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MIXED-ANION PHOTOCHROMIC YTTRIUM OXYHYDRIDE AND 
GADOLINIUM OXYHYDRIDE: RESEARCH AND APPLICATIONS 

SUMMARY 

Rare-earth metal oxides and hydrides are the focal point in literature, promising 
various high demand solutions in industry and everyday life. Recently, a multi-
functional, multi-anion material class called “rare-earth metal oxyhydrides” were 
shown to be synthesized as a thin film under ambient temperatures with photochromic 
properties. Oxyhydrides present high level of flexibility for material development 
through various combination possibilities having multi-anions. The newly realized 
possibility of ambient temperature thin film synthesis possibility of rare-earth metal 
oxyhydrides attracted high attention from literature but, there is little to no data is 
available in conventional databases for rare-earth oxyhydrides. Combination of the 
oxyhydrides being an under-developed class of materials and the promise of presenting 
important solutions for a high demanding era we live in, oxyhydrides is an excellent 
topic to research. 

In 2011, the synthesis of yttrium hydride thin film in room temperature with wide-
spectrum transparency using only one step deposition process was shown. Originally, 
this research started to search for an alternative material for solar cells but, evolved 
into another dimension when the material was realized to be a highly responsive 
photochromic material that can modulate in wide spectrum. The material attracted high 
attention from literature and initially named as “oxygen containing yttrium hydride”. 
However, it was later found through synchrotron measurements that this material is 
belong to the emerging class of materials; rare-earth metal oxyhydrides. 

When exposed to air, yttrium dihydride (YH2) and gadolinium dihydride (GdH2) films 
turn into insulating and transparent yttrium oxyhydride (YHO) and gadolinium 
oxyhydride (GdHO), respectively. Oxidation in air, hence bandgap, can be controlled 
by deposition parameters. MHO (M; rare-earth metal) photodarkens when illuminated 
with light of adequate energy and intensity, recovers (bleaching) when stored in dark. 

Photochromic rare-earth metal oxyhydride knowledge and know-how was established 
around synthesis method, band-gap engineering, optical properties, anion sites in the 
lattice etc. but the photochromic mechanism and environmental effects either yet to be 
understood or never even investigated before the present thesis work has been started. 
Also, yttrium was the only rare-earth element that was shown to have photochromic 
properties and investigated. Especially the knowledge gap over the interaction of 
photochromic oxyhydrides with the environment, prevented the realization into a 
product that sought heavily in industry. Therefore, in the present PhD thesis the 
interactions of the photochromic rare-earth metal oxyhydride thin films with the 
environment were first and foremost investigated. This endeavor resulted with 
solutions that enabled product development. Furthermore, contribution to the 
knowledge of photochromic rare-earth metal oxyhydrides by developing and studying 
at least one more rare-earth element next to the yttrium was also targeted. 
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The studies showed that photochromic rare-earth metal oxyhydride thin films interacts 
with environment heavily. Additionally, we have published one article in Physical 
Review Materials that tries to shine a light to the understanding of the rare-earth metal 
oxyhydride photochromic mechanism, related to the environmental interaction: 
“Light-induced breathing in photochromic yttrium oxyhydrides”. The studies showed 
that during the photodarkening/bleaching cycle of yttrium oxyhydride, material 
releases/intakes oxygen following lattice contraction/expansion, respectively. We 
coined the term, breathing, after the accordion-like structural process of yttrium 
oxyhydride based on oxidation. The article was selected as an editor selection and 
featured in Physics magazine. Based on these studies, stable IGUs which has been long 
sought since 2016 was able to be manufactured. 

Another contribution for the explanation of the photochromic mechanism of yttrium 
oxyhydride thin films published in Physica Status Solidi Rapid Research Letters with 
the title of “Temperature-dependent photochromic performance of yttrium oxyhydride 
thin films”. In this article, we have presented the photochromic kinetics of yttrium 
oxyhydride thin films studied between 5-250K and presented a new approach which 
would enable new questions. 

The second part of the PhD thesis plan was contributing to the knowledge of 
photochromic rare-earth metal oxyhydrides by at least one another rare-earth element. 
Gadolinium was selected as a member of the rare-earth elements for study for having 
similar chemical properties and widely accepted by the nuclear industry for large 
neutron capture diameter. In the span of a year, the production know-how and 
knowledge related to gadolinium oxyhydride thin films were elevated also. One article 
was published in the journal Molecules that shows the post-deposition oxidation is 
related with the preferential lattice orientation which controlled by the deposition 
parameters: “Preferential Orientation of Photochromic Gadolinium Oxyhydride 
Films”. Additionally, another article based on the environmental interaction of 
gadolinium oxyhydride thin films will be submitted in an international journal in 2020. 

Environmental effect on rare-earth metal oxyhydrides was investigated further by 
systematic study of yttrium oxyhydride thin films under atmospheres with varying 
relative humidity levels. Correlation between the relative humidity levels and 
photochromic kinetics was observed and microstructure formation that causes the 
delamination was shown. One article based on the results is under progress and 
planned to be submitted in 2021. 

In the last part, applications developed during this thesis based on yttrium and 
gadolinium oxyhydride thin films were presented. First, photochromic kinetics of 
stable IGUs based on yttrium oxyhydride were presented. However, the properties 
photochromic rare-earth metal oxyhydrides present is much wider than only window 
applications as a result of their multi-anion nature. Lastly, photocatalytic properties of 
photochromic gadolinium oxyhydrides were also shown. 
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KARIŞIK-ANYON FOTOKROMİK İTRİYUM OKSİHİDRAT VE 
GADOLİNYUM OKSİHİDRAT: ARAŞTIRMA VE UYGULAMALARI 

ÖZET 

Nadir toprak metal oksitleri ve hidratları, son yıllarda insanlığın bir çok problemini 
çözmeye yönelik ürünlerin ortaya çıkmasına olanak sağlayan araştırmaların odak 
noktası olmaktadır. Bu grup elementler kullanılarak oldukça yakın bir zamanda, 
karışık-anyon yapılarına sahip nadir toprak metal oksihidrat ince filmlerin oda 
sıcaklığında ve tek kaplama basamağı ile üretilebildiği gösterilip fotokromik 
özellikleri keşfedilmiştir. Sahip oldukları karışık-anyon (oksit ve hidrit) yapısının 
sunduğu yüksek kombinasyon olanağı sayesinde, özgün malzeme geliştirilmesinde 
çok yüksek esneklik sağlanmaktadır. Fotokromik oksihidrat ince filmlerin oda 
sıcaklığında tek bir kaplama basamağı ile üretilebilme olanağı son yıllarda literatürden 
büyük bir ilgi görmüş olsa da, konvansiyonel malzeme bilgi merkezlerinde nadir 
toprak metal oksihidratları için bilgi bulmak neredeyse imkansızdır. Konvansiyonel 
malzeme bilgi merkezlerinde neredeyse hiç bilgi bulunamaması nadir toprak metal 
oksihidratlarının yeni olmasıyla beraber yüksek çeşitlilikte yeni malzeme üretilmesine 
olanak sağlayan karışık anyon yapıları sebebiyle ortaya çıkmaktadır. Tüm bu kısıtlı 
bilgi birikimi ve sahip olduğu ciddi sorunlara cevap üretebilme potansiyeli, üzerine 
çalışılmasını oldukça ilgi çekici kılmıştır. 

2011 yılında yapılan çalışmalarla geniş spektrumda, yüksek ışık geçirgenlikli itriyum 
hidrat malzemelerin oda sıcaklığında üretilebildiği ilk defa gösterilmiştir. Fotovoltaik 
hücreler için malzeme geliştirmek üzere başlatılmış olan çalışma, malzemenin aynı 
zamanda hızlı tepki veren ve spektrumun tamamında optik modülasyon sağlayan 
fotokromik özelliğinin keşfedilmesiyle yeni bir boyut kazanmıştır. Literatürün hızlıca 
dikkatini çeken malzeme öncelikli olarak “oksijen içeren itriyum hidrat” olarak 
adlandırılsa da yapılan sinkrotron karakterizasyonları sonrasında malzemenin 
oksihidrat ailesine ait olduğu gösterildi. 

İtriyum dihidrit (YH2) ve gadolinium dihidrit (GdH2) ince filmler hava içerisinde 
oksidasyon sonucu yalıtkan ve transparan yttrium oksihidrat (YHO) ve gadolinium 
oksihidrat’a (GdHO) dönüşmektedir. Kaplanan nadir toprak metal oksihidrat ince 
filmlerin hava içerisindeki oksidasyon ve dolayısıyla bant aralığı kaplama 
parametreleri ile kontrol edilebilmektedir. Elde edilen nadir toprak metal oksihidrat 
ince filmleri uygun enerji ve şiddete sahip ışık ile aydınlatıldığında kararıp ışık 
geçirgenliği geniş bir elektromanyetik spektrumda azalmakta, karanlıkta 
depolandığında ise transparan yapısına geri dönmektedir. 

Fotokromik nadir toprak metal oksihidrat malzemeleri hakkında bilgi birikimi, bu tez 
çalışması öncesinde, üretim metodolojisi, bant aralığı mühendisliği, optik özellikler, 
kafes yapısı içerisindeki anyon konumları vb. konularda oluşturulmuş fakat, 
fotokromik mekanizma ve çevresel etkilerin malzeme davranışına etkisi henüz 
anlaşılamamış ya da üzerine hiç bir çalışma yapılmamıştır. Bununla beraber, bu tez 
çalışması öncesinde nadir toprak elementleri içerisinde sadece itriyum katyonu ile 
oksihidrat sentezine dair bilgi birikimi geliştirilmiştir. Çevresiyle etkileşimine dair 
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bilgi eksikliği, malzemelerin ürünleştirilmesinin önündeki en ciddi engellerden 
olmuştur. Bu sebeple, tez çalışmasına öncelikle malzemenin çevresiyle olan 
etkileşimi, özellikle ürün geliştirmeye engel olan etkileşimler, sonrasında ise 
uygulama geliştirme temelinde başlandı. Buna ek olarak, geliştirilen kaplama yöntem 
ve bilgisinin itriyum katyonuna ek olarak en az bir nadir toprak elementi üyesini daha 
ekleyerek genişletilmesi ikinci ana hedef olarak belirlendi. 

Tez çalışması üç adet uluslarası dergilerde yayınlanmış makalelerin bir bütün hale 
getirilmesi ile oluşturulmuştur. Bu makalelerden ilki, Physical Review Materials 
dergisinde nadir toprak metal oksihidratlarının fotokromik mekanizmasının 
anlaşılmasına çevre ile etkileşim açısından katkı yapan, “Light-induced breathing in 
photochromic yttrium oxyhydrides” (Fotokromik itriyum oksihidratların ışık 
uyarımıyla nefes alması) başlığı altında 2020 yılında yayınlanmıştır. Çalışmalar, 
itriyum oksihidratın sırasıyla fotokromik kararma/ağarma çevrimi sırasında oksijen 
verip/aldığını ve bu çevrimi latis daralması/genişlemesinin izlediğini göstermiştir. 
Oksidasyon ile çalışan, akordiyon benzeri mekanizmayı temel alan “nefes alan 
(breathing)” terimi itriyum oksihidratın fotokromik çevrimi için ortaya atılmıştır. 
Çevre etkisine dayalı fotokromik çevrim sırasında itriyum oksihidrat ince filmlerinin 
yüzeylerinin hidrofobik özelliğinin kuvvetlendiği serbest yüzey enerjisi araştırmaları 
ile gösterilmiştir. Mor ötesi ışık altında tam tersi etki gösteren diğer fotoaktif ince 
filmler ile kıyaslandığında oldukça ilgi çeken ve çeşitli uygulama alanları 
doğurabilecek bir keşif olmuştur. Açığa çıkardığımız sonuçlar, teorik çalışmalar ile 
birleştirildiğinde, fotokromik nadir toprak metal oksihidratlarında oksijene bağlı 
ağarma bağıntısını göstererek nadir toprak metal oksihidratların fotokromik 
mekanizmasını açıklayan temel çalışmalardan biri olmuştur. Makale Physical Review 
Materials dergisi tarafından “editör seçimi” olarak seçilip Physics dergisi ana 
sayfasında ön plana çıkartılmıştır.  

İtriyum oksihidratların çalışma mekanizması temelinde tez çalışması süresince yapılan 
bir diğer katkı “Temperature-dependent photochromic performance of yttrium 
oxyhydride thin films” (İtriyum oksihidrat ince filmlerin fotokromik 
performanslarının sıcaklık bağımlılığı) başlığı altında Physica Status Solidi (RRL) 
Rapid Research Letters dergisinde yayınlanmıştır. Bu çalışmada, itriyum oksihidrat 
ince filmlerin fotokromik kinetikleri 5-250 Kelvin aralığında kızıl ötesi spektrometri 
kullanarak incelenmiş ve fotokromik mekanizmanın işleyişine yeni bir yaklaşım 
getirilmiştir. Açığa çıkartılan sonuçlara göre, ultraviole ışık altında kararma etkisi 
itriyum oksihidrat ince filmin sıcaklığından bağımsız olarak gerçekleşmekte olup 
sıcaklığın filmin ağarma davranışına doğrudan etkisi olmaktadır. Ayrıca, itriyum 
oksihidrat ince filmlerinin farklı sıcaklıklarda gösterdiği değişken ağarma davranışı 
ağarma mekanizmasının iyon difüzyonuna ek olarak elektron difüzyonu da içerecek 
şekilde çok katmanlı ve kompleks olabileceğine işaret etmiştir. 

Tez çalışmasının ikinci kısmı olarak, itriyum oksihidrat ile kısıtlı olan fotokromik 
oksihidrat literatürünü kimyasal özellikleri yakın kabul edilebilecek ve yüksek nötron 
yakalama çapı sebebiyle nükleer endüstrisinde yaygın olarak kullanılan gadolinyum 
ile genişletme amacı yer almaktadır. Bir senelik bir süre içerisinde, fotokromik 
gadolinium oksihidrat üretimi ve malzeme bilgi birikimi de geliştirilmiştir. 
Fotokromik gadolinyum oksihidrat üzerine yapılan çalışmalar “Preferential 
Orientation of Photochromic Gadolinium Oxyhydride Films” (Fotokromik 
gadolinyum oksihidrat filmlerinin tercihli kafes oryantasyonu) başlığı altında 
Molecules dergisinde yayınlanmıştır. Yayınlanan çalışmada, gadolinyum 
oksihidratların kaplama parametrelerine bağlı olarak tercihli kafes oryantasyonu 
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gösterdiğini ve taşlama sonrası oksidasyonun tercihli kafes oryantasyonu ile kontrol 
edilebileceği, bunun da fotokromik kinetiğini doğrudan etkilediği gösterilmiştir. 
Ayrıca, fotokromik gadolinyum oksihidrat sentezi sırasında oksidasyonun kontrolü 
sayesinde elde edilen filmlerin bant aralığının 1 eV düzeyinde değiştirilebildiği 
gösterilip aynı zamanda oksidasyonun kristal boyutu ile bağıntısı da ortaya konmuştur. 

Tez çalışması içerisinde fotokromik itriyum oksihidrat ince filmlerin çevre ile olan 
etkileşimleri üzerine yapılan çalışmalar itriyum oksihidrat ince filmlerin saklandığı 
atmosferdeki nem sebebiyle bozunduğu gösterilmiştir. Çalışma içerisinde fotokromik 
kinetiğin nem oranına bağlı korelasyon gösterdiği saptanmış, tabandan yüzeye doğru 
oluşan mikro yüzey formasyonlarının nem ile etkileşime bağlı olarak bozunmaya 
sebep olduğu gözlenmiştir. Sonuçları bildiren bir makale henüz hazırlık aşamasında 
olup, 2021 içerisinde uluslarası bir dergide yayınlanması beklenmektedir. 

Tezin son kısmında, yapılan çalışmalarla ulaşılan uygulama alanlarına dair sonuçlara 
yer verilmiştir. Tez süresince yapılan çalışmalar ile ulaşılan sonuçlar nadir toprak 
metal oksihidrat kaplamaların fotokromik yalıtkan camı olarak üretilmesine olanak 
sağlamıştır. Fotokromik itriyum oksihidrat yalıtkan cam ünitelerinin çalışma 
davranışıyla ilgili sonuçlar uygulama alanlarının öncüsü olarak yer almaktadır. 
Fotokromik nadir toprak metal oksihidratlarının çoklu-anyon yapısı ince film olarak 
oda sıcaklığında üretilebileceği gösterilmiş ve oldukça ilgi çekmiş olsa da sahip 
oldukları özellikler ve potansiyel fotokromik kaplamaların çok ötesindedir. Bu 
potansiyele ışık tutmaya yönelik sunulan ikinci uygulama alanı gadolinyum 
oksihidratların fotokatalitik davranışı ile ortaya konmuş ve tezin son kısmında ele 
alınmıştır. 
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 INTRODUCTION  

Photochromic oxyhydride materials received increasing interest since the first 

introduction of transparent yttrium hydride thin films prepared at room temperature 

[1] and photochromic properties [2] by Mongstad et. al. Photochromic thin films 

produced by rare-earth metals have been synthesized successfully by reactive 

magnetron sputtering [3] and e-beam evaporation [4]. Synthesis of rare-earth 

oxyhydride as bulk samples was also shown recently [5,6] by chemical method 

employing CaH2 for anion substitution with lanthanide oxides. Moreover, the large 

flexibility of multi-anion compounds offer unique new material possibilities that 

single-anion materials cannot possess but, finding information for this emerging class 

of materials, rare-earth metal oxyhydrides, in conventional data bases is difficult or 

non-existent [7]. Synthesis of photochromic rare-earth metal oxyhydride consists of 

two steps: rare-earth metal hydride thin film deposition using reactive pulsed DC 

magnetron sputtering under argon and hydrogen atmosphere followed by the oxidation 

by exposing the film to air. Reactively deposited hydride layer is initially opaque rare-

earth metal dihydride [3] which transitions into transparent after exposing to air 

resulting photochromic rare-earth metal oxyhydride (Figure 1.1). Resulting layer 

photodarkens when illuminated between UV and yellow light [8] and bleaches to its 

initial state when stored in dark. 

Photochromism in yttrium hydride was first introduced by Ohmura et. al. [9] at GPa 

scale pressures and showing single phase of hexagonal-YH3 show no optical change 

up to 10 GPa thus, indicating that coexistent state of multiple hydride phases might be 

important for photochromism. Later, Mongstad et. al. [1] demonstrated for the first 

time transparent yttrium hydride film deposition at room temperature with optical 

bandgap between 2.2 and 2.7, using pulsed DC reactive magnetron sputtering requiring 

no post deposition hydrogenation step and no palladium capping. Further, for the first 

time reversible photochromic properties of transparent yttrium hydride films was 

demonstrated [2] and the material named as ‘oxygen containing yttrium hydride’ with 

an oxide layer (5-10nm) on the surface [10] demonstrated by neutron reflectometry. It 
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was shown that the optical transmission and reflection can be modulated in a wide 

range, from UV to IR, by UV illumination. Also, electrical resistance 

decreases/increases up to a factor of 100 following darkening/bleaching, respectively. 

Photochromic mechanism studies of ‘oxygen containing’ yttrium hydride continued 

with Maehlen et. al. by demonstrating lattice contraction following photochromic 

response [11] using synchrotron x-ray diffraction (SR XRD) and suggesting that there 

may be a correlation between the two phenomena. Lattice contraction by 

photodarkening measurement through synchrotron study, which was also observed in 

XRD results [12], is important due to another study suggesting the contrary: photon-

induced hydrogen transfer [13]. It was suggested that the photochromic mechanism is 

due to the photon-induced hydrogen transfer from hydrogenated oxide phase to 

hydride phase and the peak shift in XRD measurements is a result of changed in 

intensity. However, this mechanism is postulating an unlikely hydrogen loading into 

the oxide layer at ambient temperature, diffused from hydride phase, during bleaching 

when the photochromic “oxygen containing rare-earth hydride” thin film kept in dark 

in order to demonstrate the widely known photochromic reversibility of photochromic 

rare-earth oxyhydrides in a relatively rapid pace [14]. However, rehydrogenation 

process cannot take place at ambient pressure [15] which makes the process suggested 

by this theory irreversible.  

 

Figure 1.1 : Schematic representation of photochromic rare-earth metal 
oxyhydride synthesis and photochromic cycle. 

On the other hand, if oxidation should take place after hydrogen anion diffusion during 

bleaching according to the suggested process [13], then it would also contradict the 



3 

photochromic reversibility of rare-earth metal oxyhydrides as a result of eventual full 

oxidation of the material. 

Synchrotron study of photochromic yttrium hydride [11] is also important for 

suggesting for the first time the rearrangement of H and O atoms in the lattice could 

be involved for material synthesis. Photochromic mechanism of rare-earth metal 

oxyhydrides eluded scientists for a long time and several complex characterization 

methods were employed to reveal this intricate problem. Chandran et. al. utilized 

nuclear magnetic resonance (NMR) spectroscopy and observed loss in mobility of YH 

moieties under white light illumination and return of mobility after several days, 

suggested the release of electrons and metallic phase formation for photochromic 

mechanism [16]. However, they stated this effect can be a result of lattice distortion 

and not related or a cause for photochromic effect. Also, prior to the NMR study, 

oxygen concentration for photochromic films was unknown thus, role of oxygen was 

completely excluded from any conclusion. Even though this mobility change was 

pointed as a proof of a connection between unique photochromic mechanism and 

hydrogen anion; more studies on better controlled samples are needed to explain 

photochromic mechanism because of the “presence of many possible reasons for 

disappearance of the sharp spectral features” and the complete exclusion of the other 

key anion, oxygen [16]. Following, another promising study [17] that shines light on 

the photochromic mechanism of ‘oxygen containing’ yttrium hydrides was conducted 

by XRD and Raman characterizations using samples demonstrating the photochromic 

mechanism involves formation of highly diluted metallic domain formation. Through 

Maxwell-Garnett approximation it was shown that only 2% in volume of the metallic 

phase growth under illumination may cause more than 30% contrast in the visible 

region [17]. Metallic domain formation study created questions as much as it 

answered, such as the role of oxygen and the reason behind the reversibility of 

photodarkening.  

Control over photochromic response is extremely important for applications and one 

of the key factors standing before device designs. You et. al. [18] demonstrated 

straightforward control over optical properties of ‘oxygen containing’ yttrium hydrides 

by changing deposition pressure by reporting direct bandgap change between 2.8-3.7 

eV. It was argued in the study that this change might be the result of oxygen 

incorporation increase but no compositional study was provided until the following 
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study [19] where the effect of change in oxygen and hydrogen concentrations over 

optical properties was systematically investigated. It was presented that the black 

opaque ‘oxygen-containing’ yttrium hydride film can be transformed to a 

photochromic yellow transparent material when the oxygen concentration increased 

above a certain threshold. This result also proved an earlier work [3] that showed the 

initial deposition was opaque yttrium dihydride (YH2) through investigation by 

aluminum capping as deposited yttrium hydride thin films without breaking the 

vacuum. The slow reaction with air, permitted by the porous aluminum capping layer, 

transformed the hydride layer into photochromic transparent ‘oxygen-containing’ 

yttrium hydride. During this transformation XRD measurements showed the peak 

transformation from dihydride to lower angles, indicating lattice expansion, as the thin 

film oxidized. Later, refractive index was calculated through ellipsometry studies [14] 

where only change was observed for the imaginary part k as increased during 

illumination. Also, the thickness dependence of photochromic contrast of “oxygen 

containing” yttrium hydride thin films were shown for the first time in the same study 

[14] by demonstrating higher thickness results with larger contrasts. Further 

spectrophotometry studies found that “oxygen-containing” yttrium hydride thin films 

presents an indirect allowed band gap between 2.5 and 2.6 eV but higher energy values 

for bandgap can be obtained between 3.2 and 3.3 eV if a direct allowed transition is 

considered [20]. In the same study, photoluminescence (PL) properties were also 

investigated and found that the PL yield is extremely low in transparent state and even 

lower in photodarkened state [20]. Later, thickness dependence was investigated 

further and shown that the photochromic response has a bulk nature [21]. 

Photochromic response can be controlled not solely by synthesis but also by 

illumination temperature and density. It was shown [8] that photochromic response of 

YHO thin films can be observed by illumination from UV (3.14 eV) to yellow light 

(2.20 eV) with intensities of 5.1 and 4.9 mW/cm2, respectively. Photochromic response 

reduction was observed as the photon energy reduces towards yellow light. In the same 

study, it was also found that higher temperatures work against the photodarkening; 

higher the temperature is lower the photochromic response. Temperature and light 

intensity effect on photochromic response was also reported in an early thesis study 

[22].  



5 

After the demonstration of photochromic ‘oxygen-containing’ yttrium hydride is 

actually belong to  yttrium oxyhydride (YHO) [23] by showing oxygen and hydrogen 

anions resides the tetrahedral sites through synchrotron measurements, name was 

adopted by the scientific community [24–28] and expanded to other rare-earth metal 

(Gd, Dy and Er) oxyhydrides with photochromic properties [24]. Showing 

photochromic properties by other rare-earth elements is especially important that 

demonstrates the great possibility and even larger flexibility of rare-earth metal 

oxyhydrides. After studying the composition of photochromic yttrium oxyhydride 

films using Rutherford backscattering spectrometry (RBS) and time-of-flight energy 

elastic recoil detection analysis (ToF-E ERDA), gradual oxidation was shown in 

samples following a decrease in hydrogen content [29], supporting You et. al. study 

[18]. Chemical formula derived from the compositional analysis was the next 

important step for investigating this emerging class of materials. Moldarev et. al. [26] 

performed a compositional analysis for YHO by utilizing time-of-flight elastic recoil 

detection analysis (ToF-ERDA) and revealed that oxygen replaces the hydrogen 

during oxidation, validating an earlier study [11] further by a powerful characterization 

method. As a result, a chemical formula was suggested for yttrium oxyhydride: YH2-

δOδ, 0.45<δ<1.5 [26]. In a parallel work [28], another chemical formula was also 

suggested using Rutherford backscattering spectrometry (RBS) and electron recoil 

detection (ERD); MH3-xOx, 0.5≤x≤ 1.5 where M represents rare-earth metal. 

According to the formula, each H atom can be replaced be one O. However, valance 

charge states of O and H are different and upon incorporating one O to Y, 2 H is 

expected to be released from Y cation. Chemical formula, YH3-xOx , of the yttrium 

oxyhydride was first predicted in an earlier theoretical article [30]. 

The results of the present PhD thesis have been documented in 3 papers published in 

international journals and disseminated in 4 international conferences as 4 invited talk 

and one oral presentations. One more paper to be published in an international journal 

is under progress. 

Thesis research attention was focused on the following question: photochromic 

mechanism of rare-earth metal oxyhydrides. First approach was the investigation of 

photodarkening/bleaching mechanism that we have found should be approached 

separately and we have investigated in different atmospheric compositions; in N2 and 

air [12]. In the first paper presented in this thesis, we have demonstrated the 
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atmospheric effect on photochromic YHO and the bleaching dependency over 

oxidation. The mechanism has led us study the surface further by XPS and wettability 

investigations using tensiometer. Moreover, structural characterizations revealed 

interesting results that we coined the term for the behavior of photochromic 

oxyhydride photodarkening/recovery cycle as “breathing”. Combined with the 

theoretical investigations, we showed the dependency of rare-earth oxyhydrides 

photochromic reversibility on environment [12] for the first time, specifically 

oxidation, that underpins the photochromic mechanism. Following this finding, we 

have investigated and presented as a second study in this thesis the resulting effect by 

environment and possible control during oxidation just after the magnetron sputtering 

with another photochromic oxyhydride; gadolinium oxyhydride (GdHO) [31]. We 

uncovered the influence of deposition parameters and film composition on oxidation 

resulting with varying levels of photochromic performance as well as bandgap. This 

study was the second investigation showing the environmental effect during synthesis 

controlled by the deposition parameters. We have investigated the environment effect 

over rare-earth metal oxyhydrides further and found that the water content in air have 

an adverse effect on yttrium oxyhydrides; yttrium oxyhydride thin film delamination. 

We have shown the correlation between relative humidity levels on photochromic 

kinetics and formation of microscopic features that causes delamination. Third and last 

published study demonstrates the investigation of YHO thin films using IR 

spectroscopy. It was shown that photochromic performance is dramatically influenced 

by temperature [32]. We have uncovered insightful results between temperature ranges 

of 5-250 K. This study was important by showing photodarkening and recovery might 

be governed by different mechanisms other than solely by anion transport. As the last 

part of this thesis, three different application results were presented: photochromic 

integrated glass unit (IGU) with yttrium oxyhydride, photocatalysis and 

superconductivity by gadolinium oxyhydride. This thesis is a small but sure step 

showing how large the rare-earth oxyhydride potential is and, only the surface has been 

revealed yet. 
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 LIGHT-INDUCED BREATHING IN PHOTOCHROMIC YTTRIUM 

OXYHYDRIDES1 

 Introduction 

Yttrium hydride and other rare earth hydrides are extremely strong reducing agents, a 

feature that complicates considerably their study. For their adequate handling in air, 

rare earth hydride thin films are usually protected against oxidation by, for example, 

Pd capping layers [15]. However, the incorporation of oxygen in rare earth hydrides 

after intentional exposure to air [3,24,25], or even through accidental contamination 

[33], leads to the formation of oxyhydrides, materials that contain oxide and negatively 

charged hydride [7,28,34,35], which exhibit very interesting properties. One of the 

pioneering works on this family of materials was carried out by Miniotas et al. [33], 

who reported gigantic electrical resistivity in oxygen-containing gadolinium hydride. 

Later, Mongstad et al. [2] reported photochromic properties in oxygen containing 

yttrium hydride, a feature observed very recently by Nafezarefi et al. [24] in other rare 

earth oxyhydrides such as dysprosium, gadolinium or erbium oxyhydrides. The 

photochromism in Y-related compounds can be traced back to Ohmura et. al [9], who 

observed light induced reversible darkening in yttrium hydride thin films subjected to 

high pressures (≈GPa). Despite the importance of the discovery, the emergence of this 

new inorganic photochromic material went unnoticed at that time, presumably because 

the pressure range required is not suitable for practical applications. Today, however, 

it is known that yttrium oxyhydride as well as other rare earth oxyhydrides, are 

photochromic at room temperature and at ambient pressure; hence, YHO, as an 

inorganic photochromic material has multitude of potential applications [36]. Note that 

in the text we refer to yttrium oxyhydride simply as YHO, a notation that, in principle, 

is not related to the stoichiometry of the compound, which will be discussed later. The 

origin of the photochromic mechanism in YHO is still open to debate and has been 

 
 
1 This chapter is based on the paper: Baba, E. M., Montero, J., Strugovshchikov, E., Zayim, E. Ö., 
Karazhanov, S. (2020). Light-induced breathing in photochromic yttrium oxyhydrides. Physical 
Review Materials, 4, 025201. https://doi.org/10.1103/PhysRevMaterials.4.025201 - Creative 
Commons Attribution 4.0 International license 
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attributed to different causes [16,17,37]. In the present paper, the study of the 

wettability of the YHO surface under illumination and darkness conditions, as well as 

the photochromic darkening/bleaching dynamics in air and in inert atmosphere, 

unraveled the cause that underpins the photochromism in YHO. According to our 

observations, oxygen diffusion takes place during illumination (in consequence the 

YHO lattice contracts). The displaced oxygen atoms leave behind an oxygen-deficient 

structure responsible for the optical darkening, which is in agreement with our 

previous observations [17]. In darkness, the YHO lattice expands back because of the 

filling of the oxygen vacancies by oxygen atoms, allowing the film to bleach back to 

its original state. Since YHO expands/contracts reversibly under dark/illumination 

cycling produced by the displacement inwards/outwards of oxygen atoms, we refer to 

this process as breathing. Due to this breathing, the correct bleaching of the photo-

darkened YHO coatings depends on the availability of an oxygen source. Thanks to 

the light-induced oxygen diffusion, YHO could be used for other purposes such as 

sensing and optical memories, broadening the traditional fields of application of 

photochromic materials. 

The wettability of YHO under illumination is unusual. All oxides and nitrides of low-

electronegativity metals can exhibit hydrophobicity [38,39]. It can be, therefore, 

expected that YHO exhibits hydrophobic properties as well. However, while the 

surface of yttrium oxyhydride increases its hydrophobicity when illuminated, other 

metal oxides turn into hydrophilic under UV illumination. In the latter case, the 

formation of electron-hole pairs under illumination leads to the creation of defect sites, 

where hydroxyl groups can be adsorbed, leading to hydrophilic properties [40]. 

Generally, when metal oxides are stored in darkness during periods of time ranging 

from 7 to 50 days [41,42], oxygen replaces back the adsorbed hydroxyl groups, giving 

raise to hydrophobicity. In the present work, the unexpected behavior observed in 

YHO, i.e., the enhancement of the hydrophobic properties under illumination, has been 

found to be caused by the same reason, that is, the oxygen-enrichment of the surface 

under illumination. 

 Methods 

YHO thin films were prepared onto glass substrates following a two-step deposition 

process. First YH2 metallic films were fabricated by magnetron sputtering in a Leybold 
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Optics A550V7 sputter unit. Second, postdeposition oxidation in air transformed YH2 

to YHO. In order to achieve YHO upon air exposure, precursor YH2 films have to be 

deposited when the chamber pressure is above a certain critical value, which results in 

films with large structural disorder [27]. Further details on the synthesis process of 

photochromic YHO can be found elsewhere [3,14,27]. A cold white LED array from 

Thorlabs (colour temperature 4600-9000 K) was used as illumination source for the 

photo-darkening experiments. The crystallographic structure of the obtained films was 

characterized by using x-ray diffraction (XRD) in a Bruker Siemens D500 

spectrophotometer (CuKα radiation, parallel beam geometry). The composition and 

surface oxidation states were studied by Xray photoelectron spectroscopy (XPS) in an 

Ulvac PHI Quantera II instrument. Surface roughness characterizations were 

performed using atomic force microscopy with area of 5 µm2 from Photonic 

Technologies picostation. The optical transmittance (T) of the YHO films in the clear 

and photodarkened state was measured using an Ocean Optics spectrophotometer 

QE65000 and a Perkin-ElmerLambda-900 with integrating sphere. Contact angle (CA) 

measurements were performed using KSV Attension Optical Tensiometer under air. 5 

µl drop volume was used for each CA measurement and three different sessile droplets 

were measured on several substrates for each value and averaged with a standard 

deviation of ±2. CA values in the equilibrium (θe) for water,  ethylene glycol (EG), 

and methylene iodide (MeI)–both EG and MeI from Sigma-Aldrich–were used to 

calculate surface free energies of yttrium oxyhydride films at clear and photo-darkened 

state using the van Oss-Good-Chaudhury method [43,44]. 

The calculations were performed with the Vienna Abinitio Simulation Package 

(VASP) code [45–47], based on density functional theory (DFT) using a plane-wave 

pseudopotential method together with the potential projector augmented-wave (PAW) 

[48–50]. The generalized gradient approximation (GGA) in the scheme of Perdew 

Burke-Ernzerhof (PBE) is used to describe the exchange correlation functional [47]. 

To describe the electron-ion interaction standard PAW-PBE pseudopotentials [51] are 

used with 1s1 for H, 2s22p4 for O and 4s24p64d for Y atoms as the valence-electron 

configuration. The plane wave functions of valence electrons are expanded in a plane 

wave basis set, and the use of PAW pseudopotentials allows a plane wave energy cutoff 

(Ecut). Only plane waves with kinetic energies smaller than Ecut are used in the 

expansion. Reciprocal-space integration over the Brillouin zone is approximated 
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through a careful sampling at finite number of k-points using a Monkhorst-Pack mesh 

[50]. We choose the energy cutoff to be 700 eV, and the Brillouin-zone sampling mesh 

parameters for the k-points set are 8 x 8 x 8. In the optimization process the energy 

change is set to 1 x 10-6 eV. The charge densities are converged to 1 x 10-6 eV in the 

self-consistent calculation. The range-separated hybrid Heyd-Scuseria-Ernzerhof 

(HSE06) functional is used for density of states calculations [52,53]. The hybrid 

functional requires a standard value of the (short-range) Hartree-Fock exchange (21%) 

mixed with a portion of PBE exchange (79%), also known as the HSE06 hybrid 

functional [53,54]. Selection of the parameter has been performed as an inverse value 

of infinity dielectric constant that is valid, if the energy band gap of these systems is 

larger than 3 eV. 

 Results and Discussion 

2.3.1 Hydrophobicity control through light illumination 

YHO thin films exhibit photochromic properties, that is, YHO films undergo a 

reversible decrease of their optical transmittance when illuminated with light of 

adequate energy and intensity [14]. Figure 2.1 shows the transmittance in the clear and 

photodarkened state for a 1400-nm-thick YHO film. This film decreased its luminous 

transmittance Tlum [55] from 78.5% to 26.7% after illumination. The luminous 

efficiency of the human eye (photopic vision) is presented in Figure 2.1(a) for 

comparison [55] . How to obtain such optical contrast by illumination will be discussed 

in detail in the next section. Recent studies by Nafezarefi et al. [27] revealed that the 

bleaching dynamics and photochromic contrast in YHO is affected by Zr doping. 

Nonilluminated (clear) YHO thin films show hydrophobicity with equilibrium contact 

angle θe values of 95o for water (see Table 2.1); however, θe values increased to 115o 

after illumination (again in the case of water), see Table 2.1 and Figure 2.1(b). Table 

2.1 also shows θe for ethylene glycol EG and methylene iodine MeI for the clear and 

photodarkened states. In the case of MeI, θe also increases after illumination, from 43o, 

yet remains constant for EG. Atomic force microscope AFM studies performed in such 

films revealed a relatively smooth surface with a rms value of surface roughness of 

around 8 nm. 
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 Different properties measured in the clear state and photodarkened 
state (after illumination) for a 1400-nm-thick YHO film: transmittance compared to 

the luminous efficiency of the human eye in photopic vision [panel (a)], contact 
angle photographs for water, a photo of water droplets onto a clear film, as well as 

the same film after being illuminated under a sun-shaped mask during1h [panel(b)]. 
XPS spectra corresponding to C1s, O1s and, Y3d [panel (c)]. 

The observed initial hydrophobicity of the YHO films (clear state) can be explained 

by the electronic structure of rare-earth elements. According to a detailed experimental 

analysis of the entire rare-earth oxide series carried out by Azimi et al. [39], the unfilled 

4f orbitals shielded by a full octet of electrons from the 5s2p6 shell result in a lower 

tendency of such compounds to form hydrogen bonds with the adjacent water 

molecules [39,56]. Hydrophobicity is not exclusive of the lanthanide f-shell group, but 

it can be achievable in any metal oxide provided that the electronegativity of such 

metal is low enough [38]. The low electronegativity of Y and the prevalence of yttrium 

oxide at the surface [29] explains the high θ shown inTable 2.1. 

One might expect decreased hydrophobicity under illumination caused by electron-

hole pairs. Such behavior occurs in other metal oxides [40,41,57–60]. As we stated 

previously, however, hydrophobicity in YHO is enhanced under illumination. The 

light-induced decrease of wettability can be explained through changes in the oxygen-

to-metal ratio at the surface. In metal oxides, coordinatively unsaturated oxygen atoms 

work as a Lewis base while the metal cations work as Lewis acid. Combined Lewis 

acid and base orientation of the surface causes high affinity towards water molecules 

[61], therefore the oxygen-to-metal ratio in the surface is crucial for understanding the 

wettability properties [62]. 
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 Equilibrium contact angle values (θe) for water, ethylene glycol (EG), 
and methylene iodine (MeI), as well as the measured total surface energy 
(γtotal) and its components: Lifshitz–van der Waals interactions term (γLW) 
and acid-base interaction term (γAB) calculated from the Lewis acid and 

base parameters (γ+ and γ−, respectively). All data given for the clear and 
photodarkened state. 

 𝜽𝒆 

(Water) 

(deg) 

𝜽𝒆 

(EG) 

(deg) 

𝜽𝒆 

(MeI) 

(deg) 

𝜸𝒕𝒐𝒕𝒂𝒍 

(mJ/m2) 

𝜸𝑳𝑾 

(mJ/m2) 

𝜸𝑨𝑩 

(mJ/m2) 

𝜸ା 

(mJ/m2) 

𝜸ି 

(mJ/m2) 

Clear state 95 81 43 45.55 38.07 8.98 2.98 6.76 

Photodarkened 

state 

115 81 60 28.88 28.58 0.31 0.18 0.13 

In order to study the compositional changes of the YHO surface, XPS measurements 

were performed before and after illumination. The results are presented for C1s, O1s, 

and Y3d in Figure 2.1(c). See Table 2.2 for the quantification of the different elements 

by XPS. The quantification has been done using survey spectra (not shown) 

considering Y3s, O1s, and C1s (column A) or Y3p, O1s, and C1s (column B) for both 

the clear and dark state. 

The carbon (adventitious) C1s signal can be deconvoluted into three different 

contributions. The signal corresponding to C-C has been established at 284.8 eV as a 

charge correction reference. Other contributions are located at 286.3 eV attributed to 

C-O-C and/or C-OH, which are expected to present a 1.0 eV difference in energy and 

hence are difficult to resolve), and O-C = O at 288.8 eV [63]. 

After illumination, the carbon content on the surface decreases, see Table 2.2. This 

decrease is more pronounced in the C-C contribution, Figure 2.1(c). Since the content 

of C in the surface decreases, the increase of adsorbed hydrocarbons is ruled out as the 

possible cause for the light-induced enhancement of the hydrophobicity [64–66]. 

Nevertheless, a decrease in carbon content can result in an increase of the intensity of 

the XPS contributions located at higher energies [67]. In particular, the decrease of 

carbon may result in an increase of the O1s intensity when compared to the intensity 

of the Y3d signal. For this reason, O/Y ratios in Table 2.2 have been calculated using 

Y3s and Y3p levels, which are closer in energy to O1s than Y3d. 
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 Quantification by XPS of the O, Y, and C content at the surface of a 
yttrium oxyhydride film in the clear and photodarkened state. Two sets of 

data are presented in each case. In case A the quantification has been 
done, taking into account levels C1s, O1s, and Y3s, whereas in B, O1s, 

C1s, and Y3p were considered instead. 

 Clear State Dark State 

 A B A B 

C (at %) 45.6 47.0 35.8 36.7 

O (at %) 38.4 37.9 48.1 46.9 

Y (at %) 16.0 15.2 16.2 16.4 

O/Y 2.4 2.5 3.0 2.9 

C/Y 2.9 3.1 2.2 2.2 

The O1s signal is composed of two contributions at 529.0 and 531.2 eV. The former 

can be attributed to O atoms bound to Y atoms, whereas the latter can be assigned to 

atomic oxygen [68]. After illumination, the oxygen-to-yttrium atomic ratio of the 

surface increases, see Table 2.2. This increase is consistent when comparing the O1s 

level to Y3s and Y3p levels, and takes place both for O bound to Y as well as for 

atomic O. The largest increase is observed in the latter, Figure 2.1(c). The 

contributions of the carbonates in the O1s region seem to be negligible. 

The obtained results for Y3d correspond very well to the Y2O3 stoichiometry. At the 

surface the samples consist of Y2O3, which agrees with our previous work [29]. The 

Y3d has well-resolved spin-orbit components, namely, Y3d and Y3d5/2. These 

components can be deconvoluted into Y2O3, with contributions at 156.6 and 158.4 eV, 

Figure 2.1(c) [68]. An extra doublet is needed for completing the fitting, with 

contributions at 158.6 and 160.3 eV. In this energy range, the possibilities are Y-OH 

[69], yttrium carbonates [69], and Y-H [70], the latter being the best candidate, since 

no evidence of carbonates and hydroxides is found in C1s or O1s. There is not a 

remarkable change in Y3d before and after illumination. 
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When comparing the current XPS results with previous published data [71], it is 

evident that the films studied here, obtained by an optimized sputtering process [3], 

present higher homogeneity. 

Surface-energy calculations, performed using the van Oss–Chaudhury–Good method 

[43,44], confirm the lower wettability through reduction under illumination of the total 

surface energy γtotal, see Table 2.1. The enrichment in oxygen of the surface, confirmed 

by XPS, reduces the Lewis sites as the surface approaches the Y2O3 stoichiometry. 

The nonpolar Lifshitz–van der Waals surface-energy component γLW also decreases 

from 38.07 to 28.57 mJ/m2, while the polar acid-base component γAB decreases from 

8.98 to 0.31 mJ/m2 after illumination. Here γAB = 2(γ+γ−)1/2, where γ+ is the Lewis acid 

and γ− the Lewis base parameters of surface tension. 

Hydrophobic yttrium-based oxides have been reported in the past [38,72]. In those 

works, as Y2O3−x coatings approached Y2O3 stoichiometries, contact angles increased 

[72]. This pattern is consistent with metal-to-oxygen ratios of surface studies [62]. 

Consequently, the enrichment in oxygen of the surface under illumination causes the 

light-induced hydrophobicity enhancement observed in YHO thin films. In the next 

section, the exchange of oxygen atoms between the film and the atmosphere, induced 

by illumination, is demonstrated. 

2.3.2 Light-induced breathing 

Photochromic yttrium oxyhydride has been obtained by the oxidation in air of 

reactively sputtered metallic YH2 films. The effect that the ambient humidity plays in 

this transformation is unclear. The incorporation of oxygen in the YH2 lattice causes 

the increase of the lattice constant a from 5.20 to 5.34 Å [1,3,24] and hence the 

displacement of the diffraction peaks towards lower angles. Under illumination, the 

lattice of the YHO films contracts back, but without reaching the original oxygen-free 

YH2 lattice constant [11]. 

After the incorporation of oxygen, NMR studies revealed that most of the hydrogen 

atoms in YHO remained in a local environment very similar to tetrahedral positions in 

YH2 [16]. Small signals, which can be attributed to mobile protons and to oxygen 

coordination, arise as well after air exposure. 

Figure 2.2(a) shows a grazing incidence XRD pattern corresponding to a yttrium 

oxyhydride sample in its initial (clear), illuminated (photodarkened), and recovered 
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(bleached) state. The standard diffraction peaks for YH2 and Y are also shown for 

comparison [Joint Committee of Powder Diffraction Standards (JCPDS) Cards No. 

04-002-6938 and No. 04002-7545]. 

The analysis of the XRD patterns revealed how the films undergo an accordionlike 

transformation: the YHO lattice contracts and expands when subjected to 

illumination/darkness cycles. 

Our previous optical studies pointed to the reversible formation of oxygen-deficient 

YHO metallic domains [17] within the dielectric YHO1-x lattice as the cause of the 

photochromic behavior and lattice expansion/contraction: 

𝑌𝐻𝑂 
    ೏ೌೝೖ೙೐ೞೞ    
ር⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ሲ

೔೗೗ೠ೘೔೙ೌ೟೔೚೙
ሱ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ሮ(1-η)YHO+η𝑌𝐻𝑂ଵି௫ + 𝜂𝑥𝑂 (2.1) 

Since the filling factor ff of the YHO1-x domains is predicted to be very small [17], the 

factor η must be η << 1. Dilution of YHO1-x domains in the dielectric YHO structure 

is necessary to achieve higher optical absorption rather than higher optical reflectance, 

which is consistent with experimental observations [2,14]. 

Very few oxygen atoms need to be released under illumination to produce a large 

optical contrast. In fact,  ff = 0.02 causes a drop of the visible transmittance larger than 

30% [14]. In addition, not all the released oxygen atoms necessarily need to leave the 

sample, and the material is able to host the outdiffused O atoms [73]. This was 

confirmed also by XPS in Fig. 2.1(c). Therefore, although the effective medium 

approximation works very well for modeling the optical properties [14], it is very 

difficult to confirm the release of oxygen in the experiment. 

However, we postulate that there must be some exchange of oxygen atoms under 

illumination/darkness between the sample and its surroundings. This exchange, as 

discussed before, is probably below the detection limit of most conventional 

techniques. To prove our hypothesis, YHO thin films were subjected to 2h period 

cycles (0.5 h illumination followed by 1.5 h darkness) inside a glovebox filled with N2 

and H2O content within the glovebox was below 0.1 and 1.4 ppm, respectively. The 

average transmittance of the film was measured between 600 and 800 nm during 

cycling and plotted in Figure 2.2(b). In the absence of air, the films lost part of their 

initial transparency in each cycle, not being able to recover fully. After 4 weeks of 

continuous cycling within the glovebox, the luminous transmittance Tlum of the 



16 

samples decreased from 78.5% in the nonilluminated state to 26.7%. This heavily 

photodarkened films were allowed to bleach in total darkness, both in air and in N2 

atmosphere (glovebox). The evolution of Tlum is presented in Figure 2.2(c). The 

bleaching speed of the photodarkened samples in darkness was much slower inside the 

glovebox than in air. In addition, during the recovery, a series of transmittance 

measurements were performed during a period of 24 h, both in air [Figure 2.2(d)] and 

in the glovebox [N2 atmosphere, Figure 2.2(d)]. 

The films kept in air recover their initial transparency after a few hours [Tlum clear, 

presented in Figure 2.2(c) as a horizontal dashed line], while the films in N2 recovered 

very little in the same period of time. Since there are no significant differences between 

the temperature inside and outside of the glovebox (both at ∼20◦C), the data presented 

in Figure 2.2(c)–(e) strongly indicate that a source oxygen from the ambient is crucial 

for adequate recovering of the photodarkened films. The need for ambient oxygen, and 

possibly water vapor, is consistent with the light-induced oxygen release hypothesis 

summarized in Equation (2.1). 

 

 Structural and optical changes under light illumination and the 
dependence of the photochromic dynamics on the atmosphere: x-ray diffraction 
patterns for a 1400-nm-thick YHO sample at the initial, dark, and bleached state 

[panel (a)]. Average transmittance measured between 600 and 800 nm during 0.5-h 
illumination followed by 1-h darkness in a sample kept in N2 atmosphere [panel 

(b)]. Differences in the recovery dynamics for the sample kept in air vs the sample 
kept in N2 atmosphere, as illustrated by the measurement of the luminous 

transmittance Tlum vs time [panel (c)] and by a series of transmittance 
measurements vs time [panels (d) and (e)]. 
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The dependence on the atmospheric composition rules out other possible explanations 

for the photochromic mechanism, including light-induced formation of defect pairs or 

lattice distortion [16]. The release of hydrogen [37] (instead of oxygen) is an 

alternative explanation that can also be ruled out but for a different reason. In this case, 

the reversibility of the process would require the rehydrogenation of the film, a process 

that cannot take place at ambient pressure [15]. Nevertheless, if hydrogen is released, 

the film could bleach by the incorporation of O, eventually approaching the Y2O3 

stoichiometry. However, this hypothesis is not supported by the x-ray diffractograms 

shown in Figure 2.2(a) and contradicts the reversibility of the process. Besides, the 

very large band gap of Y2O3 would lead to an increase of Tlum. Such increments are 

not observed, Figure 2.2(c) and (d). 

Considering the low electronegativity of Y, the idea of oxygen being pushed out of the 

YHO lattice by illumination may seem counterintuitive at first. The thermodynamics 

and kinetics of Eq. (2.1) need further studies for clarification. In the next section, a 

preliminary theoretical model for understanding the light-induced oxygen release in 

YHO films is presented. 

2.3.3 Theoretical considerations 

The experimental evidence presented above points to light-induced oxygen exchange 

between the film and the atmosphere. In the present section, this question is addressed 

by DFT modeling (ab initio calculations using VASP 5.3.5). It is known that 

photochromic YHO coatings are obtained experimentally by the partial oxidation of 

YH2 films in air. As discussed before, the incorporation of oxygen into YH2 results in 

the expansion of the YH2 lattice. The lattice parameter a increases, and hence the XRD 

peaks corresponding to YHO appear displaced towards lower angles when compared 

to oxygen-free YH2, Figure 2.3(a). The data presented in Figure 2.3(a) corresponds to 

two different samples. The evolution of the XRD pattern for the same sample before, 

during, and after the YH2-to-YHO transformation can be found elsewhere [3]. 
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 XRD patters [panel (a)] and optical properties of transmittance T, 
reflectance R, and absorbance A [panel (b)] corresponding to YH2 compared to 
photochromic yttrium oxyhydride (YHO). Schematic presentation of the bond 

coordination around Y, Y-O, and Y-H bond lengths, and splitting of the Y3d states 
at the conduction-band minimum for YHO of different stoichiometries, YHxOy, 

where yttrium, hydrogen, and oxygen atoms are presented as green, blue, and red 
spheres, respectively [panel (c)]. Calculated lattice constant and band gap [panel 

(d)] as a function of O/Y ratio in the YHxOy system. Total density of states from ab 
initio calculations as compared to experimental results from XPS measurements 

[panel (e)]. 

The oxygen intake also causes the band-gap opening. Figure 2.3(b) shows the 

experimental transmittance (T), reflectance (R), and absorbance (A) corresponding to 

YH2 and compared to photochromic YHO. YH2 presents the optical behavior of a 

metal, but after the incorporation of oxygen it turns into YHO, a wide-band-gap 

semiconductor. The role played by the ambient humidity has not been studied yet. 

Taking the crystalline structure of YH2 as the starting point [fm-3m and space group 

symmetry number (SPGN) 225], we build diverse YHO lattices of stoichiometry YH2, 

Figure 2.3(c). In particular, multiscale modeling [57] predicted the possibility of 

lattices of stoichiometry (i) Y4H4O3 111 P42m and (ii) Y2H2O 134 P42/nmm [74], as 

well as (iii) YHO and SPGN 129 P4/nmm, 215 P43m, 224 Pn3m, and 216 P43m. 

Systematic theoretical and experimental studies [3] pointed to P43m with SPGN 216 

as the most energetically favorable yttrium oxyhydride lattice, i.e., stoichiometry x=1 

and y=1 in YHxOy. In this structure, oxygen, as well as hydrogen atoms, are located in 
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tetrahedral sites. The x=1 and y=1 stoichiometry is consistent with the recent 

exhaustive compositional experiments [26,29]. 

YH2 (225), Y4H6O2 (224), Y2H2O (134), as well as Y4H4O3 (111), present a metallic 

character, whereas YHO (216) is predicted to be a wide-band-gap semiconductor, as 

expected experimentally. According to these results, YHO crystallizes into a cubic 

structure with a lattice constant a = 5.29 Å, which corroborates the lattice expansion 

that takes place in YH2 (a = 5.20 Å) when exposed to air. In particular, the expansion 

of a and the opening of the band gap after air exposure is predicted by DFT, see Figure 

2.3(d). The calculated lattice constant and band gap are plotted as a function of the 

Y/O ratio. The predicted value of a for YHO is, however slightly smaller than the 

experimental value observed (a=5.34 Å) [1,3]. Discrepancies may arise from the 

difficulty in measuring a due to the lattice strains, defects, or other deviations from 

ideality in these thin films. 

The Y, O, and H atoms occupy the Wyckoff positions 4c (1/4; 1/4; 1/4), 4a (0,0,0), 

and 4b (1/2, 1/2, 1/2), respectively, in this energetically favorable YHO (216) lattice. 

YHO belongs to the emerging family of materials called oxyhydrides [3]. The partial 

oxidation of YH2 , and hence the formation of YHO, triggers the expansion of the unit-

cell volume [74]. As a consequence of the lattice expansion, the bond distances in 

YHO will be subjected to oxygen-induced elongation, Figure 2.3(c). We show there 

the Y-O and Y-H bond lengths and the splitting of the Y3d states at the conduction 

band minimum for different YHxOy stoichiometries. 

The experimental XPS data and the calculated total density of states of YHO (216) are 

in good agreement, as shown in Figure 2.3(c). The opening of a wide band gap as the 

oxygen atoms are incorporated in the YH2 structure is also predicted by the ab initio 

calculations, Figure 2.3(d). However, the model overestimates the band gap. The 

calculated value of 4.9 eV for YHO (216) is about 1 eV larger than the experimental 

bandgap determined in the photochromic films by optical methods [3,14]. 

It should be noted that the YHO films, obtained by the oxidation of YH2 previously 

prepared by reactive sputtering, are polycrystalline and multiphase in nature—note the 

widening of the XRD peaks of YHO when compared to YH2 in Figure 2.3(a). 

Therefore, the energy-band diagram of the material most likely corresponds to a 

heterostructure of type II with a staggered band gap. 
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Assuming YHO (216) as the possible structure of photochromic yttrium oxyhydride, 

we can now explain the photochromic effect. The projected density of states (DOS) 

for YHO (216) revealed that both O and H atoms strongly contribute to the topmost 

valence band states. However, they are not hybridized because both H and O atoms 

are connected to the Y atoms independently from each other. On the other hand, the 

lowest conduction band is triply degenerate and formed mostly by Y d states, in 

particular, t2g states, Figure 2.3(c). This result suggests that the light-induced O 

released from the film can be caused by the pseudo Jahn-Teller distortion effect: Y 

atoms are located at the center of the tetrahedral H and O sublattices. Under 

illumination, the transfer of electrons from the valence band to the t2g bands will turn 

the YHO (216) lattice unstable [75]. 

As the p orbitals of O atoms are hybridized with the Y d orbitals, the degeneracy of 

the t2g states can be avoided by the removal of oxygen atoms. As a result, an O-

deficient unit cell with smaller lattice constant will be created. As reported by 

Pishtshev et al. [74], there are many O-deficient structural arrangements that can be 

obtained from YHO, Figure 2.3. 

Before illumination, yttrium cations are in the oxidation state 3+, which is the very 

stable state. After illumination, some (very few [17]) of the O atoms will be detached 

from the Y3+ cations. Those Y atoms evolve from a 3+ to 2+ oxidation state, which is 

less stable. In darkness, the Y2+ atoms oxidize back to Y3+ by the incorporation of 

oxygen atoms that remained within the lattice [73], Figure 2.1(c), or newly 

incorporated from air. 

As a result of illumination, metallic domains of smaller lattice constant will be created 

in the YHO (216) lattice, which results in the photochromic effect and the lattice 

contraction observed experimentally. The material seems to be able to host the out-

diffused O atoms, which in some cases can reach the surface or even leave the film as 

demonstrated before. After stopping the illumination, the released O atoms can return 

to their former positions and the initial optical transparency will be restored. 

 Conclusions 

When exposed to air the YH2 lattice expands from 5.20 to 5.34 Å due to the 

incorporation of oxygen. In addition to the lattice expansion, YH2 turns into YHO. 
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YHO is transparent and photochromic. The reversibility of the photochromic effect 

depends on the surroundings of the films, being a source of oxygen necessary for the 

adequate bleaching of the samples. Therefore, the photochromic mechanism must 

involve oxygen diffusion and oxygen exchange between the sample and its 

surroundings. A consequence of the oxygen diffusion is the unusual enhancement of 

the hydrophobicity and the reversible lattice contraction of the YHO films under 

illumination. Although further studies are needed, a preliminary theoretical study 

points to the pseudo Jahn-Teller effect as the possible cause of this light-induced 

oxygen diffusion observed YHO films. 
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 PREFERENTIAL ORIENTATION OF PHOTOCHROMIC GADOLINIUM 

OXYHYDRIDE FILMS2 

 Introduction 

Rare-earth metal oxyhydride (REMOH) thin films have attracted increasing interest 

during recent years due to their reversible photochromic properties at room 

temperature and ambient pressures [2,17,24,26]. Until now, the structure, chemistry 

and many properties of oxyhydrides have yet to be fully explored and almost no data 

is available in the usual material databases for rare-earth oxyhydrides [7]. Having 

multi-anion structures, rare-earth oxyhydrides present a high level of flexibility for 

material development thanks to the combination possibilities provided by two different 

anions: hydride and oxide. Besides powder production with a tube furnace [6,76], rare-

earth metal oxyhydride films have also been successfully produced by reactive 

magnetron sputtering [3,24,28] and e-beam evaporation [4]. Typically, the synthesis 

consists of few steps. First, a di-hydride precursor film [3,26,28] is deposited onto a 

substrate (e.g., glass). It is then oxidized by exposure to air, resulting in photochromic 

polycrystalline oxyhydride films [73]. Several studies further attempted at each time 

to reveal the mechanisms of photochromism in rare-earth metal oxyhydrides through 

time resolved X-ray diffraction using synchrotron radiation [11], composition analysis 

[26,28,77] and positron annihilation spectroscopy (PAS) [78,79]. However, the answer 

for the exact mechanism for rare-earth metal oxyhydrides still debated. 

The first study of gadolinium with varying levels of oxygen and hydrogen (GdOyHx) 

was carried out by Miniotas et al. [33], who reported gigantic resistivity, as well as 

band gap differences arising from compositional variations, i.e., a different hydrogen 

to oxygen ratio. However, the discovery of the photochromic properties of gadolinium 

oxyhydride (GdHO) had to wait until recently, when Nafezarefi et al. [24] reported 

 
 
2 This chapter is based on the paper: Baba, E. M., Montero, J., Moldarev, D., Moro, M. V., Wolff, M., 
Primetzhofer, D., Sartori, S., Zayim, E., Karazhanov, S. (2020). Preferential orientation of 
photochromic gadolinium oxyhydride films. Molecules, 25, 3181. 
https://doi.org/10.3390/molecules25143181 - Creative Commons Attribution 4.0 International license 
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GdHO films exhibiting photochromic contrast (differences in optical transmittance in 

dark and bleached state) around 45% after 8 h of illumination. 

Generally, photochromic YHO thin films show a preferred growth along the [100] 

direction [11,80]. Phase diagrams and structural analysis have been reported for 

different REMOH (REM = Y, Sc or Gd) compounds, YHO being the most studied 

system. These studies claim that the fcc structure and phase diagram for YHO can be 

extrapolated for other rare-earth metal oxyhydrides [28]. However, the correlation 

between crystalline orientation and photochromic performance has not been 

investigated. Different crystal orientations might facilitate or hinder transport 

phenomena, as it did in a previous study [12] where oxygen transport into the material 

was demonstrated to play an important role for the evolution of photochromic 

properties of YHO. 

In the present paper, we studied how the optical, compositional and structural 

properties of photochromic GdHO thin films are affected by subtle changes in 

preferential growth, which are controllable as a function of the deposition parameters. 

 Results 

Figure 3.1(a) shows the grazing-incidence X-ray diffraction (GIXRD) patterns for 

photochromic GdHO deposited at different p values measured under ambient air. The 

intensity parameter δ achieved its lowest and highest value for samples deposited at 

5.8 Pa (δ = 0.328) and 1.5 Pa (δ = 0.818), respectively. All films showed preferential 

growth along the [100] direction when compared to the standard diffraction peaks of 

GdH2 (Joint Committee of Powder Diffraction Standards JCPDS, card number 00-

050-1107). This reference standard pattern, where δ = 0.2537, is depicted as vertical 

lines in Figure 3.1(a). The average grain sizes deduced using the diffraction peaks 

(111), (200), (220) and (311) are plotted in Figure 3.1(b) as function of P. The grain 

size decreased with the increasing pressure P: the dependence was weak at P and below 

2 Pa, was much stronger at intermediate pressures, 2 < p < 5 Pa and diminished as P 

exceeded 5 Pa. It is well established through the Thornton diagram [81–84] that sputter 

deposition at higher pressures results in the opening of inter-grain boundaries. Open 

inter-grain boundaries in the precursor gadolinium hydride films resulted in a higher 

surface area and faster oxidation kinetics. Consequently, the precursor hydride films 

deposited at higher pressures resulted in oxyhydrides with a higher oxygen content. 
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Time-of-flight energy elastic recoil detection analysis (ToF-E ERDA) (Figure 3.5) 

confirmed a higher oxygen content in samples deposited at higher p, which resulted in 

films with a wider band gap (Table 3.1). The band gap values of all samples are 

presented in Table 3.1. With increased deposition pressure, the band gap increased by 

1 eV, approaching the value for Gd2O3. The presence of a Gd2O3 phase can explain 

the band gap widening (Table 3.1) and the reduced photochromic response (Figure 

3.4) observed in samples obtained from precursor hydrides deposited at higher p. 

Previous studies performed on YHO [18] suggested that variations of the band gap as 

a function of p were the result of changes in the O content in the films. Later, the 

oxygen incorporation result with the increased band gap by controlling deposition 

pressure was established [29] through compositional analysis performed on YHO 

samples deposited at 1 Pa and 6 Pa. It was shown that oxygen and hydrogen are 

anticorrelated. 

 

Figure 3.1 : Grazing -incidence X-ray diffraction (GIXRD) results for samples 
deposited at 1.5, 2.0, 2.8, 3.8 and 5.8 Pa. Photochromic films exhibited a change in 
the relative intensity of the different diffraction peaks as the oxygen incorporation 
increased due to the increase in deposition pressure. (b) The grain size reduced as a 

result of increased deposition pressure. 

The compositional analysis performed in the present work also proved the anti-

correlation between the O and H contents in the films. Figure 3.2(a) presents the O and 

H ratio as a function of p. Samples deposited at larger pressures were not included, as 

they presented low or no photochromism (Figure 3.4). The full depth profiles of 

oxygen and hydrogen can be found in the supplementary material, Figure 3.5. Figure 

3.2 also displays the dependence of the photochromic contrast ΔT on p. Analysis 
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shows strong correlation between p, H content and ΔT, which is consistent with earlier 

findings [26] for YHO. 

 

Figure 3.2 : (a) Composition of photochromic GdHO films and optical contrast ΔT 
as a function of deposition pressures. Optical contrast ΔT is averaged over 

wavelength 550 nm to 1000 nm. (b) Intensity ratio δ and ΔT as a function of 
deposition pressure. Curves are visual guides. 

Figure 3.2(b) displays the dependence of δ and ΔT on p. By increasing p from 1.5 to 

5.8 Pa, ΔT dropped from 40% to 0%, following the reduction of the intensity parameter 

δ. This decay with respect to deposition pressure clearly showed the strong correlation 

between preferential growth, optical properties, chemical composition and grain size 

of the GdHO films. The films with (200) orientation exhibit higher photochromic 

contrasts than the films with (111) orientation. It is well known for other oxides [85,86] 

as well as oxyhydrides [26] that changes in stoichiometry, specifically in oxygen 

content, result in changes in crystalline orientation and band gap. The experimental 

observations described above can be explained by a regulation of oxygen uptake 

through preferential orientation along the [100] direction. 

It should be noted that the changes in the preferential growth can also be observed in 

yttrium oxyhydride (YHO) as a function of film thickness in films deposited under the 

same p [21]. However, preferential orientation was only reported at larger thicknesses 

(>~200 nm) with no indication of preferential growth in thinner films. According to 

our study, the lack of preferential growth along the [100] direction should result in 

smaller grain sizes and a low photochromic response when the film thickness is below 

200 nm, in agreement with previous observations [21]. 
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 Materials and Methods 

GdHO thin films with thicknesses ranging between 525 and 615 nm were reactively 

sputtered onto soda-lime glass substrates following a two-step deposition process 

[3,26,28]. First, gadolinium hydride (GdH2-x) thin films were deposited by reactive 

pulsed DC magnetron sputtering from a metallic Gd target (purity 99.9%) in an H2/Ar 

atmosphere using a Leybold Optics A550V7 sputtering unit (Alzenau, Germany). The 

discharge power density was 1.33 W/cm2 and the hydrogen-to-argon flow ratio (H2/Ar) 

was kept at 0.22. The deposition pressure p was varied from 1.5 to 5.8 Pa by adjusting 

a throttle valve placed between the deposition chamber and the vacuum line. The 

deposition process was carried out without an intentional heating of the substrate. In a 

second step, the GdH2-x films were oxidized when they were removed from the 

chamber and were exposed to air, thus turning into a transparent and photochromic 

GdHO. 

The thickness of the films was measured using a Step-200 profilometer (Milpitas, CA, 

USA). The crystallographic structures of the films were characterized by grazing-

incidence x-ray diffraction (GIXRD) in a Bruker Siemens D5000 (CuKα radiation, 

parallel beam geometry and 2° angle of incidence, (Billerica, MA, USA). Grain sizes 

were calculated using the Scherrer equation [87], assuming spherical crystals; 

𝐿 = 𝐾𝜆 𝛽 cos 𝜃⁄ , (3.1) 

where L is the grain size, K is the shape factor chosen as 0.9, λ is the wavelength, β is 

the peak broadening at half maximum and θ is the diffraction angle. 

Further, we defined the intensity ratio parameter δ [85] as: 

δ = 𝐼(ଶ଴଴)/[𝐼(ଵଵଵ) + 𝐼(ଶ଴଴)], (3.2) 

where I(111) and I(200) are the intensities of the [111] and [100] diffraction maxima. 

Optical transmittance T, reflectance R and absorptance A of the GdHO films in the 

clear and photo-darkened state were obtained with an integrated sphere using an Ocean 

Optics QE6500 spectrophotometer (Dunedin, FL, USA). The photochromic contrast 

was defined as ΔT = Tclear − Tdark, where Tclear and Tdark were the transmittance in the 

clear and photo-darkened state, respectively. Analogously, the photochromic contrast 

in A and R were defined as ΔA = Aclear − Adark and ΔR = Rclear − Rdark. 
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The photochromic effect was triggered by a 6 W-lamp (wavelength 405 nm). Cyclic 

illumination was performed using a 405 nm-laser (4.5 mW). The absorption coefficient 

α was calculated from T and R values; 

𝛼 = 𝑑ିଵ ln((1 − Rଶ)/T), (3.3) 

where d is the film thickness. The absorption coefficient is related to the energy Eg of 

the optical band gap [88]: 

𝛼ℎ𝜈௠ = 𝛼଴൫ℎ𝜈 − 𝐸௚൯, (3.4) 

where hv is the energy of incident photon, α_0 is a constant and m is a factor that 

depends on the optical transition (m = 2 for direct-allowed and 1/2 for indirect-allowed 

transitions) [89]. 

Chemical composition analysis was performed by coincidence time-of-flight energy 

elastic recoil detection analysis (ToF-E ERDA) at the Tandem Laboratory of Uppsala 

University. In this work, projectiles of 36 MeV 127I8+ were used as a probe beam and 

the recoiled specimens were detected by a telescope ToF-E tube placed at 45° with 

respect to the beam’s direction [90]. A detailed discussion about the ToF-E ERDA 

setup used on similar samples (YHO) can be found elsewhere [77]. 

 Conclusions 

We studied GdHO films deposited onto glass substrates in an H2/Ar plasma prepared 

at different sputtering pressures. The influence of deposition parameters and film 

composition on the photochromic performance was systematically studied. We 

demonstrated that the preferential growth of GdHO films can be controlled by the 

variation of the deposition pressure. Highly oriented (200) films were formed at 

deposition pressures ≥1.5 Pa. The photochromic contrast >20% was found for films 

deposited at ≤2.8 Pa. Within this study, we also established band gap control from 2.8 

eV to 3.7 eV over reactively sputtered gadolinium oxyhydride films. We revealed an 

inverse correlation between deposition pressure and photochromic contrast in GdHO, 

determined by the oxygen content. Higher deposition pressures during the fabrication 

of the hydrides resulted in a higher degree of oxygen incorporation, followed by the 

reduced photochromic response when the sample was exposed to air, forming the 
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oxyhydride. We also showed that increasing oxygen incorporation is related to the 

preferential orientation changes of the lattice from [100] towards the [111] direction. 

 Supplementary Materials 

3.5.1 Optical characterization 

Figure 3.3 shows (a) optical transmittance T and (b) absorptance A as a function of 

wavelength λ and photon energy E, respectively, for photochromic GdHO samples 

(clear state) deposited at pressures P ranging from 1.5 to 5.8 Pa. As P increases, T 

increases in the visible regime between 400 and 700 nm (a) and the absorption edge, 

located at shorter wavelengths, shifts towards higher energies (b). 

 

Figure 3.3 : Transmittance (a) and absorptance (b) of photochromic gadolinium 
oxyhydride films reactively sputtered at deposition pressures between 1.5 and 5.8 

Pa. 

Figure 3.4 shows the difference in (a) transmittance ΔT, (b) absorptance ΔA and (c) 

reflectance ΔR for films deposited at different P before and after illumination. The 

absorption edge shifts towards shorter wavelengths with increasing P indicating a 

widening of the bandgap (bandgap energies are tabulated in Table 3.1). Eg
dir increases 

from 2.8 to 3.7 eV as P increases from 1.5 to 5.8 Pa. 

Figure 3.4(d) shows the absorptance averaged between 550 nm and 1000 nm in the 

clear Aclear and photodarkenened Adark states, as well as the photochromic response 

|ΔA| as a function of deposition pressure. The photochromic response decreases as P 

increases (e.g., P = 1.5 Pa, |ΔA| = 47 % and P = 5.8 Pa, |ΔA| ≈ 0 %). These results, 

which are consistent with previous reports [18], are attributed to the increase of oxygen 

content in the films prepared at larger P, resulting in higher porosity [91], favoring 
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thus the exchange of hydrogen and oxygen once the samples are removed from the 

sputtering chamber and exposed to ambient conditions [29]. 

Table 3.1 : Bandgap values of samples deposited between 1.5 Pa and 5.8 pa.; where 
Eg

dir refers to the energy of the direct bandgap. 

Sample 
Deposition 

pressure (Pa) 

Film Thickness 

(nm) 
Eg

dir (eV) 

GdH3   2.4[33] 

GdHO 1.5 616 2.8 

 2.0 575 3.0 

 2.8 550 3.1 

 3.8 525 3.3 

 5.8 540 3.7 

Gd2O3   5.4[92] 

 

 

Figure 3.4 : Change in (a) transmittance, (b) reflectance and (c) absorptance of 
samples plotted versus wavelength, deposited between 1.5 Pa and 5.8 Pa before and 

after 60 minutes of illumination. (d) Absorptance and photochromic response, 
averaged between 550-1000 nm, of samples plotted versus pressure. 
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3.5.2 Compositional analysis 

Figure 3.5(a and b) shows normalized and interpolated maps of the O and H content 

as a function of deposition pressure and depth. C impurities of up to 4 at. % are not 

indicated. All the majority elements (i.e., Gd, O and H) are uniformly distributed 

throughout the films, except at the surface, where an oxygen-rich layer (within 5-10 

nm) is found.  The increase in deposition pressure leads to stronger oxidation and 

decrease of hydrogen content. This effect can be attributed to variations of the porosity 

of the films [91]. The replacement of H atoms by O atoms during the oxidation process 

is suggested by the anti-correlation in the O and H content (Figure 3.5). Typical 

uncertainties - statistical and systematic - involved in this measurement, especially 

towards lighter elements as H, are discussed in detail using similar system elsewhere 

[77]. 

 

Figure 3.5 : Depth profiles of (a) hydrogen and (b) oxygen plotted versus 
deposition pressure deduced from Tof-E ERDA coincidence spectra (not shown). 
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 TEMPERATURE-DEPENDENT PHOTOCHROMIC PERFORMANCE OF 

YTTRIUM OXYHYDRIDE THIN FILMS3 

 Introduction 

Photochromism is the phenomenon in which the optical properties of a material are 

altered due to the absorption of electromagnetic radiation. This effect can be utilized 

for a broad range of applications, with a specific focus on smart windows, displays, 

and energy-saving applications. While it is well known that yttrium hydride (YHx) [9] 

exhibits photochromic properties at high pressures (GPa), it was recently demonstrated 

that rare earth metal oxyhydrides exhibit similar photochromic behaviors at ambient 

conditions [2,24]. The remarkable advantage of the latter class of materials is the 

ability to deposit thin films at room temperature using, e.g., magnetron sputtering 

[3,24,28] or electron-beam evaporation [4], with little to no additional processing, 

which offers excellent scaling potential for industrial applications. It was recently 

shown that rare-earth oxyhydrides can also be synthesized as bulk samples [5]. 

Furthermore, the ability to incorporate different anions offers tantalizing possibilities 

for creating new materials with unique properties that are not possible with single-

anion compounds [7]. However, many of the fundamental properties of rare-earth 

metal oxyhydrides have yet to be understood, which has hindered their widespread use 

in applications. 

Of the rare-earth metal oxyhydrides, yttrium oxyhydride (YHO) has been a strong 

subject of recent experimental [2,8,11,21,79] and theoretical [30,93] investigations. 

Thin films of YHO exhibit photochromic behavior, in which a decrease in the 

transmittance, and consequently an enhancement of light absorption, of the films 

(referred to as photodarkening) is observed upon illumination with photons with 

energies between 1.8 and 3.1 eV [8,18]. The photodarkening rate has been shown to 

 
 
3 This chapter is based on the paper: Baba, E. M., Weiser, P. M., Zayim, E. Ö., Karazhanov, S. (2020). 
Temperature-dependent photochromic performance of yttrium oxyhydride thin films. Physical Status 
Solidi RRL, 2000459 (1 of 5). https://doi.org/10.1002/pssr.202000459 - Creative Commons 
Attribution 4.0 International license 
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depend on both the intensity and the energy of the illuminating light. Removal of the 

illumination is followed by recovery of the film’s transmittance to the initial, 

transparent state (referred to as bleaching). Yttrium atoms in photochromic YHO have 

been shown to possess mixed oxidation states, either +2 or +3 [26]. Initially, the 

darkening process was postulated to arise from the formation of dilute metallic 

domains that arise from photo-induced changes in the charge state of Y [14,17]. 

Recently, oxygen was shown to play a key role in the photochromic process of YHO 

[12]. Indeed, photodarkened YHO thin films bleach back to their transparent pre-

illuminated state much more rapidly in air than in an inert ambient. It was proposed 

that the photochromic process could be explained in terms of light-induced breathing, 

whereby the exchange of oxygen atoms between the films and the ambient atmosphere 

during the darkening and bleaching processes results in contraction and expansion of 

the YHO lattice, respectively. Despite these observations, the fundamental mechanism 

for anion diffusion and its connection to the photochromic behavior of YHO is not 

well understood. 

In this work, we use transmittance infrared (IR) spectroscopy to study the dependence 

of photodarkening and bleaching of photochromic YHO thin films on temperatures in 

the range of 5 and 295 K. The photodarkening process of photochromic YHO 

demonstrates no dependence on temperature, as YHO can photodarken after exposure 

to UV light at temperatures as low as 5 K, where anion diffusion is expected to be 

highly limited. Bleaching of the films, however, is strongly influenced by temperature: 

a small recovery of the transmittance is observed between 5 and 50 K, whereas a slow, 

stepwise recovery occurs between 100 and 250 K. Based on our results, we suggest 

that anion diffusion does not contribute to the darkening or bleaching processes at low 

temperatures, and that other mechanisms, e.g., charge transfer, are needed to fully 

explain the photochromic process. 

 Experimental Details 

Thin films of metallic yttrium hydride (YH2-x) were deposited onto glass substrates 

using reactive magnetron sputtering under deposition pressures (Pd) of either 1 or 1.5 

Pa. Post-deposition oxidation to convert YH2-x to YHO was performed by exposing 

the films to ambient air at room temperature in accordance with the processing 

conditions reported in the literature [3,14] The photochromic behavior of the films 
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implies that the H:O ratio falls within the range determined from compositional 

analysis measurements [26,28]. The films were subsequently stored in an inert 

atmosphere (N2). The thicknesses of the synthesized YHO films, as measured using a 

Step-200 profilometer, were found to be 1250±50 nm. 

Infrared (IR) transmittance spectra were measured using a Bruker IFS 125HR Fourier 

Transform spectrometer purged with dry N2 gas and equipped with a quartz light 

source, a CaF2 beam splitter, and a liquid-nitrogen-cooled InSb detector. All 

measurements utilized a spectral resolution of 4 cm-1 with the empty sample holder 

serving as the background single-channel spectrum. The samples were cooled in He 

exchange gas in a Janis PTSHI-950-5 low vibration pulse tube cryostat equipped with 

two sets of ZnSe windows. The temperatures of the samples were varied between 5 

and 295 K (±1%) using a Lakeshore Model 335 temperature controller. The sample 

holder was rotated such that the unpolarized IR beam was incident at an angle of 40±3° 

on the surface of the film. Photodarkening experiments were performed by 

illuminating the films with a collimated UV laser diode (ThorLabs CPS405, λ=405±5 

nm, 4.5 mW power) along the direction perpendicular to the IR beam path and through 

two sets of sapphire windows. This geometry allowed variable temperature 

measurements of the optical transmittance during UV illumination. The IR beam 

aperture was set to 0.5 mm and focused within the UV-illuminated part of the film. 

Bleaching experiments were performed using the same geometry as the darkening ones 

but with the UV laser diode blocked. The photochromic performance was evaluated 

using the difference in the transmittance ∆T(ν, t) = Ti(ν, 0) – Tf(ν, t) between initial (i) 

and final (f) states. Here, T is transmittance, ν is wavenumber (cm-1), and t is the time 

between states i and f. For our analysis, we consider the value of ∆T averaged between 

4000 and 12000 cm-1. 

 Results and Discussion 

Figure 4.1 shows the evolution of the IR transmittance spectra at 295 K of YHO thin 

films deposited with Pd =1.0 and 1.5 Pa during photodarkening under UV light (panels 

(a) and (c), respectively), and during bleaching when the UV light is removed (panels 

(b) and (d), respectively).  
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Figure 4.1 : Infrared transmittance spectra (solid curves) of photochromic YHO thin 
films at 295 K during photodarkening for between 0 and 40 minutes [(a) and (c)] and 
during subsequent bleaching for between 0 and 16 minutes [(b) and (d)]. The upper 
[(a) and (c)] and lower [(b) and (d)] panels are for the films deposited at 1.0 and 1.5 

Pa, respectively. 

For both films, ΔT increases with increasing energy of the incident light, which is in 

accordance with previous reports in the literature [2,3,14,24]. After 40 minutes of UV 

illumination, the photodarkened films show an average ΔT over the range from 4000 

and 12000 cm-1 of about 8%. Upon removal of the UV illumination, the YHO thin 

films begin to bleach, and the initial transparencies of the films are recovered within 

16 min (Pd =1.0 Pa) and 10 min (Pd =1.5 Pa). 

Following this recovery, the films were cooled (without UV illumination) to 5 K and 

subsequently UV illuminated to produce the photodarkened state. Panels (a) and (b) of 

Figure 4.2 show the evolution of the IR transmittance spectra measured at 5 K during 

the photodarkening process for the two YHO films shown in Figure 4.1. (The increase 

in temperature of the films due to UV illumination is not more than 1-2 K.) The 

corresponding ΔT for the films are shown in Figure 4.2 (c) and (d). Compared to the 
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process at 295 K, photodarkening of the films at 5 K results in higher photochromic 

contrast (ΔT=~26% and 14% for Pd=1.0 and 1.5 Pa, respectively) and faster initial 

darkening rate. We caution, however, that the photochromic response in YHO thin 

films is known to be affected by other factors, e.g., deposition pressure [18] and 

previous darkening-bleaching cycles (so-called memory effect) [2]. The deposition 

pressure is inversely related to the photochromic contrast and, has been demonstrated 

for both YHO [18,29] and a related material, gadolinium oxyhydride [31]. The 

memory effect caused by consecutive darkening-bleaching cycles leads to higher 

photochromic contrast and faster photodarkening rates, which is consistent with the 

photodarkening behavior observed at 5 K.  

 

Figure 4.2 : Infrared transmittance spectra (solid curves) of photochromic YHO thin 
films in their initial transparent state and after photodarkening at 5 K between 5 and 40 

minutes for samples deposited at (a) 1 Pa and (b) 1.5 Pa. The average photochromic 
contrast (filled circular points) as a function of the UV illumination time is shown in 

panels (c) and (d) for the films deposited at 1.0 and 1.5 Pa, respectively. Here, the 
solid lines serve as guides to the eye. 
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Additional experiments are needed to fully elucidate the individual effects of 

photodarkening temperature and deposition pressure from those due to memory on the 

photochromic performance. It should also be noted that the photochromic contrast in 

the IR spectral region where O-H vibrations typically occur (3000-3500 cm-1) exhibits 

a significant ΔT at 5 K compared to the essentially null change at 295 K. Such a change 

might be indicative of the presence of and changes to OH-related species, but our data 

do not allow us to draw a definitive conclusion at this time. 

The mechanism(s) responsible for the photochromic effect observed in YHO, as well 

as other rare-earth metal oxyhydride, thin films is still under debate. In YHO thin films, 

it was recently suggested that oxygen out-diffusion from the lattice followed by 

formation of metallic YHO domains is necessary for the photodarkening process 

[12,17]. In contrast, it was proposed that photon-induced hydrogen transfer between 

phases [13,37] could also explain the photochromic mechanism. In either case, the 

ability of the films to achieve the darkened state at 5 K suggests that anion transfer is 

not responsible for this process at low temperatures. Furthermore, if the 

photodarkening process relied solely on anion transport, then a lower illumination 

temperature should decrease the darkening rate, even accounting for memory effects. 

Instead, we observe that the darkening rate increases strongly at 5 K compared to 295 

K. We propose, therefore, that the darkening process does not require in- or out-

diffusion of anions from the film. Instead, we favor a model where charge transfer, by 

UV illumination-induced bond breakage, is responsible for photodarkening. 

Given the extraordinary ability of the YHO thin films to photodarken even at 5 K, we 

have also investigated its effect on the bleaching process. Figure 4.3 shows the change 

in the average ΔT between 4000 and 12000 cm-1 vs. the time after the UV illumination 

was stopped (i.e., only the probing IR beam was incident on the sample) of the YHO 

thin films deposited at Pd=1.0 Pa (a) and 1.5 Pa (b) for temperatures ranging between 

5 K and 250 K. These bleaching measurements started with the samples held at 5 K 

for a period of about 40 minutes, with a new spectrum acquired every 30 seconds. As 

can be seen in Figure 4.3, the film remains in its darkened state at 5 K, with only a 

small amount of bleaching (ΔT≈1.5-2%) occurring even 40 minutes after the UV 

illumination was stopped. The average ΔT due to the drift of the spectrometer response 

over the same duration is <0.7%. Furthermore, transmittance measurements (not 

shown) of the YHO film deposited at Pd=1.5 Pa from 295 K to 5 K show that the films 
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remain transparent (ΔT<0.2%) while illuminated with the IR beam, i.e., the probing 

IR beam does not photodarken the films. Therefore, the small bleaching observed at 5 

K is considered a real result and not an experimental artifact. Subsequent heating of 

the samples between 10 K and 50 K produced no significant change in ΔT. For 

temperatures between 50 K and 200 K, the samples were heated in steps of 25 K, with 

the set temperature stabilized to within ±0.5 K. Transmittance spectra of the films were 

measured until the bleaching rate slowed considerably, which was typically after 5-10 

minutes. Above 200 K, the samples were heated in temperature steps of ~50 K (with 

the set temperature stabilized to within ±0.5 K) for 10-15 minutes until the transparent 

state was fully recovered. In both cases, transmittance spectra were acquired every 30 

seconds. Bleaching of the films remained slow during heating for temperatures up to 

and including 100 K. Above 100 K, the bleaching process becomes stronger, with 

similar amounts (ΔT =4-5%) of transparency recovered at each temperature. These 

results establish that the bleaching of photochromic YHO thin films is a thermally 

driven process. 

 

Figure 4.3 : Change in the photochromic contrast (open circles, left axis) of the 
photodarkened YHO thin films vs. the elapsed time after removal of the UV 

illumination, i.e., during the bleaching process. The temperature of the thin film during 
the measurement (solid curve, right axis) is indicated. The upper (a) and lower (b) 

panels are for the films deposited at 1.0 and 1.5 Pa, respectively. 
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The ability of the YHO films to recovery transparency below 100 K is remarkable 

because anion diffusion is considerably slowed down in this temperature range [94]. 

The prefactor and the thermal activation energy for hydride diffusion in YHx (for x 

between 1.91 to 2.03) were shown to vary between (1.0-4.8)×10-4 cm2 s-1 and 0.38-

0.53 eV, respectively[94]. Assuming that the H- diffusion parameters in YHO are 

similar to the ones for H- in YHx, then the diffusivity of H- at 100 K is estimated to be 

~10-30 cm2 s-1. The ionic radius of O2- is similar to that of H- [7,95], and, to first 

approximation, one could expect that the diffusion of O2- will be similar or slower 

compared to that of H-. Our results below 100 K indicate that anion transport should 

not solely be responsible for bleaching and that an additional mechanism (or 

mechanisms) is needed. We consider one possible mechanism that can explain the 

partial bleaching at low temperatures, which could potentially be the underlying 

mechanism for photochromism in rare-earth metal oxyhydrides: photo-driven charge 

transfer. Photochromic YHO consists of semiconducting and metallic phases when 

exposed to UV light [17], and interfacial charge transfer between these inhomogeneous 

domains could also explain the small recovery. Such a mechanism was recently 

proposed to explain the photochromic effect in MoO3:TiO2 crystalline-core 

amorphous-shell nanorods [96]. However, further studies on multi-phase systems and 

charge transfer in YHO are needed to fully understand the photochromic mechanism. 

 Summary 

In summary, we have used IR spectroscopy to show that the photochromic 

performance of YHO thin films is dramatically influenced by temperature, which 

yields new insights into the fundamental mechanisms responsible for the 

photodarkening and bleaching processes. Both the ability of the films to photodarken 

at 5 K and the small amount of bleaching (ΔT~1.5-2%) that occurs between 5 and 50 

K indicates that the photochromic behavior of YHO is not due solely to anion 

diffusion, either into or out of the film, as was previously postulated based on 

measurements at 295 K. The stepwise recovery of the transmittance at successively 

higher temperatures indicates that the mechanism(s) responsible for bleaching are 

complex and require further investigations to clarify their origin. 

The temperature dependence of the photochromic behavior presents intriguing 

possibilities for YHO films that require materials and devices exhibit tunable optical 
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properties when subjected to extreme thermal changes in space, e.g., IR stealth [97,98], 

particularly between the in-sun and in-eclipse conditions. Given their common 

photochromic behavior, the conclusions regarding the darkening and bleaching 

processes could extend beyond YHO and into other rare-earth metal oxyhydride 

materials. 
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 HUMIDITY INDUCED DEGRADATION OF PHOTOCHROMIC 

PROPERTIES OF YTTRIUM OXYHDRIDES 

Yttrium oxyhydride (YHO) exhibits photochromic properties at room temperature. 

Although transparency in clear state, contrast and kinetics of color change present 

interest for applications, i.e., smart windows, durability of the films is limited because 

of delamination. After several cycles of illumination with UV light on and off or just 

storage in humid atmosphere, contrast of the films lost, and delamination starts. In this 

section, we report about mechanism of delamination of the YHO films by systematic 

study of the films in environment with different humidity. 

Yttrium oxyhydride (YHO) present interest for applications in windows for reducing 

glare because of high transmittance in clear state (> 80%), contrast (>20%), fast 

coloration and bleaching times [3,14,18,21]. In order to realize YHO coatings into 

smart-window applications, environmental durability needs to be investigated. One of 

the limiting factors agains commercialization of YHO-based photochromic coatings 

in windows is delamination of the films from substrate that can happen after several 

cycles of illumination on/off with UV light or storage in humid atmosphere. Through 

systematic study it was shown that the reason of delamination is the interaction of the 

YHO films with humidity. 

 Methods 

Oxygen free yttrium hydride (YHx) layers were deposited reactively in an atmosphere 

containing Ar (6N) and H2 (6N) with H2:Ar ratio of 0.21 at 1 Pa. Pulsed DC magnetron 

sputtering was performed by Leybold Optics A550V7 sputter unit and, followed by 

post-deposition oxidation in air to synthesize yttrium oxyhydride (YHO). Resulting 

layer thickness measured as 700±10 nm. Illumination studies were performed using 

Thorlabs narrow wavelength UV lamp with intensity peak at 405nm with 30 minutes 

illumination and 30 minutes storage under darkness. Thickness measurement were 

performed using Step-200 profilometer. Surface images were obtained using a Hitachi 
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S-4800 scanning electron microscope (SEM) with an acceleration voltage of 10 kV 

was used. 

Humidity tests were performed using airtight boxes filled with saturated aqueous 

solutions [99] and molecular sieves where samples were placed right above the 

solutions, right after deposition. Relative humidity (RH) levels at 25oC were up to 

100% RH where RH levels (±1%) were set by using saturated aqueous solutions of 

Magnesium Chloride (Sigma Aldrich, 98%), Magnesium Nitrate (Sigma Aldrich, 

99%) and Sodium Chloride (Sigma Aldrich, 99.5%) for 33%, 53% and 75% RH, 

respectively. The driest environment was prepared by 3Å molecular sieve filled 

desiccator, 100% RH by DI water. Also, samples stored for six months in a glovebox 

containing dry air (H2O < 0.9 ppm) for long term testing. Illumination studies were 

performed after samples stored for 2, 4 and 14 days. 

 Results 

Figure 5.1 demonstrates the effect of water content in air on YHO photochromic 

performance over the duration of (a) 2 days and (b) 14 days. Photochromic as prepared 

YHO sample, first, characterized by 30 minutes UV illumination followed by 30 

minutes in darkness. Sample demonstrated ≈25% contrast where transmittance 

averaged between 650-800nm. After samples were stored in desiccators with 33% RH, 

53%RH, 75% RH, and 100%RH at 25oC. For comparison with a dry environment 

effect, one sample placed in a desiccator filled with 3Å molecular sieves and another 

in a dry air glovebox for long term testing. After 2 days of storage (Figure 5.1 (a)), the 

sample stored in desiccator with 3Å molecular sieve shows almost no change in 

contrast where samples stored in desiccators with 53% RH, 75% RH and 100% RH 

environments show considerable loss as well as slight increase of clear state 

transmittance (Tclear) before UV illumination. Also, the sample stored in 33% RH 

environment lost small contrast (≈5%) but not as high as the sample stored in higher 

RH environments (>7%), indicating a slight trend. After 14 days of storage (Figure 5.1 

(b)), all samples show contrast loss where a small change is shown by the sample 

stored in dessicator with 3Å moleculer sieve. Considering the desiccator filled with 

molecular sieves presents substantially low water content and still shows contrast loss, 

might indicate the degradation effect of even the residual water in the environment. 

Contrast loss of sample stored in desiccator with 3Å molecular sieve followed by the 
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sample stored in second lowest RH level of 33% (>7%). On the other hand, samples 

stored in 53%, 75% and 100% show similar (<8%) contrast losses after 14 days. 

 

Figure 5.1 : Photochromic performance of YHO samples by 30 minutes UV 
illumination/darkness cycle were measured. Transmittance (averaged between 650-
800nm) of samples after storing 3Å molecular sieve filled box, 33%, 53%, 75% and 

100% RH at 25oC for (a) 2 days and (b) 14 days as well as SEM images for 
samples stored for 14 days in (c) dessicator (3Å molecular sieve) and (d) 100% RH 

at 25oC. 

These results show that, YHO loses photochromic contrast with a substantial amount 

when stored in an environment with water presence higher than the water in air with 

33% RH at 25 oC. Rate change for darkening and recovery might be a direct result of 

structural damage by the water which is known to dissolve rare-earth oxides [66]. To 

investigate the structural effect of water on YHO samples stored in varying RH levels, 

SEM images were taken after 14 days storage at respective environments and can be 

observed in Figure 5.1 (c-d). The sample stored in desiccator (Figure 5.1 (c)) show no 

unusual feature on the surface whereas hill-like features can be observed in high 

quantities with denser clusters on sample stored in 100% RH for 14 days (Figure 5.1 

(d)). Further, features can be seen in more developed volcano-like state following RH 

levels and at 100% RH YHO layers almost cracked completely. Similar feature was 

reported before [3] which was attributed to the result of oxidation from capping layer 

and/or glass substrate itself. We can speculate from the perspective of our results that 
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the permeability of the mentioned aluminum capping might also be enough for more 

extensive environmental interaction. Further, features appear like a bottom up 

delamination or a pressure buildup damage rather than dissolving by water in the 

environment [66] which should be expected from top-down. However, even though 

the delamination was the result, bottom-up damage from the feature and the water 

itself being the source might indicate a reaction in the YHO resulting this eruption. 

Also, non-homogenous dispersion of these features can indicate not one, but several 

sub-phases might present in photochromic YHO [93] and interacting with water at 

different rates. On the other hand, feature formation can be delayed by depositing 

denser films hence preventing high rate of interaction since the bottom-up nature of 

the features indicate a bulk interaction rather than a film surface interaction. These 

denser films would ultimately have slower oxidation during bleaching [12] and can 

result much longer recovery times [24]. 

 Conclusion 

We have studied photochromic properties and surface morphology of YHO in 

atmosphere of different humidity. We show that storing the YHO in humidity 

environment results in reduction of the film contrast and eventual delamination riddled 

with eruptive features. Therefore, the storage and working environment as well as 

encapsulation is critically important for applications of the YHO films in windows. 
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 APPLICATIONS 

Photochromic rare-earth metal oxyhydrides are multi-functional materials and 

realization into applications was a natural progress through my thesis study. It can be 

considered fortunate to be able to work with such versatile and structurally flexible 

materials where my studies produced two considerable applications: stable 

photochromic integrated glass units (IGUs) that modulate their optical properties 

through the day and photocatalysis which can present novel answers to our complex 

problems in modern age. 

Applications are still in their early development phase where many aspects still need 

to be studied and improved much further. In this section, experimental results for two 

different application areas were presented and showing a glimpse of how large the 

potential rare-earth metal oxyhydride materials represent. 

 Integrated Glass Units (IGUs) 

IGU production is a natural next step for photochromic thin film development where 

the main goal is reducing carbon footprint of structures where IGUs placed by limiting 

input from sun passively. Photochromic materials photodarken only by light 

irradiation, requiring nothing else i.e., heat, voltage, or different gases, which makes 

them a truly smart window technology. However, several challenges prevented the 

wide-spread use of this technology so far, such as degradation, price, large number 

process steps or difficulties etc. Photochromic applications include organic materials 

[100,101] dominantly but inorganic compounds such as molybdenum oxide [102], 

tungsten oxide [103,104] or silver halides [105] are also being developed. In 2011 [2], 

photochromic rare-earth metal oxyhydrides are also joined the photochromic family 

synthesized by two step process; reactively magnetron sputtering of a single rare-earth 

metal hydride layer and consecutive oxidation by air in seconds. 

Investigation of photochromic rare-earth oxyhydrides gained momentum, which was 

explained in earlier part of this thesis, but production of rare-earth oxyhydride IGUs 
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was delayed because the lack of understanding of producing stable layers under air 

which also can modulate optical properties in a sensible time. As a result of this thesis 

study, stable photochromic yttrium oxyhydride IGUs are produced and currently long-

term tests are underway. Initially, IGUs were produced with photochromic kinetics of 

1:1 darkening/bleaching ratios (Figure 6.1) under illumination of AM1.5G Wavelabs 

Solar Simulator with 100% intensity. Later, it become possible to produce IGUs with 

rapid darkening and large contrasts (Figure 6.2) or fast bleaching with >20% contrasts 

(Figure 6.3) by improving deposition and production steps. 

 

Figure 6.1 : Initial stable photochromic yttrium oxyhydride IGUs showing 30% 
contrast with 1:1 darkening/bleaching ratios. 

 

Figure 6.2 : Stable photochromic yttrium oxyhydride IGUs can be produced with 
>30% contrast with rapid darkening but requiring longer time for recovery. 
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Figure 6.3 : Stable photochromic yttrium oxyhydride IGUs can be produced with 
rapid darkening (inlet, left top) and rapid bleaching (inlet, right bottom) with 

around >20% contrast. 

Currently, rare-earth oxyhydride based IGU technology under development for even 

larger applications and considered to be a successful application. Through the know-

how gathered during this thesis study, it is possible to produce photochromic rare-earth 

oxyhydride IGUs by other members of the rare-earth elements as well as yttrium and 

gadolinium.  

 Photocatalysis in GdHO 

As deposited rare-earth metal hydrides transition into transparent insulator 

photochromic rare-earth oxyhydride following oxidation when exposed to air [3,28]. 

This transition is not permanent [12]; when UV-illuminated the photochromic rare-

earth oxyhydride photodarkens approaching its initial metallic configuration [12,17] 

while also reducing electrical resistivity by up to a factor of 100 [2] depending on 

illumination time and recovers back when stored in dark. This modulation has 

interesting application potentials in memory devices and optical sensors, but more 

interesting applications can be realized by studying electronic configuration during 

this UV-illumination. 

First electronic study of yttrium oxyhydride was performed by Mongstad et. al., who 

reported work function of 4.76 eV through Kelvin probe measurement. Kelvin probe 

[106] is a non-contact non-destructive measurement method that measures work 

function by measuring contact potential difference (CPD). CPD measures the surface 

potential difference between surfaces of vibrating reference electrode and the sample 

where sample work function can be calculated. CPD changes are related to changes in 

the electron affinity, shift in the bulk Fermi level and the band bending due to surface 



50 

states [71]. In the case of photochromic rare-earth oxyhydrides, increased electron 

concentration can be related to increase in the CPD. 

Work function measurements were performed for GdHO samples deposited between 

1-2.8 Pa deposition pressures with fixed 1:10 H2/Ar flow ratio and 1.33 W/cm2 power 

density. Work function of samples at their clear state varied between 2.96 – 4.06 eV 

following deposition pressure increase where the sample deposited at the lowest 

deposition pressure showing the lower work function (Figure 6.4). It should be noted 

that, work function decrease trend following decrease in deposition pressure also in 

accordance with the photochromic contrast (Figure 3.2) and preferential orientation 

(Figure 3.1). Upon illumination, every sample demonstrated decrease in work function 

values possibly because of increased electron concentration by formation of diluted 

metallic domains [17] at photodarkened state. Due to the lower surface to volume ratio 

of thin films, it can be expected to have a higher efficiency from photochromic rare-

earth oxyhydride powders which should be the next step in the future. 

 

Figure 6.4 : Work function values of GdHO samples deposited between 1-2.8Pa 
deposition pressures. Work function of samples increases following deposition 

pressure increase. All samples show decrease in work function at photodarkened 
state after 30 minutes of UV illumination. 

Decrease in work function values of GdHO samples under illumination led the study 

into photocatalytic investigation by methylene blue degradation efficiency under UV 

light illumination. It was found that each sample shows photocatalytic efficiency 

higher than 6% after 1 hours of illumination, increased to higher than 16% efficiency 

after 6 hours of illumination where the sample deposited under the lowest deposition 

pressure showing the highest efficiency throughout the experiment (Figure 6.5). This 
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efficiency and deposition pressure trend can be correlated with the higher electron 

concentration which was found by the work function measurements (Figure 6.4). 

 

 

Figure 6.5 : Photocatalysis measurements of GdHO samples deposited between 1-
2.8 Pa deposition pressures. Photocatalytic properties were measured by methylene 
blue degradation efficiency during 300W light irradiation (75% Vis, 25% UV) of 

the samples for 6 hours. 

Photocatalytic materials present highly efficient and remarkable solutions for 

otherwise exceedingly difficult problems, i.e. surface self-cleaning [107], water 

purification [108], carbon dioxide conversion into fuels [109,110], photodegradation 

of contaminants [111] and especially hydrogen production by water splitting [112–

114]. Applications in such areas will be one of the next most impactful steps into the 

future. 
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 CONCLUSION 

During this thesis study, the environmental effect on photochromic mechanism of rare-

earth oxyhydrides using two members of the rare-earth elements, yttrium and 

gadolinium, has been investigated and results were published in three international 

journals. First, we have demonstrated that the oxidation during the synthesis of 

photochromic rare-earth oxyhydrides can, at least partially, be reverted by 

illumination; the YHO lattice contraction/expansion under illumination/darkness is 

accompanied by oxygen release/intake which causes the observed change in the optical 

properties, respectively. Further, we have subjected the YHO thin films to cyclic 

illumination under air and inert (N2) atmospheres and revealed that the reversibility of 

the photochromic effect requires a source of oxygen in the environment. Also, we have 

found that the hydrophobic properties of the surface oxide layer have remarkably been 

enhanced by illumination with UV light. Contrary to well-known photoactive metal 

oxides, wettability of the surface has been reduced considerably because of the 

influence of UV illumination. XPS studies showed that, the reason of the enhancement 

of hydrophobicity is related to that of the increased oxygen content in the surface after 

UV illumination. Moreover, we have showed by theoretical modelling that the oxygen 

diffusion might be caused by the pseudo Jahn-Teller effect. 

The study of the environment effect on the rare-earth metal oxyhydrides has been 

continued, by considering another member of the rare-earth metal oxyhydride class, 

gadolinium oxyhydride (GdHO), that has also been deposited by the reactive 

magnetron sputtering following the procedure established for the yttrium oxyhydride. 

We have found that the bandgap, photochromic performance, and structural properties 

can be controlled by deposition procedure and oxidation process. We have showed 

through chemical composition analysis using ToF ERDA that the higher deposition 

pressures result with higher oxygen content and lower photochromic contrast in GdHO 

films. Also, we found that one can control the preferential growth of GdHO films by 

controlling deposition process which also alters photochromic kinetics. For example, 

the higher orientation along the (200) direction resulted in higher photochromic 

contrasts. Controlling the bandgap by deposition parameter gives the key for the 
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materials engineering that can enhance flexibility in design, functionality, and possible 

applications. 

Another study based on the interaction between environment and rare-earth metal 

oxyhydrides was also conducted within the thesis duration. We have investigated the 

delamination of yttrium oxyhydride thin films after illumination/darkness cycles or 

just by storing in air. We have found that the water in air causes the volcano-like micro 

features on yttrium oxyhydride thin films which results delamination from the 

substrate. Consequently, the formed features might indicate the interaction between 

water in air and the yttrium oxyhydride thin films is a bottom-up process, contrary to 

an etching effect. Also, it was found that the photochromic kinetics of yttrium 

oxyhydride thin films degrade heavily based on the humidity levels in the environment 

where the yttrium oxyhydride thin films stored. An article based on the destructive 

effect of water in air on yttrium oxyhydride thin films is under progress and expected 

to be submitted in an international article in 2021. 

The initial aim at the beginning of this thesis, study of the environmental effect on 

rare-earth metal oxyhydrides, was satisfied by obtaining results and creating more 

questions by investigating effects of humidity, temperature, and oxidation in ambient 

conditions on yttrium oxyhydride and gadolinium oxyhydride. However, further 

studies are required to obtain a final answer for the photochromic mechanism question. 

Motivated by the studies of influence of the environment on photochromic 

performance of the rare-earth metal oxyhydrides, we have investigated the influence 

of temperature of YHO thin films between 5-250K by Fourier transform infrared 

spectroscopy. Initially, YHO thin films were subjected to UV illumination/darkness 

cycle in ambient temperature and consecutively illuminated by UV at 5K. One of the 

theories suggested very recently for the photochromic process was the photon-induced 

hydrogen transfer between two different phases: from hydrogenated oxide phase to 

hydride phase. According to this theory, a photo-induced hydrogen transfer from 

hydrogenated oxide phase to hydride phase must occur to initiate photodarkening. One 

of the problems was the requirement of hydrogenation of oxide phase at ambient 

temperature during bleaching for rare-earth metal oxyhydride to have photochromic 

reversibility where rare-earth metal oxyhydride photochromic reversibility were 

demonstrated extensively in the literature. However, such a hydrogenation process for 

oxides is not possible at ambient temperature. Second problem was the irrefutable 
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dependency of the hydrogen transfer to the hydride phase. Instead, the results related 

to YHO films photodarkened at 5K suggest that either anion (hydride or oxide) out 

diffusion is not responsible for photodarkening since anion diffusion at 5K is too weak. 

It might, on the other hand, be the result of photon-induced bond breaking between 

anion(s) and yttrium and following charge transfer without any anion mobility. From 

the first study which YHO thin films were investigated under N2 atmosphere and air, 

we concluded that the illumination with UV light has only broken the bond between 

yttrium and anion(s), however, anion(s) stayed in their sites at 5K. However, nuclear 

characterization studies can be a great approach to study anion mobility further after 

replacing anions of rare-earth metal oxyhydrides with their isotopes during synthesis. 

Following the remarkable photodarkening ability even at 5K, we studied the recovery 

of samples under darkness at 5K and as the temperature increased stepwise between 

5-250K. Initially, we observed a very small recovery at 5K followed by additional 

small recovery until 100K. It was intriguing to observe any recovery below 100K 

because anion diffusion is substantially slowed down in such temperature range. For 

this reason, bleaching of the photodarkened films in this temperature range indicates 

to a possibility of strong contribution of electronic bleaching mechanism. It is possible 

that a charge transfer between two phases, opaque-metallic and transparent-

semiconducting, can be responsible for this small bleaching effect which was 

demonstrated recently for MoO3:TiO2 crystalline-core amorphous-shell structures. 

Moreover, stronger recovery starting from 100K and above showed that the bleaching 

is a thermally driven process. Overall, the results showed that photochromic properties 

of YHO is based not only on anion diffusion. 

Second aim of the thesis study, increasing the photochromic rare-earth metal 

oxyhydride knowledge in literature with another rare-earth element, fulfilled by the 

third published article based on gadolinium oxyhydride. Additional articles based on 

the gadolinium oxyhydride are in progress and expected to expand the knowledge even 

further. 

During this thesis study, photochromic mechanism of rare-earth metal oxyhydrides 

were investigated with several approaches but, the photochromic mechanism has not 

been revealed yet. As the studies demonstrated, anion interaction and mobility hold a 

significant role for understanding the mechanism and measurement of anions in a 

mixed-anion material is not an easy task. One of the approaches in the future can be 
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made by replacing anions with their isotopes. Synthesis of rare-earth metal oxyhydride 

samples can be engineered by employing isotopes of hydrogen and oxygen which 

would allow the measurements with nuclear techniques as well as vibrational studies 

during the photodarkening/recovery more accessible and produce stronger signals for 

a better understanding. Also, studies of illumination source are still underdeveloped 

even tough there are reports showing the effect of different part of the spectrum on 

photochromic rare-earth metal oxyhydrides. Alternatively, it would be interesting to 

investigate higher power levels of irradiation sources (MW or GW levels) from 

different parts of the electromagnetic spectrum. Lastly, electronic properties of the 

rare-earth metal oxyhydrides require a better understanding and deserves a more 

intense focus. Photon-induced resistivity change was reported in literature and 

indicated photoconductive properties but investigation of this novel emerging class, 

mixed-anion rare-earth metal oxyhydrides, so far could only scratched the surface. 

Ultimately, considering the lack of information in conventional databases, there is 

potentially more room to discover that would result interesting applications. 

During this thesis study, great deal of properties of mixed-anion photochromic rare-

earth oxyhydride materials were discovered that can lead to exciting applications. One 

of such applications is the stable IGU development which was made into a product. 

IGUs that regulates the solar illumination passing through is a long-sought result which 

could not been realized into a product prior to this thesis study. Based on the results in 

this thesis, it became possible to develop a stable IGUs by YHO and GdHO. 

The other application of oxyhydrides studied in the thesis is based on photocatalysis. 

We found that GdHO present photocatalytic properties, shown by methylene blue 

degradation under UV illumination up to 20% efficiency. It should be noted that the 

samples that had been tested were GdHO thin films and it is expected to observe 

increased efficiency by reducing the materials dimensions, i.e., nano size powders or 

nano-rods. 
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