suggest relocation of the hydrogen 
in the lattice during the illumination, reporting the disappearance of a ~3% mobile hydrogen 
fraction seen in 1H MAS (magic angle spinning), that recovers after bleaching in the dark 
[15]. The formation of such metallic-like domains in an otherwise semiconducting 
(transparent) matrix may explain the reduction in optical transmission over a large sub-band 
gap wavelength range [14], characteristic for the photochromic effect in this class of rare-
earth oxyhydrides. Remarkably, such changes in the optical properties also occur by 
modification of the composition to Y1-zZrzHxOy by co-sputtering of Y and Zr [54]. For these 
mixed cation oxyhydride films, the addition of Zr leads to a strong reduction in the optical 
transmission in the sub-band gap wavelength range (T ~86% for z = 0 to T ~62% for z = 0.5), 
while the reflectivity R stays relatively small (R ~12% for z = 0 to R ~15% for z = 0.5; with 
R ~12% for YOxHy films mainly related to the index of refraction in the range of n ~ 1.9 - 
2.2 [14, 55]) and the sub-band gap optical absorption is increased, attributed to the presence 
of not fully oxidized metallic ZrH2 clusters in the otherwise semiconducting Y1-zZrzHxOy 
films (with band gaps in the range of 2.2-2.8 eV) [54]. 

We note that the observed remarkably large change in the positron Doppler broadening 
W-parameter (~12%) and the corresponding clear shift in the S-parameter in these films upon 
illumination can be attributed within this proposed mechanism to either a high concentration 
of H-rich domains, or a high fraction of positrons annihilating in H-rich domains. Since the 
formation of H-rich domains is necessarily accompanied by the formation of H-poor domains 
(as we assume no H enters or diffuses out of the film), one could expect that the values for S 
and W averaged over the volume of the oxyhydride film do not change much. Therefore, the 
large reversible part of the changes in S and W observed during illumination requires that a 
high fraction of positrons after diffusion in the film traps and annihilates in the H-rich 
domains. Such preferential trapping of positrons can be caused by a larger positron affinity 
for H-rich regions compared to H-poor regions, and can have a pronounced effect on the 
positron signal even when only a relatively small amount of nano-sized H-rich domains is 
present. For instance, in previous positron Doppler broadening and 2D-ACAR studies of 
metallic Li nanoclusters embedded in crystalline MgO [56], a positron trapping fraction in 
the Li nanoclusters as high as ~92% was observed with only ~3 vol. % of Li nanoclusters 
present in the MgO matrix [56]. In that study, the preferred positron trapping in the Li nano-
domains was caused by the large difference in the positron affinity for Li compared to MgO 
(~1.8-2.8 eV) deduced from ab-initio calculations [56, 46]. We should note that, in the present 
case, during illumination not only H-rich domains are formed, but also cation-anion di-
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vacancies such as VY-VH in the H-poor oxyhydride matrix. Thus, during illumination 
preferential trapping of positron not only occurs at H-rich metallic domains, but also at VY-
VH in the H-poor regions (Fig. 2.8). Both processes contribute to the observed changes in S 
and W during illumination. For simplicity, we did not include the process of di-vacancy 
formation in the oxyhydride matrix, which might reduce the positron diffusion length, in our 
simulations. 

A similar amplifying effect of the positron signal from embedded metallic nano-domains 
could also take place for the photo-darkened oxyhydrides, provided that (1) the average 
distance between H-enriched domains that appear during illumination are of the same order 
of magnitude or less than the diffusion length of positrons in the surrounding H-poor 
oxyhydride matrix, and (2) the difference in positron affinity is sufficiently large, i.e. at least 
several tenths of eV to prevent significant thermal de-trapping. 

In order to assess the implications of preferred positron trapping quantitatively, we 
present simulations on the fraction of positrons that annihilate in such H-enriched domains 
following the diffusion-limited trapping model used in Refs. [56, 57]. This model assumes 
that the domains are spherical in shape and homogeneously distributed in the matrix. We 
assume that all positrons that reach H-rich domains are trapped, and that de-trapping of 
positrons from the domains can be neglected. The fraction of positrons that are initially 
stopped in the matrix and subsequently trap in H-rich domains fdomains is then given by 
equations (4) and (5) [56, 57]:  

fdomains= κ
κ + λmatrix

= 4πrD+c
4πrD+c + λmatrix

= 4πrL+
2c

4πrL+
2c + 1

                   (2.4) 

L+=�D+/λmatrix                                                               (2.5) 
where κ is the positron trapping rate in the hydrogen-rich metallic-like domains (s-1), λmatrix is 
the effective annihilation rate in the oxyhydride matrix surrounding the domains (s-1), r is the 
radius of the domains (m), c is the concentration of the domains (m-3), D+ and L+ are, 
respectively, the positron diffusion coefficient (m2 s-1) and positron diffusion length in the 
oxyhydride matrix (m). Equation (4) can be rewritten in terms of the volume fraction of 
metallic domains fV, the radius of a metallic domain r and the positron diffusion length  L+, 

according to  fdomains(r) = fV∙3L+
2

fV∙3L+ 
2 + r2. 

While the size of the H-rich domains formed in the oxyhydride films is not known, their 
size must be larger than ~0.5 nm since the positrons cannot trap if the domain size is too 
small, as the difference in positron affinity with the surrounding matrix will disappear due to 
the increase in the energy of the quantum confined positron state with reduced domain size 
[56]. On the other hand, if the size of the H-rich domains is large at a low (constant) volume 
fraction of H-rich domains, the concentration of domains will be small. The probability of 
positron trapping in the domains will be low in that case due to the large average distance 
between the H-rich domains. This distance then becomes much larger than the positron 
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diffusion length in the H-poor oxyhydride matrix, and only a small fraction of positrons will 
be able to reach the H-rich domains and annihilate there instead of the surrounding matrix. 

As an example of our simulations, we first consider the case of H-rich domains with a 
radius of 1 nm occupying a volume fraction of 6 vol. % of the oxyhydride. The concentration 
of the domains will then be ~1.4×1025 m-3, corresponding to an average inter-domain distance 
of around 4 nm. We assume that the diffusion length L+ in oxyhydride films is 20 nm, since 
the experimental diffusion length extracted from the VEPFIT analysis of the oxyhydride 
films ranges from ~10 to ~40 nm (Table S2.5 in Supplemental Material [18]), i.e. reduced 
with respect to the estimated diffusion length of ~150 nm for defect-free yttrium oxyhydride 
by positron trapping in vacancies with a concentrations of ~10-4 [48] (see Supplemental 
Material [18]). These parameters yield a very high fraction of ~99% of positrons that trap 
and annihilate in domains with a radius of 1 nm. This illustrates that, despite a low volume 
fraction, the positron signal can be dominated by annihilation in H-rich domains. We note 
that in this model, the fraction of positrons trapping in the H-rich domains is significantly 
affected by the average distance between the domains (that scales proportional to the size of 
the domains for a given volume fraction) and by the positron diffusion length in the H-poor 
matrix. If we take into account that a fraction of the implanted positrons will be stopped 
inside of the metallic domains instead of the matrix, the full expression for the fraction of 

positrons annihilating in the metallic domains is  fdomains(r) = (1-fV)∙ fV∙3L+
2

fV∙3L+
2 + r2 + fV , assuming 

that the mass density of the domains and the matrix are comparable.  
 

 
Figure 2.8: Simulated positron annihilation fractions in H-rich domains as a function of 
average distance between the domains at a positron diffusion length of 10, 20 and 40 nm, 
respectively. A volume fraction of 6 vol.% of spherically-shaped domains was assumed. 
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In Fig. 2.8, we therefore show the simulated dependence of the fraction of positrons that 
annihilate in the H-rich domains fdomains on the average distance between (and size of) these 
domains, for three different positron diffusion lengths of 10, 20 and 40 nm, respectively, for 
a volume fraction fV = 0.06 (6 vol.%) of H-rich domains with radius r. 

The positron annihilation fractions in the H-rich domains are much higher in most areas 
of Fig. 2.8 compared to what would be expected solely on the basis of a volume fraction of 
~6 vol. % of these domains. This shows that H-rich domains at a small volume fraction can 
dominate the positron signal in certain parameter regions. Our simulations suggest that the 
average size of the H-rich domains (at a volume fraction of 6 vol.%) should be in the range 
of ~0.5 nm to ~20 nm in case that the observed shifts in (S,W) parameters (Fig. 2.6) are 
caused by the formation of H-rich domains in a H-reduced YOxHy matrix. 
 
Proposed mechanism 2: Anderson-Mott insulator-to-metal transition in domains related 
to electron states localized near formed hydrogen vacancies 
A second possible mechanism that we discuss here is inspired by the insulator-to-metal 
transition in yttrium trihydride and lanthanum trihydride, which exhibit large changes in the 
optical properties and conductivity upon release of hydrogen when a composition of 
respectively YH~2.7 and LaH~2.8 is reached. According to Ng et al., the insulator-to-metal 
transition is induced by the formation of hydrogen vacancies at octahedral sites (VH

+), where 
charge-compensating electrons are localized in an eg-state Y(4d) electron orbital at the 
surrounding Y ions. When the concentration of these localized electrons is sufficient high, 
their orbitals overlap, leading to the formation of a delocalized electron band and the 
occurrence of the insulator-to-metal transition [58]. 

We assume that a similar scenario may play a role in the photochromism of the rare-earth 
oxyhydride films. When such oxyhydride films are exposed to UV light with photon energy 
above the band gap, electron-hole (e--h+) pairs are generated. The positively charged holes 
may be trapped by H- anions and formed neutral hydrogen (H0) according to H- + h+ → H0. 
The neutral hydrogen will subsequently be released from its lattice position. Since hydrogen 
atoms are less strongly bound at the octahedral sites [51, 52], this process will occur 
predominantly for octahedral site hydrogen, and hydrogen vacancies are formed at octahedral 
sites, similar to the case of YH3 and LaH3, carrying a positive charge, VH

+. 
The released H0 might stay at interstitial positions, or get trapped at the vacancy clusters 

or nanopores inside the films, or, similar to what occurs in YH3 and LaH3, even effuse out of 
the films. Simultaneously, the photo-excited electrons present in the conduction band of the 
REHxOy will sense the Coulomb force of the positively charged VH

+  centers, and may get 
trapped in a localized eg-Y(4d) orbital of the Y ions surrounding a hydrogen vacancy, as this 
will constitute a strongly bonded state with binding energies of the order of several eV [58]. 
Progressive illumination will lead to continuous creation of e--h+ pairs. As a consequence, the 
concentration of VH

+ vacancies will gradually increase in time. When the concentration of 
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octahedral VH
+ in a certain domain of the YHxOy film is sufficient large, say of the order of 

~10% of the hydrogen present in the domains (as required for yttrium trihydride, YH3), one 
can expect the orbitals of the trapped charge-compensating localized eg-state Y(4d) electrons 
to overlap. This will lead to the formation of an electron band and a metallic-like electronic 
structure of the respective domains in the YHxOy film, inducing the Anderson-Mott insulator-
to-metal transition in these domains in the rare-earth oxyhydride films under illumination. 
We note in addition, that such a high concentration of delocalized electrons is observable in 
positron Doppler broadening, which would lead to a shift in (S,W) to higher S and lower W 
parameters approximately towards the direction of the (S,W) point of the metallic dihydride.  

It is interesting to discuss the implications of this proposed mechanism for the time scale 
of the photo-darkening process in a semi-quantitative manner. If we assume that, in order to 
induce photo-darkening, a significant fraction of neutral charge H atoms need to be removed 
from octahedral sites of, for example, YH2O0.5, according to Y4H8O0.5 → Y4H7O0.5 + H0 (~ 
12.5% of the hydrogen removed), ~1 hydrogen vacancy will be formed on the average in a 
cubic unit cell with lattice parameter of ~0.54 nm. Following this, a required hydrogen 
vacancy density of ~6.4×1021 cm-3 can be estimated. On the other hand, the photon flux of 
the LED used in the present in-situ illumination DB-PAS studies is ~6.6×1016 photons/cm2/s. 
Assuming that all incident photons are absorbed in the ~300 nm thick YHxOy film, one can 
estimate an average density of absorbed photons per second of ~2.2×1021 photons/cm3/s. If 
each photon is converted into an electron-hole pair and leads to the generation of a hydrogen 
vacancy-localized electron pair at 100% conversion efficiency, one can estimate that a time 
on the order of a few seconds would be required to induce the insulator-to-metal transition. 
This estimated time scale needed for photo-darkening of the films is clearly much longer than 
typical for photo-excited carrier processes in opto-electric materials such as solar cells (on 
the order of nanoseconds to microseconds) [59]. The initial stages of the photo-darkening in 
the rare-earth oxyhydride films indeed take place at a seconds timescale, but slows down in 
the process towards saturation. For instance, about one-third of the total change in 
transmittance upon UV illumination of both YHxOy and GdHxOy films (Fig. 2.4) occurs 
within the first 30 seconds. Clearly, therefore, the observed time scales for photo-darkening 
in these rare-earth oxyhydride films, which in the initial phase are an order of magnitude 
larger than the theoretical estimate, can be understood well within this proposed mechanism, 
since most of the above-mentioned processes will likely not be highly efficient. 

The above-mentioned parameters can also be used to give a qualitative insight into the 
optical properties associated with the photo-darkening phenomenon in oxyhydride films, in 
which a substantial reduction in the transmittance in a broad sub-band-gap wavelength range 
(above ~400 nm) is observed after illumination, related to a strong increase in absorption. In 
simple free-electron metals, strong increase in reflectance is primarily caused by prohibition 
of propagation of light waves within the metal at frequencies around and below plasma 
frequency 𝜔𝜔𝑝𝑝 since the index of refraction becomes predominantly imaginary, and collision 
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losses of conduction electrons may lead to strong absorption [60, 61]. The plasma frequency 

ωp  is given by ωp=� ne2

ϵ0m* , where n  is density of electrons, 𝑒𝑒  the electron charge, ϵ0  the 

dielectric permittivity of the vacuum, and m* is the effective electron mass, respectively. 

Accordingly, the plasma wavelength λp is given by λp= 2πc
ωp

, where c is the velocity of light in 

the vacuum. We assume, in this simple free-electron (Drude-like) picture, that the effective 
electron mass is equal to its rest mass. Based on the assumption that a delocalized electron 
band is formed in domains of the YHxOy film when the local electron density reaches 
~6.4×1021 cm-3 (i.e. for the case of 12.5% hydrogen vacancies in YH2O0.5), a plasma 
frequency ωp and a plasma wavelength λp of ~4.5×1015 s-1 and ~420 nm, respectively, can 
be estimated. For a macroscopic, free-electron metal, such plasma resonance results in a high 
reflectivity R~1 for wavelengths longer than the plasma wavelength. However, in case of a 
metallic domain of size smaller or comparable to the incident wavelength, the confinement 
in space of the free electron gas leads to a more complex situation better described by the 
Mie theory [62, 63]. Here, as the oscillating electromagnetic field drives the electron gas 
against the surfaces of the metallic domain, an oscillating dipole/multipole is induced, and a 
fraction of the incoming radiation energy is absorbed in the polarization of the 
metal/dielectric interface. A further fraction of the incoming energy is scattered as radiation 
from the oscillating dipole/multipole. The presence of domains with a metallic-like character 
in the illuminated rare-earth oxyhydride films may explain their largely changed optical 
properties in the photo-darkened state, e.g. the large reduction in optical transmission in a 
wide sub-band gap wavelength range (above ~400 nm). Future studies are required to 
simulate the optical properties of metallic domains embedded in a semiconducting YHxOy 
medium, which may include plasmonic resonances that depend on the size and shape of the 
domains, as well as on their electron concentration. In particular also, ab-initio calculations 
of the electronic structure of the formed electron band are a promising future research 
direction to gain advanced insights into the mechanism proposed in this section.   

Finally, we note that this proposed mechanism is also in line with the observed gradual 
reduction in the photochromic contrast with increased O:H ratio, for compositions of x~0.5 
to x~1 for magnetron-sputtered YH3-2xOx films [8]. In this composition range, a systematic 
decrease occurs in the number of hydrogen atoms located at octahedral sites. This leads to a 
reduction in the (maximum) concentration of octahedral vacancies that can be generated by 
the illumination. Consequently, this reduces the probability that, in a certain nanoscale area, 
the threshold concentration of electrons is reached required for the formation of the (free-
)electron band that, within this proposed mechanism, underlies the (local) insulator-to-metal 
transition and corresponding changes in the optical properties of the film under illumination.  
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2.4 Conclusions 

The sizes and concentrations of open volume defects in as-prepared magnetron sputtered 
YHxOy, Y, YH~1.9, and Y2O3 thin films were studied by positron annihilation lifetime 
spectroscopy. It was found that yttrium cation mono-vacancies dominate the positron 
annihilation signal in Y and Y dihydride thin films at concentrations on the order of 10-5 per 
Y atom. The concentration of mono-vacancies extracted by DB-PAS is on the order of 10-4. 
Thus, we conclude that the concentration of mono-vacancies is in the range of 10-5-10-4. 
Furthermore, larger vacancy clusters are also present at lower concentrations. In addition, the 
formation of positronium (Ps) in the YHxOy and Y2O3 thin films is observed, revealing the 
presence of nanopores. The systematic changes of electronic structure of RE metal, metal 
dihydride, semiconducting metal oxyhydride, and insulating metal oxide films upon varying 
the O and H contents of the films were seen in the S-W diagrams extracted from positron 
Doppler broadening experiments. The nanostructural evolution in photochromic Al-capped 
and uncapped Y/Gd oxyhydride films upon illumination is studied by in-situ DB-PAS. For 
the YOxHy//Al film, a pronounced increase in S-parameter and decrease in W-parameter 
results from the 2.5 h illumination and remain stable during ~38 h bleaching. This indicates 
that UV illumination induces the formation of anion vacancies by releasing anions from their 
lattice positions. Part of the anion vacancies cluster subsequently with VY mono-vacancies in 
an irreversible manner, resulting in the formation of stable di-vacancies. For the YOxHy, 
GdOxHy//Al and GdOxHy films, partially reversible shifts of their S-W points in the direction 
of the S-W point of the rare-earth metal hydride were observed during photo-darkening, 
indicating the formation of metallic domains. Two proposed mechanisms for the formation 
of metallic domains in these rare-earth oxyhydride films during illumination are discussed. 
The first proposed mechanism suggests the formation of phase-segregated H-rich domains, 
enabled by hydrogen liberated from their lattice positions during illumination, and possibly 
local oxygen displacement. The strong shifts in the S and W parameters can be explained by 
preferred trapping of positrons in the phase-segregated nano-sized H-rich metallic-like 
domains, as supported by our simulations using a diffusion-limited trapping model. This 
supports proposed mechanisms for the photochromic effect in these rare-earth oxyhydrides 
based on the formation of metallic-like nano-sized domains. The second proposed 
mechanism is based on the formation of positively charged hydrogen vacancies at octahedral 
sites enabled by hydrogen liberated during illumination, with charge-compensating Y(4d) eg-
state electrons localized at the surrounding Y ions. When the concentration of these eg-state 
electrons in certain domains in the REHxOy film is sufficiently high, their orbitals overlap 
and a (free-)electron band is formed, causing metallicity of these domains, resulting in photo-
darkening of the film. This mechanism can qualitatively explain the timescale of photo-
darkening, the reduction in optical transmission over a large sub-band gap wavelength 
interval, and the systematic reduction in photochromic contrast for compositions with 
increased O:H ratios.  
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Supplementary information for Chapter 2 

List of other samples 
Table S2.1: List of additional samples used in this study. 

Samples Deposition pressure measurements 
GdHxOy//Ti 0.8 Pa DB-PAS, XRD 
GdHxOy//Pd 0.8 Pa DB-PAS, XRD 
GdHxOy//Ti 0.9 Pa DB-PAS, XRD 
GdHxOy//Pd 0.9 Pa DB-PAS, XRD 

 

X-ray diffraction 
In this section, the XRD patterns of all Y-based and Gd-based films are shown in Fig. S2.1. 
The information of crystal structures of all films were obtained from the Rietveld refinements 
of the XRD patterns by the Fullprof program. The refinements of XRD patterns are 
acceptable since the calculated patterns fit with the measured patterns with agreement factors 
that are acceptable, i.e. Rp, Rwp and chi2 are below 10. Representative refined XRD patterns 
of Al capped YHxOy (YHxOy//Al) film deposited at 0.5 Pa and Al capped GdHxOy 
(GdHxOy//Al) film deposited at 0.9 Pa are shown in Fig. S2.2 (a) and (b), respectively. The 
refined lattice parameters and accordingly derived lattice volumes of the Y-based and Gd-
based thin films are listed in Table S2.2.  
 
 

 
Figure S2.1: XRD patterns of (a) Y-based thin films and (b) Gd-based thin films. 
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Figure S2.2: Representative Rietveld refinements of the XRD patterns of YHxOy and GdHxOy 
films with the Fm-3�m crystal symmetry. The marked stars stand for the diffraction signals 
from the Al capping layer. 
 

 

 

Table S2.2: Crystal structure, lattice parameter and volume per Y or Gd atom from Rietveld 
refinement of the XRD patterns of all thin films. 

Sample Crystal structure Lattice parameter (Å) Volume per Y or Gd 
(Å3) 

Y P63/mmc (hcp) 3.675±0.003 
5.785±0.006 

33.8 

YH~1.9//Pd Fm-3�m (fcc) 5.222±0.002 35.6 
YHxOy-1 Fm-3�m (fcc) 5.395±0.010 39.3 
YHxOy-2 Fm-3�m (fcc) 5.397±0.009 39.3 
YHxOy//Al Fm-3�m (fcc) 5.393±0.001 39.2 
GdH~1.8//Pd Fm-3�m (fcc) 5.3268±0.0001 37.8 
GdH2 Fm-3�m (fcc) 5.3667±0.0002 38.6 
GdHxOy (0.8Pa) Fm-3�m (fcc) 5.6989±0.0007 46.3 
GdHxOy//Al (0.8Pa) Fm-3�m (fcc) 5.5034±0.0003 41.7 
GdHxOy//Ti (0.8Pa) Fm-3�m (fcc) 5.5034±0.0003 41.7 
GdHxOy//Pd (0.8Pa) Fm-3�m (fcc) 5.4788±0.0002 41.1 
GdHxOy (0.9Pa) Fm-3�m (fcc) 5.5018±0.0003 41.6 
GdHxOy//Al (0.9Pa) Fm-3�m (fcc) 5.4242±0.0002 39.9 
GdHxOy//Ti (0.9Pa) Fm-3�m (fcc) 5.5081±0.0003 41.8 
GdHxOy//Pd (0.9Pa) Fm-3�m (fcc) 5.5210±0.0003 42.1 
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Positron fractions as a function of implantation energy for YH~1.9//Pd and YHxOy-1 
films 

 
Figure S2.3: The fraction of positrons annihilating in each layer in the YH~1.9//Pd and YHxOy-
1 films as a function of positron implantation energy, as derived by VEPFIT analysis. 
 
Positron annihilation lifetime spectra and best-fit parameters obtained by POSWIN 
analysis 

 
Figure S2.4: The positron lifetime spectra of all Y-based thin films collected at an 
implantation energy of 4 keV (left) and 3 keV (right). 
 
Table S2.3: Positron lifetimes (τi), intensities (Ii), average lifetimes (τav) for Y-based thin 
films at 3 keV fitted by POSWIN. 

samples τ1 (ps) τ2
 
(ps) τ3

 
(ps) τ4

 
(ns) I1

 
(%) I2 (%) I3

 
(%) I4

 
(%) τav (ps) 

Y 75±3 283±1 823±29 - 7±0.2 92±0.2 0.8±0.1 - 272±1 
YH~1.9//Pd 72±4 292±1 584±16 - 5.4±0.3 91±0.3 3.6±0.4 - 291±4 
YOxHy-1 38±4 263±4 500±18 1.51±0.03 4±0.2 71±2 22±2 3.2±0.2 346±15 
YOxHy -2 44±4 263±4 506±16 1.91±0.02 4.5±0.2 69±2 22±2 4.1±0.1 375±14 
Y2O3 74±5 290±4 592±23 3.22±0.08 6.4±0.4 74±1 16±2 3.5±0.1 427±13 
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Expressions used to derive the standard deviations for τb, ki (i=1,2) and Ci (i=1,2) in the 
two-defect positron trapping model 

𝜎𝜎𝜏𝜏𝑏𝑏 =  �(𝜏𝜏𝑏𝑏)4 ∑ �
𝜎𝜎𝐼𝐼𝑗𝑗
2

𝜏𝜏𝑗𝑗
2  +  

𝐼𝐼𝑗𝑗
2𝜎𝜎𝜏𝜏𝑗𝑗

2

𝜏𝜏𝑗𝑗
4 �𝑘𝑘

𝑗𝑗=1                                                                                  (S2.1) 
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2 �                                                                        (S2.2) 

σk2 = 1
τ1
4 �I3

2σI3
2  + I3

2στ1
2 � + 1

τ3
4 �I3

2σI3
2  + I3

2στ3
2 �                                                                        (S2.3) 

σCi  = 
σki
|μ|

                                                                                                                                                 (S2.4) 

 
 
The transmittance and optical bandgap of YHxOy and GdHxOy films  
The relationship between the transmission T(λ) and absorption coefficient α(λ) is given by 
T(λ)=(1-R)exp[-α(λ)d], where R and d are optical reflectivity and the thickness of the film, 
respectively. As an approximation, the reflectance was neglected and the absorption 
coefficient was calculated from the transmittance spectra using the expression α(λ)=-ln[-
T(λ)]/d. The indirect optical band gap Eg of all rare-earth oxyhydride films was determined 
by extrapolating the linear part of the plots of (αhν)1/2 versus hν. 
 

 
Figure S2.5: The transmittance and optical bandgap of three YHxOy and two GdHxOy films. 
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The S and W values extracted from the Doppler broadening positron annihilation 
experiments 
 
Table S2.4: S and W values for YHxOy//Al, uncapped YHxOy, GdHxOy//Al and uncapped 
GdHxOy films before illumination, upon illumination for 1.5-2.5 hours and after illumination 
in the bleaching state according to the in-situ illumination DB-PAS measurements. The S- 
and W-parameters were collected at a positron implantation energy of 6.4, 5, 6.4 and 7.2 keV, 
respectively. 

Samples States S-parameter W-parameter 
YHxOy//Al  Before illumination 0.5580±0.0007 0.0404±0.0004 
 During illumination 0.5778±0.0012  0.0354±0.0013  
 Bleaching 0.5836±0.0002  0.0368±0.0002  
YHxOy  Before illumination 0.5600±0.0005 0.0381±0.0003 
 During illumination 0.5689±0.0020  0.0337±0.0003  
 Bleaching 0.5655±0.0002  0.0373±0.0001  
GdHxOy//Al  Before illumination 0.5882±0.0011 0.0385±0.0004 
 During illumination 0.6004±0.0004  0.0337±0.0008  
 Bleaching 0.5935±0.0004  0.0368±0.0002  
GdHxOy  Before illumination 0.5576±0.0007 0.0447±0.0003 
 During illumination 0.5690±0.0025  0.0395±0.0011  
 Bleaching 0.5661±0.0003  0.0426±0.0002  

 
Table S2.5: S and W values for YHxOy//Al, uncapped YHxOy, GdHxOy//Al and uncapped 
GdHxOy films before illumination and after 2.5 h illumination (photo-darkening) and ~38 h 
of bleaching extracted from the depth profile measurements by VEPFIT analysis. 

Samples States S-parameter W-parameter Diffusion length (nm) 
YHxOy//Al  Before illumination 0.5630±0.0020 0.0372±0.0007 40±11 
 After bleaching 0.5918±0.0015  0.0347±0.0006  22±6 
YHxOy  Before illumination 0.5587±0.0005 0.0373±0.0003 24±1 
 After bleaching 0.5744±0.0006 0.0359±0.0004 37±1 
GdHxOy//Al  Before illumination 0.5861±0.0003 0.0395±0.0003 20±3 
 After bleaching 0.5916±0.0006 0.0379±0.0002 10±3 
GdHxOy  Before illumination 0.5586±0.0007 0.0445±0.0003 40±10 
 After bleaching 0.5708±0.0007 0.0427±0.0003 40±10 

 
 
Table S2.6: The best-fit parameters for YHxOy//Al film before illumination and after 2.5 h 
illumination and ~38 h of bleaching extracted from the DB-PAS depth profiles by VEPFIT 
analysis. 
Before illumination: 
Layer Density  

(g/cm3) 
Layer width  
(nm) 

Diffusion length  
(nm) 

S-parameter W-parameter 

Al 2.7 20 10 0.5783 0.0310 
YHxOy 4.3 80 15±1 0.5439±0.0016 0.0432±0.0006 
YHxOy 4.3 340 40±11 0.5630±0.0020 0.0372±0.0007 
f-SiO2 2.2 - 25 0.5550±0.0012 0.0499±0.0005 
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After 2.5 h illumination (photo-darkening) and ~38 h of bleaching bleaching: 
Layer Density  

(g/cm3) 
Layer width  
(nm) 

Diffusion length  
(nm) 

S-parameter W-parameter 

Al 2.7 20 10 0.5783 0.0310 
YHxOy 4.3 80 14±2 0.5632±0.0016 0.0414±0.0006 
YHxOy 4.3 340 22±6 0.5918±0.0015 0.0347±0.0006 
f-SiO2 2.2 - 25 0.5554±0.0020 0.0496±0.0005 

 
 
Table S2.7: The best-fit parameters for YHxOy film before illumination and after 2.5 h 
illumination and ~38 h of bleaching extracted from the DB-PAS depth profiles by by VEPFIT 
analysis. 
Before illumination : 

Layer Density  
(g/cm3) 

Layer width  
(nm) 

Diffusion length  
(nm) 

S-parameter W-parameter 

YHxOy 4.3 250 24±1 0.5587±0.0005 0.0373±0.0003 
f-SiO2 2.2 - 25 0.5554±0.0006 0.0492±0.0003 

 
After 2.5 h illumination (photo-darkening) and ~38 h of bleaching: 

Layer Density  
(g/cm3) 

Layer width  
(nm) 

Diffusion length  
(nm) 

S-parameter W-parameter 

YHxOy 4.3 250±10 37±1 0.5744±0.0006 0.0359±0.0004 
f-SiO2 2.2 - 25 0.5550±0.0006 0.0491±0.0003 

 
 
Table S2.8: The best-fit parameters for GdHxOy//Al film before illumination and after 2.5 h 
illumination and ~38 h of bleaching extracted from the DB-PAS depth profiles by VEPFIT 
analysis. 
Before illumination: 
Layer Density  

(g/cm3) 
Layer width  
(nm) 

Diffusion length  
(nm) 

S-parameter W-parameter 

Al 2.7 41 10 0.5783 0.0310 
GdHxOy 7.2 380±10 20±3 0.5861±0.0003 0.0395±0.0003 
f-SiO2 2.2 - 25 0.5397±0.0004 0.0550±0.0004 

 
After 2.5 h illumination (photo-darkening) and ~38 h of bleaching bleaching: 
Layer Density  

(g/cm3) 
Layer width  
(nm) 

Diffusion length  
(nm) 

S-parameter W-parameter 

Al 2.7 41 10 0.5783 0.0310 
GdHxOy 7.2 380 10±3 0.5916±0.0006 0.0379±0.0002 
f-SiO2 2.2 - 25 0.5408±0.0009 0.0547±0.0004 
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Table S2.9: The best-fit parameters for GdHxOy film before illumination and after 2.5 h 
illumination and ~38 h of bleaching extracted from the DB-PAS depth profiles by VEPFIT 
analysis. 
Before illumination: 
Layer Density  

(g/cm3) 
Layer width  
(nm) 

Diffusion length  
(nm) 

S-parameter W-parameter 

GdHxOy 7.2 400±30 40±10 0.5586±0.0007 0.0445±0.0003 
f-SiO2 2.2 - 25 0.5425±0.0011 0.0555±0.0005 

 
After 2.5 h illumination (photo-darkening) and ~38 h of bleaching bleaching: 
Layer Density  

(g/cm3) 
Layer width  
(nm) 

Diffusion length  
(nm) 

S-parameter W-parameter 

GdHxOy 7.2 400 40±10 0.5708±0.0007 0.0427±0.0003 
f-SiO2 2.2 - 25 0.5424±0.0011 0.0551±0.0005 

 
The fused-SiO2 substrates for depositing Al, YHxOy and YHxOy//Al films are from the 

same commercially obtained batch of substrates, and show S and W parameters that are 
similar to each other. In contrast, the fused-SiO2 substrates in GdHxOy and GdHxOy//Al films 
from another batch show different S-/W- parameters.  

In order to obtain the S-/W- parameters for Al capping layer, that were kept fixed during 
the VEPFIT fit analysis for the Al-capped oxyhydride samples, a magnetron sputtered Al 
film was produced by magnetron sputtering at an Ar pressure of 0.3 Pa, i.e. at the same 
pressure as applied  for the Al-capped oxyhydride films. The S- and W-parameter depth 
profiles for this sample and the best-fit parameters from VEPFIT analysis are shown in Fig. 
S2.6 and in Table S2.10, respectively. 

 
 

 
Figure S2.6: S- and W-parameter depth profiles of a magnetron sputtered Al film. 
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Table S2.10: The best-fit parameters for a magnetron sputtered Al film extracted from the 
DB-PAS depth profiles by VEPFIT analysis. 
Layer Density  

(g/cm3) 

Layer width  

(nm) 

Diffusion length  

(nm) 

S-parameter W-parameter 

YHxOy 2.7 262±6 10 0.5783±0.0004 0.0310±0.0003 
f-SiO2 2.2 - 25 0.5552±0.0004 0.0499±0.0003 

 

 
Calculation of vacancy concentrations using the positron diffusion length L+ (DB-PAS) 
The positron diffusion length L+ extracted from the DB-PAS measurements can be used to 
estimate the positron trapping rate k, according to the equation k = D+( 1

L+
2 - 1

Lbulk
2 ). When 

assuming a reasonable value for the positron diffusion coefficient D+ of ~1 cm2/s [29], and 
taking into account the bulk positron lifetime of τbulk~240 ps in the YHxOy films, the bulk 
positron diffusion length Lbulk  for defect-free YHxOy can be estimated, according to 
Lbulk=�D+τbulk ≈ 150 nm.  Based on the experimental diffusion lengths of ~25 nm and ~40 
nm in uncapped YHxOy film, one arrives at positron trapping rates k of 1.5×1011 s-1  and 
6×1010 s-1, respectively, and vacancy concentrations in the range of ~6×10-5-1.5×10-4. 
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3. The memory effect in photochromic rare-
earth oxyhydride thin films studied by in-situ 

positron annihilation spectroscopy upon 
photodarkening-bleaching cycling 
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H. Schut, M. O. Liedke, M. Butterling, A. Wagner, M. Dickmann, E. Brück, B. Dam, and S. 
W.H. Eijt, The memory effect in photochromic rare-earth oxyhydride thin films studied by 
in-situ positron annihilation spectroscopy upon photodarkening-bleaching cycling, Phys. Rev. 
Mater. 8, 045201 (2024).  

71



 

 

3 

60 

Abstract 

Cycling stability of the photochromic effect in rare-earth oxyhydride thin films is of great 
importance for long-term applications such as smart windows. However, an increasingly 
slower bleaching rate upon photochromic cycling was found in yttrium oxyhydride thin films; 
the origin of this memory effect is yet unclear. In this work, the microstructural changes 
under six photodarkening-bleaching cycles in YHxOy and GdHxOy thin films are investigated 
by in-situ illumination Doppler broadening positron annihilation spectroscopy (DB-PAS), 
complemented by positron annihilation lifetime spectroscopy (PALS) investigations on 
YHxOy films before and after one cycle. For the first three cycles, the Doppler broadening S-
parameter after bleaching increases systematically with photodarkening-bleaching cycle, and 
correlates with the bleaching time constant extracted from optical transmittance 
measurements. This suggests that the microstructural evolution that leads to progressively 
slower bleaching involves vacancy creation and agglomeration. PALS suggests that, during 
a photodarkening-bleaching cycle, divacancies are formed that are possibly composed of 
illumination-induced hydrogen vacancies and pre-existing yttrium monovacancies, and 
vacancy clusters grow, which might be due to local removal of hydrogen. If bleaching is a 
diffusion-related process, the formed vacancy defects induced by illumination might affect 
the diffusion time by reducing the diffusion coefficient. Hydrogen loss could also be a key 
factor in the reduced bleaching kinetics. Other microstructural origins including domain 
growth, or formation of OH- hydroxide groups are also discussed with respect to the slower 
bleaching kinetics. During the fourth to sixth photodarkening-bleaching cycle, reversible 
shifts in the Doppler S and W parameters are seen that are consistent with the reversible 
formation of metallic-like domains, previously proposed as a key factor in the mechanism 
for the photochromic effect.  
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3.1 Introduction 

Rare-earth oxyhydride thin films have gained increasing interest due to their color-neutral 
photochromic effect at room temperature. Their photochromic performance in terms of 
contrast and bleaching speed can be modified by different strategies, such as adjusting the 
type of cation, tuning the deposition pressure, thermal annealing, and doping, making them 
promising for applications in smart windows and photochromic sunglasses [1-5]. A stable 
photochromic performance during photodarkening-bleaching cycles and fast switching 
kinetics is required for long-term practical applications. However, a progressively slower 
bleaching kinetics upon photochromic cycling was observed in yttrium oxyhydride (YHxOy) 
thin films [6]. This is the so-called memory effect, which is induced by the illumination. This 
memory effect remains for time scales on the order of at least a few weeks in YHxOy [6]. The 
memory effect is therefore a major concern in view of practical applications, and 
understanding its origin is of great importance. 

However, the microscopic origins of the memory effect have not been unravelled yet. 
Many previous studies have focused on the nature of the reversible processes and optical 
phenomena linked to the photochromism, while the link of light-induced irreversible changes 
to the memory effect has rarely been reported. Moldarev et al. [7] observed the release of 
hydrogen gas during illumination for the first two cycles and their results suggest that the 
removal of hydrogen may be related to the memory effect. Our previous positron annihilation 
studies during one photodarkening-bleaching cycle showed irreversible shifts in Doppler 
broadening parameters that maintained after full bleaching in both YHxOy and GdHxOy films, 
suggesting that stable or weakly metastable vacancy-related defects are formed, that may 
contribute to the memory effect and/or are related to the microscopic origins of the memory 
effect [8-10]. In order to gain understanding of the memory effect, further exploration of the 
microstructural changes upon cycling is required.  

Positron annihilation spectroscopy (PAS) is a well-established non-destructive tool to 
characterize open-volume defects on a nanometer scale in solids [11-14]. The neutral and 
negatively-charged open-volume defects are often effective positron traps due to the lack of 
positive ion cores. By measuring the Doppler shifts of the positron-electron annihilation 
photopeak, one can obtain information on changes in the local valence electron states via the 
positron-electron momentum distribution caused by changes in open-volume defects and 
electronic structure. This technique is known as Doppler-Broadening Positron Annihilation 
Spectroscopy (DB-PAS). Another well-known positron annihilation technique is Positron 
Annihilation Lifetime Spectroscopy (PALS), which can quantify and identify open-volume 
defects to provide information on the type and concentration of vacancy defects. Namely, the 
lifetime of a positron in an open volume defect will be longer than in the defect-free material, 
since the electron density in the open volume defect is lower, leading to a reduction in the 
positron-electron annihilation rate.  
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In this work, the photochromic performance of YHxOy and GdHxOy thin films under six 
photodarkening-bleaching cycles is monitored by in-situ transmittance measurements, and 
the microstructural changes under the same six cycles are examined by in-situ illumination 
DB-PAS, complemented by PALS investigations on YHxOy thin films before and after one 
cycle. The in-situ DB-PAS study demonstrates that the increase of the bleaching time 
constant upon cycling is accompanied by an increase of the S-parameter after bleaching, 
revealing a strong correlation between these parameters. The observed increase in S-
parameter is attributed to vacancy agglomeration of light-induced hydrogen vacancies with 
yttrium monovacancies and growth of vacancy clusters present in the as-deposited films, as 
revealed by PALS measurements before and after one photodarkening-bleaching cycle. 
These findings suggest that incomplete refilling of the light-created hydrogen vacancies with 
hydrogen could be a key ingredient of the microscopic origin of the memory effect.  

3.2 Experimental 

3.2.1 Sample preparation 
A total of eight yttrium oxyhydride films and eight gadolinium oxyhydride thin films were 
prepared by two steps. First, metal hydride films were deposited on fused-silica substrates by 
reactive magnetron sputtering with a constant Ar/H2 flow (7:1) at room temperature. The 
deposition power supplied to the yttrium and gadolinium targets is 100 W and 165 W, 
respectively. The total pressure was maintained at 0.5 Pa for YHxOy and at 0.8 Pa for GdHxOy, 
respectively, which exceeded the critical pressure necessary to induce sufficient porosity of 
the metal hydride films, enabling the subsequent formation of the semiconducting YHxOy 
and GdHxOy oxyhydride phase during post-oxidation [1]. This post-oxidation process occurs 
by exposure of the metal hydride films to ambient environment, in which an oxidation time 
of ~10 days is sufficient to achieve a stable composition. After that, half of the yttrium 
oxyhydride and gadolinium oxyhydride thin film samples of each batch were stored in 
ambient air (noted as YHO-air and GdHO-air), while the others were stored under a vacuum 
pressure of 10-2 mbar (noted as YHO-vac and GdHO-vac). The thickness of the YHxOy and 
GdHxOy films was determined by profilometry to be 420 nm and 570 nm, respectively, within 
~10% accuracy. For the PALS measurements, one additional thin film YHxOy sample was 
made by the same recipe while the other was deposited at 200 W. The thickness of the two 
additional YHxOy films was determined to be ~370 nm. Table 1 summarizes the different 
types of rare-earth oxyhydride thin films studied in this work as well as the corresponding 
deposition parameters, thickness and storage environment. 
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Table 3.1: List of the main parameters and measurements of rare-earth oxyhydride thin film 
samples studied in this work 

Sample 
type 

Total 
deposition 

pressure (Pa) 

Depositi
on power 

(W) 

Thickness 
(nm) 

Storage 
environment 

Measurements 

YHO-air 0.5 100 420 Air Transmittance, DB-
PAS, XRD 

YHO-vac 0.5 100 420 Vacuum Transmittance, DB-
PAS 

GdHO-air 0.8 165 570 Air Transmittance, DB-
PAS, XRD 

GdHO-vac 0.8 165 570 Vacuum Transmittance, DB-
PAS 

YHO-1 0.5 100 370 Air PALS 
YHO-2 0.5 200 370 Air PALS 

 
 
3.2.2 Characterization 
The transmittance spectra of the yttrium and gadolinium oxyhydride film samples were 
acquired in the range of 230-1120 nm on a custom-built optical fiber-based spectrometer [2]. 
The optical properties of the vacuum-stored samples were measured under a vacuum 
condition of 8-9 Pa. The photochromic effect of oxyhydride films was triggered by a narrow 
wavelength LED (385 nm) with an intensity of ~30 mW/cm2. The same light source equipped 
with a Köhler lens system was used to illuminate the sample for the ex-situ illumination X-
ray diffraction (XRD) and the in-situ illumination DB-PAS experiments. For all 
photodarkening-bleaching cycles, the illumination time and the monitoring time during 
bleaching were set at respectively 2.5 h and 20 h, for both the optical and DB-PAS 
measurements, meaning that a full photodarkening-bleaching cycle corresponded to 22.5 h. 
The grazing-incidence X-ray diffraction (GIXRD) patterns were collected on a PANalytical 
X’Pert PRO diffractometer at an incident angle of 2° with a Cu Kα  source (λ = 1.54 Å) at 
room temperature.  

DB-PAS experiments were carried out using the variable energy positron (VEP) beam 
setup at the TU Delft Reactor Institute [15]. The intensity of the positron beam at sample 
position is around 104 e+/s and the FWHM of the beam diameter is around 8 mm. The low 
momentum shape (S-) and high momentum wing (W-) parameter were defined as, the 
annihilation events (1) in the central area with an energy window of |E| < 0.77 keV (or 
electron momentum |p| < 3.0 × 10-3 m0c) and (2) the area with a energy window of 2 keV < 
|E| < 6 keV (8.2×10-3 m0c < |p| < 23.4×10-3 m0c), divided by the total annihilation events under 
the gamma ray photopeak around 511 keV.  The S-parameter reflects the annihilation with 
primarily valence electrons, providing sensitivity to the electronic structure and the presence 
of vacancies, while the W-parameter represents positron annihilation with semicore 
electrons, providing sensitivity to the local chemical surrounding of the positron trapping 
site. The collected depth-profiles with implantation energies of 0.1-25 keV were fitted by 
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VEPFIT to extract the S- and W-parameter of the rare-earth oxyhydride layer [16]. For the 
time-dependent in-situ DB-PAS measurements under multiple illumination cycles, the 
implantation energy of positrons is fixed at 5.5 keV and 10 keV for YHxOy and GdHxOy, 
respectively, to ensure that most of the positrons annihilate in the oxyhydride layer (> 95 % 
for YHxOy and > 90% GdHxOy) rather than in the substrate or at the surface. The fractions of 
positrons annihilating in each layer of YHxOy and GdHxOy extracted from the VEPFIT 
analyses are shown in the Supplemental Material, Fig. S1. The positron implantation depth 
distribution is assumed to follow a Makhovian implantation profile. The calculated 
Makhovian implantation profiles for an implantation energy of 5.5 keV for YHxOy and of 10 
keV for GdHxOy are plotted in Fig. 3.1, which demonstrates that these implantation profiles 
fit well within the thickness of the layers (see Table 3.1). The positron implantation profiles 
in a material with density 𝜌𝜌 in g/cm3 are described by  

𝑃𝑃 (𝑧𝑧,𝐸𝐸) =
𝑚𝑚𝑧𝑧𝑚𝑚−1

𝑧𝑧0𝑚𝑚
exp �− �

𝑧𝑧
𝑧𝑧0
�
𝑚𝑚
� (3.1) 

with m=2, z the implantation depth, and  z0=1.13z̅, with 𝑧𝑧̅ the mean implantation depth in nm, 

is a function of the positron implantation energy E in keV according to z0(E)= AEn

ρ
, and we 

used n=1.6 and A=4 μg cm-2 keV-n [17, 18], and ρ=4.3 g/cm3 for YHxOy and ρ=7.2 g/cm3 for 
GdHxOy, respectively. 
 

 
Figure 3.1: Positron implantation profiles for implantation energies of 5 and 5.5 keV in 
YHxOy, and 10 keV in GdHxOy. 

 
PALS measurements were performed using the Mono-energetic Positron Spectroscopy 

(MePS) setup at the ELBE (Electron Linac for beams with high Brilliance and low Emittance) 
facility at the Helmholtz-Zentrum Dresden-Rossendorf (HZDR), Germany [19]. 
Approximately 107 counts were collected for each spectrum. A CeBr3 scintillator detector 
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coupled to a Hamamatsu R13089-100 photomultiplier (PMT) tube was utilized for gamma 
quanta acquisition and the signals were processed by the SPDevices ADQ14DC-2X digitizer 
(14 bit vertical resolution and 2 GS/s horizontal resolution) [20]. The time resolution was 
estimated to be ∼250 ps by determination of the PALS spectrum of a reference amorphous 
Yttria stabilized zirconia (YSZ) sample with two lifetime components. Since the thickness 
of the YHxOy films (~370 nm) examined in the PALS study was slightly less than the 
thickness of the YHxOy films studied in the DB-PAS experiments, the positron implantation 
energy was fixed to 5 keV before illumination and during the photodarkening-bleaching 
cycle. The corresponding calculated Makhovian positron implantation profile is shown in 
Fig. 3.1. The program PALSfit3 was used to analyse the positron lifetime spectra [21]. 

3.3 Results 

3.3.1 Photochromic responses upon cycling 

 
Figure 3.2: Time dependence of average transmittance in the range of 450-1000 nm of (a) 
YHO-air, (b) YHO-vac, (c) GdHO-air, and (d) GdHO-vac thin films during six 
photodarkening(purple shaded region)-bleaching cycles including an intermediate period of 
4-5 weeks of storage in air or vacuum (shaded with a rectangular grey area). 
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Fig. 3.2 shows the transmittance averaged over the wavelength range of 450 nm to 1000 nm 
as a function of time upon six consecutive photodarkening-bleaching cycles for four thin film 
samples, YHO-air, YHO-vac, GdHO-air, and GdHO-vac. The transmittance in the 
photodarkened state after each illumination period of 2.5 h is fairly constant for the six cycles 
for each film, and there is no significant difference in transmittance between air-stored and 
vacuum-stored films, as can been seen comparing Figs. 3.2(a) to 3.2(b) and 3.2(c) to 3.2(d), 
respectively. However, the bleaching process becomes progressively slower with subsequent 
photodarkening-bleaching cycle, i.e., longer time is needed to reverse back to the bleached 
(transparent) state for the first four cycles, after which the bleaching rate stabilizes. This 
process of increasingly slower bleaching kinetics in YHxOy films upon photochromic cycling 
is known as the memory effect [6]. Quantitatively, the bleaching process can be evaluated by 
the bleaching time constant (τbleach), which can be determined according to equation (2), 
assuming first-order kinetics for the bleaching process [4]. The corresponding fits are shown 
in Fig. S3.2 in the Supplemental Material and the extracting values for bleaching time 
constant for each cycle are shown in Fig. 3.3. 
 

ln�-ln �T(t)
T0
��  = - 1

τbleach
t + ln �- ln �Tdark

T0
��  (3.2) 

 
where T0 is the initial average transmittance before illumination, Tdark is the transmittance of 
the photodarkened state at the end of the illumination period and T(t) is the transmittance 
after a time t of bleaching.  

As shown in Fig. 3.3, τbleach increases almost linearly for the first three cycles for all 
samples, in which τbleach shows an increase by a factor of ~6 and ~2 for YHxOy and GdHxOy, 
respectively. After the storage under dark conditions for 4-5 weeks and the subsequent fourth 
 

 
Figure 3.3: The bleaching time constant 𝜏𝜏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏ℎ  extracted from the optical transmittance 
measurements according to equation (1) for the (a) YHxOy and (b) GdHxOy films with the 
number of cycles. 
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illumination, the bleaching process is even slower (larger τbleach) compared to the previous 
cycle, demonstrating that the memory effect remains present for at least 4-5 weeks of storage, 
both under ambient or vacuum conditions. After the fourth photodarkening-bleaching cycle, 
the bleaching time τbleach remains constant on subsequent cycling. Clearly, faster bleaching is 
observed in the GdHxOy films compared to the YHxOy films, consistent with previous studies, 
that connected the faster bleaching kinetics to the larger ionic radius of Gd compared to Y 
and Sc [2]. In addition, the similarity of the evolution of the photochromic effect observed in 
the oxyhydride films stored and measured in air and in vacuum, as shown in Figs. 3.2 and 
3.3, indicates that an ambient environment is not a crucial factor for the photochromic effect, 
consistent with Ref. [7] where it was shown that YHxOy bleaches under ultra-high vacuum 
conditions. However, we do observe that both YHxOy and GdHxOy films bleach slower after 
four weeks of storage under vacuum compared to four weeks of storage in air. 

 
3.3.2 Microstructural changes investigated by in-situ illumination positron annihilation 
 

 
Figure 3.4: Time evolution of the S-parameter at a positron implantation energy of 5.5 keV 
for samples (a) YHO-air and (b) YHO-vac, and at a positron implantation energy of 10 keV 
for samples (c) GdHO-air, and (d) GdHO-vac before illumination (black points) and under 
six photodarkening (red points) -bleaching (blue points) cycles, including an intermediate 
storage period of 4-5 weeks (grey region). 
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In order to gain an understanding of the origin of the memory effect from a microstructural 
perspective, in-situ DB-PAS measurements were conducted during six photodarkening-
bleaching cycles with time intervals for illumination and for monitoring during bleaching 
that are the same as for the transmittance measurements reported in Section III.A. The 
evolution of the line shape parameter S as a function of time for six photodarkening-bleaching 
cycles for YHxOy and GdHxOy is shown in Fig. 3.4 (a-b) and Fig. 3.4 (c-d), respectively. 
The corresponding changes in the wing parameter W are shown in Fig. S3.3 in the 
Supplemental Material. The results show that the S-parameter increases upon illumination 
and it decreases partially reversibly during bleaching for both the YHxOy and GdHxOy films, 
consistent with our previous DB-PAS study [10]. During the first three cycles, in addition to 
the reversible part of the shifts in S-parameter with photodarkening and bleaching, the S-
parameter after each photodarkening-bleaching cycle increases successively. The nature of 
this irreversible increase in the S-parameter is discussed in more details further on. 
For the second three cycles, the increase in S-parameter under illumination is nearly fully 
reversed after bleaching. The S-W diagrams presented in Fig. 3.5 show that the corresponding 
(S,W) values shift back-and-forth between the (S,W) value for the photodarkened state and 
 

 
Figure 3.5: S-W plots of the second three photodarkening-bleaching cycles for the bleached 
state (black points) and photodarkened state (red points) for (a) YHO-air, (b) YHO-vac, (c) 
GdHO-air, and (d) GdHO-vac. The circles and arrows are a guide for the eyes. The center of 
each circle is located at the average value of each bleached and photodarkening state. 
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the (S,W) value for the bleached state with a lower S- and higher W-parameter. These 
reversible shifts of the positron Doppler broadening S and W parameters occur systematically 
for each of the second three cycles for all oxyhydride films, and correlate with the reversible 
changes in the transmittance upon photodarkening and bleaching. As discussed in our 
previous study, the reversible changes in the Doppler parameters and in the optical 
transmittance during photodarkening and bleaching can be explained by reversible formation 
and disappearance of metallic-like nanodomains in the semiconducting oxyhydride matrix 
[10]. Indeed, the reversible shifts of the Doppler parameters to a larger S-parameter and a 
smaller W-parameter point in the direction of the (S,W) value of the rare-earth dihydride 
[10], in line with the reversible formation of metallic-like nanodomains. In [10], two types 
of mechanisms for the formation of metallic-like domains were proposed, that both involve 
liberation of hydrogen atoms from their lattice positions by the illumination, namely (i) the 
formation of hydrogen-rich domains enabled by local transport of hydrogen and oxygen ions, 
which might acquire a metallic-like character due to a mixed Y2+/Y3+ valence state (e.g. 
YH2Ox with x<0.5), and (ii) the occurrence of an Anderson-Mott insulator-to-metal transition 
in domains of the film, induced by the formation of a sufficiently high local concentration 
(above ~30%) of hydrogen vacancies at the octahedral sites and subsequent band formation 
of photo-excited electrons that occupy Y(4d) orbitals surrounding the hydrogen vacancies 
[10].   

In addition to the reversible shifts of the S-parameter, Fig. 3.4 clearly shows that the S-
parameter after each photodarkening-bleaching cycle (blue symbols) increases successively 
for the first three cycles for all samples. Quantitatively, the S-parameter after these 
photodarkening-bleaching cycles has increased by ~3% and 5-6% for YHxOy and GdHxOy, 
respectively, compared to the initial S-parameter before the first illumination. These 
increments are similar to the changes extracted from VEPFIT analysis of the DB-PAS depth 
profiles before and after the first three cycles (in the Supplemental Material, Fig. S3.4 and 
Table S5.1-5.4). Simultaneously, the W-parameter shows a decrease by ~4% and ~7% for 
the YHxOy and GdHxOy samples, respectively. After 4-5 weeks of storage, the S-parameter 
is still high, suggesting that the microstructural changes induced in the photodarkening-
bleaching cycles are stable. During the second set of three photodarkening-bleaching cycles, 
the S-parameter after bleaching remains nearly constant with subsequent cycles for each 
oxyhydride film. This saturation of the S-parameter after bleaching could be due to either (i) 
the concentration and size of open-volume defects do not noticeably increase anymore with 
the photodarkening-bleaching cycling, or (ii) the concentration of vacancy defects still 
increases but exceeds the sensitivity of DB-PAS due to saturation trapping of positrons in 
these defects, that will occur when concentrations of order ~10-4 or higher are reached [12, 
22]. 

These trends in the S and W parameters upon photochromic cycling are further illustrated 
in the corresponding S-W diagrams of Fig. 3.6 (a-b) and Fig. 3.6 (c-d) for the Y-based and 
Gd-based oxyhydride films, that reveal the systematic increase in S-parameter and decrease 
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Figure 3.6: S-W values of (a-b) Y-based and (c-d) Gd-based oxyhydride films in the virgin 
state and in the bleached state upon cycling extracted from the in-situ illumination DB-PAS 
measurements, compared with the (S,W) values of the Y-based or Gd-based metal, metal 
hydride and oxide films [10]. The arrows are a guide for the eyes, showing the trends for the 
six cycles. 
 
in W-parameter in the bleached states upon photochromic cycling, together with a 
comparison to the (S,W) values of the respective yttrium and gadolinium rare-earth metal, 
metal hydride and oxide films determined in our previous studies [2, 10]. It is found that upon 
photochromic cycling for the first three cycles, the (S,W) values after bleaching for each 
cycle progressively shift in the same direction towards higher S and lower W, with a slope 
that is smaller than the line connecting the (S,W) values of the rare-earth metal oxyhydride 
and rare-earth metal hydride films. These observed linear shifts of the (S,W) values are in 
line with either a systematic increase in the concentration of open-volume defects formed 
during photochromic cycling or a progressive systematic increase in the size of the vacancy 
defects. 
 
3.3.3 Correlation between photochromic responses and microstructural changes 
The previous sections showed a systematic increase in the positron Doppler broadening S-
parameter after bleaching as well as in the time scale of bleaching, τbleach, with 
photodarkening-bleaching cycling. This suggests that the microstructural changes 
corresponding to the changes in S-parameter may correlate with the memory effect. In order  
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Figure 3.7: The averaged S-parameter after bleaching versus the bleaching time constant 
τbleach, according to the time-dependent DB-PAS measurements and the optical transmittance 
measurements for YHO-air, YHO-vac, GdHO-air and GdHO-vac samples. The solid tilted 
lines are a guide for the eyes for the first three cycles (suggesting a linear correlation for the 
first three cycles) and the dashed horizontal lines are a guide for the eyes for the second three 
cycles. 
 
to examine this correlation, the averaged S-parameter after each photodarkening-bleaching 
cycle is plotted in Fig. 3.7 versus τbleach for each cycle. For the first three cycles, S-parameter 
rises almost linearly with increasing bleaching time, τbleach. This strong correlation suggests 
that the progressively slower bleaching kinetics upon cycling is accompanied by an increased 
concentration or size of open-volume defects. Our study thus clearly points to a relationship 
between bleaching kinetics (τbleach) and formed vacancy structure. After the third illumination 
and bleaching cycle, the S-parameter stays nearly constant. This could be due to the formation 
of a stable composition of vacancies, or to positron saturation trapping at open-volume 
defects, meaning that additionally formed vacancies do not induce an observable change in 
S-parameter. After the fourth photodarkening-bleaching cycle, the bleaching time τbleach also 
remains constant.  
 
3.3.4 Nature of the vacancy-related defects induced by cycling investigated by PALS 
To gain more insights into the origin of the irreversible systematic increase in S-parameter 
and decrease in W-parameter observed upon photodarkening-bleaching cycling, two YHxOy 
films were measured in the virgin state and in the bleached state after one photodarkening-
bleaching cycle by in-situ PALS at HZDR. All positron lifetime spectra were decomposed 
by a three-component analysis, shown in Fig. 3.8.  

The extracted lifetimes and the corresponding intensities are shown in Table 3.2. The first 
and second positron lifetimes in both films are larger than the reported bulk lifetime (~240 
ps) extracted from a two-defect trapping model in our previous study [10]. The reported bulk 
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Figure 3.8: Positron lifetime spectra collected at an implantation energy of 5 keV of (a) 
YHO-1 in the virgin state and (b) the bleached state after one cycle, and (c) YHO-2 in the 
virgin state and (d) the bleached state after one cycle, and the corresponding three-component 
analyses. The background was less than 1 for all fits. 
 
Table 3.2: Time-averaged positron lifetimes (τi) and intensities (Ii) for two YHxOy films in 
the virgin state and in the bleached state after one photodarkening-bleaching cycle, extracted 
from PALS spectra collected at 5 keV. 

sample Status τ1 (ps) τ2
 
(ps) τ3

 
(ns) I1

 
(%) I2 (%) I3

 
(%) 

YHO-1 Virgin state 279±2 506±12 1.71±0.03 76±2 21±1 2.9±0.1 

 Bleached state after one cycle 290±2 546±15 1.66±0.03 76±1 21±1 3.8±0.2 

YHO-2 Virgin state 280±2 484±16 1.57±0.02 73±2 21±2 5.4±0.1 

 Bleached state after one cycle 291±2 532±18 1.81±0.03 76±2 18±2 5.5±0.1 

 

lifetime is close to the theoretical  bulk lifetimes of ~231 ps and ~241 ps in YH2.5O0.25 

calculated using the two-component density functional theory within the local density 
approximation (LDA) and generalized gradient approximation (GGA) framework, 
respectively. More details on the methods employed in the DFT calculation can be found in 
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Appendix E. The reason of using the composition YH2.5O0.25 for the theoretical positron 
lifetime calculation is that a recent DFT study showed  that YH2.5O0.25 and YHO have a lower 
total energy compared to the intermediate compositions, and therefore YH2.5O0.25 could be 
the main component of our hydrogen-rich oxyhydride films [23]. The large lifetimes and the 
intensities of the experimental first and second positron lifetime components together with 
the absence of a (reduced) bulk lifetime component indicate positron saturation trapping for 
these samples due to a high vacancy concentration of the order of 10-4 or higher, i.e., almost 
all (>99%) implanted positrons are trapped and annihilate at vacancy-type defects. In the 
virgin state of both films, the first lifetime component with τ1 of ~280 ps is close to the 
calculated values ~290 ps (LDA) and ~324 ps (GGA)  for yttrium monovacancies, therefore 
this component could be assigned to yttrium monovacancies (VY) present in the as-deposited 
films. We note here that we cannot strictly exclude the possibility of hydrogen-decorated 
metal vacancies, as have been observed in the niobium, nickel and tungsten systems [24-27]. 
These studies showed that the decoration of a metal vacancy with one hydrogen atom can 
decrease the positron lifetime at a cation monovacancy by 10-20 ps. However, yttrium 
oxyhydride is different from the above-mentioned transition metals in the sense of its mostly 
ionic binding of the metal cation (Y3+) and the hydrogen (H-) and oxygen (O2-) anions, leading 
to a high stability of the formed oxyhydride phase [28]. For yttrium oxyhydride films, it is 
likely that during the reactive magnetron sputtering process and subsequent post-oxidation, 
hydrogen atoms strongly prefer anion (tetrahedral and octahedral) lattice sites of the stable 
oxyhydride phase, rather than vacant cation lattice sites (cation monovacancies). Similarly, 
no hydrogen-decorated small vacancies were found in hydrogenated MgTi-based ionic 
compounds [29]. The relatively high intensity I1 (~73-76 %) indicates that these vacancies 
are dominant positron trapping sites. The longer lifetime of the second component τ2 of ~500 
ps with an intensity of 21% stems from annihilation in large vacancy clusters (consisting of 
> 5 vacancies [10]), while the third component with the longest lifetime τ3 in the range of 
~1.6-1.7 ns is a characteristic of ortho-Positronium (o-Ps) formed in nanoscale open volume 
(such as nanopores) present in the films. Assuming pores that are spherically shaped, the 
diameter can be estimated to be around 0.50 nm according to Tao-Eldrup model [30,31]. 
Both positron annihilation and ortho-positronium formation might therefore occur in the 
same type of vacancy clusters [10].  

After ~2 h illumination and 2-3 h of bleaching in the dark, both τ1 and τ2 have increased 
in the same manner for both samples, indicating growth of the corresponding vacancies and 
vacancy clusters. The first lifetime τ1 increases to ~290 ps, which can be attributed to the 
formation of divacancies or small multi-vacancy complexes, involving Y monovacancies 
present in the as-deposited films and light-induced hydrogen vacancies. Local hydrogen 
(hopping) mobility has been proposed to be a key element of photochromism in rare-earth 
oxyhydride films [32-34]. This can be understood, since under the photo-excitation of charge 
carriers across the bandgap, hydrogen ions at octahedral sites may capture photo-generated 
holes (H- + h+ → H0) and leave their lattice positions, producing hydrogen vacant sites in the 
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lattice. Some of these hydrogen vacancies may aggregate with yttrium monovacancies to 
form divacancies VY-VH, or perhaps even small vacancy complexes consisting of VY and a 
few hydrogen vacancies. In principle, the formation of VY-VO is also possible, although O is 
considered to be less mobile than H due to its lower polarity and larger mass, and liberation 
from its lattice position is less probable [28, 35]. Notably, the increase in τ1 after bleaching 
is ~4%, and therefore clearly smaller than the typical increase in lifetimes (>10%) going from 
monovacancies to divacancies in semiconductors such as Si, GaAs and SiC [36, 37]. This 
suggests that only part of the yttrium monovacancies turn into divacancy-like defects, 
meaning that a mixture of monovacancies and divacancy-like defects is present in the films 
after one photodarkening-bleaching cycle. Such a transformation from monovacancies to 
divacancy-like defects for only part of the Y monovacancies present is understandable. If we 
assume that the mobility of hydrogen vacancies is small, VY and VH can only aggregate when 
a hydrogen vacancy is created on a lattice site adjacent to the yttrium vacancy. Considering 
now the concentration of hydrogen vacancies at octahedral sites that are formed during the 
first photodarkening (we assume an average concentration of octahedral hydrogen vacancies 
of the order of ~10% of all octahedral hydrogen in the film, which would be a reasonable 
value in the framework of the Anderson-Mott model) and the concentration of pre-existing 
yttrium vacancies VY (of the order of 10-4) [10], one can estimate that the probability of 
formation of a hydrogen vacancy adjacent to an Y monovacancy is on the order of ~25% 
[38]. Therefore, we can expect a concentration of formed divacancy-like defects of the order 
of 10-5, i.e. somewhat smaller than the concentration of VY and likely below the concentration 
threshold for saturation trapping of positrons. The increase in the lifetime of the second 
component τ2 of 40-50 ps after one cycle is rather large, and could be due to the release of 
loosely-bonded hydrogen atoms from the walls of the large vacancy clusters or of dihydrogen 
molecules from these vacancy clusters [7]. The changes in the third component varies from 
sample to sample. Overall, the increase in S-parameter after one photodarkening-bleaching 
cycle could be the result of the clustering of hydrogen vacancies (created by the illumination) 
with the pre-existing Y monovacancies, forming divacancies (or small vacancy complexes), 
and of hydrogen liberated from vacancy clusters, as inferred from the PALS study, in 
combination with incomplete refilling of hydrogen vacancies during the bleaching process. 
Alternatively, a small amount of nanoscale metallic-like domains that possibly remain 
present after bleaching may also lead to an irreversible increase in the S-parameter. This 
process cannot be completely ruled out from the PALS measurements of this study, since the 
lifetime of positrons that trap and annihilate in the metallic-like domains and the exact nature 
of the metallic-like domains is yet unknown.  However, we note here that the reported 
positron bulk lifetime of metallic yttrium dihydride of ~260 ps [10] is smaller than that of the 
lifetime of the first component of the yttrium oxyhydride samples both in the as-deposited 
state (~280 ps) and after a full photodarkening-bleaching cycle (~290 ps, i.e. increased by 
~10 ps), making this alternative explanation less probable.   
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Finally, we note here that, since the PALS measurements after one photodarkening-
bleaching cycle suggest that only part of the initially present Y monovacancies transform into 
divacancy-like defects, it is likely that more divacancy-like defects will be formed in the 
subsequent cycles. Clearly, this may explain the systematic increase in S-parameter in the 
bleached state observed during the first three photochromic cycles. 

3.4 Discussion 

Our studies show that both yttrium and gadolinium oxyhydride thin films exhibit a reversible 
photochromic effect upon six consecutive photodarkening-bleaching cycles, in which the 
transmittance is able to recover back to its original state after bleaching. However, the 
bleaching kinetics becomes increasingly slower upon cycling for the first four cycles, after 
which the bleaching rate stabilizes. Interestingly, our studies reveal a clear correlation 
between the progressively larger bleaching time constants and the evolution of the positron 
Doppler S-parameter as detected after each photodarkening-bleaching cycle. In combination 
with the PALS results, this suggests that the slower bleaching process upon cycling is 
accompanied by an increased concentration of divacancy-like defects and growth of vacancy 
clusters due to hydrogen liberated from their (lattice) positions. In order to gain further 
understanding of the memory effect from such a microscopic perspective, we propose and 
discuss a number of possibilities in the context of this positron study. 
 
A. Increase in diffusion time 
The slow bleaching kinetics of the order of hours for both yttrium and gadolinium oxyhydride 
films, as depicted in Fig. 3.2, could be caused by diffusion of hydrogen anions acting as a 
rate-limiting process for the return of the film to the transparent state. This hypothesis of 
hydrogen diffusion can be evaluated in the context of proposed mechanisms for the 
photochromism that involve the formation of metallic domains, such as (i) phase-segregated 
hydrogen-rich domains enabled by local transport of hydrogen and oxygen ions liberated 
during illumination, which might acquire a metallic-like character due to a mixed Y2+/Y3+ 
valence state (e.g. YH2Ox with x<0.5), in a hydrogen-poor transparent matrix, and (ii) 
Anderson-Mott transition in certain domains of the yttrium oxyhydride films where the 
concentration of illumination-induced hydrogen vacancies and subsequently nearby trapped 
electrons localized in Y(4d) orbitals is sufficiently high to lead to electron band formation 
and local metallicity [10,32,39]. Indeed, high hydrogen anion conduction is observed in 
powder La and Nd oxyhydrides, albeit that other rare-earth oxyhydrides show substantially 
lower macroscopic hydrogen diffusion [40, 41].  

For a diffusion process, the diffusion time τdiff  is proportional to the square of the 
diffusion distance L and is inversely proportional to the diffusion coefficient D, according to  
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τdiff ~
L2

D
 [42]. Therefore an increase in the diffusion distance L can lead to an increase in the 

diffusion time. For example, if hydrogen-rich metallic domains become systematically larger 
upon cycling during photodarkening, the diffusion distance for hydrogen anions to travel out 
of the domains will become larger, leading to a longer diffusion time and thus, slower 
bleaching kinetics. Secondly, the diffusion coefficient D  can be influenced by multiple 
factors, for instance, vacancy defects [43, 44]. The increase in concentration of vacancy 
defects in oxyhydride films upon cycling, as observed in this study, may provide more 
hydrogen anion trapping sites, resulting in a smaller diffusion coefficient and a longer 
diffusion time. Such trapping of hydrogen in vacancies was observed in for example 
monoclinic zirconia, which decreased the diffusion coefficient and slowed down the 
hydrogen diffusion [43].  
 
B. Loss of hydrogen 
Another possible cause for the gradual slowdown of bleaching kinetics upon cycling could 
be the loss of hydrogen, since the local hydrogen composition is expected to be important in 
regaining transparency. Previous studies into the nature of the photochromism provided 
indications that hydrogen is a key element in the photochromic effect in rare-earth 
oxyhydride films [10,32,39].  

Within the Anderson-Mott insulator-to-metal transition proposed in [10] and briefly 
discussed here in section III.B, the bleaching process requires the refilling with hydrogen of 
a sufficient amount of hydrogen vacancies in order to reduce the concentration of trapped 
electrons near such hydrogen vacancies to below the threshold concentration for metallicity 
in a domain and reach the original semiconductor (transparent) state. However, hydrogen 
may get lost due to trapping at (for example) grain boundaries, or/and due to out-diffusion of 
hydrogen to the environment. Indeed, Moldarev et al. [7] observed hydrogen effusion in 
yttrium oxyhydride films for the first and second photodarkening-bleaching cycles [7]. The 
loss of hydrogen will reduce the amount of mobile hydrogen with respect to the amount of 
hydrogen liberated from lattice positions in the film during photodarkening. This may result 
in a slower bleaching kinetics, since some of the hydrogen required to refill the hydrogen 
vacancies in the metallic areas will need to come from a larger distance.  

Indeed, the case of hydrogen loss seems to be in line with the irreversible formation of 
di-vacancies observed in our positron annihilation study, since hydrogen atoms that leave 
their lattice positions during photodarkening and are lost from the film will cause irreversible 
creation of hydrogen vacancies. Some of these hydrogen vacancies may aggregate with the 
pre-existing yttrium monovacancies, explaining the increase in the lifetime of the first 
component τ1 and the increase in the S-parameter after bleaching. Also, hydrogen removal 
from the larger vacancy clusters will lead to growth in the open volume of these clusters, in 
line with the observed increase in τ2. Furthermore, the progressive increase in the S-parameter 
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after bleaching upon cycling can be naturally explained when the hydrogen loss occurs 
primarily in the first three cycles, in line with the observations by Molderav et al. [7].  
 
C. Grain growth 
Komatsu et al. demonstrated that epitaxially grown yttrium oxyhydride films exhibit an 
extremely slow bleaching rate, as the high conductivity of the photo-induced metallic state 
hardly changes during the ~50 h long observation time after the UV illumination had stopped 
[33]. Hence, the systematic reduction in bleaching kinetics of the yttrium oxyhydride films 
studied here might be ascribed to a gradual structural transformation from the polycrystalline 
state in the direction towards epitaxially grown films, which may have larger grain sizes and 
less grain interfaces [45, 46].  

However, in both our yttrium and gadolinium oxyhydride samples, the speculation of 
grain growth is not supported by the ex-situ XRD results, as the grain size estimated from the 
peak width of the strongest diffraction peak at ~33° using the Scherrer equation does not 
change within error bars after illumination of ~2.5 h for both samples (see the Supplemental 
Material, Fig. S3.5).  
 
D. Formation of hydroxide (OH-)  
A mechanism for the photochromic effect in yttrium oxyhydride films that does not rely on 
diffusion was proposed in [32, 33]. This mechanism involves the local formation of OH- 

hydroxyl groups, as has been previously observed in mayenite [47-49]. In this scenario, large 
polarons are created in the yttrium oxyhydride structure due to the release of electrons 
according to the local reaction O2- + H- + hv → OH- + 2e- during illumination [33]. When the 
concentration of such polarons is large enough, meaning an average distance between 
polarons below about 7 Å, the localized electron orbitals overlap and form delocalized 
electron bands. The threshold fraction of formed OH- hydroxide bonds to induce metallic 
conductivity within this polaron mechanism was estimated to be ~ 2.2% according to 
percolation theory [33]. Indeed, the formation of such a concentration of metallic areas under 
illumination can be observed by positrons [10] and is consistent with the observed increase 
in S-parameter during illumination (Fig. 3.4). However, in Ref. [33] it was reported that the 
transparent state could only be recovered when annealing the photodarkened sample to a high 
temperature of 125 °C, which would point to a high activation barrier for the reverse reaction 
OH- + 2e- → O2- + H- [33]. This suggests that, if such local polaron formation is the sole 
actor in the mechanism in photodarkening and bleaching process, it is hard to explain the 
much faster bleaching observed in our oxyhydride films.  
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3.5 Conclusions 

A stable cycling performance is of great importance for applications of photochromic YHxOy 
and GdHxOy thin films. We investigated the optical responses of photochromic YHxOy and 
GdHxOy thin films under six photodarkening-bleaching cycles by in-situ illumination 
transmittance measurements. In both systems, the transmittance recovers after each 
photodarkening-bleaching cycle, while a slowing down of the bleaching kinetics is observed 
upon cycling (the memory effect). The microstructural evolution in both YHxOy and GdHxOy 
films under the same six photodarkening-bleaching cycles is investigated by in-situ 
illumination DB-PAS and by PALS after one cycle. For the first three cycles, DB-PAS shows 
a systematic increase in the S-parameter after bleaching upon cycling, and a strong 
correlation between the S-parameter and the bleaching time constant is observed. This 
correlation suggests that the microstructural changes corresponding to the slower bleaching 
upon cycling involve vacancy aggregation, supported by PALS studies that show the 
formation of divacancies and growth of vacancy clusters. The change in the open-volume 
defects may affect the diffusion time by reducing the diffusion coefficient, supposing 
bleaching is a diffusion-related process. Moreover, hydrogen vacancies that cannot be refilled 
due to hydrogen loss may also contribute to a slower bleaching kinetics. For the second three 
cycles, the reversible shifts in the Doppler parameters back-and-forth between the 
photodarkened state and the bleached state could be due to the reversible formation of 
metallic-like domains, pointing to previously proposed mechanisms of the photochromism. 
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Supplementary information for Chapter 3 

Positron fractions as a function of implantation energy for YHxOy and 
GdHxOy films  

 
Figure S3.1: The fractions of positrons annihilating in each layer in the YHxOy and GdHxOy 
films as a function of positron implantation energy derived by VEPFIT analysis, using a (a) 
one-layer or (b) two-layer model for YHxOy layer, and (c) a two-layer model for GdHxOy 
layer. 
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Derivation of the bleaching time constant 

 
Figure S3.2: The natural logarithm of the negative natural logarithm of the normalized optical 
transmittance as a function of bleaching time, and corresponding linear best fits (dashed lines) 
used to derive the bleaching time constant according to equation (2). 
 
Time evolution of the W-parameter upon photodarkening-bleaching cycling 

 
Figure S3.3: Time evolution of W-parameter at a positron implantation energy of 5.5 keV for 
(a) YHO-air and (b) YHO-vac, and at a positron implantation energy of 10 keV for (c) GdHO-
air, and (d) GdHO-vac under six photodarkening(red)-bleaching(blue) cycles, including an 
intermediate storage period of 4-5 weeks under ambient or vacuum conditions (grey region). 
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DB-PAS depth profiles and VEPFIT analyses 
 

 
Figure S3.4: DB-PAS depth profiles of (a) YHO-air, (b) YHO-vac, (c) GdHO-air and (d) 
GdHO-vac in the virgin state (black color), after the first three photodarkening-bleaching 
cycles (dark blue color), before the second three cycles (purple color) and after the second 
three cycles (light blue color). 
 
Fig. S3.4 shows the DB-PAS S-parameter depth profiles for all four samples (a) YHO-air, 
(b) YHO-vac, (c) GdHO-air, and (d) GdHO-vac in the virgin state, after the first three cycles, 
before the second three cycles, and after the second three cycles. In order to minimize the 
number of fit parameters, the S-parameter, W-parameter of the fused-SiO2 substrate layer 
were fixed to 0.5325, 0.059, as extracted from the high implantation energy range (20-25 
keV). The density and diffusion length (Ld) of the fused-SiO2 substrate layer were fixed to 
2.2 g/cm3, and 25 nm. According to VEPFIT analysis of the depth profiles after the first three 
cycles, the thickness (d) of the oxyhydride layer of the YHxOy samples is 360 nm, so the layer 
thicknesses were fixed at this value for the depth profiles collected at the other stages of 
cycling.  For the YHO-air sample before the second three cycles, the S-parameter of the bulk 
oxyhydride layer (at 5 keV) seems to be unchanged while the S- parameter of the oxyhydride 
layer near the surface region decreases, so an additional near-surface layer was added to the 
model. The thicknesses of the near-surface oxyhydride oxyhydride layer and bulk oxyhydride 
layer are noted as d1 and d2, respectively. For the GdHxOy samples, in addition to the bulk 
oxyhydride layer (at 10 keV), an additional much thinner oxyhydride layer near the surface 
region below 5 keV for each depth profile is seen, therefore a two-layer model for the 
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Gadolinium oxyhydride layer is utilized. According to VEPFIT analysis of the depth profile 
after the first three cycles, the thickness of the near-surface and bulk oxyhydride layer of the 
GdHxOy samples are 60 nm and 360 nm, so the total thickness is 420 nm. The layer 
thicknesses were fixed at these values for the rest of the depth profiles of GdHxOy samples, 
assuming the thickness of the near-surface layer remains the same at other stages of cycling. 
A density of  4.3 g/cm3 and 7.2 g/cm3 was used for the YHxOy and GdHxOy oxyhydride layers, 
respectively. A two- or three-layer model (including one layer for the semi-infinite substrate 
layer) was used in the VEPFIT analysis. The corresponding results of the best-fit analysis are 
shown in Table S3.1-S3.4. 
 
 
Table S3.1: The best-fit parameters of DB-PAS depth profiles for the oxyhydride layer of 
YHO-air in the virgin state, after the first three cycles, before the second three cycles and 
after the second three cycles. 

State Near-surface oxyhydride layer Bulk oxyhydride layer 

 d1 
(nm) 

S1 W1 d2 
(nm) 

S2 W2 Ld2 
(nm) 

Virgin state - - - 360 0.525 (1) 0.0478 (5) 60 (3) 
After the first 3 cycles - - - 360 0.542 (1) 0.0458 (3) 30 (2) 
Before the second 3 cycles 60 (5) 0.529 (1) 0.0504 (3) 300 0.544 (1) 0.0431 (3) 30 (3) 
After the second 3 cycles - - - 360 0.541 (1) 0.0468 (3) 15 (1) 

 
 
Table S3.2: The best-fit parameters of DB-PAS depth profiles for the oxyhydride layer of 
YHO-vac in the virgin state, after the first three cycles, before the second three cycles and 
after the second three cycles. 

State d (nm) S W Ld (nm) 
Virgin state 360 0.526 (1) 0.0480 (5) 30 (2) 
After the first 3 cycles 360 0.541 (1) 0.0461 (3) 10 (1) 
Before the second 3 cycles 360 0.537 (1) 0.0475 (2) 37 (3) 
After the second 3 cycles 360 0.542 (1) 0.0484 (3) 30 (1) 

 
 
Table S3.3: The best-fit parameters of DB-PAS depth profiles for the oxyhydride layer of 
GdHO-air in the virgin state, after the first three cycles, before the second three cycles and 
after the second three cycles. 

State Near-surface oxyhydride layer Bulk oxyhydride layer 

 d1 
(nm) 

S1 W1 d2 
(nm) 

S2 W2 Ld2 
(nm) 

Virgin state 60 0.522 (1) 0.0551 (3) 360 0.545 (1) 0.0460 (5) 70 (3) 
After the first 3 cycles 60 0.538 (1) 0.0505 (3) 360 0.565 (1) 0.0433 (3) 45 (2) 
Before the second 3 cycles 60 0.534 (1) 0.0503 (3) 360 0.564 (1) 0.0436 (3) 30 (2) 
After the second 3 cycles 60 0.540 (1) 0.0502 (3) 360 0.567 (1) 0.0451 (3) 30 (2) 

 

98



 

 

3 

87 

 Table S3.4: The best-fit parameters of DB-PAS depth profiles for the oxyhydride layer of 
GdHO-vac in the virgin state, after the first three cycles, before the second three cycles and 
after the second three cycles. 

 
 
When assuming a (reasonable) value for the positron diffusion coefficient D+ of ~1 cm2/s 

at room temperature [1,2], and taking into account the bulk positron lifetime of τbulk~240 ps 
in the YHxOy films [2], the bulk positron diffusion length Lbulkin defect-free YHxOy can be 

estimated, according to  Lbulk=�D+τbulk=�1×240×10-12×107nm≈150 nm [3]. If the vacancy 
concentration Cd is near the upper limit of saturated trapping, e.g. on the order of 10-4 [2-4], 
the effective positron diffusion length L+ can be estimated to be around 30 nm, according to 

kd = μCd= D+( 1
L+

2 - 1
Lbulk

2 ), assuming the positron trapping coefficient μ is 1×1015s-1[2,3]. 

 
 
Positron lifetime calculation methods 
We employed the self-consistent two-component density functional theory (TCDFT) 
calculations in the open-source ABINIT package to calculate the positron bulk lifetime and 
the positron lifetime of yttrium monovacancies in YH2.5O0.25 [5,6]. The positron lifetime of 
yttrium vacancies were calculated after complete lattice relaxation. Calculations were 
performed with the Fm-3�m structure of YH2.5O0.25 using a 2x2x2 supercell containing 120 
atoms. The atomic configurations were produced using the ATOMPAW code [7]. The ground 
states of electrons and the positron were calculated by the projector augmented wave (PAW) 
method. The exchange-correlation interactions were described by the local density 
approximation (LDA) and the generalized gradient approximation (GGA). For LDA, we 
employed the Teter-Pade parametrization [8] and the Zero-positron density limit of Arponen 
and Pajanne, as implemented by Boronski and Nieminen [9]. For the GGA calculations, the 
Perdew-Burke-Ernzerhof functional [10] was combined with the same exchange-correlation 
functionals as we used for LDA, supplemented by correction terms provided by Barbiellini 
et al. [8]. All positron lifetimes were calculated using the enhancement factor given by 
Boronski and Nieminen in the random phase approximation (RPA) limit [9].  
 
 
 

State Near-surface oxyhydride layer Bulk oxyhydride layer 

 d1 
(nm) 

S1 W1 d2 
(nm) 

S2 W2 Ld2 
(nm) 

Virgin state 60 0.525 (1) 0.0533 (3) 360 0.534 (1) 0.0486 (3) 60 (5) 
After the first 3 cycles 60 0.539 (1) 0.0489 (3) 360 0.565 (1) 0.0454 (3) 48 (2) 
Before the second 3 cycles 60 0.542 (1) 0.0504 (3) 360 0.563 (1) 0.0447 (3) 48 (2) 
After the second 3 cycles 60 0.542 (1) 0.0506 (3) 360 0.571 (1) 0.0441 (3) 33 (2) 
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X-ray diffraction 
 

 
Figure S3.5: X-ray diffraction patterns of the YHO-air and GdHO-air samples before and 
after illumination for 2.5 h. 
 
The average size of grains was estimated from the peak width of an x-ray diffraction peak 

using Scherrer’s equation dgrain= kλ
βsample cos θ

 and βsample=�βtotal
2 -βinstrument

2 , where dgrain  is the 

average grain size in nm, λ is the x-ray wavelength in nm, θ is the diffraction angle, and 𝑘𝑘 is 
the Scherrer's constant, here we used 0.94 for a cubic structure, βtotal is the full width half 
maximum (FWHM, in radians) of the diffraction peak at ~33° (200) in our case, βinstrument is 
extracted from an independent XRD measurement on a single crystal silicon sample. The 
average grain size for the YHO-air sample in the virgin state and the state right after 2.5 h 
illumination is 8±0.5 nm and 8±0.5 nm. The average grain size for the GdHO-air sample in 
the virgin state and the state immediately after 2.5 h illumination is 7±0.5 nm and 7±0.5 nm. 
In this analysis, other factors that may also cause the peak broadening, for instance, strain are 
not included. 
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Abstract 

The photodarkening and bleaching processes in photochromic yttrium oxyhydride thin films 
were studied by in-situ UV illumination positron annihilation lifetime spectroscopy (PALS) 
in order to gain insights into the time evolution of open-volume defects and metallic domains. 
The PALS depth profiles before and after a photodarkening-bleaching cycle revealed a light-
induced increase in open-volume defects, that occurs homogenously throughout the 
oxyhydride layer. The time-dependent PALS measurements show that upon photodarkening, 
a fast initial formation of metallic domains occurs, as well as a fast release of loosely-bounded 
hydrogen from vacancy clusters and nanopores. During further photodarkening, the 
concentration of divacancy-like defects gradually increases due to the aggregation of light-
induced hydrogen vacancies with pre-existing yttrium monovacancies. After the UV 
illumination is stopped, two subsequent bleaching phases are observed. During the first 
bleaching phase, a strong correlation between the shortest positron lifetime τ1 and the 
photochromic contrast is seen in both samples, suggesting that metallic domains disappear 
and, correspondingly, that positron trapping at yttrium monovacancies and divacancy-like 
defects increases. During the second bleaching phase, a subsequent correlation between τ1 
and the photochromic contrast is observed in the more H-rich sample, related to the 
disappearance of larger metallic domains. After bleaching, most of the metallic domains and 
the photoexcited electrons in the matrix have disappeared, while the formed small vacancy 
complexes and larger vacancies remain stable.  
 
  

104



 

 

4 

93 

4.1 Introduction  

Yttrium oxyhydride (YHxOy) thin films have attained increasing attention because of their 
color-neutral photochromic effect at ambient conditions, since the first report of the 
photochromism in yttrium oxyhydride thin films in 2011 [1]. YHxOy films are transparent 
semiconductors, they can be darkened when subjected to photons with above-bandgap 
energies, causing a reduction in the transmittance in a broad range from visible to near IR. 
When the light is switched off, the transmittance bleaches back to its original state. So far, 
rare-earth (RE) including Y, Gd, Sc, Nd, Dy, Er, and Sm oxyhydride thin films have been 
discovered to exhibit the photochromic effect [2-7]. The tuneable photochromic properties, 
adjustable bandgap and the presence of photoconductivity make these photochromic films 
promising for applications in smart windows [7,8], memory devices [9], and photo-catalysts 
[10].  

However, the mechanism of the photochromic effect is still not fully clarified and a 
comprehensive understanding of the corresponding microstructural and electronic structure 
changes during photodarkening and bleaching is still lacking. By modelling optical 
spectroscopic ellipsometry data, Montero et al. [11] proposed that hydride-like metallic 
domains are formed in a semiconducting YHxOy matrix with a volume fraction of up to 6 % 
upon illumination. The formation of metallic domains was supported by a magnetic 
susceptibility study on Gd oxyhydride films in [12], where a reversible increase in the Curie-
Weiss temperature for the photodarkened state was observed. In addition, a nuclear magnetic 
resonance study on RE oxyhydride films (RE = Y and Sc) suggested that the photodarkening 
process is accompanied by a reduction of RE3+ to RE2+ [13]. Indeed, a previous positron 
annihilation study [14] showed (partially) reversible shifts in the positron Doppler-
broadening S-W values in the direction towards the metal dihydride upon illumination in 
both YHxOy and GdHxOy films, suggesting the reversible formation of metallic nanodomains 
with a valence change from RE3+ to RE2+. On the other hand, irreversible shifts in S-
parameters to a higher value and W-parameter to a lower value after a photodarkening-
bleaching cycle were also observed in both YHxOy and GdHxOy [14]. These irreversible shifts 
in S-parameter were found to correlate strongly with the bleaching time constant extracted 
from optical transmittance upon photodarkening-bleaching cycling, particularly for the first 
three cycles, suggesting that the microstructural changes corresponding to the slower 
bleaching upon cycling involve vacancy aggregation [15]. This was supported by PALS 
measurements before and after one cycle that suggests the irreversible formation of 
divacancy-like defects and growth of vacancy clusters due to the aggregation of light-induced 
hydrogen vacancies with the preexisting yttrium monovacancies and vacancy clusters [15]. 
The formation of vacancies is consistent with the observed release of hydrogen gas from 
YHxOy films during illumination, supporting the mobility of hydrogen liberated by the 
illumination [16]. However, it remains largely unknown how microstructure and electronic 
structure evolve in time during photodarkening and bleaching in RE oxyhydride films. 
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Positron annihilation lifetime spectroscopy (PALS) is a well-known non-destructive tool 
to identify and quantify open-volume defects at a nanometer-sized scale, providing 
information on the size and the concentration of open-volume defects. Due to the capability 
of relative fast measurement (in the order of minutes), PALS has been employed to 
investigate vacancy dynamics in niobium during thermal annealing [17] and in hydrogen-
charged nickel during aging at room temperature [18], and to examine the kinetics of vacancy 
clustering and precipitation during natural aging in Al-Mg-Si alloys [19]. It has also been 
applied to study the dynamic changes of the charge state of vacancy clusters after switching 
off the illumination in diamond [20]. In addition, our previous Doppler broadening positron 
annihilation spectroscopy (DB-PAS) study suggested that preferred positron trapping at 
metallic nanodomains occurs during illumination [14]. Indeed, if the positron affinity of the 
metallic nanodomains is different from the matrix, preferential positron trapping at 
nanometallic domains could occur, as has been observed in Li, Au, and Kr nanoclusters 
embedded in MgO [21-24], and in Cu nanoparticles embedded in Fe [25]. The preferential 
trapping at nanodomains could potentially increase the intensity of the corresponding 
positron lifetime component. For instance, in the Li-doped MgO system, the trapping rate 
and the intensity of positron annihilation at Li2CO3 precipitates increases almost linearly with 
the doping concentration of Li [26]. If the positron lifetime in a metallic domain is different 
from that of the surrounding matrix, the formation of metallic domains will change the 
positron lifetime. Therefore, PALS may provide essential information on the evolution of 
metallic domains and open-volume defects during photodarkening and bleaching. 

In this study, we employed in-situ illumination PALS measurements on two 
photochromic yttrium oxyhydride films to investigate 1) the time-evolution of the metallic 
domains and open-volume defects before illumination, during photodarkening and 
subsequent bleaching; 2) the presence and nature of vacancy defects as a function of 
implantation energy (mean positron probe depth) before illumination and after bleaching. 
The PALS depth profiles show that there is no significant depth dependence of the vacancy 
defect distribution in the oxyhydride layer. The time-dependent PALS demonstrates a distinct 
behaviour of the positron lifetime and intensity of each annihilation component in the PALS 
spectra during photodarkening and bleaching, providing key insights into the evolution of 
open-volume defects and metallic domains. This study deepens our understanding of the 
photochromism and the memory effect in yttrium oxyhydride films, and provides a method 
to study light-induced local structural changes at a nanometer scale and electronic changes 
in other photochromic polycrystalline films. 

4.2 Experimental 

4.2.1 Sample preparation 
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Two types of yttrium dihydride thin films (YHO-1 and YHO-2) were deposited on unheated 
fused silica substrates (1×1 cm2) by reactive magnetron sputtering in an Ar/H2 (at a ratio of 
7:1) atmosphere and the deposition pressure was maintained at 0.5 Pa during sputtering [2]. 
The direct current power supplied to a yttrium target was 100 W and 200 W for YHO-1 and 
YHO-2 thin-film samples, respectively. The as-deposited yttrium dihydride thin films were 
then oxidized by exposure to an ambient environment. An oxyhydride phase was formed 
during the post-oxidation process, in which at least five days were given to reach a stable 
composition [27]. The thickness of the oxyhydride layer in YHO-1 and YHO-2 samples was 
determined by profilometry to be 400 and 420 nm, with an uncertainty of ~10%. The same 
deposition method as for the YHO-1 samples was used with a second yttrium target for 
preparing YHO-a film samples employed in the second PALS measurement at HZDR. The 
thickness of the oxyhydride layer in the YHO-a film samples was ~350 nm. 
 
4.2.2 Optical properties 
The optical transmittance of the yttrium oxyhydride film samples was measured in the 
wavelength range of 230-1120 nm using a custom-built optical fiber-based spectrometer [27]. 
A narrow band LED (385 nm, I =30 mW/cm2) was employed as the light source to trigger 
the photochromic effect. The indirect optical bandgap energy of YHO-1, YHO-2, and YHO-
a film samples was determined to be 2.49, 2.42, and 2.49 eV using a Tauc-plot method [27, 
28]. 
 
4.2.3 Positron annihilation lifetime spectroscopy (PALS) 
When implanted into a solid, a positron will collide with the atoms and lose its kinetic energy 
via electron excitations and interactions with the lattice. After a few picoseconds, the positron 
is thermalized with an energy of a few tens of meV. The thermalized positron diffuses 
through the host lattice until annihilation occurs in a defect-free environment or until it finds 
an open-volume defect. Open-volume defects such as negatively charged or neutral vacancies 
preferentially trap positrons due to the lack of Coulomb repulsion of the ion cores. If the size 
of open-volume defects is sufficiently large, positronium, a bound state of a positron and an 
electron, can form. The positron lifetime depends on the local electron density at the 
annihilation site. The lifetime of a positron annihilating in the defect-free bulk state can vary 
from about 140 to 280 ps in semiconductors [29,30]. An increase in the size of open-volume 
defects will decrease the local electron density and thus increase the positron lifetime. The 
lifetime of ortho-positronium (a bound state of an electron and a positron, with spin S=1) in 
semiconductors is typically in the order of nanoseconds due to pick-off annihilation [30]. 
PALS can therefore be applied to examine the presence of open volume defects and their 
size. 

PALS measurements were performed at the Mono-energetic Positron Source (MePS) 
beamline, which is one of the end stations of the ELBE (Electron Linac for beams with high 
Brilliance and low Emittance) facility at Helmholtz-Zentrum Dresden-Rossendorf, Germany 
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[31]. Approximately 107 counts were collected for each spectrum. Thanks to the high flux 
low energy positron beam, the acquisition time for one spectrum is about three minutes, 
enabling monitoring the microstructural changes at this time resolution. A CeBr3 scintillator 
detector coupled to a Hamamatsu R13089-100 photomultiplier (PMT) tube was utilized for 
gamma quanta acquisition and the signals were processed by the SPDevices ADQ14DC-2X 
digitizer (14-bit vertical resolution and 2 GS/s horizontal resolution) [32]. The instrument 
time resolution was estimated to be ∼250 ps by determination of the PALS spectrum of a 
reference amorphous Yttria stabilized zirconia (YSZ) sample with a single well-defined 
lifetime component. The positron lifetime spectra were analyzed by the convolution between 

the sum of N exponential decays 
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where τi is the positron lifetime in state i and Ii is the corresponding intensity.  
A three-component analysis was applied to decompose all positron lifetime spectra using 

the PALSfit3 program [33]. The average lifetime τave is calculated as follows: 
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When the average lifetime exceeds the positron lifetime in the (defect-free) bulk material, 
it indicates the presence of open volume defects.  

For the in-situ illumination PALS measurements, an ultraviolet (UV) laser source (~375 
nm) with a comparable intensity to the abovementioned LED was utilized. Using a custom-
built beam expander consisting of three optical lenses, the diameter of the UV spot at the 
sample position was around 1.5 cm. 

4.3 Results and discussion 

4.3.1 Photochromic properties 

The photochromic properties of YHO-1 and YHO-2 thin-film samples were examined by 
illuminating the film with UV light (3.2 eV) for 2 h. Fig. 4.1 shows the transmittance T 
(averaged from 450 to 1000 nm) before illumination, during 2 h UV illumination 
(photodarkening), and the subsequent bleaching, normalized to the initial averaged 
transmittance T0. For both yttrium oxyhydride thin-film samples, the transmittance reduces 
significantly during the first few minutes upon photodarkening and tends to stabilize with 
longer illumination time. The difference between the transmittance in virgin state 𝑇𝑇0 and the  
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Figure 4.1: Optical transmittance normalized to the initial transmittance (T/T0), averaged in 
the wavelength range of 450-1000 nm before illumination, during ~2 h ultraviolet (UV) 
illumination (purple shaded region), and during subsequent bleaching for YHO-1 and YHO-
2 thin-film samples. 
 
transmittance at a time T, with respect to 𝑇𝑇0, is defined as the photochromic contrast ((𝑇𝑇0 −
𝑇𝑇)/𝑇𝑇0). After 2 h of UV illumination, the photochromic contrast reaches 15% and 37% for 
YHO-1 and YHO-2 samples, respectively. When the UV light is switched off, the 
transmittance starts to increase, and it can fully recover after bleaching for several hours. 
Comparing the two thin-film samples, a lower contrast and a faster bleaching rate were found 
for the YHO-1 sample. It is likely that compared to the YHO-2 sample, the dihydride phase 
of the YHO-1 sample deposited at a lower deposition power has a higher porosity [34], 
enabling the absorption of more oxygen into the film during air oxidation, thus resulting in a 
higher O:H ratio in the YHO-1 sample. Indeed, the higher O:H ratio could explain the higher 
bandgap of the YHO-1 sample [27]. Furthermore, according to an ideal (model) face-center-
cubic motif of yttrium oxyhydrides, the film with a higher O:H ratio has fewer hydrogen 
atoms at the octahedral sites [3], which is responsible for the lower contrast and faster 
bleaching of the YHO-1 sample [27,35], supposing that the release of octahedral hydrogen 
from its lattice position is a key factor for the photochromic effect.  

4.3.2 In-situ illumination positron lifetime experiments  

In-situ illumination PALS measurements were performed on YHO-1 and YHO-2 thin-film 
samples to investigate the evolution of open-volume defects and metallic domains during a 
photodarkening-bleaching cycle. Here, the UV illumination time for both samples is the same 
as in the transmittance measurements, i.e. 2 h. For the YHO-1 sample, the time monitoring 
the bleaching process is around 2.8 h, when the photodarkened film is nearly fully bleached. 
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For the YHO-2 sample, the bleaching monitoring time for in-situ PALS is 1.5 h, where 
photochromic contrast recovers by more than 80%. 
 
4.3.2.1 PALS depth profiles before illumination and after photodarkening and bleaching 
PALS depth profiles were collected in a positron implantation energy range from 0.5 up to 9 
keV to monitor the open-volume defects as a function of positron implantation energy in 
YHO-1 and in YHO-2 thin-film samples before illumination and after bleaching. τave is a 
robust parameter and rather insensitive to fitting procedures, leading to an accuracy within 
about 1 ps. Fig. 4.2 (a) and (b) show the average positron lifetime (τave) as a function of 
positron implantation energy for both samples before illumination (grey squares), extracted 
 

 
Figure 4.2: The average positron lifetimes (τave) as a function of positron implantation energy 
for (a) YHO-1 and (b) YHO-2 thin-film samples before illumination (grey squares) as well 
as after 2 h photodarkening and ~2.8 h bleaching for the YHO-1 sample and ~1.5 h bleaching 
for the YHO-2 sample (red circles), as well as (c) Makhovian positron implantation profiles 
for implantation energies from 0.5 keV to 9 keV for both YHxOy samples, and (d) the 
fractions of positrons annihilating in each layer for the YHO-1 film sample as a function of 
positron implantation energy derived by VEPFIT analysis. 
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from a three-component analysis of the positron lifetime spectra collected in PALS depth 
profiling measurements. Fig. 4.2 (a) also shows the τave a function of positron implantation 
energy after bleaching (red circles) for the YHO-1 sample, while in Fig. 4.2 (b) the data point 
of τave at 5 keV after bleaching (red circle) for the YHO-2 sample is shown for comparison, 
extracted from the time-dependent measurement performed at 5 keV (see section 4.3.2.2). 

Before illumination, the τave values for both films are fairly constant in the range of 2-6 
keV, while the values below 2 keV and above 6 keV are typically higher. Positrons with a 
higher energy can probe deeper into the materials. The positron implantation profiles in a 
material with density 𝜌𝜌 in g/cm3 are described by Makhovian implantation profiles: 

𝑃𝑃 (𝑧𝑧,𝐸𝐸) =
𝑚𝑚𝑧𝑧𝑚𝑚−1

𝑧𝑧0𝑚𝑚
exp �− �

𝑧𝑧
𝑧𝑧0
�
𝑚𝑚
� (4.1) 

with m=2, z the implantation depth, and  z0=1.13z̅, with 𝑧𝑧̅ the mean implantation depth in nm, 

is a function of the positron implantation energy E in keV according to z0(E)= AEn

ρ
, and we 

used n=1.6 and A=4 μg cm-2 keV-n [36,37], and ρ=4.3 g/cm3 for YHxOy, respectively. 
As seen in Fig. 4.2 (c), positrons at an implantation energy of about 6 keV starts to probe 

the region deeper than 400 nm. Hence, with increasing implantation energy above 6 keV, the 
increase in the average lifetime steadily results from the increased contribution from the 
substrate (> ~400 nm). This is consistent with the VEPFIT analysis of the DB-PAS depth 
profiles for the YHO-1 sample: Fig. 4.2 (d) shows that the derived fraction of positrons 
annihilating in the substrate layer starts to increase essentially above 6 keV. The fraction of 
positrons annihilating in each layer for the YHO-2 sample is similar to that for the YHO-1 
sample (see Fig. S4.1 in the Supplementary Material (SM)). More details on the experimental 
DB-PAS depth profiles and the corresponding best-fit parameters for both samples can be 
found in Fig. S4.2 and Table S4.1 (see SM). The higher τave below 2 keV comes from the 
increased positron annihilation at the surface, which is supported by Fig. 4.2 (d) which shows 
that the total fraction of positron annihilation from thermal and epithermal positrons increases 
with decreasing positron implantation energy below ~2 keV. Therefore, the positron lifetimes 
in the range of 2-6 keV dominantly arise from the bulk oxyhydride layer. The τave values 
above ~360 ps of this bulk oxyhydride layer before illumination are much larger than the 
calculated and experimental defect-free bulk lifetime values of ~240 ps reported in our 
previous studies, indicating the presence of open-volume defects [14,15] throughout the 
layer.  

To provide more insights into the nature of open-volume defects in the samples before 
illumination, we continue here with a discussion of the lifetimes and intensities extracted 
from the three-component analysis of the respective positron lifetime spectra. Representative 
positron lifetime spectra collected at a positron implantation energy of 5 keV of YHO-1 and 
YHO-2 thin-film samples before illumination and the corresponding fits are shown in Fig 
4.3. The fairly constant τave values in the range of 2-6 keV (Fig. 4.2a and 4.2b) as well as the 
corresponding positron lifetimes and intensities of the bulk oxyhydride layer (see SM, Figs. 
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Figure 4.3: Positron lifetime spectra collected at an implantation energy of 5 keV of (a) 
YHO-1 and (b) YHO-2 thin-film samples before illumination, and the corresponding three-
component analyses. The background was fitted to be less than 1 for all fits. 
 
Table 4.1: Positron lifetimes (τi) and intensities (Ii) for the YHO-1 and YHO-2 thin-film 
samples before illumination, obtained from the average of the respective values extracted 
from the PALS spectra collected at 3-5 keV. 

Sample Status τ1 (ps) τ2
 
(ps) τ3

 
(ns) I1

 
(%) I2 (%) I3

 
(%) 

YHO-1 Before illumination 276±2 498±11 1.93±0.04 74±2 24±1 2.7±0.1 
YHO-2 Before illumination 277±2 480±15 1.54±0.02 72±2 23±2 4.9±0.1 

 
S4.4 and S4.5) indicate that there is no significant depth-dependence in the defect distribution 
in both samples. The depth-dependence of the positron lifetimes and corresponding 
intensities obtained from a three-component analysis for YHO-1 and YHO-2 film samples in 
the collected positron implantation energy range can be found in Figs. S4.4 and S4.5 (see 
SM). The positron lifetimes and corresponding intensities of the three components averaged 
in the energy range of 3-5 keV for both YHO-1 and YHO-2 samples before illumination are 
shown in Table 4.1. 

The first shortest positron lifetime τ1 of ~277 ps is ~13% larger than the experimental and 
calculated bulk lifetime values (~240 ps) and is close to the calculated lifetime values for 
yttrium monovacancies (~290 ps for LDA and ~324 for GGA), so this first lifetime could be 
ascribed to yttrium monovacancies [14,15]. The corresponding intensity I1 above 70% 
indicates that yttrium monovacancies are the dominant open-volume defects and positron 
trapping sites in both samples. The second lifetime in the range of 480-500 ps with an 
intermediate intensity (23-24%) arises from large vacancy clusters, and the size is likely 
larger than about five vacancies [14]. The longest positron lifetime values, that are larger than 
~1.5 ns indicate the formation of ortho-positronium (o-Ps) in nanopores. The lifetime of o-
Ps in vacuum is 142 ns, which can be reduced to a few nanoseconds by picking up and 
annihilating with one electron of opposite spin from the wall of the nanopore, which is known 
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as the pick-off annihilation process [38-40]. Assuming a spherical shape, the averaged radius 
of pores can be estimated to be 0.29 nm and 0.25 nm in the oxyhydride layer of YHO-1 and 
YHO-2 samples using the Tao-Eldrup model [41,42]. These relatively large open-volume 
defects can be formed at grain boundaries and inside grains. The first and the second positron 
lifetimes of both films are larger than the reported experimental (~240 ps) and theoretical 
bulk lifetime of YH2.5O0.25 (~231 ps for LDA and ~241 for GGA) [15], and the sum of I1 and 
I2 is larger than 95%, indicating the presence of positron saturated trapping due to a higher 
concentration of open-volume defects (typically >~10-4). Indeed, no reduced (first) bulk 
lifetime component was observed for these samples. 

After 2 h photodarkening and fully bleaching, Fig. 4.2 (a) shows that in the YHO-1 film 
sample τave increases over a broad range of positron implantation energies from 2 to 5 keV, 
suggesting that the changes in open-volume defects occur throughout the whole oxyhydride 
layer. In addition, the increase in τave at 5 keV in the YHO-2 sample is the same as the YHO-
1 sample, i.e., about 27 ps. This is due to an increase in the size and/or concentration of open-
volume defects as a result of the photodarkening-bleaching cycle [15]. 

 
4.3.2.2 Time-dependent positron lifetime experiments at 5 keV 
Time-dependent PALS measurements were performed at the selected implantation energy of 
5 keV to investigate the evolution of microstructural and electronic structure changes during 
photodarkening and the subsequent bleaching. An implantation energy of 5 keV was selected, 
as at this implantation energy nearly all positrons are annihilating in the oxyhydride layer 
(Fig. 4.2 (d)). Fig. 4.4 shows the τave as a function of time before illumination, during 
photodarkening and bleaching in YHO-1 and YHO-2 thin-film samples. τave is fairly constant 
for both samples before illumination, while it shows dynamic changes during photodarkening 
and bleaching. Upon photodarkening within the data collection time for one spectrum, i.e. ~3 
min, τave abruptly increases by 8 ps for the YHO-1 sample, while it decreases abruptly by 4 
ps for the YHO-2 sample. The abrupt change in τave indicates the occurrence of rapid 
microstructural and/or electronic structure changes, while the trend in τave depends on the 
sample. During longer photodarkening, τave changes slowly. Compared to the τave at the 
beginning of photodarkening, τave decreases by 1-2 ps after photodarkening of ~2 h. After the 
UV illumination is stopped, during bleaching τave starts to increase significantly and tends to 
saturate on a time scale that is similar to that of the optical transmittance shown in Fig. 4.1. 
The similar time dependence of τave to that of the transmittance during bleaching in both 
samples suggests that the increase in τave during bleaching is related to the disappearance of 
the photodarkened state. The average lifetime τave at the end of bleaching has increased by 25 
ps and 27 ps for YHO-1 and YHO-2 samples compared to the values before illumination, 
which is consistent with the increments of τave at 5 keV in depth profiling PALS 
measurements in section 4.3.2.1. In addition, the stabilization of τave at these increased values 
indicates that the light-induced microstructural changes after bleaching are rather stable. 

113



 

 

4 

102 

 
Figure 4.4: Time dependence of the average positron lifetime (τave) for YHO-1 and YHO-2 
thin-film samples, extracted from the lifetime spectra collected at 5 keV during in-situ 
illumination PALS measurements before illumination (squares), during photodarkening (~2 
h, triangles, purple shaded area) and the subsequent bleaching (circles). 
 

In order to unravel the nature of microstructural changes and their evolution during 
photodarkening and bleaching, we now consider the time evolution of the three individual 
positron lifetimes and corresponding intensities from the three-component analysis. To 
reduce the statistical scattering in the fitting, I2 was fixed to the averaged values either (1) 
before illumination or (2) during photodarkening and bleaching, as I2 is nearly unchanged in 
these two time windows. The unfixed I2 together with the positron lifetimes (τi) and other 
intensities (Ii) obtained from the fits after fixing I2 are shown in Fig. 5 as a function of time 
before illumination, and during photodarkening and the subsequent bleaching for YHO-1 and 
YHO-2 thin-film samples at an implantation energy of 5 keV.  
A. Time-evolution of the first positron lifetime component 
As discussed in section 4.3.2.1, before illumination the dominant shortest lifetime τ1 of 
around 279 ps shown in Fig. 4.5 (a) and Table 4.2 can be attributed to yttrium monovacancies. 
Upon photodarkening within ~3 min, τ1 abruptly drops by 4-6 ps. The lifetime parameters of 
the first PALS spectrum upon photodarkening reflect the average of the first 3 min, i.e. 
approximately the status of the film at around 1.5 min, as the first positron lifetime spectrum 
was collected in the period of 0-3 min after the UV light was switched on. The rapid drop in 
τ1 may be related to the microstructural and electronic structure changes causing 
photodarkening, since the photochromic contrast initially reduces rapidly by more than 40% 
after illumination of 1.5 min for photodarkening. A first possible cause of the rapid decrease 
in τ1 can be the formation of metallic domains, that was proposed to be the origin of the 
photochromic effect [11,14,43]. In previous in-situ illumination DB-PAS studies, two types 
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Figure 4.5: Time dependence of the positron lifetimes (τi) and the corresponding intensities 
(Ii) extracted from the lifetime spectra collected at 5 keV during in-situ illumination PALS 
measurements for both YHO-1 and YHO-2 thin-film samples before illumination (squares), 
during photodarkening (~2 h, triangles, purple shaded area) and the subsequent bleaching 
(circles). 
 
of metallic domains were proposed as possible alternative explanations for the photochromic 
effect, based on the reversible shifts in Doppler parameters and transmittance [14]. The first 
type involves the formation of phase-segregated hydrogen-rich metallic domains with a local 
composition of YH2Ox (x<0.5) in a mixed Y2+/Y3+ valence state, due to local rearrangements 
of both hydrogen and oxygen in the semiconducting oxyhydride matrix. For example, 
according to 2 YH2O0.5 →  YH2O0.25 + YH1.5O0.75 + 0.5 H0, the resulting phase-segregated 
metallic YH2O0.25 has a mixed Y2+/Y3+ valence, while the more H-poor YH1.5O0.75 retains the 
Y3+ valence. This is similar to what has been reported in a spectroscopic ellipsometry study 
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[11], where the ellipsometry data under illumination are successfully modelled by the 
formation of yttrium hydride-like metallic domains in a semiconducting matrix, and 2% of 
such metallic domains could explain a reduction in transmittance of ~30%. We furthermore 
note that the calculated positron bulk lifetime of YH1.9 is 225 ps and 229 ps in the framework 
of LDA and GGA, and the experimental bulk lifetime of YH1.9 of ~260 ps is also smaller than 
the value before illumination (279 ps) [14]. More details on ab calculation methods can be 
found in the SM. If hydride-like metallic domains are formed and trap positrons upon 
photodarkening, a reduction in τ1 as observed in the first ~3 min would therefore indeed be 
expected. The second type of metallic domains proposed are formed by a hydrogen 
vacancies-induced Anderson-Mott insulator-to-metal transition, which was inspired by the 
well-known insulator-to-metal transition from yttrium trihydrides to dihydrides [14,44]. In 
this scenario, electron-hole pairs are generated under illumination. Subsequently, some of the 
H- anions at the octahedral sites capture a photo-excited hole and form H0 atoms (H- + h+ → 
H0), which become mobile and leave their lattice positions, while some of the photo-excited 
electrons may localize at Y (4d) orbitals around the positively charged hydrogen vacancies 
due to charge compensation. When the concentration of such Y (4d) electrons at the 
octahedral sites is sufficiently large, these electron orbitals start to overlap and form an 
electron band. Compared to the phase-segregated H-rich metallic domains, the formation of 
hydrogen vacancies-induced metallic domains is more easily achieved chemically since it 
only requires the removal of hydrogen from octahedral sites, for instance, according to 2 
YH2O0.5 →  2 YH1.75O0.5 + 0.5 H0. Therefore, we believe that the second type of metallic 
domains are formed rather than the first type, in line with what was previously concluded in 
ref. [7]. The formed positively charged hydrogen vacancies essentially will not influence the 
positron lifetime as they repel positrons. However, the formation of electron bands in metallic 
domains due to the overlapping of electron orbitals at Y 4d around hydrogen vacancies will 
significantly increase the electron density locally. This may cause a decrease in the shortest 
lifetime if part of positrons annihilate at those metallic domains. Note that the positron 
lifetime associated with annihilation in such Anderson-Mott type of metallic domains is 
unknown, and would require further ab initio calculations to gain insights into its exact value. 
Overall, the formation of metallic domains may well explain the abrupt drop of τ1 and the 
substantial reduction of transmittance.  

An alternative explanation for the sudden decrease in τ1 may consist of a change in the 
charge state of monovacancies due to capturing of photo-excited electrons, e.g., from V+ to 
V0. A transition of the charge state of vacancies was previously observed in the photon-
illuminated GaN [45], diamond [17], GaAs [46,47], n-type SiC [48], and Si [49] systems. 
For example, the study on GaAs showed that the positron lifetime of the photo-induced 
negatively charged As monovacancies VAs is 28 ps smaller than that of the respective neutral 
vacancies in GaAs, caused by the increased electron density at the vacancies [46]. A previous 
study showed that the as-prepared Gd oxyhydride films are p-type semiconductors, and the 
hole density is on the order of ~1011-1012 cm-3, indicating a mild doping level [50]. Assuming 

116



 

 

4 

105 

a similar case for Y oxyhydride films, the p-type character of the film will lead to a position 
of the Fermi level close to the valence band maximum, and part of yttrium monovacancies 
might capture holes and turn into a charge-neutral state VY

0. Upon photodarkening, the n-
type characteristic become dominant [50], and neutral yttrium monovacancies could easily 
capture a photo-excited electron and become negatively charged (VY

0 + e- → VY
-). This 

transition may lead to a fast reduction of τ1 in YHxOy. We further note that, in some cases, it 
was observed that the change of charge state of vacancy defects in GaN [45], diamond [17], 
6H-SiC [46], and Si [49] significantly affects the trapping rate rather than the lifetime of the 
respective defects. Therefore, the transition from VY

0 to VY
- might explain the increase in I1 

as well as the reduction in τ1. Note however, that the extent of the possible presence of VY
0 

is not determined in the as-prepared YHxOy films, and possibly occurring changes in the 
charge state of Y monovacancies would need further detailed investigation, for instance, of 
the involved vacancy formation energies and determination of the position of the Fermi 
energy level of the as-deposited films and during photodarkening. A second option of the 
change in the charge state of vacancies that could occur in YHxOy upon photodarkening 
would be from VH

+ to VH
0 or VH

-. The positively charged anion vacancies cannot trap 
positrons but the neutral or negatively charged anion vacancies might trap positrons. For 
instance, the neutral As vacancies and O vacancies have been detected by PAS in GaAs and 
LaSrCoO3, respectively [46,51]. Therefore, VH

0 or VH
- might trap positrons, but the positron 

lifetime at such vacancies is unknown. Further investigations on the charge state of vacancies 
would need temperature-dependent PALS measurements [49,52-54] and/or theoretical ab 
initio positron lifetime calculations. Note here that in this case, there would be a competition 
between the change in the charge state of hydrogen vacancies by capturing photo-excited 
electrons and the localization of electrons at Y (4d) orbitals around hydrogen vacancies as 
suggested by the Anderson-Mott insulator-to-metal related mechanism. This could be 
unravelled by calculating the binding energy of electrons with hydrogen vacancies and at Y 
(4d) orbitals. 

During further photodarkening, in contrast to the initial abrupt drop, τ1 increases gradually 
for at least the first 30 min, after which it tends to stabilize at 278-279 ps. It is expected that 
in this timeframe additional metallic domains are gradually formed, leading to the further 
decrease in transmittance. If more trapping of positrons at metallic domains occurs, one 
would expect a continual decrease in τ1. However, the increase in τ1 suggests the occurrence 
of an additional microstructural change, for instance, the formation of divacancies. Namely, 
under photodarkening, some of the hydrogen vacancies created by UV illumination could 
aggregate with the pre-existing yttrium monovacancies and form divacancies VY-VH or small 
vacancy complexes consisting of VY and a few neighbouring hydrogen vacancies when the 
hydrogen vacancies are creating in the vicinity of an yttrium monovacancy. The gradual 
increase in τ1 during further photodarkening indicates increased positron trapping at such 
divacancy-like defects due to an increase in the concentration of those defects that are 
continuously created by the UV-illumination. At the end of photodarkening, τ1 tends to 
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stabilize in parallel with the transmittance, which implies that positron trapping at the 
divacancy-like defects, pre-existing yttrium monovacancies, metallic domains, and possibly 
at charged cation and/or anion monovacancies in the semiconducting YHxOy matrix reaches 
an equilibrium state in the presence of UV illumination due to the stabilization of the light-
induced microstructural and electronic structure changes.  

After the UV illumination was stopped, τ1 during bleaching increases on a time scale 
similar to the increase in the optical transmittance until it stabilizes at ~289 ps for the YHO-
1 sample and at ~293 ps for the YHO-2 sample. At the end of bleaching, the transmittance is 
largely recovered as a result of the disappearance of metallic domains, meaning that the high 
τ1 values of ~289 ps and ~293 ps at the end of bleaching can be attributed to the light-induced 
formation of divacancy-like defects or small vacancy complexes in the YHxOy 
semiconductor. Noticeably, compared to the value before illumination, τ1 after bleaching has 
increased by ~4% and 5% for YHO-1 and YHO-2 samples. This is smaller than the typical 
increment in lifetime (>10%) from monovacancies to divacancies in Si, GaAs and SiC 
[55,56], and suggests that only part of the yttrium monovacancies are transformed into 
divacancies or small vacancy complexes [15]. The larger increase in τ1 in the YHO-2 sample 
compared with the YHO-1 sample could be due to the formation of more divacancy-like 
defects due to the larger photochromic contrast, suggesting that more microstructural changes 
take place during illumination for this more H-rich sample. 

 
B. Correlation of the first positron lifetime component with photochromic contrast 
during bleaching 
During bleaching, the gradual increase in τ1 for both samples is understandable, since the 
decrease in positron trapping at metallic domains (and possibly at charged monovacancies) 
due to the gradual disappearance of the metallic domains and photo-generated charge carriers 
will lead to an increase in positron trapping at the pre-existing yttrium monovacancies and at 
the illumination-induced divacancy-like defects, and increase τ1. Noteworthy, the time-
dependence of both τave and τ1 during bleaching (Fig. 4.4 and 4.5(a)) is similar to the 
photochromic contrast (Fig. 4.1). The time evolution of the photochromic contrast during 
bleaching is shown in Fig. 4.6 (a), while the correlation diagrams of τave and τ1 versus the 
photochromic contrast in YHO-1 and YHO-2 thin-film samples during bleaching are plotted 
in Fig. 4.6 (b-e). Clearly, for both samples, during the initial period of ~15 min in the 
bleaching phase, τave and τ1 increase almost linearly with decreasing photochromic contrast. 
Quantitatively, during this period, τ1 increases by 11 ps with an decrease in photochromic 
contrast of 11% in the YHO-1 sample, while in sample YHO-2 the increase in τ1 and the 
decrease in photochromic contrast are 10 ps and 11%. This strong correlation between τ1 and 
the photochromic contrast in these two samples suggests that the quantity of metallic domains 
that disappear during this first fast bleaching phase (I) and the correspondingly increased 
fraction of positron trapping at yttrium monovacancies and divacancy-like defects are 
quantitatively very similar in both samples. During further bleaching, τ1 for the YHO-1 
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sample tends to stabilize at around 289 ps when the contrast still decreases ~4%. It is likely 
that during this second bleaching phase (II) in the YHO-1 sample, positron saturation 
trapping at yttrium monovacancies and divacancy-like defects occurs while the positron 
trapping at metallic domains is tiny due to the small concentration and/or size of metallic 
domains (resulting in a small contrast ~4%), so the disappearance of metallic domains does 
not noticeably increase the positron trapping at yttrium monovacancies and divacancy-like 
defects, resulting in a relatively stable τ1.  
 

 
Figure 4.6: Photochromic contrast as a function of time during bleaching (a), as well as the 
relationship between τave respectively τ1 with the photochromic contrast in YHO-1 (b and c) 
and YHO-2 (d and e) thin-film samples at the end of photodarkening and during bleaching. 
The solid lines are a guide for the eyes, with bleaching phase (I) corresponding to the first 
~15 min of bleaching for both samples and bleaching phase (II) corresponding to the time 
interval after ~15 min of bleaching. 
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However, during further bleaching in the YHO-2 sample, τ1 increases further by 4 ps with 
decrease in contrast of ~20%. The second correlation between τ1 and the photochromic 
contrast during this second bleaching phase (II) in the YHO-2 sample indicates a continued 
decrease in positron trapping at metallic domains due to the disappearance of metallic 
domains and correspondingly increased positron trapping at yttrium monovacancies and 
divacancy-like defects, but with slower kinetics. The fact that after 2 h of photodarkening a 
much higher contrast in the YHO-2 sample is reached compared to the YHO-1 sample 
suggests that more and possibly larger metallic domains are formed in sample YHO-2. 
Indeed, if larger metallic domains are formed in the YHO-2 sample, the disappearance of 
larger metallic domains would require longer bleaching time due to the longer diffusion 
distance of hydrogen anions [15,57]. Therefore, the slower increase in τ1 with decreasing 
photochromic contrast during the second bleaching phase (II) in the YHO-2 sample could be 
caused by the slower disappearance of those metallic domains that are originally large in size, 
while the similar first bleaching phase (I) may correspond to the disappearance of metallic 
domains that are smaller in size. 
 
Table 4.2: Positron lifetimes (τi) and intensities (Ii) for the YHO-1 and YHO-2 thin-film 
samples averaged from five PALS spectra before illumination, at the end of photodarkening 
and at the end of bleaching, collected at 5 keV in the time-dependent PALS measurements.  

sample Status τ1 (ps) τ2
 
(ps) τ3

 
(ns) I1

 
(%) I2 (%) I3

 
(%) 

YHO-1 Before illumination 279±1 505±2 1.71±0.01 75.5±0.2 22 2.9±0.1 
 At the end of 

illumination 
278±1 529±2 1.67±0.01 76±0.2 21 3.3±0.1 

 After bleaching 290±1 542±2 1.64±0.01 75.5±0.2 21 3.9±0.1 
YHO-2 Virgin state 278±1 472±2 1.56±0.01 72±0.2 22 5.5±0.1 
 At the end of 

illumination 
279±1 519±2 1.68±0.01 78±0.2 17 4.7±0.1 

 After bleaching 293±1 541±2 1.82±0.01 77±0.2 17 5.4±0.1 
 
C. Time evolution of the second and third positron lifetime components 
For the second lifetime τ2, the value before illumination of around 470 and 500 ps in Fig. 4.5 
(b) and Table 4.2 arises from vacancy clusters (Vn, n≥5). Upon photodarkening for the first 
~3 min, the observed fast increase in τ2 to ~520-530 ps could be a consequence of fast release 
of loosely-bounded hydrogen atoms from the walls of the vacancy clusters and/or hydrogen 
molecules from the vacancy clusters [14,15]. Indeed, Moldarev et al. showed that the partial 
hydrogen pressure reaches the highest value during the first ~5 min of UV illumination of a 
photochromic YHxOy film, suggesting the presence of a fast process of hydrogen release [16]. 
During illumination for longer times, τ2 hardly changes, while during bleaching it increases 
up to about 540 ps within ~20 min (the YHO-1 smple) to ~40 min (the YHO-2 sample). The 
increase in lifetime during bleaching indicates the detection of vacancies with a larger size. 
However, vacancy formation and aggregation are likely to occur only during illumination, 
when the photo-generated charge carriers liberate hydrogen and create hydrogen vacancies. 
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Therefore, it is possible that during photodarkening, the light-induced anion vacancies 
aggregate with the pre-existing vacancy clusters and form larger open-volume defects, 
similar to the formation of divacancy-like defects from the yttrium monovacancies. Vacancy 
formation and aggregation would induce an increase in the positron lifetime, however, τ2 is 
fairly constant during photodarkening. The unchanged τ2 suggests the presence of other 
processes during photodarkening that can reduce τ2 and compensate for the increase. If some 
metallic domains are formed in the vicinity of vacancy clusters, τ2 can be reduced due to the 
locally increased electron density. In addition, the increased concentration of photo-excited 
electrons in the semiconducting matrix might increase the electron density around vacancy 
clusters as well and reduce τ2. During bleaching, metallic domains at the boundaries of 
vacancy clusters and photo-excited electrons in the semiconducting matrix gradually 
disappear, leading to a gradual decrease in the electron density around the grown vacancy 
clusters, and thus causing a gradual increase in τ2 on a timescale that is quite similar to that 
of the optical transmittance (Fig. 4.6 (a). The τ2 values of ~540 ps at the end of the bleaching 
phase for both samples suggest a similar size of the grown vacancy clusters after the 
photodarkening-bleaching cycle, which is consistent with the results in the previous PALS 
study [15]. 

The third positron lifetime τ3 is fairly constant before illumination, and the value of above 
~1.5 ns (Fig. 4.5 (c)) is an indication of formation of ortho-positronium in nanopores. Upon 
photodarkening for the first 3 min, τ3 rises abruptly by ~8% up to 1.84 ns for the YHO-1 
sample and by 10% up to 1.71 ns for the YHO-2 sample. The increase in τ3 of 8-10% could 
be the result of an increased size of nanopores due to the release of hydrogen molecules from 
these nanopores [16]. During photodarkening, τ3 reduces at least in the first 30 minutes due 
to the formation of metallic areas near the surface of nanopores (leading to faster pick-off 
annihilation) and tends to stabilize, while during bleaching it varies from sample to sample.  
 
D. Time variation of positron trapping rates/intensities 
Due to the presence of positron saturated trapping at open-volume defects in the films, the 
concentration of the defects cannot be determined. However, the changes of I1 and I2 during 
photodarkening and bleaching could reflect the changes in the corresponding positron 
trapping rates κ1 and κ2 at the sites associated with τ1 and τ2, while I3 reflects the probability 
of forming o-Ps at a formation rate κ3, which undergo pick-off annihilation in nanopores. 

In the YHO-1 sample, upon photodarkening for the first ~3 min, both I1 and I3 increase 
about 0.5% (Fig. 4.5), while I2 decreases ~1% accordingly (I1 + I2 + I3 = 1). Upon 
photodarkening, based on the abrupt increase in the positron lifetime for vacancy clusters τ2 
(Vn, n≥5) due to the release of hydrogen, one would expect an increase in the corresponding 
trapping rate κ2, via an increase in the trapping coefficient [30]. However, the decrease in I2 
and the increase in I1 and I3 in the YHO-1 sample upon photodarkening for the first ~3 min 
indicates that the relative fraction of positrons trapping at the vacancy clusters decreases due 
to the larger increase in κ1 and κ3 compared to κ2. Indeed, the formed metallic domains could 
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act as new trapping sites and enhance the trapping rate κ1, in line with the previous DB-PAS 
study that showed preferential positron trapping at metallic domains [14]. Furthermore, if 
some monovacancies are charged by the photo-excited electrons upon photodarkening, the 
trapping rate κ1 could also be increased by the enhanced attractive Coulomb force for 
positrons. Indeed, it was reported that the intensity of the positron lifetime associated with 
the VGa(VN)n defects (n=2-4) nearly doubles in GaN under illumination [45], which was 
assigned to the increase in the trapping rate due to the change in the charge state of vacancies 
by capturing photo-excited electrons. In addition, the aggregation of light-induced hydrogen 
vacancies with yttrium monovacancies may already appear at small concentrations, which 
could increase κ1 as well via increasing the trapping coefficient compared to the one for 
monovacancies [30]. Therefore, upon photodarkening for the first ~3 min, the occurrence of 
new and more effective trapping sites leads to an increase in κ1 in the YHO-1 sample. On the 
other hand, the abrupt increase in I3 (∆I3≅+0.5%) in the YHO-1 sample indicates an 
enhanced probability of forming o-Ps, which could be caused by hydrogen release from the 
nanopores. If some nanopores of comparable size contain hydrogen molecules before 
illumination, upon illumination the release of those hydrogen molecules could make the 
previously invisible nanopores detectable via o-Ps formation, thereby increasing I3.  

For the YHO-2 sample, upon photodarkening for the first 3 min, both I2 and I3 decreases, 
while only I1 increases. Upon photodarkening for the first 3 min, similar to the YHO-1 
sample, the release of hydrogen from vacancy clusters and some nanopores that contain 
hydrogen molecules before illumination could also occur in sample YHO-2, which could 
potentially increase the positron trapping rate at vacancy clusters κ2 and the probability of 
forming o-Ps I3. Nevertheless, the relatively large increase in I1 (∆I1≅+6%) leads to a net 
reduction in both I2 and I3 in the YHO-2 sample. This indicates that upon photodarkening for 
the first 3 min, the relative positron trapping rate at vacancy clusters κ2/κ1 and the relative 
probability of forming o-Ps κ3/κ1 decrease, caused by the larger, more dominate increase in 
the positron trapping rate κ1 at the annihilation sites associated with τ1. As discussed, the 
formation of metallic domains and divacancies, as well as the change in the charge state of 
monovacancies could increase κ1 and I1. Compared to the YHO-1 sample, the larger increase 
in κ1 and I1 in the YHO-2 sample could be due to more changes in microstructure and 
electronic structure upon photodarkening for the first 3 min. Indeed, the photochromic 
contrast after 1.5 min of UV illumination in sample YHO-2 is about twice that in the YHO-
1 sample, indicating that more metallic domains are formed in this more H-rich YHO-2 
sample. Also, more hydrogen vacancies will be formed with increasing concentration of 
metallic domains, which leads to an increase in the probability of forming divacancy-like 
defects and the corresponding trapping rate κ1. 

During further photodarkening, I1, I2, and I3 for both samples remain nearly unchanged, 
indicating that positron trapping rates at the sites associated with τ1 and τ2, and the probability 
of forming o-Ps remain balanced. During bleaching, for both samples I2 continues to remain 
nearly unchanged, while I1 decreases and I3 increases slightly over the whole bleaching 
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period. The correlation between τ1 and the photochromic contrast during bleaching suggests 
that little or no positron trapping occurs at metallic domains anymore after 15 min in sample 
YHO-1. Therefore, the gradual changes in I3 and I1 during bleaching cannot be (solely) 
attributed to the reduced trapping at the independent metallic domains in the semiconducting 
matrix due to the disappearance of those metallic domains. However, the increase in I3 
indicates that the probability of forming o-Ps increases. This could be the result of a decrease 
in the metallicity around nanopores, as it is well-known that a metallic environment is less 
effective in converting positron to positronium, compared to porous metal oxide insulators 
and semiconductors that can efficiently generate positronium [58,59].  

In general, our in-situ illumination PALS experiments provide key insights into the 
evolution of open-volume defects and metallic domains in time with optical transmittance 
during photodarkening-bleaching processes. The dynamics of open-volume defects and 
metallic domains along with a corresponding change in film color before illumination, during 
photodarkening for the first ~3 min and photodarkening ~2 h, and subsequent two bleaching 
phases (I and II) in yttrium oxyhydride films is schematically sketched in Fig. 4.7. 

 

 
Figure 4.7: Schematics of the evolution of open-volume defects and metallic domains along 
with a corresponding change in film color before illumination, during photodarkening, and 
subsequent two bleaching phases in photochromic yttrium oxyhydride films. 
 

4.3.3 Second PALS experiment 

Our previous DB-PAS study [15] on both YHxOy and GdHxOy thin-film samples under 
multiple photodarkening-bleaching cycles demonstrated that the S-parameter after bleaching 
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increases progressively upon cycling for the first three cycles and correlates with an 
increasingly slower bleaching rate. Combined with the results of PALS measurements before 
and after one cycle, this correlation suggests that the microstructural changes corresponding 
to the slower bleaching involve vacancy aggregation due to the release of hydrogen [15]. 
Indeed, both the depth-profile and time-dependent measurements show a significant increase 
in τave for both YHO-1 and YHO-2 samples after the photodarkening-bleaching cycle (Figs. 
4.2 and 4.4), which is consistent with results in [15]. However, direct experimental evidence 
from positron lifetime spectroscopy on vacancy formation/aggregation upon 
photodarkening-bleaching cycling is important to gain more insights into the changes in 
open-volume defects upon multiple photochromic cycling. We therefore performed PALS 
measurements on an additional sample YHO-a, deposited the same way as the YHO-1 
sample, during three photodarkening-bleaching cycles in a second PALS experiment at 
HZDR, in which each cycle included a short illumination time of ~9 min. The statistical 
scattering and the minor changes in positron lifetime parameters made it difficult in this case 
to discern the separate changes in the positron lifetime parameters for the three individual 
components after each cycle. Therefore, we present in Fig. 4.8 the robust τave parameter 
collected at 4 keV as a function of time for the YHO-a sample during the three 
photodarkening-bleaching cycles. The positron implantation energy chosen in these time-
dependent measurements for sample YHO-a was 4 keV, since the thickness of this film (~350 
nm) was slightly less than the that of the YHO-1 sample. Note that bleaching times during 
the first and second cycles used in this experiment were sufficient to fully bleach the sample 
for the applied illumination time of ~9 min (see SM, Fig. S4.6 for the corresponding time-
dependence of the optical transmittance). 

Fig. 4.8 shows that the average positron lifetime τave of the YHO-a sample increases 
progressively during these three photodarkening-bleaching cycles, which is in line with the 
increase in τave in YHO-1 and YHO-2 samples after one cycle (Fig. 4.4) and also with the 
successive increase in S-parameter upon multiple cycling reported in [15], suggesting that 
more and/or larger nanoscale open-volume defects are formed upon cycling. In addition, we 
notice that the increase in τave after the first cycle (4 ps) is larger than the increments of τave 
after bleaching for the following two cycles (about 3 ps in total). This is consistent with the 
behaviour of the S-parameter upon photochromic cycling, that reveal that the increase in the 
S-parameter after the first cycle is larger than the following two cycles in YHxOy films [15], 
suggesting that the changes in the open-volume defects are the largest for the first cycle. 
Indeed, the loosely-bonded hydrogen atoms and/or non-bonded hydrogen molecules in 
vacancy clusters and nanopores preferentially seem to be released during the first 
photodarkening [16], causing the largest change in τave and the S-parameter after the first 
cycle. Furthermore, compared to the increase in τave in YHO-1 and YHO-2 samples after 
photodarkening (2 h) and the subsequent bleaching of 25-27 ps as shown in Fig. 4.4, the 
much smaller increments in the YHO-a sample after each photodarkening-bleaching cycle 
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(2-4 ps) is likely related to the formation of fewer hydrogen vacancies due to the substantially 
shorter illumination time, leading to a lower probability of formation of vacancy complexes. 
 

 
Figure 4.8: Time dependence of the average positron lifetime (τave) for the YHO-a sample, 
extracted from the lifetime spectra collected at 4 keV during in-situ illumination PALS 
measurements before illumination and during three short photodarkening (~9 min, purple 
shaded area)-bleaching cycles. 

4.4 Conclusions 

In this study, yttrium oxyhydride thin-film samples deposited at two different sputtering 
power were investigated. The PALS depth profiles show that there is no significant depth-
dependence in the distribution of open-volume defects in the bulk oxyhydride layer for both 
samples. After photodarkening and subsequent bleaching, the homogeneous increase in τave 
in the range of 2-5 keV suggests that an increase in the size/concentration of open-volume 
defects occurs throughout the whole oxyhydride layer.  

In-situ illumination PALS measurements at 5 keV revealed the time evolution of open-
volume defects and metallic domains of the oxyhydride layer for both YHO-1 and YHO-2 
thin-film samples during photodarkening-bleaching processes. Upon photodarkening for the 
first 3 min, for both samples a sudden drop in the shortest positron lifetime τ1 and a significant 
reduction in transmittance is observed, that results from the fast initial formation of metallic 
domains. In parallel, the occurrence of the sudden increase in τ2 and τ3 suggests the release of 
loosely-bounded hydrogen from vacancy clusters and nanopores. During further 
photodarkening, the gradual increase in τ1 suggests that the concentration of divacancy-like 
defects in the semiconducting matrix increases. When the UV illumination is switched off, 
two subsequent bleaching phases are observed. During the first bleaching phase (I), a linear 
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relationship between τ1 and the photochromic contrast is seen that is quantitatively similar 
for both samples, that suggests that the quantity of metallic domains that disappear during 
the first bleaching phase, and the correspondingly increased positron trapping at yttrium 
monovacancies and divacancy-like defects is similar in both samples. During the second 
bleaching phase (II), metallic domains continue to disappear, but the remaining small size or 
concentration of metallic domains prevents their detection by PALS in the YHO-1 sample 
with a small photochromic contrast (<4%), as indicated by a relatively stable τ1. In contrast, 
in the more H-rich sample YHO-2 a second linear relationship between τ1 and the 
photochromic contrast is observed during the bleaching phase II, which could be due to the 
disappearance of those metallic domains that have grown larger during photodarkening. After 
bleaching, most of the metallic domains and the photoexcited charge carriers in the 
semiconducting matrix have disappeared, while the grown open-volume defects remain 
stable. This study deepens our understanding of the (nanoscale) structure-optical property 
relationship in photochromic yttrium oxyhydrides. 
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Supplementary information for Chapter 4 

DB-PAS depth profiles and VEPFIT analysis 
DB-PAS experiments were carried out using the variable energy positron (VEP) beam setup 
at the TU Delft Reactor Institute [1]. The intensity of the positron beam at sample position is 
around 104 e+/s and the FWHM of the beam diameter is around 8 mm. The momentum 
windows for the S- and W-parameter were set at |p| < 3.0 × 10-3 m0c and 8.2×10-3 m0c < |p| < 
23.4×10-3 m0c, respectively. The collected depth profiles with implantation energies of 0.1-
25 keV were fitted by VEPFIT to extract the fractions of positrons annihilating in each layer 
and the Doppler parameters of the yttrium oxyhydride layer [2]. The fractions of positrons 
annihilating in each layer extracted from the VEPFIT analyses of the depth profiles for the 
YHO-2 sample before illumination is shown in Fig. S4.1.  

 
Figure S4.1: The fractions of positrons annihilating in each layer for the YHO-2 thin-film 
sample as a function of positron implantation energy derived by VEPFIT analysis. 
 

The DB-PAS S- and W- parameter depth profiles for YHO-1 and YHO-2 thin-film 
samples before illumination and after the photodarkening-bleaching cycle are shown in 
Figure S4.2 and S4.3, respectively. The same light source as in the transmittance 
measurement equipped with a Köhler lens system was used to illuminate the sample for the 
DB-PAS experiments. A two-layer model including a oxyhydride layer and a semi-infinite 
fused silica substrate layer was used to fit depth profiles. A density of  4.3 g/cm3 and 2.2 
g/cm3 was used for the YHxOy and the substrate layer, respectively. In order to minimize the 
number of fit parameters, the thickness (d) of the oxyhydride layer of the YHxOy samples 
was fixed to 360 nm. For the substrate layer,  the positron diffusion length (Ld) of the fused-
SiO2 substrate layer was fixed to 25 nm, and the S-parameter and W-parameter were fixed to 
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0.526 and 0.062, respectively, as extracted from the high implantation energy range (20-25 
keV). The corresponding results of the best-fit analysis are shown in Table S4.1. 

 

 
Figure S4.2: DB-PAS (a) S-parameter and (b) W-parameter depth profiles of YHO-1 (black 
color) and YHO-2 (blue color) thin-film samples before illumination. 
 
 

 
Figure S4.3: DB-PAS (a) S-parameter and (b) W-parameter depth profiles of YHO-1 (black 
color) and YHO-2 (blue color) thin-film samples after photodarkening and bleaching. 
 
 
Table S4.1: The best-fit parameters of DB-PAS depth profiles for the oxyhydride layer of 
YHO-1 and YHO-2 thin-film samples before illumination and after the photodarkening-
bleaching cycle. 

Sample State d (nm) S W Ld (nm) 
YHO-1 Before illumination 360 0.519 (1) 0.0538 (3) 30 (1) 
 After photodarkening and bleaching 360 0.522 (1) 0.0545 (3) 28 (2) 
YHO-2 Before illumination 360 0.530 (1) 0.0518 (2) 16 (1) 
 After photodarkening and bleaching 360 0.535 (1) 0.0519 (2) 24 (1) 
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Three-component analysis PALS depth profiles 

 
Figure S4.4: Positron lifetimes (τi) and the corresponding intensities (Ii) as function positron 
implantation energy for YHO-1 (a-c) and YHO-2 (d-f) thin-film samples in the virgin state.  

0 2 4 6 8 10
0.2

0.3

0.4

0.5

0.6

Po
si

tro
n 

lif
et

im
e 

(n
s)

Positron implantation energy (keV)

Surface
-dominated

YHO-2_Virgin

Oxyhydride
-dominated

Substrate

τ2 

τ1 

0 2 4 6 8
0.2

0.3

0.4

0.5

0.6

Po
si

tro
n 

lif
et

im
e 

(n
s)

Positron implantation energy (keV)

YHO-1_Virgin

Surface
-dominated

Oxyhydride
-dominated Substrate

τ2 

τ1 

0 2 4 6 8 10
0

20

40

60

80

100

Po
si

tro
n 

in
te

ns
ity

 (%
)

Positron implantation energy (keV)

I1

I2

I3

0.5

1.0

1.5

2.0

2.5

3.0

Po
si

tro
n 

lif
et

im
e 

(n
s)

Surface
-dominated

YHO-2_Virgin

Oxyhydride
-dominated Substrate

τ3 

τ2 

τ1 

0 2 4 6 8
0

20

40

60

80

100

Po
si

tro
n 

in
te

ns
ity

 (%
)

Positron implantation energy (keV)

I1

I2

I3

0.5

1.0

1.5

2.0

2.5

3.0
Po

si
tro

n 
lif

et
im

e 
(n

s)
YHO-1_Virgin

Surface
-dominated

Oxyhydride
-dominated Substrate

τ3 

τ2 

τ1 

(a)

(b)

(c)

(d)

(e)

(f)

135



 

 

4 

124 

 
Figure S4.5: Positron lifetimes (τi) and the corresponding intensities (Ii) as function positron 
implantation energy for the YHO-1 thin-film sample after the photodarkening-bleaching 
cycle. 
 
Positron lifetime calculation methods  
We employed the self-consistent two-component density functional theory (TCDFT) 
calculations in the open-source ABINIT package to calculate the positron bulk lifetime in 
YH1.9 [3,4]. Calculations were performed with the Fm-3�m structure of YH1.9 using a 2x2x2 
supercell containing 92 atoms. The atomic configurations were produced using the 
ATOMPAW code [5]. The ground states of electrons and the positron were calculated by the 
projector augmented wave (PAW) method. The exchange-correlation interactions were 
described by the local density approximation (LDA) and the generalized gradient 
approximation (GGA). For LDA, we employed the Teter-Pade parametrization [6] and the 
Zero-positron density limit of Arponen and Pajanne, as implemented by Boronski and 
Nieminen [7]. For the GGA calculations, the Perdew-Burke-Ernzerhof functional [8] was 
combined with the same exchange-correlation functionals as we used for LDA, supplemented 
by correction terms provided by Barbiellini et al. [4]. All positron lifetimes were calculated 
using the enhancement factor given by Boronski and Nieminen in the random phase 
approximation (RPA) limit [7].  
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Photochromic properties for sample YHO-a for three subsequent photodarkening-
bleaching cycles 

 
Figure S4.6: Optical transmittance normalized to the initial transmittance (T/T0), averaged in 
the wavelength range of 450-1000 nm for sample YHO-a during three short photodarkening 
(~9 min, purple shaded region)-bleaching cycles. 
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Abstract  

The color-neutral photochromic properties make yttrium oxyhydride films attractive for 
various applications from smart windows to memory devices. However, the mechanism 
behind the photochromic effect is not fully clarified. In this study, the optical constants of as-
prepared semiconducting YHxOy as well as metallic YH~2, YHx and Y thin films are 
accurately determined by spectroscopic ellipsometry. The observed changes in the optical 
dielectric function of YHxOy during photodarkening are examined employing three different 
models. First, by applying the Bruggeman effective medium approximation to the 
ellipsometry data of the photodarkened YHxOy film, the best fit obtained corresponds to the 
formation of a few percent of YHx metallic inclusions within the semiconducting YHxOy 
matrix. Nevertheless, this model is questionable, as it would necessitate the reversible 
rearrangements and transport of a significant amount of both oxygen and hydrogen. 
Secondly, as an alternative model, the changes in the dielectric function of the YHxOy film 
in the UV to near-IR range during photodarkening, as derived by employing a Kramers-
Kronig consistent basic-spline approach, turn out very similar to those accompanying the 
optical transition from semiconducting YH2.9 to metallic YH2.5 films examined in previous 
studies on hydrogen switchable mirrors. This suggests that the Anderson-Mott insulator-to-
metal transition that occurs in these rare-earth hydride systems also takes place in certain 
regions of the photodarkened YHxOy film, constituting up to ~4% of the film. Finally, a third 
model, that is based on the formation of small bandgap yttrium monoxide-like domains, can 
be dismissed as the main origin of the photodarkening of photochromic YHxOy films, as the 
largest photochromic contrast is observed in hydrogen-rich oxyhydride films rather than for 
compositions close to YHO.  
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5.1 Introduction  

Yttrium oxyhydride (YHxOy) thin films have received considerable attention since they were 
discovered to show the color-neutral photochromic effect under ambient conditions in 2011 
[1]. YHxOy films are transparent semiconductors. Upon optical excitation above the bandgap, 
YHxOy films become dark, and the sub-bandgap transmittance reduces in a broad wavelength 
range from the visible to near infrared (IR). The transparency can be recovered after 
switching off the light source. The photochromic effect also occurs in other rare-earth 
oxyhydride films including Gd, Sc, Nd, Dy, Er, and Sm oxyhydride films [2-7]. The 
photochromic property renders them to be promising candidates for smart windows [8].  

However, the mechanism of the photochromic effect and the microstructural origin of 
photodarkening in oxyhydride films is not fully clarified. The formation of metallic domains 
was proposed to be responsible for the photodarkening [9-12]. For instance, Montero et al. 
proposed that the photodarkening is correlated with the formation of metallic domains, since 
the ellipsometry data of the photodarkened YHxOy could be well described by the formation 
of metallic domains at a volume fraction of up to ~6% of the film within a semiconducting 
YHxOy matrix, as was deduced employing an effective medium approximation [9]. In 
addition, our previous positron annihilation experiments also support mechanisms that 
involve the formation of metallic domains, based on the observed (partially) reversible shifts 
of Doppler parameters towards those of metal hydrides [10] (Chapter 2). In ref. [10], two 
possible types of metallic domains were proposed. The first proposed type corresponds to 
phase-segregated H-rich domains YH2Ox (x<0.5), while the second proposed type is related 
to an Anderson-Mott insulator-to-metal transition in nanoscale domains, resulting from the 
overlap in electron wave functions of photo-excited electrons trapped at Y(4d) orbitals 
around light-induced hydrogen vacancies at the octahedral sites. Despite these efforts, the 
exact nature of the metallic domains causing the photochromic effect in oxyhydride films 
remained unsettled. 

In this study, we employ spectroscopic ellipsometry in order to examine the nature of the 
metallic regions formed during photodarkening. We first report the optical constants of as-
prepared YHxOy and YH~2, YHx and Y films. By employing a Bruggeman effective medium 
approximation (BEMA) model to fit the ellipsometry data obtained in the photodarkened 
state of YHxOy films [13], we examine whether formed Y, YHx or YH~2 metallic domains in 
the semiconducting YHxOy matrix can explain the optical properties extracted from 
spectroscopic ellipsometry of the YHxOy film during photodarkening. Secondly, we examine 
whether the formation of metallic domains is related to a hydrogen vacancies-induced 
insulator-to-metal transition, similar to the YH2.9→YH2.5 hydrogen switchable mirror system. 
Here, the optical dielectric function of YHxOy during photodarkening is obtained by fitting 
the ellipsometry data to a Kramers-Kronig-consistent basic-spline (B-Spline) model, and we 
compared the evolution of the dielectric function to characteristic changes in the dielectric 
function previously reported for the YH2.9→YH2.5 system. Finally, the formation of yttrium 
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monoxide-like (YO) domains in the semiconducting YHxOy matrix is examined and 
discussed. 

5.2 Experimental 

5.2.1 Sample preparation and structural characterization  
The Yttrium dihydride and oxyhydride films were deposited by reactive direct current (DC) 
magnetron sputtering of an yttrium metal target in an Ar/H2 gas mixture with a 7:1 ratio. The 
total pressure is 0.3 Pa and 0.5 Pa for dihydride and oxyhydride films, respectively. For the 
latter case, the incorporation of O into the bulk dihydride phase occurs during post-oxidation 
in air, as this deposition pressure exceeded the critical pressure necessary to induce sufficient 
porosity of the dihydride film, enabling the subsequent formation of the semiconducting 
YHxOy phase [2]. Another type of yttrium hydride film was deposited at 0.3 Pa but a higher 
Ar/H2 ratio of 19:1 was used. This yttrium hydride film is denoted as YHx, because the 
applied lower H2 flow results in a lower H content in the hydride film compared to YH2. Both 
YHx and YH~2 films do not incorporate oxygen in the bulk of the films upon air exposure, 
but some oxidation on the surface could occur [14,15]. The yttrium metal film was deposited 
at 0.3 Pa in a pure Argon atmosphere. All films were deposited on unheated UV-grade fused 
silica (f-SiO2) substrates. Table 5.1 summarizes the Y-based thin films studied in this work 
and the corresponding deposition conditions and basic properties. 

XRD patterns were collected on a PANalytical X’Pert PRO diffractometer at an incident 
angle of 2° with a Cu "Kα" source (λ = 1.54 Å) at room temperature. The lattice parameters 
of all as-prepared films were obtained by refining XRD patterns using Fullprof [16]. 
 
Table 5.1: Summary of the Y-based thin films studied in this work and the corresponding 
deposition conditions and basic properties.  

Film Deposition pressure (Pa) Ar:H2 flow 
(sccm†) 

Thickness 
(nm)‡ 

Appearance 

Y 0.3 35:0 ~300 opaque 
YHx 0.3 38:2 ~300 opaque 
YH~2 0.3 35:5 ~300 opaque 
YHxOy 0.5 35:5 ~370 transparent 

†standard cubic centimeters per minute (sccm) 
‡The thickness listed here were determined by profilometry with ~10% of uncertainty. 

 
5.2.2 Transmittance measurements and photochromic effect 
Optical transmittance measurements were carried out in the wavelength range of 230-1120 
nm employing a custom-built setup equipped with a white source (DH-2000BAL, Ocean 
Optics) and a silicon CCD array spectrometer (HR4000, Ocean Optics). The light source for 
triggering the photochromic effect was a narrow wavelength LED (385 nm, I ~ 30 mW/cm2). 
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The same wavelength LED equipped with a Köhler lens system with the same intensity was 
utilized for the spectroscopic ellipsometry experiments under illumination.  
 
5.2.3 Spectroscopic ellipsometry measurements and fitting 
Variable-angle spectroscopic ellipsometry is used to determine the optical constants of the 
films by measuring the changes in polarization of incident light reflected from the sample. 
The changes in the polarization upon reflectance from the sample are described by two 
parameters, psi (Ψ) and delta (Δ), defined by the equation ρ= rp

rs
= tan (Ψ) ei∆, where rp and rs 

are the complex reflection coefficient for p-polarized light (polarized parallel to the plane of 
incidence) and s-polarized light (polarized perpendicular to the plane of incidence). 

The Ψ and Δ are measured in the wavelength range of 191-1688 nm using a M-2000DI 
Ellipsometer (J. A. Woollam Co.) at room temperature. Incidence angles of 60-70o and 50-
70o at an interval of 5o are used for the semiconducting oxyhydride and metallic films, 
respectively, to obtain adequate sensitivity in the spectral range. A MagicTM tape is stuck to 
the back of the sample (f-SiO2 sides) in order to reduce backscattering of light for transparent 
samples. In order to monitor the changes in optical constants of YHxOy during 
photodarkening, ellipsometry data is collected at illumination times of 10, 30, 60, 90, 120, 
and 150 min. The CompleteEASE software is utilized for data collecting and spectral 
analyses.  

The real and imaginary part of the complex refractive index n and k are obtained by fitting 
Ψ and Δ to mathematical models. The real and imaginary part of the dielectric function ε1 and 
ε2 are subsequently calculated from n and k, based on the equations ε1 = n2- k2 and ε2 = 2nk. 
For the optically thick metallic Y, YHx and YH~2 films, a general-oscillator (GEN-OCS) 
model containing Drude and three Lorentz oscillators is applied to fit the ellipsometry 
spectra, enabling comparison to data reported in previous studies [9,17-19]. The GEN-OCS 
guarantees Kramers-Kronig (KK) consistency, meaning that the shape of the real component 
can be calculated from the imaginary component.  

For the YHxOy thin-film sample before illumination and during photodarkening, a three-
layer model containing a surface roughness layer, an oxyhydride layer, and a substrate layer, 
is used to extract the optical constants of the yttrium oxyhydride layer. In order to reduce the 
number of fitting parameters for the three-layer model, the parameters for the substrate layer, 
the roughness layer, and the thickness of the oxyhydride layer are fixed. The A and B 
parameters of the substrate f-SiO2 are set to 1.45 and 0.005, determined by a Cauchy model 
(n(λ) = A+B λ2⁄ ) from an independent measurement on a bare f-SiO2 substrate. The surface 
roughness of YHxOy is determined to be around 6 nm by a BEMA model, where it was 
assumed that the roughness layer consists of a mixed layer with 50% oxyhydride and 50% 
air (n = 1, k = 0). The thickness of the YHxOy layer is determined to be ~345 nm by fitting 
the transparent range (λ > 500 nm) by a Cauchy model. 
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For the YHxOy layer in the as-prepared transparent YHxOy sample, a Cauchy model 
combined with an Urbach absorption tail is used to fit the ellipsometry data. For the YHxOy 
layer in the photodarkened YHxOy sample, the ellipsometry data is simulated using either a 
BEMA or a Kramers-Kronig-consistent basis-spline (B-spline) approach. The B-spline 
approach is very suitable for materials that are semi-absorbing in either part of the spectral 
range or in the whole range, and does not assume any physical properties of the layer besides 
the presence of a roughness layer and an oxyhydride layer on top of the substrate [20,21]. 
Physically meaningful results can be ensured by enforcing Kramers-Kronig consistency and 
a positive 𝜀𝜀2(𝜆𝜆) > 0 [22]. The goodness of each fit is quantified by its mean squared error 
(MSE), which reflects the difference between modelling data and experimental data. An MSE 
value below 20 is generally acceptable [20]. 

5.3 Results and discussion 

5.3.1 The crystal structure and optical constants of as-prepared semiconducting YHxOy 
and metallic Y, YHx, YH~2 thin films 

 
Figure 5.1: XRD patterns of as-prepared YHxOy and Y, YHx, YH~2 thin films, compared 
with lines from the reference patterns of P63/mmc Y #04-004-8940 (vertical dot lines) and 
Fm-3m YH2 #04-005-5940 (vertical dash lines). 
 
The optical constants 𝑛𝑛(𝐸𝐸), 𝑘𝑘(𝐸𝐸) and corresponding dielectric function 𝜀𝜀1(𝐸𝐸), 𝜀𝜀2(𝐸𝐸) of as-
prepared transparent semiconducting YHxOy and opaque metallic Y, YHx, YH~2 thin films 
are determined, since these optical constants will be used for modelling the ellipsometry data 
under photodarkening using an EMA model, assuming that either Y, YHx or YH~2 metallic 
inclusions are embedded in a semiconducting YHxOy matrix. Before the spectroscopic 
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ellipsometry study, the composition, crystal structure and lattice parameters of the as-
prepared transparent YHxOy and opaque Y, YHx, YH~2 thin films were determined by 
grazing-incidence X-ray diffraction (XRD). Fig. 5.1 shows the diffraction patterns of all as-
prepared films, compared with peak positions of Fm-3m YH2 (#04-005-5940) and P63/mmc 
Y (#04-004-8940). The diffraction peaks of YHxOy and YH~2 films are consistent with the 
positions of (111), (200) and (220) and (311) planes of the reference Fm-3m YH2 (#04-005-
5940), indicating the same cubic symmetry, in line with previous studies [5,14]. Compared 
to the reference Fm-3m YH2, all diffraction peaks of the YH~2 film shift to the lower angles, 
signaling a larger lattice parameter. The lattice parameter of the YH~2 film is refined to be 
5.28±0.01 Å. Furthermore, all diffraction peaks of YHxOy shift to even lower angles 
compared to YH~2, indicating that incorporation of O into the dihydride lattice enlarges the 
lattice parameters of the cubic structure. Interestingly, the incorporation of O into the 
dihydride lattice is also accompanied by a color change from opaque to transparent, 
indicating a metal-to-insulator transition. The lattice parameter of the YHxOy film is 
determined to be 5.38±0.01 Å. 

Finally, the main diffraction peaks at 30.6o and 54.9o of the Y film match the lattice planes 
(002) and (103) of hexagonal Y with a space group of P63/mmc, and the corresponding lattice 
parameters are refined to be 3.64±0.01 Å and 5.83±0.01 Å for a and c. Compared to the 
reported lattice parameters of the reference Fm-3m YH2 (#04-005-5940) and P63/mmc Y 
(#04-004-8940), the slightly larger lattice parameters of our Y and YH~2 films could be due 
to the strain induced by the lattice mismatch between the film and the f-SiO2 substrate [23]. 
We notice that the diffraction pattern of the YHx film contains two sets of diffraction peaks 
corresponding to Y and YH~2, suggesting that the YHx film is a composite of hexagonal Y 
phase and cubic YH~2 phase. The diffraction peak of the YHx film peak with the largest 
intensity aligns well with the one of the (002) plane of the Y film, implying that the hexagonal 
Y phase is dominant in the YHx film. The mixed-phase characteristic of the YHx film results 
from a lower H2:Ar ratio in the reactive magnetron sputtering process compared to the ratio 
used to synthesize the YH~2 film (see Table 5.1).  

The optical constants of the as-prepared transparent YHxOy and opaque YH~2, YHx, and 
Y films were determined by fitting the ellipsometry data to a Cauchy model with an Urbach 
tail and a GEN-OCS model containing Drude and three Lorentz oscillators. The MSE of the 
fits for the as-prepared YHxOy, YH~2, YHx, and Y films are 9, 5, 2 and 2, respectively, 
indicating that these are satisfying fits. The resultant real part (the refractive index n) and 
imaginary part (the extinction coefficient k) of the complex refractive index as well as the 
real part (ε1) and imaginary part (ε2) dielectric function of all as-prepared films are depicted 
in Fig. 5.2.  

For the as-prepared transparent YHxOy film, k(E) and ε2(E) are almost zero for energies  
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Figure 5.2: (a-b) the real part (n) and imaginary part (k) of the complex refractive index, as 
well as (c) and (d) the real part (ε1) and imaginary part (ε2) of the dielectric function as a 
function of photon energy E for as-prepared YHxOy and Y, YHx, YH~2 films. 
 
below the bandgap of ~2.56 eV (as determined by Tauc analysis in the transmittance 
measurement), indicating the semiconducting nature of the film. The shape of the dispersion 
of n and ε1 agrees well with that in the previous studies, and the value of n of 1.95 at a photon 
energy of 1.96 eV is comparable to previously reported values for YHxOy films [18,19]. Ref. 
[18] also showed the presence of an optical gradient and porosity of YHxOy films, but the 
corresponding gradient and porosity parameters in our YHxOy films were negligible in all 
used fit models. This implies that the YHxOy film studied here are denser and more 
homogenous, probably due to the lower deposition pressure employed than that in ref. [18]. 
Neither a gradient perpendicular to the substrate surface nor porosity were considered for the 
subsequent fits for the YHxOy film during photodarkening. The resultant total thickness of 
351 nm includes 345 nm of the bulk YHxOy film and 6 nm of the rough surface layer, and 
agrees well with the thickness of ~370 nm (~10% uncertainty) measured by profilometry. 

For the opaque Y and YH~2 metallic films, the shape of the dispersion of the extracted n, 
k and 𝜀𝜀1, 𝜀𝜀2 is similar to the curves reported in [17-19], with slight quantitative differences 
that may result from the use of different deposition methods and sputtering conditions. The 
high values of the extinction coefficient k in the full spectral range for the YH~2, YHx, and Y 
films confirm the metallic character of these films. Comparing the optical curves of these 
three types of metallic films, the curves of YHx indicate that this film is a mixture of  Y and 
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YH~2 at a ratio of ~2:1. This is consistent with the XRD data in Fig. 5.1, which show that Y 
is the dominant phase in the YHx film, while also diffraction peaks are observed that are 
characteristic for the presence of YH~2. For all metallic films, the tails in the imaginary part 
at low photon energies (<1.5 eV) are due to free carrier absorption, while the oscillations at 
higher energies correspond to interband transitions [17]. The corresponding fit parameters 
based on Drude and three Lorentz oscillators are shown in Table S5.1 and Table S5.2.  

 

5.3.2 The photochromic effect 

 
Figure 5.3: (a) Transmittance of the YHxOy thin-film sample as a function of wavelength at 
illumination times of 0, 10, 30, 60, 90, 120 and 150 min during UV illumination using a LED 
with a narrow wavelength of 385 nm, and (b) the corresponding photochromic contrast as a 
function of time before illumination, during 2.5 h photodarkening and the subsequent 
bleaching. 
 
The photochromic effect of the YHxOy film is assessed by time-dependent optical 
transmittance measurements. The transmittance as a function of wavelength at illumination 
times of 0, 10, 30, 60, 90, 120 and 150 min for the YHxOy film is as shown in Fig. 5.3 (a). 
The YHxOy film before illumination shows a high transparency over a broad range from the 
visible to near-IR region, while the transmittance reduces upon illumination. The difference 
between the initial transmittance averaged in the wavelength range of 450 to 1000 nm 𝑇𝑇0 and 
the averaged transmittance in the same wavelength range at a time T, with respect to 𝑇𝑇0, is 
defined as the photochromic contrast (𝑇𝑇0 − 𝑇𝑇)/𝑇𝑇0. The photochromic contrast as a function 
of time before illumination, during photodarkening of 2.5 h and the subsequent bleaching is 
shown in Fig. 5.3 (b). Upon illumination for 10 min, the photochromic contrast of the YHxOy 
film increases by ~18%. During longer illumination times, the photo-darkening rate becomes 
progressively slower, and the photochromic contrast tends to saturate. After illumination for 
150 min, the photochromic contrast increases up to ~33%. When the light source is switched 

147



 

 

5 

136 

off, the photochromic contrast starts to decrease, until full transparency is regained after 
bleaching in dark for ~200-250 min. 

5.3.3 Spectroscopic ellipsometry study during photodarkening 

In order to monitor the changes in the optical dielectric function of YHxOy thin films during 
illumination, a twin sample is employed for the spectroscopic ellipsometry experiments 
during illumination for 150 min with the same time intervals as in the transmittance 
measurements. By employing either a BEMA model or a Kramers-Kronig-consistent B-
spline approach to fit the ellipsometry data of YHxOy in the photodarkened state, we examine 
three different models for the formation of metallic (or small bandgap semiconducting) light-
absorbing domains in a semiconducting YHxOy matrix for explaining the photochromic 
effect.  
 
A. Model 1: Yttrium (hydride)-like metallic domains 
Montero et al. proposed the gradual formation of phase-segregated metallic YHyOz

m domains 
in the semiconducting matrix during photodarkening in order to explain the photochromic 
effect, in which the ellipsometry data was analyzed with an effective medium approximation 
(EMA) model [9]. Here, we employ a similar model, employing a Bruggemann EMA to fit 
the ellipsometry data during illumination, in which we assume that either Y, YHx, or YH~2 
metallic domains are formed in the otherwise homogenous semiconducting YHxOy matrix. 
This model assumes that the sizes of the domains are much smaller than the wavelengths of 
light and that these inclusions are non-interacting in an optical sense. The Bruggemann EMA 
is given by the equations below:  

fa
εa-εEMA

εa+κεEMA
+fb

εb-εEMA
εb+κεEMA

=0                                         (5.1) 

fa+fb=1                                                                    (5.2) 
where εEMA  is the dielectric function of the composite EMA layer, 𝜀𝜀𝑎𝑎  is the dielectric 
function of the YHxOy matrix,  εb  is the dielectric function of the metallic inclusions, 
consisting of either YH~2, YHx or Y, fa is the fraction of YHxOy and fb is the fraction of 
inclusions, 𝜅𝜅 = (1 − 𝐿𝐿)/𝐿𝐿 is the screening parameter, where L is the depolarization factor. L 
is fixed to 1 3⁄ , corresponding to the assumption that the inclusions are spherical in shape 
[24]. The only remaining fit parameter is the fraction of yttrium (hydride) metallic domains 
(YH~2, YHx, or Y), and the thickness of the photochromic layer is fixed to the one of the as-
prepared oxyhydride film. The fraction of metallic domains in all cases is fitted to be of an 
order of magnitude of a few percent, specifically, 2%, 2.5% and 2.8% after 150 min of 
illumination for the case of YH~2, YHx, and Y, respectively. As shown in Table S5.3, the YHx 
case exhibits the lowest MSE, meaning the best agreement between the fits and experimental 
data in this model. However, the MSE values for the fits in this model exceed the acceptable 
threshold (>20), showing that the photodarkening is not well described by the sole formation 
of spherically shaped Y, YHx or YH~2 nanodomains. 
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Table 5.2: MSE of the fits using a BEMA model where metallic Y, YHx, or YH~2 inclusions 
and voids are embedded in a homogenous semiconducting YHxOy layer. 

 MSE (Y+voids) MSE (YHx+voids) MSE (YH~2+voids) 
10 min 18 14 22 
30 min 20 15 27 
60 min 22 15 29 
90 min 22 15 30 
120 min 23 16 30 
150 min 23 16 30 

 
We found that including the formation of nanovoids in addition to metallic domains, 

which introduces an additional fit parameter in the BEMA model, can substantially improve 
the goodness of the fits for all cases. The fraction of metallic domains in this model is 
comparable to that in the previous model, while a significant fraction of voids are obtained 
in the best-fits for the case of YH~2, YHx, and Y inclusions of  2.6%, 4.2%, and 4.6%, 
respectively, after 150 min of photodarkening. We show representative ellipsometry spectra 
collected at incident angles of 60°, 65°, and 70° and corresponding fits using a BEMA model, 
where either YHx metallic domains and voids (Fig. S5.1), Y metallic domains and voids, or 
YH2 metallic domains and voids (Fig. S5.2) are embedded in a YHxOy matrix after 
illumination of 10 min and 150 min. The corresponding MSE values for all cases are listed 
in Table 5.2.  

As indicated in Table 5.2, the best fits (lowest MSE) are again found for the case of YHx 
metallic inclusions. The corresponding imaginary and real component of the dielectric 
function (ε2 and ε1) as a function of photon energy at illumination times of 10, 30, 60, 90, 
120, 150 min are shown in Fig. 5.4 (a) and (b). The evolution of the respective real part (n) 
and imaginary part (k) of the complex refractive index can be found in Fig. S5.5. The 
imaginary part of the dielectric function ε2 increases with illumination time over a broad 
range covering the visible and near-IR region, while the real part of the dielectric function ε1 
decreases in a wide range, with a dispersion that is due to the Kramers-Kronig consistency. 
Fig. 5.4 (c) and (e) show the fitted volume fraction of YHx and voids as a function of 
illumination time. The fraction of YHx increases with illumination time, and it tends to 
saturate after illumination of 120 min, while the fraction of voids increases continuously with 
longer illumination time. Furthermore, the photochromic contrast versus the volume fractions 
of metallic YHx nanodomains and of voids are plotted in Fig. 5.4 (d) and (f). An almost linear 
relationship between the photochromic contrast and the volume fraction of YHx is seen, 
suggesting that the formation of YHx could be responsible for the photodarkening. After 
illumination of 150 min, the volume fraction of YHx domains reaches ~2.6% with an increase 
in the photochromic contrast of ~33%, i.e. very similar to the reported volume fraction of 
YHyOz

m metallic domains of ~2% with a relative decrease in transmittance of 30% in ref. [9], 
in which an EMA model was employed assuming that metallic inclusions are inserted to a 
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Figure 5.4: (a) The imaginary part (ε2) and (b) real part (ε1) of the dielectric function as a 
function of photon energy in the YHxOy film before illumination and during illumination of 
150 min, extracted from a BEMA model assuming that metallic YHx inclusions and voids 
are embedded in a semiconducting YHxOy matrix, (c-f) the corresponding fitted volume 
fraction of  YHx and  voids, as well as the photochromic contrast versus the volume fraction 
of YHx and voids.  
 
semiconducting YHxOy matrix. We further note that the XRD pattern and the extracted 
dielectric function (ε2 and ε1) of our YHx thin film are similar to that of the metallic mixed 
phase YHyOz

m studied in Ref. [9], even though the bulk YHx film studied here does not 
contain oxygen [14,15].  

However, the formation of ~2% nanoscale YHx metallic domains clearly would require 
the local rearrangement and transport of a large number of both hydrogen and oxygen atoms 
in a reversible manner. Baba et al. suggested that oxygen is mobile, assuming a reversible 
exchange of oxygen with the ambient environment as samples bleached extremely slow in a 
nitrogen environment [25]. However, a much slower mobility of oxygen than of hydrogen 
was demonstrated in a recent 1H and 17O solid-state NMR study [26]. Moreover, molecular 
dynamics calculations also indicate that oxygen is much less mobile than hydrogen [27], due 
to the lower polarizability and the heavier weight of oxygen. Therefore, the mobility of 
hydrogen rather than oxygen mobility is considered to be a key ingredient of the 
photochromic effect [7]. Accordingly, the formation of YHx in a semiconducting YHxOy 
matrix under illumination for explaining the photodarkening is doubtful, as it requires 
(reversible) transport of a substantial amount of both oxygen and hydrogen. Moreover, voids 
need to be included to achieve good correspondence to the spectroscopic ellipsometry data 
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in this model, with a fraction of voids (n=1, k=0) that increases up to a few percent (2.6-
4.6%) after illumination of 150 min for all cases. Nevertheless, the formation of such a high 
fraction of voids is implausible, as it requires the local removal of hydrogen, oxygen and 
yttrium atoms at a relatively high concentration in the film, when yttrium is considered to be 
static in YHxOy [27]. 

We found that, instead of including voids, adding the depolarization factor as an extra fit 
parameter in the BEMA model can also significantly improve the quality of the fits, meaning 
that the shape of metallic domains varies relative to that of a sphere [28]. Ref. [28] shows 
that the lowest MSE is in the case of Y (10-20) with the depolarization factor varying from 
0.1-0.08 and in the case of YHx (15-19) with the depolarization factor in the range of 0.68-
0.6, meaning that the Y domains are oblate spheroids, and the YHx domains are prolate 
spheroids in a semiconducting YHxOy matrix [24,29]. The fraction of formed yttrium 
(hydride)-like metallic domains obtained from the fits are up to 1.8-2.7% after illumination 
of 150 min, which is comparable to the values obtained from the BEMA model with different 
fit parameters. However, as discussed above, the formation of Y or YHx in a semiconducting 
YHxOy matrix under illumination is questionable, as this would require substantial 
rearrangement of both oxygen and hydrogen. 

Overall, the BEMA model employing the fraction of YHx or/and Y inclusions and an 
additional fit parameter, i.e. the fraction of voids or the depolarization factor, can well 
describe the experimental ellipsometry data of YHxOy in the photodarkened state. However, 
substantial local rearrangements and transport of both hydrogen and oxygen is required, that 
moreover should occur in a reversible manner, indicating that the formation of these types of 
metallic domains in a semiconducting YHxOy matrix is not a viable model. 
 
B. Model 2: Metallic domains related to Anderson-Mott insulator-to-metal transition  
Besides the BEMA model, used to examine the formation of phase-segregated yttrium 
(hydride) metal regions as described in the previous section, a KK-consistent B-spline 
approach was applied to fit the ellipsometry data of the YHxOy film during photodarkening, 
in order to assess the possible occurrence of an Anderson-Mott insulator-to-metal transition. 
The KK-consistent B-spline approach only assumes the presence of a roughness layer and a 
photochromic layer on top of the f-SiO2 substrate, and no further assumptions on the physical 
properties of the film are made. The MSE values of all fits using this approach are in the 
range of 5-7, indicating a very good quality of fits, validating the above-mentioned approach. 
Representative ellipsometry spectra for the photodarkened YHxOy film at incident angles of 
60°, 65°, and 70° and corresponding fits using a KK-consistent B-spline approach after 
illumination of 10 min and 150 min are shown in Fig. S5.3. The dynamic changes in the 
imaginary part (ε2) and real part (ε1) of the dielectric function of the YHxOy film during 
illumination of up to 150 min, extracted from this approach are shown in Fig. 5.5 (a) and (b). 
The corresponding real part (n) and imaginary part (k) of the complex refractive index can  
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Figure 5.5: (a) The imaginary part (ε2) and (b) real part (ε1) of the dielectric function as a 
function of photon energy in the YHxOy film before illumination and during illumination of 
150 min extracted from the KK-consistent B-spline approach, compared with (c-d) the 
changes in ε2, ε1 from YH2.9 to YH2.5 [17]. Fig. 5 (c) and (d) reprinted from Ref. [17]. 
 
be found in Fig. S5.6. The imaginary part of the dielectric function ε2 increases and the real 
part ε1 decreases with illumination time in a wide range from the visible to near-IR, similar 
to the trends and values of the optical constants extracted from the BEMA model in Fig. 5.4 
(a) and (b). In addition, we notice from the comparison of Fig. 5.5 (a-b) to Fig. 5.5 (c-d) that 
the changes in ε2 and ε1 in YHxOy during illumination resemble those of the optical transition 
in the switchable-mirror metal hydride thin films with a nominal composition of YH2.9 

(semiconducting) to YH2.5 (metallic), where an Anderson-Mott insulator-to-metal transition 
appears around YH~2.7 [17,30,31]. This suggests that a similar Anderson-Mott insulator-to-
metal transition takes place in the  YHxOy film during photodarkening. In this process, upon 
illumination, electron-hole pairs are generated. Subsequently, some of the H- anions at the 
octahedral sites capture a photo-excited hole and form H0 atoms (H- + h+ → H0), which 
become mobile and leave their lattice positions, while some of the photo-excited electrons 
may localize at Y (4d) orbitals around the positively charged hydrogen vacancies VH

oct. due to 
charge compensation. When the concentration of such Y (4d) electrons at the VH

oct. in certain 
domains in YHxOy is sufficiently large, their electron orbitals start to overlap and form an 
electron band, leading to an Anderson-Mott insulator-to-metal transition in such domains.  
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Quantitatively, ε2 increases homogenously up to Δ𝜀𝜀2~0.2 in the sub bandgap range of 0.8-
2.6 eV after illumination of 150 min. Compared to the increment from YH2.9 to YH2.5 of 
Δ𝜀𝜀2~2.5-3, the increase in ε2 after illumination of 150 min in YHxOy is about twelve to fifteen 
times smaller, which suggests that the fraction of film transformation into metallic domains 
in YHxOy is ~6-8%, when assuming that YH2.5 is metallic in the whole film and the formation 
of metallic domains in YHxOy is due to a similar Anderson-Mott insulator-to-metal transition. 
In Ref. [32] it was reported that films with the nominal composition YH2.5 consist of 
coexisting phases of cubic β-phase and hexagonal γ-phase. The cubic β-phase is YH2+δ-like 
and metallic, and the hexagonal γ-phase is YH3-δ-like, but whether its nature is insulating or 
metallic in the intermediate compositions YHx (2.1<x<2.7) is indetermined. It is known that 
yttrium hydrides YHx with compositions x>2.7 are in a single phase (γ-phase) [32], while the 
metal-to-insulator transition occurs at x=2.86 [33]. If the γ-phase in YH2.5 is insulating, only 
about half of the insulating γ-phase will have been transformed into the metallic β-phase from 
the nominal composition of YH2.9 to YH2.5. In this context, the fraction of film transformed 
into a metallic state in the semiconducting YHxOy film can be estimated to be ~3-4%.  

The formation of this type of metallic domains according to an Anderson-Mott insulator-
to-metal transition could occur in the H-rich regions in YHxOy, as suggested by Dam et al.  
in ref. [7]. In this case, the formation of the metallic domains can be easily achieved 
chemically as it only requires the local removal of part of hydrogen from octahedral sites. 
We note that the formation of metallic domains related to an Anderson-Mott insulator-to-
metal transition is in line with our previous Doppler broadening positron annihilation studies, 
that reported partially reversible shifts in the positron Doppler S and W parameters under UV 
illumination in both YHxOy and GdHxOy thin films [10]. In order to gain a detailed 
understanding of the nature and electronic structure of the metallic domains formed by an 
Anderson-Mott insulator-to-metal transition in YHxOy films, further investigations by ab-
initio calculations would be needed, similar to the theoretical investigations of the Anderson-
Mott transition in the trihydride system [30].  
 
C. Model 3: Absorbing small-bandgap YO-like domains 
Finally, we examine whether the formation of small-bandgap yttrium monoxide (YO) 
domains could explain the nature of the changes in the optical properties of the photochromic 
YHxOy films during photodarkening. To this end, the absorption coefficient α was calculated 
starting from the extinction coefficient k (extracted from the KK-consistent B-spline 

approach) based on the equation α= 4πk
λ

. Fig. 5.6 (a) shows the absorption coefficient of the 

YHxOy film as function of photon energy at illumination times at 0, 10, 30, 60, 90, 120 and 
150 min, where k is extracted from the KK-consistent B-spline approach. At an illumination 
time of 0 min, there is almost no absorption below the bandgap for the YHxOy film, as 
depicted in Fig. 5.6 (a). With increasing illumination time, the absorption coefficient of the  
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Figure 5.6: (a) The evolution of absorption coefficient of the YHxOy film as a function of 
photon energy before illumination and during illumination of 150 min, derived from k with 
the Kramers-Kronig-consistent B-spline approach, compared with (b) the absorption 
coefficient of the epitaxial YO film from [34]. Fig. 5.6 (b) reprinted from Ref. [34]. 
 
photodarkened YHxOy film increases over a broad range from the visible to near-IR, in line 
with the reported broad spectral absorption in the illuminated GdHxOy film in ref. [2,35]. In 
addition, we notice that the absorption coefficient decreases towards lower photon energies, 
which is qualitatively similar to the absorption behaviour of yttrium monoxide (YO) shown 
in Fig. 5.6 (b). Kaminaga et al. [34] reported that YO is a semiconductor with a narrow 
bandgap (~0.1 eV), and it exhibits a large absorption (coefficient of the order of 104 cm-1) 
and high electrical conductivity (from 10-1 to 103 Ω-1cm-1) over a wide wavelength range 
(0.6-5 eV). Therefore, we discuss whether the photodarkening can be caused by opaque 
metallic-like YO domains formed in the YHxOy matrix under illumination. The presence of 
such light-absorbing YO domains may indeed explain the broad absorption shown in Fig. 5.6 
(a), while it could also explain the increased electronic conductivity in ref. [1,35-37] if the 
concentration of the YO domains is sufficiently large to cross the percolation limit. 
Furthermore, due to the thermodynamical metastability of YO [34,38], YO domains formed 
during illumination can be expected to disappear during bleaching in YHxOy. We note that 
the possible formation and disappearance of such rare-earth monoxide domains under 
illumination are not exclusive to YHxOy, but may also apply to gadolinium oxyhydride films, 
as Gd monoxides are small-bandgap semiconductors as well and exhibit a similarly high 
optical absorption coefficient, a high conductivity and they are thermodynamically 
metastable [39]. Within this model of formation of YO domains in YHxOy during 
photodarkening, quantitatively, the absorption coefficient in the range of 0.8-2.6 eV in Fig. 
5.6 (a) after 150 min of illumination is on average around eight times smaller than that of the 
pure YO film reported in ref. [34] (see Fig. 5.6 (b)). This model suggests that ~12% YO 
domains are formed after illumination of 150 min in YHxOy, i.e. a larger fraction than  the 
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fraction derived from the Anderson-Mott insulator-to-metal transformation (~3-4%) 
described in section 5.3.3.B.  

However, the formation of YO in YHxOy with different chemical compositions has 
distinct requirements for the movement of anions. Here, we only consider overall 
compositions YH3-2yOy with y in the range 0.5≤y≤1, since only oxyhydride films in this range 
exhibit photochromism [3,14]. Photochromic oxyhydride films in this composition range of 
0.5≤y≤1  tend to have phase segregation during synthesis, as YH2.5O0.25 and YHO are 
energetically favourable compared to intermediate compositions [26]. In the H-rich region 
with composition of YH2.5O0.25, both the release of hydrogen from tetrahedral and octahedral 
sites as well as the local rearrangement of oxygen, i.e. the absorption of oxygen from other 
regions are required to attain YO. However, oxygen is much less mobile than hydrogen, as 
demonstrated by 1H and 17O solid-state NMR and molecular dynamics studies [7,26,40]. In 
the hydrogen-poor YHO regions, the removal of all hydrogen atoms at the tetrahedral sites 
is needed to form the YO phase, while hydrogen at the tetrahedral sites is considered to be 
less mobile than hydrogen at the octahedral sites [27]. In this regard, the formation of YHxO 
with x<1 is chemically more favourable than YO in YHxOy as it requires less release of 
hydrogen. For x<1, yttrium in YHxO will have a mixed valence of Y2+ and Y3+, and the 
resulting YHxO phase might become a small bandgap semiconductor with light-absorbing 
properties in the full energy-range studied, when x is sufficiently small. The formation of 
such domains might therefore be a candidate for explaining the observed increase in the 
absorption coefficient 𝛼𝛼  in YHxOy under photodarkening. However, at which hydrogen 
composition YHxO (0 < 𝑥𝑥 < 1) will reach the required absorbing characteristics (i.e. similar 
to the small bandgap YO semiconductor) is unknown. The required insights into the 
electronic structure and absorption properties of YHxO as a function of hydrogen composition 
may be investigated by future ab-initio calculations. 

Based on the above scenarios, we note that the formation of opaque YO-like domains is 
more difficult in H-rich oxyhydrides than that in hydrogen-poor oxyhydrides. However, this 
is contradictory to the experimentally observed higher photochromic contrast (i.e. formation 
of more or better light-absorbing species) in the H-rich YH2O0.5 than in the relatively H-poor 
YHO [14]. In addition, a diffraction peak of YO around 36° is expected to be observed for 
the darkened YHxOy if ~12% of YO is formed under illumination [34,41], but such a new 
peak is not present in the XRD pattern of the YHxOy film in the photodarkened state after 
illumination of 2.5 h (Fig. S5.4). Therefore, these observations indicate that the formation of 
YO-like domains upon illumination in a YHxOy matrix can be ruled out as the main 
mechanism of photodarkening.  
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5.4 Conclusions 

The optical constants of the as-prepared transparent semiconducting YHxOy and opaque 
metallic YH~2, YHx and Y films are accurately determined by modeling spectroscopic 
ellipsometry data in the range from UV to near IR (0.8-3.8 eV). The results of the XRD and 
ellipsometry measurements show that YHx is a mixture of Y and YH~2. By employing a 
BEMA model to fit the ellipsometry data of the YHxOy film in the photodarkened state, the 
possibilities of the formation of metallic inclusions of either YH~2, YHx and Y in a 
semiconducting YHxOy matrix are examined. The least agreement of the experimental data 
and the fits within the BEMA model is in the case of YH2, while the best fit is in the YHx 
case. However, the formation of a few percent of YHx metallic domains in the 
semiconducting YHxOy matrix is unlikely since it requires the rearrangement and reversible 
local transport of a large number of both hydrogen and oxygen. On the other hand, the 
changes in the dielectric function of the YHxOy film during photodarkening are similar to 
that of the insulator-to-metal transition from YH2.9 to YH2.5, suggesting that a similar 
Anderson-Mott insulator-to-metal transition may occur in certain domains in YHxOy and 
provides a proper explanation for the photodarkening of photochromic YHxOy films. The 
increase in ε2 after illumination for 150 min in YHxOy suggests a film fraction transformed 
in a range of 3-4%. Finally, the absorption coefficient of the photodarkened YHxOy is similar 
to that of YO, suggesting that the formation of absorbing YO-like domains in the YHxOy film 
might explain the modified optical properties. However, this hypothesis can be dismissed as 
it contradicts with the higher photochromic contrast observed in H-rich relative to H-poor 
rare-earth oxyhydride films. 
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Supplementary information for Chapter 5 

Table S5.1: The resulting Drude parameters (the optical resistivity ρopt. and relaxation time 

τ) for Y, YHx and YH2, and the calculated mean free path lmfp, plasma frequency ωp and 
electron density ne from equations.  

sample 
ρopt.  
(μΩ·cm) 

τ (fs) lmfp (nm) ωp (10
16

 s
-1

) ne  (10
21 

cm
-3

) 

Y 340 1.6 1.6 (=~4.5 𝑎𝑎) 0.45 6 
YHx 460 1.2 1.2 0.45 6 
YH~2 380 1.0  1 (=~2 𝑎𝑎𝑓𝑓𝑓𝑓𝑓𝑓) 0.54 9 

 

 
As shown in Table S5.1, the optical resistivity ρopt. of all Y-based metallic films are on the 

order of hundreds of μΩ·cm. The ρopt. of Y and YH~2 films are close to each other, while the 

higher ρopt.in YHx compared to Y and YH~2 could be due to more scattering of electrons from 

the grain boundaries between two phases that exist in YHx. The ρopt. of YH~2 film in this work 

is at least two times smaller than the values of the sputtered hydride films reported by Zubkins 
et al. [1], which could be due to the denser structure of our film deposited at a lower pressure. 
Compared with e-beam evaporated films, our sputtered Y and YH~2 have several times 
higher ρopt. and shorter relaxation time 𝜏𝜏, which may be due to more carrier scattering from 

impurity centers in sputtered films coming from the Y target [2].  
In addition, the mean free path lmfp can be calculated based on the equation lmfp = 𝑣𝑣𝐹𝐹𝜏𝜏, 

where 𝑣𝑣𝐹𝐹 is the Fermi velocity. 𝑣𝑣𝐹𝐹 is ~106 ms-1 for Y along LM [2], 𝑣𝑣𝐹𝐹 is 106 ms-1 for YH~2 
along ΓΧ [2], so we assume that 𝑣𝑣𝐹𝐹  is also ~106 ms-1 for YHx. Furthermore, the plasma 

frequency ωp and electron density ne  can be derived from the equations 𝜔𝜔𝑝𝑝 = �
1

𝜌𝜌𝑜𝑜𝑜𝑜𝑜𝑜.𝜀𝜀0𝜏𝜏
 and 

𝑛𝑛𝑒𝑒 = 𝜔𝜔𝑝𝑝2𝜀𝜀0𝑚𝑚∗

𝑒𝑒2
, where, ε0  is the vacuum permittivity (8.854×10-12 F/m), e represents the 

electron charge (1.602×10-19 C),  𝑚𝑚∗ is the effective mass that is assumed to be the electron 
mass in vacuum here. Using the lattice parameters from XRD, the atomic density of Y and 
YH~2 are estimated to be 2.9×1022 and 2.8×1022 atoms/cm3, respectively. Hence, the electron 
density per yttrium atom in Y and YH~2 films can be estimated to be 0.2 and 0.3, respectively. 
In addition, we employ three Lorentz oscillators to describe interband transitions for Y, YHx 
and YH2 films. The equation for the Lorentz oscillator function is given by 

𝜀𝜀𝐿𝐿𝑜𝑜𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝐸𝐸) =
𝐴𝐴𝑛𝑛𝐵𝐵𝐵𝐵𝑛𝑛𝐸𝐸𝑛𝑛

𝐸𝐸𝑛𝑛2 − 𝐸𝐸2 − 𝑖𝑖𝐵𝐵𝐵𝐵𝑛𝑛𝐸𝐸
 

Where An is the unitless amplitude of the oscillator, Brn is the broadening of the oscillator in 
eV, approximately the full width at half-maximum (FWHM), En is the center energy in eV, i 
is the imaginary unit, n is the number of the respective oscillator. 
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Table S5.2: Lorentz parameters obtained from fits for as-prepared Y, YHx and YH~2 films 

 Y YHx YH~2 
ε∞ 1.5 1.6 1.6 
A1 9 6.8 1.5 
Br1 (eV) 2.9 5.1 0.7 
En1 (eV) 1.3 1.7 2.3 
A2 3.2 1 2.6 
Br2 (eV) 4 1.4 1.3 
En2 (eV) 1.6 2.3 2.9 
A3 1 0.6 2.3 
Br3 (eV) 3.7 2 3.3 
En3 (eV) 5.2 5.3 5.5 

 
 

 

Table S5.3: MSE of the fits of the BEMA model where metallic Y, YHx, or YH~2 inclusions 

are embedded in a homogenous semiconducting YHxOy layer. 

 MSE (Y) MSE (YHx) MSE (YH~2) 
10 min 21 18 22 
30 min 29 24 28 
60 min 34 28 31 
90 min 37 30 33 
120 min 39 33 34 
150 min 40 35 36 
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Figure S5.1: Representative ellipsometry spectra for the photodarkened YHxOy film collected 
after illumination of 10 min and 150 min at incident angles of 60°, 65°, and 70° and 
corresponding fits using a BEMA model where YHx inclusions and voids are embedded in a 
YHxOy matrix. 
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Figure S5.2: Representative ellipsometry spectra for the photodarkened YHxOy film collected 
after illumination of 10 min and 150 min at incident angles of 60°, 65°, and 70° and 
corresponding fits using a BEMA model where either Y inclusions and voids or YH~2 
inclusions and voids are embedded in a YHxOy matrix. 
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Figure S5.3: Representative ellipsometry spectra for the YHxOy sample collected after 
illumination of 10 min and 150 min at incident angles of 60°, 65°, and 70° and corresponding 
fits using a KK-consistent B-spline model.  
 

 
Figure S5.4: XRD patterns of the YHxOy sample before and after illumination of 2.5 h. 
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Figure S5.5: The imaginary part (n) and real part (k) of the complex refractive index as a 
function of photon energy in the YHxOy film before illumination and during illumination of 
150 min extracted from the BEMA model. 
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Figure S5.6: The imaginary part (n) and real part (k) of the complex refractive index as a 
function of photon energy in the YHxOy film before illumination and during illumination of 
150 min extracted from the KK-consistent B-spline approach. 
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6. General conclusions and future outlook 

General conclusions 
REHxOy films have attracted considerable attention because of their color-neutral 
photochromic effect. The photochromism of REHxOy films was first reported in yttrium 
oxyhydride in 2011. At the same time, a systematic slowing down of the bleaching kinetics 
upon photochromic cycling (the so-called memory effect) was also observed in yttrium 
oxyhydride  films. However, at the time of starting the research described in this thesis, the 
microscopic mechanism behind the photochromic effect and the memory effect were not well 
understood. Montero et al. proposed the formation of metallic domains to explain the 
photochromism in YHxOy films, according to his ellipsometry studies. In addition, a previous 
positron annihilation study suggested the formation of vacancies during photodarkening-
bleaching, based on the observed increase in the S-parameter, and speculated that the formed 
vacancy defects might be linked to the memory effect. This work focuses on investigating 
the nature and evolution of metallic-like domains and vacancy-related defects during 
photodarkening and bleaching in both YHxOy and GdHxOy films, and exploring their 
relationship with optical properties by a combination of in-situ illumination positron 
annihilation spectroscopy and spectroscopic ellipsometry studies.  

In this work, DB-PAS has been successfully used to investigate the different electronic 
structure of yttrium-based compounds, ranging from metallic Y, YH~1.9 to semiconducting 
YHxOy to insulating Y2O3. PALS results on these as-prepared films show that yttrium 
monovacancies are the dominant positron trapping sites and vacancy clusters are present in 
all studied films, while nanopores are additionally present in YHxOy and Y2O3. Having this 
information in mind, based on the reversible and irreversible part of the shifts of the S and W 
parameters obtained from in-situ illumination DB-PAS on both yttrium and gadolinium 
oxyhydride films, we discuss two types of metallic domains (phase-segregated hydrogen-rich 
metallic domains with a local composition of YH2Ox (x<0.5) in a mixed Y2+/Y3+ valence 
state, and Anderson-Mott insulator-to-metal transition in certain domains of the film) as 
possible cause for the photodarkening and suggest the formation of divacancy-like defects 
during photodarkening-bleaching, respectively.  

The formation of metallic domains under photodarkening is consistent with the reversible 
part of the shifts in the S and W parameters across six in-situ photochromic cycles, as well 
as with the fast initial decrease in the first positron lifetime (τ1) upon illumination and increase 
during bleaching observed in the in-situ illumination PALS study. Spectroscopic 
ellipsometry is further applied to examine the nature of metallic domains from an optical 
perspective. Combining the insights gained from the in-situ illumination PAS and in-situ 
illumination spectroscopic ellipsometry studies with easier removal of hydrogen from lattice 
positions compared to oxygen suggests that the formation of metallic domains related to 
Anderson-Mott insulator-to-metal transition in certain regions is the most probable 
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mechanism for the photochromism in REHxOy films. Nevertheless, the experimental results 
do not strictly exclude other explanations, such as the formation of yttrium monoxide-like 
domains in a semiconducting REHxOy matrix or phase-segregated YHx metallic domains.  

The evolution of light-induced vacancy defects and the bleaching kinetics over six 
photodarkening-bleaching cycles is further investigated by in-situ illumination DB-PAS and 
in-situ transmittance on both YHxOy and GdHxOy films. This establishes a clear link between 
light-induced vacancy defects and the memory effect. A strong correlation between the S-
parameter after bleaching and the bleaching time constant is revealed, suggesting that the 
microstructural evolution that leads to the slower bleaching involves vacancy creation and 
agglomeration. This is corroborated by PALS before and after one cycle, showing the 
irreversible formation of divacancies and the growth of vacancy clusters after bleaching, most 
probably due to the release of hydrogen liberated during illumination. Furthermore, in-situ 
illumination PALS monitors detailed time-resolved evolution of various types of vacancy 
defects during photodarkening and bleaching, showing the gradual formation of divacancy-
like defects during photodarkening from clustering of the preexisting yttrium monovacancies 
with light-induced hydrogen vacancies, as well as the fast release of hydrogen from vacancy 
clusters during the first few minutes of illumination. 

 
Future outlook 
This work offers key insights into the microscopic mechanisms behind the photochromic 
effect and the memory effect, providing a basis for designing REHxOy films with improved 
photochromic properties for future applications. However, there are still questions to be 
answered in future research to fully understand the photochromic effect and the memory 
effect, as well as to improve the photochromic properties for practical uses.  

For instance, an examination of the nature of the Anderson-Mott insulator-to-metal 
transition in rare-earth oxyhydrides through ab-initio calculations, as done in rare-earth 
hydride systems, is necessary for a fundamental understanding of the photodarkening. The 
formation of divacancy-like defects in subsequent cycles can be further validated by in-situ 
illumination PALS. To prevent the formation of mobile H0 and hydrogen vacancies during 
illumination, dopants with a reduced susceptibility to oxidize during post-oxidation, for 
example, Er2+, may serve as hole trapping centers during illumination, potentially eliminating 
the memory effect. In addition, the investigation of the influence of the external 
environments, such as vacuum and other gases, on the photochromic properties of oxyhydride 
films is crucial for optimizing storage and working environment of REHxOy films for various 
applications. Since uncapped rare-earth oxyhydride films may keep oxidizing and releasing 
hydrogen in air for long periods of time, it is necessary to assess the long-term stability of 
the composition, microstructure or photochromic properties of REHxOy films with a capping 
layer or under different storage environments. 
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Summary 
The tunable color-neutral photochromic properties of rare-earth oxyhydride films render 
them promising for applications in smart windows, memory devices, and photo-catalysts. 
The investigation of the microstructural and electronic structure changes during the 
photodarkening-bleaching cycles and their relationship with the optical properties deepens 
our understanding of the photochromic effect and the memory effect (slower bleaching rate 
upon cycling) in rare-earth oxyhydride films. This thesis explores the nature and evolution 
of metallic-like domains and vacancy defects during photodarkening and bleaching by in-
situ illumination positron annihilation spectroscopy and spectroscopic ellipsometry.  

First, we employ in-situ illumination Doppler broadening positron annihilation 
spectroscopy (DB-PAS) to investigate the formation of metallic-like domains and vacancy 
defects in photochromic yttrium and gadolinium oxyhydride films during a photodarkening-
bleaching cycle. Under illumination, partially reversible shifts in the Doppler S and W 
parameters toward those of the metal hydrides are observed in both yttrium and gadolinium 
oxyhydride films, indicating the formation of metallic-like domains. Two types of metallic-
like domains that could be responsible for the photochromic effect in oxyhydride films are 
discussed. The first type involves the formation of phase-segregated hydrogen-rich metallic 
domains with a local composition of YH2Ox (x<0.5) in a mixed Y2+/Y3+ valence state, 
requiring illumination-induced local rearrangements and transport of both hydrogen and 
oxygen in the semiconducting oxyhydride matrix. The second type of metallic domains 
discussed involves the liberation of hydrogen only by illumination, and a hydrogen 
vacancies-induced Anderson-Mott insulator-to-metal transition, which is inspired by the 
well-known insulator-to-metal transition observed for the yttrium trihydride to dihydride 
hydrogen switchable mirror systems. This transition in oxyhydrides may occur when the 
wave functions of photo-excited electrons that are trapped at Y 4(d) orbitals at neighbouring 
sites of the illumination-induced hydrogen vacancies 𝑉𝑉𝐻𝐻+at the octahedral sites, overlap and 
form metallic-like electron bands. In addition, the irreversible part of the shifts of the Doppler 
parameters, seen after one photodarkening-bleaching cycle, suggest that divacancy-like 
defects are formed by aggregation of light-induced hydrogen vacancies with yttrium 
monovacancies VY.  These yttrium monovacancies are already present in the as-prepared 
yttrium oxyhydride films, as detected by the complementary positron annihilation lifetime 
spectroscopy (PALS) measurements. 

Second, the evolution of vacancy defects and metallic domains upon photochromic 
cycling and their relationship with photochromic performance is further investigated by in-
situ DB-PAS under six photodarkening-bleaching cycles in both yttrium and gadolinium 
oxyhydride films. For the first three cycles, DB-PAS shows a progressive increase in the S-
parameter after each full cycle. A strong correlation between the S-parameter after bleaching 
and the bleaching time constant extracted from the transmittance measurements is observed. 
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This correlation suggests that the microstructural changes corresponding to the slower 
bleaching rate upon cycling (the memory effect) involve vacancy creation and aggregation, 
as the PALS measurements on yttrium oxyhydride films show the formation of divacancy-
like defects and growth of vacancy clusters after one cycle. To understand the memory effect 
microscopically, we propose that if bleaching is a diffusion-related process, the formed 
vacancy defects, induced by illumination, might affect the diffusion time by reducing the 
diffusion coefficient. Additionally, hydrogen loss could also be a key factor in the reduced 
bleaching kinetics. For the second three cycles, the observed reversible shifts in the Doppler 
parameters between the photodarkened state and the bleached state are consistent with the 
reversible formation of metallic-like domains, supporting the previously proposed 
mechanisms of the photochromism. 

Third, the time-dependent evolution of metallic-like domains and vacancy defects during 
photodarkening and bleaching at a time-resolution of minutes in two yttrium oxyhydride 
films is monitored by in-situ illumination PALS, revealing the dynamic changes in all three 
extracted positron lifetime components and their close relationship with the time-dependence 
of the optical transmittance. Upon photodarkening for the first ~3 min, a fast decrease in the 
shortest positron lifetime τ1 and a significant reduction in transmittance is seen for both 
samples, indicating a rapid initial formation of metallic-like domains. Simultaneously, the 
fast increase in τ2 and τ3 suggests the release of loosely-bounded hydrogen from vacancy 
clusters and nanopores. During further photodarkening, a gradual increase in τ1 is seen that 
suggests a rise in the concentration of divacancy-like defects in the semiconducting matrix. 
After the above bandgap illumination is stopped, two subsequent bleaching phases are 
observed. In the first bleaching phase of ~15 min, a strong linear correlation between the 
shortest positron lifetime τ1 and the photochromic contrast is seen that is quantitatively very 
similar for both samples, suggesting that the quantity of metallic-like domains decreases, 
leading to increased positron trapping at yttrium monovacancies and divacancy-like defects. 
In the second bleaching phase, a subsequent correlation between τ1 and the photochromic 
contrast is observed in the more H-rich sample, possibly due to the additional disappearance 
of metallic-like domains that grow to larger sizes in that sample. After bleaching, most of the 
metallic domains and the photoexcited electrons in the semiconducting matrix have 
disappeared, while the formed small vacancy complexes and grown vacancy clusters remain. 
Additionally, the PALS depth profiles before and after the photodarkening-bleaching cycle 
show that the light-induced generation of open-volume defects is homogenously distributed 
throughout the oxyhydride layer. This study deepens our understanding of the (nanoscale) 
structure-optical property relationship in photochromic yttrium oxyhydride films. 

Finally, we further examine the nature of the metallic-like domains optically using 
spectroscopic ellipsometry. Based on the extracted optical parameters of the YHxOy film in 
the photodarkened state, we examine three different models for the formation of metallic (or 
small bandgap semiconducting) light-absorbing domains in a semiconducting YHxOy matrix 
to explain the photochromic effect. Firstly, by applying the Bruggeman effective medium 
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approximation to the ellipsometry data of the photodarkened YHxOy film, we explore the 
possibilities of the formation of Y or Y hydride metallic domains in a semiconducting YHxOy 
matrix under illumination. The best fit suggests the formation of a few percent of YHx (a 
mixture of Y and YH~2 phases at a ratio of ~2:1) metallic inclusions within the 
semiconducting YHxOy matrix. Nevertheless, this model is questionable, as it would require 
the reversible rearrangements and transport of a significant amount of both oxygen and 
hydrogen. Furthermore, the formation of a high concentration of very large voids or specific 
(oblate/prolate) shapes of the metallic-like domains are required to explain the optical 
properties in the photodarkened state. Secondly, as an alternative model, we examine the 
formation of metallic domains related to the Anderson-Mott insulator-to-metal transition in 
certain regions of the matrix. The changes in the dielectric function of the YHxOy film in the 
visible to near-IR range during photodarkening, as derived by employing a Kramers-Kronig 
consistent basis-spline approach, closely resemble the optical transition from semiconducting 
YH2.9 to metallic YH2.5 films observed in studies on hydrogen switchable mirrors. This 
suggests that the Anderson-Mott insulator-to-metal transition that occurs in these rare-earth 
hydride systems also takes place in the photodarkened YHxOy film with up to ~4% of metallic 
domains formed. This model only requires the local removal of a part of the octahedral 
hydrogen, induced by the above-bandgap optical illumination. Finally, a third model, based 
on the formation of small bandgap yttrium monoxide-like domains can give a reasonable 
description of the optical absorption in the photodarkened state, but is dismissed as the main 
origin of the photodarkening of photochromic YHxOy films, as (1) the highest photochromic 
contrast is observed in hydrogen-rich oxyhydride films rather than compositions close to 
YHO, and (2) significant rearrangements and transport of a significant amount of both 
oxygen and hydrogen is required also in this model.  
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Samenvatting 
De instelbare kleur-neutrale fotochrome eigenschappen van zeldzame-aarde 
oxyhydridelagen maken deze lagen veelbelovend voor toepassingen in slimme ramen, 
geheugens en fotokatalysatoren. Het onderzoek aan de veranderingen in microstructuur en 
elektronenstructuur gedurende cycli van door belichting donker en transparant maken en hun 
relatie met de optische eigenschappen verdiept ons begrip van het fotochroom effect en het 
geheugeneffect (het langzamer transparant worden ten gevolge van het cycleren) in 
zeldzame-aarde oxyhydride lagen. Dit proefschrift exploreert de aard en evolutie van 
metaalachtige domeinen en vacature defecten gedurende het donker maken door belichting 
en de daaropvolgende relaxatie naar een transparante toestand met behulp van positron 
annihilatie spectroscopie met in-situ belichting en met spectroscopische ellipsometrie.  

Als eerste gebruiken wij Doppler verbreding positron annihilatie spectroscopie (DB-
PAS) met in-situ belichting om de vorming van metaalachtige domeinen en vacature defecten 
in fotochrome yttrium- en gadoliniumoxyhydride dunne lagen gedurende een donker-
transparant cyclus te onderzoeken. Onder belichting worden partieel reversibele 
verschuivingen in de Doppler S en W parameters in de richting van de waarden voor 
metaalhydriden waargenomen in zowel yttrium- als gadolinium-oxyhydride dunne lagen, wat 
een indicatie is voor de vorming van metaalachtige domeinen. Twee typen metaalachtige 
domeinen, die verantwoordelijk zouden kunnen zijn voor het fotochroom effect in 
oxyhydride dunne lagen, worden besproken. Het eerste type houdt de vorming in van fase-
gesegregeerde waterstofrijke metallische domeinen met een lokale samenstelling van YH2Ox 
(x<0.5) in een gemengde Y2+/Y3+ valentietoestand, wat belichting-geïnduceerde lokale 
herschikkingen en transport van zowel waterstof als zuurstof in de halfgeleidende oxyhydride 
matrix vereist. Het tweede type metallische domeinen, dat wordt besproken, houdt de 
vrijmaking in van alleen waterstof door belichting en een Anderson-Mott isolator-metaal 
overgang geïnduceerd door waterstofvacatures, wat wordt geïnspireerd door de bekende 
isolator-metaal overgang van yttrium trihydride naar dihydride, die wordt waargenomen in 
dit met waterstof schakelbare spiegelsysteem. Deze isolator-metaal overgang in oxyhydriden 
kan plaats vinden als de golffuncties van foto-geëxciteerde elektronen die gevangen zijn in 
Y 4(d) orbitalen op naburige roosterplaatsen van de door belichting ontstane 
waterstofvacatures 𝑉𝑉𝐻𝐻+ op de octahedrale roosterplaatsen, overlappen en metaalachtige 
elektronenbanden vormen. Daarnaast suggereert het irreversibele deel van de verschuivingen 
van de Doppler parameters, die worden gezien na één cyclus van donker en transparant 
maken door belichting, dat divacatureachtige roosterfouten worden gevormd door aggregatie 
van door licht geïnduceerde waterstofvacatures met yttrium monovacatures VY, die al 
aanwezig zijn in de originele yttrium oxyhydride dunne lagen, gedetecteerd door de 
complementaire metingen met positron annihilatie levensduur spectroscopie (PALS). 
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Ten tweede wordt de evolutie van vacature roosterfouten en metallische domeinen onder 
fotochrome cycli en hun relatie met fotochrome prestatie verder onderzocht door in-situ DB-
PAS onder zes cycli van donker maken door belichting en relaxatie naar de transparante 
toestand, in dunne lagen van zowel yttrium als gadolinium oxyhydride. Voor de eerste drie 
cycli laat DB-PAS een progressieve toename zien in de S-parameter na elke volledige cyclus. 
Een sterke correlatie tussen de S-parameter na relaxatie naar de transparante toestand en de 
tijdconstante van relaxatie naar de transparante toestand, verkregen uit de transmissie 
metingen, wordt waargenomen. Deze correlatie suggereert dat de microstructurele 
veranderingen, die corresponderen met de tragere relaxatiesnelheid naar de transparante 
toestand ten gevolge van cycleren (het geheugeneffect), de creatie en aggregatie van 
vacatures inhouden, aangezien de PALS metingen aan yttrium oxyhydride dunne lagen de 
vorming van divacatureachtige roosterfouten en de groei van vacatureclusters na één cyclus 
laten zien. Om het geheugeneffect microscopisch te begrijpen, stellen wij voor, dat, als de 
relaxatie naar de transparante toestand een diffusie-gerelateerd proces is, de gevormde 
vacatures, die geïnduceerd worden door belichting, de diffusietijd zouden kunnen 
beïnvloeden door de diffusiecoëfficiënt te reduceren. Verder zou waterstofverlies ook een 
sleutelfactor in de gereduceerde kinetiek van relaxatie naar de transparante toestand kunnen 
zijn. Voor de tweede drie cycli zijn de waargenomen reversibele verschuivingen in de 
Doppler parameters tussen de donker gemaakte toestand en de transparante gerelaxeerde 
toestand consistent met de reversibele vorming van metaalachtige domeinen, wat de eerder 
voorgestelde mechanismen van het fotochroom effect ondersteunt. 

Ten derde wordt de tijdafhankelijke evolutie van metaalachtige domeinen en vacatures 
gedurende het donker maken door belichting en relaxatie naar de transparante toestand in 
twee yttrium oxyhydride dunne lagen bepaald door PALS onder in-situ belichting met een 
tijdoplossend vermogen van minuten, waardoor de dynamische veranderingen in alle drie 
verkregen componenten van het positronlevensduur spectrum en hun nauw verband met de 
tijdafhankelijkheid van de optische transmissie worden ontrafeld. Onder het donker maken 
door belichting wordt voor de eerste ~3 min. een snelle afname in de kortste 
positronlevensduur τ1 en een significante reductie in transmissie gezien voor beide monsters, 
wat wijst op een snelle initiële vorming van metaalachtige domeinen. Tegelijkertijd 
suggereert de snelle toename van τ2 en τ3 het vrijkomen van zwak gebonden waterstof uit 
vacatureclusters en nanoporiën. Gedurende het vervolgens verder donker maken door 
belichting wordt een geleidelijke toename in τ1 gezien, die een verhoging van de concentratie 
van divacatureachtige kristalfouten in de halfgeleidende matrix suggereert. Nadat de UV 
belichting is gestopt, worden twee daaropvolgende fasen in de relaxatie naar de transparante 
toestand waargenomen. In de eerste fase van ~15 min. wordt een sterke lineaire correlatie 
tussen de kortste positronlevensduur τ1 en het fotochrome contrast gezien, die kwantitatief 
zeer vergelijkbaar is voor beide monsters, wat suggereert dat de hoeveelheid metaalachtige 
domeinen afneemt, hetgeen leidt tot verhoogde positronvangst in yttrium monovacatures en 
divacatureachtige roosterfouten. In de tweede fase wordt een daaropvolgende correlatie 

176



 

 165 

tussen τ1 en het fotochrome contrast waargenomen in het waterstofrijkere monster, mogelijk 
te danken aan het additioneel verdwijnen van metaalachtige domeinen, die tot grotere 
afmetingen zijn gegroeid in dat monster. Na relaxatie naar de transparante toestand zijn de 
meeste metallische domeinen en de fotogeëxciteerde elektronen in de halfgeleidende matrix 
verdwenen, terwijl de gevormde kleine vacaturecomplexen en gegroeide vacatureclusters 
bewaard blijven. Bovendien tonen de PALS diepteprofielen voor en na de cyclus van donker 
maken door belichting en relaxatie naar de transparante toestand aan, dat de door licht 
geïnduceerde generatie van open-volume roosterfouten homogeen verdeeld is over de 
oxyhydride laag. Deze studie verdiept ons begrip van de (nanoschaal) relatie tussen structuur 
en optische eigenschappen van fotochrome yttrium oxyhydride dunne lagen. 

Ten slotte onderzoeken wij de aard van de metaalachtige domeinen nader met behulp van 
de optische techniek spectroscopische ellipsometrie. Op basis van de verkregen optische 
parameters van de YHxOy dunne laag in de donkere toestand onderzoeken wij de 
toepasbaarheid van drie verschillende modellen voor de vorming van metallische (of 
halfgeleidende met kleine bandkloof) licht-absorberende domeinen in een halfgeleidende 
YHxOy matrix om het fotochroom effect te verklaren. Ten eerste onderzoeken wij, door de 
effectieve medium benadering van Bruggeman toe te passen op de ellipsometriedata van de 
door belichting donker gemaakte YHxOy dunne laag, de mogelijkheid van de vorming van Y 
of Y hydride metallische domeinen in een halfgeleidende YHxOy matrix onder belichting. De 
beste fit suggereert de vorming van een paar procent YHx (bestaande uit een mengsel van Y 
en YH~2 fasen in een verhouding van ~2:1) metallische insluitingen in de halfgeleidende 
YHxOy matrix. Niettemin is dit model vatbaar voor discussie, omdat het de reversibele 
herschikking en transport van een significante hoeveelheid van zowel zuurstof als waterstof 
zou vereisen. Bovendien is de vorming van een hoge concentratie van zeer grote holten of 
specifieke (oblate/prolate) vormen van de metaalachtige domeinen vereist om de optische 
eigenschappen in de donker gemaakte toestand te verklaren. Ten tweede onderzoeken wij, 
als een alternatief model, de vorming van metallische domeinen in verband met een 
Anderson-Mott isolator-metaal overgang in bepaalde gebieden van de matrix. De 
veranderingen in de diëlektrische functie van de YHxOy dunne laag in het bereik van 
zichtbaar licht tot nabij-IR gedurende het donker maken door belichting, zoals afgeleid door 
gebruik te maken van een Kramers-Kronig consistente basis-spline benadering, lijken sterk 
op de optische overgang van halfgeleidende YH2.9 naar metallische YH2.5 dunne lagen 
waargenomen in studies van met waterstof schakelbare spiegels. Dit suggereert dat de 
Anderson-Mott isolator-metaal overgang die voorkomt in deze zeldzame-aarde hydride 
systemen ook plaats vindt in de donker gemaakte YHxOy dunne laag, waarin tot ~4% 
metallische domeinen zijn gevormd. Dit model vereist alleen het lokaal verwijderen van een 
deel van de octahedrale waterstof, geïnduceerd door de optische belichting boven de 
bandkloof. Tenslotte kan een derde model, gebaseerd op de vorming van yttriummonoxide-
achtige domeinen met een kleine bandkloof een redelijke beschrijving geven van de optische 
absorptie in de door belichting donker gemaakte toestand, maar dit wordt afgewezen als de 
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hoofdoorzaak van het donker worden van fotochrome YHxOy dunne lagen, omdat (1) het 
hoogste fotochrome contrast wordt waargenomen in waterstofrijke oxyhydride dunne lagen 
en niet bij samenstellingen dicht bij YHO en (2) significante herschikkingen en transport van 
een significante hoeveelheid van zowel zuurstof als waterstof zijn ook in dit model nodig.  
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