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Abstract 
 

A study of the photochromic effect in oxygen con-
taining rare-earth metal hydride thin films and multi-
layer structures 
Sigurbjörn Már Aðalsteinsson 
 
 

 
In this work, we have studied the photochromic response of several oxygen containing 
rare-earth hydride thin films (REHO, RE = Y, Nd, Gd, and Dy). Their chemical composi-
tion was characterized by an iterative multi-method approach based on ion beams, while 
the photochromic effect was measured by means of optical spectrometry. We report 
photochromic responses for YHO, NdHO, GdHO and DyHO of several thicknesses but 
averaged chemical compositions described by the formula REH2-δOδ; in the range of 
0.45 < δ < 1.5 (δ being the [O]/[RE] ratio). Possible side-effects of the ambient conditions 
on the photochromic effect in YHO thin films were investigated by comparing the optical 
properties (photochromic response and bleaching) of YHO films capped with two differ-
ent diffusion barrier layers (Al2O3 and Si3N4) to their respective uncapped sample. The 
ambient atmosphere was found to play no significant role in the photochromic effect. In 
sequence, identical YHO thin films were prepared on three different (transparent) sub-
strates (i.e., soda lime glass, CaF2, and Al2O3 as buffer layer). The effect of substrate 
induced stress in the YHO thin films was investigated in details and no significant corre-
lation between the substrate and photochromic effect was observed. Finally, isotope la-
beling in double layers of YHO and YDO was done to investigate possible diffusion of 
hydrogen/deuterium within the REHO layers. No diffusion of hydrogen/deuterium could 
be observed in the double layered structure during a one-week period and one illumina-
tion/bleaching cycle. 
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Summary in Swedish 

 

Fotokromiska material ändrar sina optiska egenskaper när de är upplysta med ljus och de är 

intressanta på grund av deras många tekniska applikationer. Syreinnehållande tunnfilmer av 

sällsynta jordartsmetallhydrider (REHO) är transparent och fotokromisk. När de är upplyst 

minskar deras transparens och de blir mörka, när belysningen stoppas återgår de till sitt 

transparenta tillstånd. Dessa material kan därför användas i smarta fönster för att reglera solljus. 

 I detta arbetet har vi studerat den fotokromiska effekten frå tunnfilmer av REHO. 

Karaktärisering av deras materialsammansättning utförs med hjälp av jonstråler. Vi finner att 

REHO baserat på yttrium, neodymium, gadolinium och dysprosium visar fotokromiska 

egenskaper och det fotokromiska svaret kan optimeras genom att kontrollera syre- och 

väteförhållandet i filmens kemiska sammansättning. Möjliga biverkningar av atmosfären på 

fotokromiska effekten i YHO tunnfilmer undersöktes också. Ett par YHO tunnfilmer 

tillverkades, där en är täckt med en transparent film som isolerar tunnfilmen från atmosfären 

och den andra inte täcks. Båda filmernas kemiska sammansättning och fotokromiska 

egenskaper jämförs. Vi observerar ingen signifikant skillnad i den fotokromiska effekten i de 

två filmerna, vilket föreslår att atmosfären inte påverkar den fotokromiska effekten i YHO 

tunnfilmer.  

När tunnfilmer är tillverkade uppstår spänningar i filmen. Tidigare bevis tyder på att 

spänning relaterat till underlaget i REHO tunnfilmer spelar en roll i den fotokromiska effekten. 

Den inducerade spänningen i tunnfilmerna är relaterad till  underlagets egenskaper, därför kan 

olika underlag leda till olika spänningar i tunnfilmerna. För att undersöka detta, framställdes en 

serie av YHO tunnfilmer på tre olika substrat, men ingen signifikant skillnad kan observeras i 

det fotokromiska svaret mellan de olika underlagen. Det är troligt att väte har en viktig roll i 

den fotokromiska effekten.  

För att undersöka om väte är mobil eller stationär i den fotokromiska processen i REHO 

tunnfilmer utförs isotopmärkning. Det betyder att väte och deuterium används tillsammans i en 

tunnfilm. Ett system sammansatt av ett lager av YHO och ett andra lager av YDO (med 

deuterium istället för väte) tillverkades. Med jonstrålningsmetoder kan vi studera de två lager 

och observera om väte eller deuterium rör sig in i det andra lager. Vi såg ingen förändring i 

systemet efter en vecka och en belysning. Detta tyder på begränsad väte-rörlighet under en 

veckas tid 
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1 Introduction 

Oxygen containing rare-earth hydrides (REHO) represent a new class of materials exhibiting 

photochromic properties under illumination at ambient conditions [1–3]. This property makes 

such materials attractive for many technological applications, for instance, next generation 

smart-windows with the capability of passively controlling the light/heat flux, optoelectronics 

and hydrogen-storage devices [4–6].  

Hydrides of yttrium (YHx) and other transition and rare-earth metals exhibit a metal-to-insu-

lator transition under hydrogenation. The transition is accompanied by a continuously and re-

versible change from a reflective metal in the dihydride state to a transparent semiconductor in 

the trihydride state [4,7]. Transparent orange films of YHx have been shown to be photochromic 

at under pressures of several gigapascals [8]. 

More recently, transparent and photochromic yttrium oxyhydride YHO thin films were syn-

thesized by reactive magnetron sputtering in an Ar:H atmosphere, whereas oxygen is incorpo-

rated by post oxidation when exposing the sample to air [1]. The films are reported to crystallize 

into a face-centered cubic (fcc) structure [9]. In a recent work from our group, photochromic 

YHO thin films have also been synthesized by reactive e-beam evaporation, followed by an in-

situ controlled oxidation [7]. A strong dependence between the optical and photochromic prop-

erties of YHO and deposition conditions has been established [10–12]. D. Moldarev et al. [13] 

proposed that oxygen in YHO replaces hydrogen during the oxidation process and follows thus 

the chemical formula YH2-δOδ, with photochromic properties reported for YHO samples within 

0.45 < δ < 1.5 (with δ being the depth-integrated [O]/[RE] ratio, discussed below).  

Also recently, it has been shown that a reversible photochromic effect is observed in other 

REHO thin films (RE = Gd, Dy and Er) [2]. S. Cornelius et al. [14] reported that some rare-

earth oxy-hydrides (YHO, GdHO and ScHO) have similar chemical stoichiometry and crystal 

structure, however, they propose a different chemical formula to D. Moldarev et al. [14].  

 The underlying physical mechanism of the photochromic effect in oxygen containing rare-

earth hydrides remains unknown and is still debated. Nuclear magnetic resonance measure-

ments indicate the existence of three mobile hydrogen species in transparent YHO, in the photo-

darkened state the most mobile one is trapped but released in the bleaching process [15]. The 
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gradual formation of opaque and metallic domains in the semiconducting and transparent ma-

trix under illumination of YHO has been proposed based on optical spectrophotometry and 

ellipsometry measurements [16].  In-situ analysis of YHO samples under illumination showed 

that a photochromic response can be triggered in high-vacuum and is not related to significant 

changes of the integral composition of the film ( larger than 1 at.%) [17]. The results suggest 

that the photochromic properties are linked to microstructural changes or electronic rearrange-

ments without substantial modification of the overall composition. Light induced lattice con-

tractions have been reported in YHO thin films [18] accompanied by changes in vibrational 

modes [16]. Electrical measurements show a reversible decrease of resistivity in the photo-

darkened state of YHO [1]. In another recent work of our group, investigations suggest that the 

photochromic effect of YHO thin films is of bulk nature, indicating that the effect might be 

related to hydrogen and/or oxygen diffusion within the material [19].  

Initially, reactively sputtered rare-earth based thin films were referred to oxygen containing 

metal hydrides [1]. Based on charge neutrality considerations a single phase structure was pro-

posed [2]. Later work highlighted the single phase structure and an anion disordered fcc lattice 

model was proposed for rare-earth oxy-hydrides, based on X-ray diffraction data from ScHO, 

YHO and GdHO [14]. In a more recent study, diffraction data from photochromic YHO thin 

films show indications towards a dual phase nature, i.e. existence of both YHO and YH2 [20]. 

The aim of this project is four-fold. First, a series of different REHO (RE = Y, Nd, Gd, and 

Dy) thin films are prepared by reactive magnetron sputtering. Their photochromic response is 

determined using optical spectroscopy, whereas a multimethod ion beam analysis approach is 

applied to deduce their respective chemical composition and correlated to their photochromic 

response. These first results are currently submitted for publication [3]. Secondly, the effect of 

the environment on YHO thin films is studied in more details. Identical YHO thin films are 

prepared and capped with thin layers of either Al2O3 or Si3N4 in order to isolate them from the 

ambient atmosphere. The optical properties of the capped films are compared to their respective 

twin which has not been capped and is exposed to the environment. Thirdly, effects of substrate 

and thin film stress are investigated in YHO thin films grown on different (but transparent) 

substrates: soda lime glass, CaF2 and on a thin Al2O3 buffer layer. The optical properties of the 

identical YHO thin films are compared, mainly photochromic response and bleaching dynam-

ics. Finally, yttrium based thin films are grown reactively in an argon/deuterium and argon/hy-

drogen atmosphere for isotope-labelling in YHO/YDO double layers. The chemical composi-

tional (especially regarding H/D) are studied with ion beam analysis techniques to try to identify 

any diffusion of H/D between the two layers. 
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In a form of appendix, we described a collaboration with Dr. Marcus Hans from the Atom 

Probe Tomography group at Rheinisch-Westfälische Technische Hochschule Aachen (RWTH 

Aachen University). In this collaboration, a photochromic GdHO thin film was synthesized 

according to the description in this thesis and studied by means of atom probe tomography 

(RWTH), ion beam analysis (UU) and transmission electron microscopy (UU), revealing that 

photochromism can be related to the formation of a dual-phase structure with hydride and oxide 

phases and to photo-induced transfer of hydrogen between these two phases [21]. 

https://scholar.google.com/citations?view_op=view_org&hl=de&org=2022388551903139277
https://scholar.google.com/citations?view_op=view_org&hl=de&org=2022388551903139277
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2 Methods  

2.1 Magnetron sputtering 

 

Magnetron sputtering is a physical vapor deposition (PVD) method of thin film deposition 

which involves ejecting material from a "target" that is the source onto a "substrate" by a pro-

cess of ion or atom bombardment [22].  Sputter deposition is widely used in science and indus-

try for deposition of thin films. Industrial applications of magnetron sputtering include a wide 

range of deposited coatings, such as hard, wear-resistant coatings, low friction coatings, corro-

sion resistant coatings and coatings with specific optical, or electrical properties [23]. Sputter-

ing of metallic targets in the presence of a reactive gas (hence, reactive magnetron sputtering) 

allows the deposition of compound thin films; a few examples are nitrides, oxides and hydrides 

[24].  

 

 

 

In the basic operation of direct current (DC) magnetron sputtering, energetic ions emerge 

from a plasma situated in front of the target material [23]. The ions bombard the target material, 

causing the removal of the target atoms which are then deposited on a substrate forming a thin 

film. The working gas in the vacuum chamber is ionized by applying a negative bias to the 

Figure 1: A photograph of the sputtering system used to prepare samples in this work. To the 

right is the Balzer Union direct current magnetron sputtering system and to the left various gas 

bottles connected to the system that provide argon gas as the working gas, hydrogen, deuterium, 

and nitrogen gas for reactive growth. 
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target, which is electrically isolated from the rest of the sputtering chamber. The ions are accel-

erated in the resulting electric field towards the target where they collide with the target atoms 

and sputter them away. Secondary electrons are emitted from the target surface as a result of 

the ion collision. Magnets are situated behind the target to constrain the motion of the secondary 

electrons in the vicinity of the target in order to maintain the plasma. In reactive sputtering a 

reactive gas is introduced into the vacuum chamber in addition to the inert working gas [24]. 

The reactive gas will react with the target atoms before being sputtered away and deposited on 

a substrate to form a compound thin film. 

The REHO thin film samples in the present work were produced by reactive argon-magne-

tron sputtering using a compact Balzer Union sputtering system at Uppsala University (Ion 

Physics Group). The system had been improved and its current status (see Figure 1) allows for 

a control of target current, deposition pressure, target to substrate distance and reactive gas. For 

reactive growth hydrogen or deuterium gas can be introduced into the sputtering chamber. The 

flow of the reactive gas is controlled with a needle valve connected to the respective gas bottle. 

Commercially available Y, Dy, Gd and Nd targets (54mm diameter and 1mm thick) from Test-

bourne Ltd [25] were used in this work, with nominal bulk purity 99.99%, 99.9%, 99.9%, and 

99.9%, respectively.  

 

 

2.2 Ion Beam Analysis 

 

 

2.2.1 Scattering theory 

 

 

Ion beam analysis techniques (IBA) are widely used for materials characterization and modifi-

cation and are based on a range of different ion-solid interactions. The following section will 

provide a short overview of the relevant parameters to the IBA methods used in this work. For 

a more complete description of fundaments from IBA we refer to ref. [26] and [27], used as 

references for this section. 

 

In IBA the scattering of ions with an atom of a sample are considered as classical binary 

collision where the particles interact via coulomb forces. An incoming projectile with mass m1 
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carrying kinetic energy E0 undergoes an elastic collision with a stationary target particle with 

mass m2. For the projectile to be backscattered of the target particle m1 < m2. In the collision, 

the projectile transfers energy and momentum to the target particle and is scattered at an angle 

θ from its initial trajectory, referred to as the scattering angle, with final energy E1, see Figure 2. 

The elastic collision between the incoming particle and the stationary one will be governed by 

conservation laws. The scattering kinematic factor of the impinging projectile is defined as the 

relative energy loss in a scattering event of two particles: 

 

 

𝑘𝑠𝑐𝑡 =
𝐸1

𝐸0
= [

𝑚1𝑐𝑜𝑠𝜃 ± √𝑚2
2 − 𝑚1

2𝑠𝑖𝑛2𝜃

𝑚1 + 𝑚2
]

2

. (1) 

 

The energy in the collision is conserved and the target particle will have a final energy, E2 and 

is recoiled at an angle φ, referred to as the recoil angle. Similarly, the recoil kinematic factor of 

the target particle is defined as: 

 krec =
E2

E0
=

4m1m2

(m1 + m2)2
cosϕ2. (2) 

 

The kinematic factor is relevant in identifying elements in a target sample, and in an IBA spec-

trum, it gives a mass perception. For a specific geometry and primary energy of the incident 

ion, the energy of the backscattered particle can be related to the projectile energy by the kine-

matic factor, k. The mass of the target particle, m2, can then be determined from the kinematic 

factor and the target element identified. The kinematic factor of the recoiled particle can simi-

larly be used to identify sample elements. 

  

 

 

Figure 2: Schematic of a classical binary collision, projectile with mass m1 and energy E0 col-

lides with a target particle at rest with mass m2. The projectile is scattered into angle θ while 

the target particle is recoiled into angle φ with energy E2. 
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In order to quantify the number of target atoms per unit area, knowledge of the differential 

cross section is needed. The differential cross section dσ/dΩ is defined as probability of a pro-

jectile being scattered into a solid angle element dΩ and has dimensions of area.  Rutherford 

scattering is a scattering event which is due to pure Coulomb repulsion, and the differential 

scattering cross section is given by the equation (in the center of mass frame of reference): 

 

 𝑑𝜎

𝑑𝛺
= [

𝑍1𝑍2𝑒2

4𝐸𝑠𝑖𝑛2(𝜃/2)
]

2

. (3) 

 

Here Z1 and Z2 are the atomic numbers of the projectile with mass m1 and the target atom with 

mass m2, respectively, e is the electronic charge, and E is the energy of the projectile. 

Knowledge of the scattering cross sections allow quantification from scattering yield. 

Ions penetrating a material (e.g., impinging ion that goes into the thin film of a sample) will 

lose energy as they travel through the electron clouds of atoms as well as through small angle 

scattering with nuclei on its path. The quantity that describes the energy loss per unit length of 

an ion penetrating a material, dE/dx is referred to as stopping power. This quantity is essential 

to provide depth information.  To avoid a trivial density dependence, in many experimental 

approaches the stopping power is divided by the atomic density of the material N leading thus 

to the so called stopping cross section. 

 

 1

𝑁

𝑑𝐸

𝑑𝑥
= ε. (4) 

 

2.2.2 Ion Beam Analysis Methods  

 

Four different IBA methods were used to investigate the chemical composition of REHO 

thin film samples in this work: Rutherford Backscattering Spectrometry (RBS), coincidence 

Time-of-Flight Elastic Recoil Detection Analysis (ToF-ERDA), Nuclear Reaction Analysis 

(NRA), and Elastic Backscattering Spectroscopy (EBS). IBA measurements were performed at 

the Tandem Laboratory at Uppsala University using the 5-MV NEC-5SDH-2 tandem acceler-

ator. The IBA methods used in this work were carried out in 3 different scattering chambers. 
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In Rutherford Backscattering Spectrometry, backscattered ions from a sample irradiated by 

a beam of light primary ions are detected (energies are typically a few MeV). In the backscat-

tering event, the ions of the beam undergo an elastic collision event with the atoms of the ma-

terial. The energy of the backscattered particles is subsequently measured. RBS provides infor-

mation on the elemental composition of a material and allows one to evaluate the thickness of 

a thin film if the density is known. RBS is generally more sensitive to heavier elements [26]. 

The RBS measurements were performed in the first scattering chamber of beam-line 4. This 

chamber is equipped with several detectors for various IBA methods, two passivated implanted 

planar silicon (PIPS) detectors for RBS, EBS and NRA, a silicon drift detector for Particle-

Induced X-Ray Emission (PIXE) and a telescope tube for ToF-ERDA. RBS was carried out 

with a 2 MeV He+ beam. Backscattered particles were detected with the PIPS detector oriented 

at a scattering angle of θ = 170°. The resolution of the PIPS detector is FWHM = 13 keV, and 

the detector is covering a solid angle ΔΩ = (2.16 ± 0.11) msr. 

Detection of lighter elements present in heavy matrixes is a challenge for RBS since identi-

fication and quantification of lighter elements is difficult due to scattering from the substrate. 

Thus, this situation is typically overcome by adding more suitable methods in the analysis of 

the same sample. Time-of-Flight Elastic recoil detection analysis uses heavy ions, a coincidence 

time of flight and energy measurements of the elastically recoiled atoms from the target sample 

allows for mass-resolved composition depth profiling of all constituents [27]. The second cham-

ber at beamline 4 was used for ToF-ERDA measurements, the chamber has a telescope tube 

fixed at 45° degrees and features a ionizing gas detector chamber (GIC) for energy discrimina-

tion (further details on the system can be found elsewhere [28]). The measurements were carried 

out with a primary beam of 36 MeV I8+ directed onto the sample under an incident angle of 

67.5° degrees with respect to the surface normal.  

 In comparison to RBS, EBS is performed with higher energy allowing for enhancement of 

the scattering cross section (non-Rutherford scattering cross section) of light elements. In this 

work, EBS measurements were carried out using the elastic 16O(α, α0)
16O resonance at 3.037 

MeV He+, in order to investigate the concentration of oxygen with higher accuracy [29]. EBS 

was done in the same geometry and with the same detector as RBS.   

NRA is an isotopically sensitive method suitable for light element analysis. MeV ions are 

used to excite the target nuclei leading to a nuclear reaction with the target atoms. From the 

detection of gamma-rays or secondary particles following the decay of the nuclei, elemental 

concentrations can be determined. NRA can be used to determine depth profiles of a single 

element in a material [30]. The NRA measurements were performed at beam line 1, which is 



9 

 

equipped with a lead-shielded gamma detector with a solid angle of > 1 sr. Hydrogen depth-

profiling was achieved with high resolution using the 1H(15N,αγ)12C nuclear reaction at 6.385 

MeV [31]. A depth profile of the thin films is obtained by tuning the incident ion energy away 

from the resonance. The characteristic 4.44 MeV γ-emission from the nuclear reaction is mon-

itored and the yield is normalized by a reference of hydrogen implanted silicon with a well-

known concentration and depth (discussions on the evaluation method can be found in ref. [32]). 

For a more detailed discussions on detecting hydrogen with resonant nuclear reaction we refer 

to [31]. 

 

 

 

2.2.3 Iterative characterization of material composition 

 

In order to accurately quantify the composition of REHO samples, which contain light con-

stituents in a heavy matrix, a combination the IBA methods mentioned above are used in an 

iterative and self-consistent approach [33]. The total areal density of the thin films is thus de-

duced by means of RBS whereas ToF-ERDA provides depth-profiles of all film elements. High-

resolution depth profiles of the concentration of light species, i.e. hydrogen and oxygen, are 

evaluated from NRA and EBS, respectively. 

Figure 3 (a)  shows RBS spectrum (black dots) for a photochromic DyHO sample together 

with a fit using SIMNRA [34] (red solid line). The spectrum features a well separated Dy signal; 

however, identification and quantification of the lighter elements is challenging due to signal 

from the substrate. Panel (b) shows a coincidence ToF-ERDA spectrum for the sample, where 

lighter elements can be quantified, the inset shows depth profiles derived using POTKU [35]. 

ToF-ERDA systems typically only allow an accuracy of 5-10%, since ToF-ERDA depth pro-

files require precise knowledge of stopping powers and efficiency corrections of the system. 

Further sources of uncertainty can be depletion of hydrogen during ion bombardment [12]. 

However, relative concentrations extracted for similar samples under similar experimental con-

ditions are more precise.  Therefore, ToF-ERDA can only provide a reference point for each 

batch of measured samples, NRA and EBS are subsequently performed on one sample in a 

batch for more accurate profiling of oxygen and hydrogen. In panel (c) the NRA spectrum of 

the same sample is depicted, dashed lines indicate the region over which gamma emission is 

integrated. The inset shows the hydrogen concentration as a function of depth. The hydrogen 
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depth profile obtained from NRA is used to fine tune the results of the ToF-ERDA analysis. An 

EBS spectrum (black dots) at 3060 keV He+ for the same sample is shown in panel (d) and 

together with a fit using SIMNRA (red solid line). Note, that RBS and EBS fits were obtained 

by inter-comparison amongst the presented IBA methods following an iterative and self-con-

sistent analysis approach [33,36], further details on data-analysis procedure, using similar ex-

perimental setups can be found in ref. [37].  

 

 

 

 

 

 

 

 

 

 

Figure 3: IBA results on a DyHO sample: (a) RBS spectrum (black dots) and SIMNRA fit (red 

solid line). (b) ToF-ERDA spectrum, inset shows atomic concentrations of main constituents 

as a function of depth. (c)NRA spectrum (black dots), dashed lines show gamma yield region 

of interest. (d) EBS spectrum (black dots) recorded at beam energy 3060 keV, and SIMNRA fit 

(red solid line). Figure taken from ref. [3] 
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2.3 Optical Analysis 

 
 

 

Optical measurements on all samples in this work were done using a PerkinElmer Lambda 35 

UV/Vis spectrophotometer (see Figure 4) from the Department of Chemistry at Ångström la-

boratory (UU), equipped with tungsten and deuterium light sources. Transmission measure-

ments were calibrated with respect to full transmission in air. Measurements were carried out 

in scanning-mode in a wavelength range of [300-1100 nm].  Although the spectrophotometer 

is designed to be used with cuvettes, the standard reference cuvette is removed.  Samples are 

placed on the outside of the target cuvette holder facing the light source. In addition, a 3D-

printed collimator was developed and placed in the path of the light to ensure that the light is 

only directed onto a specific spot of the photochromic sample. 

In this work, we have defined the photochromic response of the thin films is defined as the ratio 

of the averaged optical transmission contrast of the spectra before and after illumination (inte-

grated wavelength region is [500-1000] nm) to the transmission before illumination, according 

to the equation:  

 
𝑇𝑖𝑛𝑡 =

𝑇𝑏𝑒𝑓 − 𝑇𝑎𝑓𝑡

𝑇𝑏𝑒𝑓
× 100 [%]. (5) 

Where Tbef and Taft are the averaged transmission before and after illumination, respectively. 

Note that for the bleaching studies (discussed in detail in Appendix I), a different model is used 

and discussed.  
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2.4 X-Ray diffraction   

 

 

X-ray diffraction is an important tool in the characterization of crystalline thin films, with 

the main advantage in determining atomic and molecular structures of materials. This method 

is generally accessible with laboratory equipment and a straightforward analysis. For a more 

detailed description of fundaments of X-ray diffraction, we refer to ref. [35] used as guide text 

for this section. 

Incident X-rays on a sample thin film will diffract in the crystal structure of the crystalline 

material. Information on the crystal structure can then be deduced from the geometry of the 

incident and diffracted X-rays. When X-rays of wavelength, λ, strike a crystal with interplanar 

distance of d (Figure 5), constructive interference of the scattered X-rays will occur according 

Bragg’s law, resulting in a signal in certain directions.  Bragg’s law is given by the equation: 

 

 2𝑑𝑠𝑖𝑛(𝜃) = nλ. (6) 

 

Where n is an integer and the order of diffraction. Diffractometers are instruments with two 

independent axes (2θ, detector-source angle and ω, sample angle). The instrument gives inten-

sity information of a diffracted X-ray beam as a function of angle. Commonly, the source is 

fixed while detector and sample are rotated by θ and 2θ, respectively, or alternatively, the sam-

ple is fixed while the source and detector are rotated by –θ and θ, respectively.  

 

 

Figure 4: A photograph of the PerkinElmer Lambda 35 UV/Vis optical spectrophotometer used 

in this work for optical characterization of the REHO thin films.    
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The crystallite size of can be estimated by the Scherrer equation [38] (eq. 7), by the broadening 

of the diffraction peak: 

 
𝜏 =

𝐾𝜆

𝐵𝑐𝑜𝑠𝜃
. (7) 

Where τ is the crystallite size perpendicular to the crystal plane, B is the FWHM of the diffrac-

tion peak (in degrees), θ the angle of the diffraction peak, λ is the wavelength of X-rays used, 

and the constant value of 0.9 was used for K.   In this work, X-ray diffraction was utilized to 

investigate the structure of photochromic REHO thin films. Measurements were performed us-

ing the Siemens D5000 diffractometer (Figure 6) from the Department of Chemistry (UU), 

equipped with a Cu-Kα X-ray source (λ = 1.540 Å) in a 2θ scan, with Bragg-Brentano geometry 

at ambient conditions. A picture of the instrument is shown in Figure 6. 

 

 

Figure 5: Schematic of incident X-rays scattering in a crystal structure under Bragg’s law. 
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Figure 6:  A photograph of the Siemens D5000 diffractometer used for X-ray diffraction meas-

urements.   
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3 Correlating optical properties and chemical composition 

 

This chapter will present results on composition and optical analysis of REHO (YHO, 

NdHO, GDHO, and DyHO).  Part of the work presented in this chapter has been published in 

the form of a project report [39] and as conference proceedings [3]. The chemical composition 

of the thin film samples is related to their respective photochromic response. A multimethod 

IBA approach (a more detailed discussion in section 2.2.3) is used to deduce depth profiles of 

sample composition. All samples were synthesized by reactive magnetron sputtering (detailed 

description in section 2.1). The REHO thin films were deposited onto soda-lime glass substrates 

(microscope slides cut into 10x10 mm2 and 1 mm thick pieces). The base pressure of the sput-

tering vacuum chamber was better than 7x10-3 Pa for all samples. The thin films were grown at 

room temperature in an atmosphere of argon and hydrogen gas (H2/Ar ratio was varied between 

0.01 and 0.09). Deposition pressures were in the range of 0.6 and 0.9 Pa and target substrate 

distance was varied between 4 and 8.5 cm. The plasma current was kept at 120 mA for all 

samples. The photochromic response was obtained via optical spectrometry (see section 2.3). 

The samples were illuminated for 2 hours with a LED lamp (wavelength 400 nm and intensity 

10 mW/cm2).  

Figure 7 shows a ternary diagram of a series of RE (RE = Y, Nd, Gd, and Dy), H and O 

concentrations of a series of REHO thin films, as a result of the iterative and self-consistent 

IBA analysis described above. Concentrations were averaged over the region depicted in the 

inset of Figure 3 (b). REHO samples typically feature a thin oxygen-rich layer on the surface, 

as well as some contaminant from the sputter process, such as C, N, and F. These factors are 

excluded from the evaluation of the presented final composition of the films. YHO, NdHO 

DyHO and GdHO are represented by blue squares, black diamonds, green circles, and red tri-

angles, respectively. Concentrations of the rare-earth metals is consistently found to be around 

33 at. % (horizontal dashed line). However, H and O concentrations are found in a wide range 

from stoichiometric REH2 to REHO with more than 50 at. % of oxygen. We find these results 

to be in perfect agreement with previous work [13,14] for YHO . In [13], the authors proposed 
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the chemical formula YH2-δOδ, these results strongly indicate that NdHO, GdHO, and DyHO 

have the same chemical structure as YHO. 

 

 

 

The photochromic response evaluated from the optical measeurements for the REHO thin 

films is shown in Figure 8 as a function of chemical composition. The samples were found to 

be transparent and photochromic within a composition range of 0.45 < δ < 1.5. A general trend 

towards larger photochromic response is found for decreasing δ, and a peak photochromic 

response is observed for NdHO and GdHO at  δ = 1.0 and δ = 0.7, respectively.. For δ < 0.5 

NdHO is found to be opaque and non-photochomic. In the case of δ < 1.5 DyHO and NdHO 

are very transparent and not photochromic. Again, these results are in good agreement with 

previously reported results for YHO [13]. 

 

 

Figure 7: Ternary diagram of REHO (RE = Y, Nd, Gd, and Dy) for a series of REHO samples 

prepared as a part of this work. The dashed line represents composition corresponding to the 

chemical formula REH2-δOδ. Figure taken and modified from [3] 
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Photochromic NdHO thin films were prepared in this work and reported for the first time in 

ref. [3]. Therefore, XRD measurements were perfomed on a photochromic NdHO thin film 

sample, see Figure 9. Studies on lanthanide oxy-hydrides by powder diffraction have proposed 

anion ordered/disordered structure formation in oxy-hydrides depending on the cation radius 

which is known to decrease with increased atomic number (lanthanide contraction) [40].  Nd 

features the largest cation radius of the studied material in this work and is therefore expected 

to form an anion ordered structure in NdHO unlike YHO, GdHO, and DyHO [39]. In Figure 9 

the diffraction peaks identified as anion ordered structure (P4/mm) and anion disordered struc-

ture (Fm3m) are indicated for comparison. However, the diffraction peaks corresponding to the 

different structures cannot be separated with the diffractometer used. The (101) diffraction peak 

expected at 19.4° corresponding to anion ordered structure is not observed here, however, this 

peak is expected to have low intensity [41]. 

 

 

  

Figure 8: Photochromic response (averaged from 500 – 900 nm) following 2 hours of illumina-

tion (wavelength 400 nm and intensity 10 mW/cm2) plotted as a function of the ratio of the 

oxygen to rare-earth metal, δ. Figure taken and modified from [3]. 

Figure 9: XRD diffraction pattern for a photochromic NdHO thin film sample, performed in 

Bragg-Brentano geometry at ambient conditions. Diffraction peaks are indicated in red (p4/mm) 

and blue (Fm3m) for comparison. Figure taken from [3]. 
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4 Environmental effect on YHO: capped and uncapped 

photochromic thin films 

This chapter will describe the synthesis of photochromic YHO films, capped with two diffu-

sion barrier layers: Al2O3 and Si3N4. Their optical properties will be compared to their respec-

tive uncapped twin sample. Thickness of the YHO thin films and capping layers, and depth 

profiles of elemental constituents in the samples is obtained via ion beam analysis as discussed 

in Sec. 2.2.3.  

First a set of identical YHO thin film samples were synthesized by reactive magnetron sput-

tering, subsequently one sample was capped with a transparent layer of Al2O3. The YHO thin 

films were deposited onto soda-lime glass substrates (approximately 10x20 mm2 in size and 

1mm thick) in an Ar:H2 environment with a H2/Ar ratio of 0.01. Base pressure of the deposition 

vacuum chamber was 6x10-3 Pa whereas the deposition pressure was maintained at 0.5 Pa. 

Plasma current was 120 mA and deposition was maintained for 600 s, the target-substrate dis-

tance was 40 mm. The Al2O3 capping layer was deposited in the same system using a different 

approach. First, a thin layer of metallic Al was deposited onto one of the YHO twin thin films, 

followed by abrupt oxidation by venting the chamber with air. An Al2O3 layer of several tens 

of nanometers can be obtained by repeated cycles of metallic Al deposition and subsequent 

oxidation. This method was demonstrated to be efficient in order to produce transparent and 

stoichiometric Al2O3 with a thickness of tens of nm. For all cycles in the preparation of the 

Al2O3 capping layer the base pressure of the deposition vacuum chamber was 5x10-2 Pa, depo-

sition was performed in pure Ar environment at a constant pressure of 5 Pa. Plasma current was 

45 mA and deposition was maintained for 200 for each cycle. Target-substrate distance was 50 

mm.  

In a similar way, a second set of YHO twin thin film samples were synthesized and one 

sample was capped with Si3N4. The YHO thin films were deposited onto soda-lime glass sub-

strates (approximately 10x10 mm2 in size and 1mm thick) in an Ar:H2 environment with a 

H2/Ar ratio of 0.05. Base pressure of the deposition chamber was 5x10-3 Pa, whereas the depo-

sition pressure was maintained at 0.7 Pa. Plasma current was 120 mA and deposition was main-
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tained for 900 s, the target-substrate distance was 50 mm. The Si3N4 capping layer was depos-

ited onto one YHO sample in a Von Ardenne CS 730S system at the clean room facilities at 

Ångström Laboratory, Uppsala University. The system is equipped with a Si-target. The depo-

sition of the Si3N4 layer was done in an Ar:N2 environment, where flow rates of Ar and N2 were 

kept constant at 20 sccm and 40 sccm, respectively. The deposition pressure was 0.8 Pa and 

sputtering power was maintained at approximately 500 W for a duration of 100 s.  

The photochromic response of the samples was obtained via optical spectrometry (see sec-

tion 2.3) and bleaching curves were obtained as well. 

Figure 10  shows RBS spectra and ToF-ERDA depth profiles for twin samples uncapped and 

capped with Si3N4. Figure 10 (a) shows RBS spectra (black dots) for the uncapped  photo-

chromic YHO sample together with a fit using SIMNRA [34] (red solid line), featuring a well 

separated Y signal.  Panel (b) shows ToF-ERDA depth profiles derived using POTKU [35]. 

RBS spectrum and ToF-ERDA profiles are shown in panels (c) and (d), respectively. The RBS 

spectrum features a well separated Y signal an in addition of the Si signal from the Si3N4 cap-

ping layer. Both capped and uncapped YHO films  are found to have a thickness of approxi-

mately 575 nm (assuming bulk densities [19]). The thickness of a Si3N4 layer is found to be 

approximately 40 nm (assuming bulk densities) and a silicon to nitrogen ratio of 1.00. A Si3N4 

layer grown on a carbon substrate in conjunction with the capping layer on YHO was found to 

have identical thickness to the capping layer and a silicon to nitrogen ratio of 0.80, which is 

close to the stoichiometric value of 0.75. Both RBS spectra in panel (a) and (c) feature a broad 

but low peak located at higher energies (1600 – 1800 keV) due to trace W contamination in the 

YHO films, coming from the Y-target in the deposition process. SIMNRA simulations were 

done to estimate the number of pinholes on the capping layer. The RBS data for the YHO 

capped with Si3N4 was fitted with 1 at. % of Y in the capping layer. The simulated fit is shown 

in a dashed red line close to the onset high-energy edge of the Y peak in Figure 10 (c) and 

suggest that holes in the capping layer cover less than 1 % of the surface area. 
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Figure 11 shows the results of the optical measurements. The transmission spectra of the 

uncapped and capped YHO thin films are shown before illumination as red and blue solid lines, 

respectively, and after illumination as dashed lines. For illumination, a LED array was used, 

with a wavelenght of 455 nm and intensity ≈ 500 mW/cm2. The illumination time was 20 

minutes and the thin films were illuminated from the substrate side. This back-side illuminatoin 

was done in order to reduce possible difference of the total light flux recived by the capped and 

uncapped YHO films (due to different reflection and transmission coefficients). Moreover, we 

have illuminated the samples for a long period of time (20 min) in order to ensure full 

photodarkening. The transmission spectra of  a clean glass substrate (black solid line) and a 40 

nm thick Si3N4 film deposited onto a glass substrate (grey solid line) are shown for reference. 

Both uncapped and capped YHO films are photochromic with a photochromic response of 33 

% and 36 %, respectively. Differences in photochromic response can be attributed to reflection 

Figure 10: IBA results for YHO thin films, uncapped and capped with Si3N4: (a) RBS spectrum 

(black dots) and SIMNRA fit (red solid line) for uncapped YHO. (b) ToF-ERDA depth profiles 

of uncapped YHO, showing concentrations of main constituents as a function of depth. (c) RBS 

spectrum (black dots) and SIMNRA fit (red solid line) for YHO capped with Si3N4.  (d) ToF-

ERDA depth profiles of YHO capped with Si3N4, showing concentrations of main constituents 

as a function of depth. 
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effects in the capping layer during illumination and (mainly) due to the oxygen rich surface 

layer of the uncapped sample reducing thus the total amount of effective photochromic material.  

 

 

 

In additon to the photochromic response, also the bleaching kinetics of the samples were 

studied. In previous work the bleaching kinetics of photochromic REHO thin films have been 

decribed by an exponential decay function, ΔT = exp(-t/τ), with the time constant τ as a fitting 

parameter [2,42]. Further work has expanded this notion, where the bleaching of the REHO 

thin films is described by a time dependent concentration of an absorbing species in the material 

[43]. In this work an approach based on ref. [43] is taken to fit the bleaching kinetics data. The 

bleaching of photochromic REHO thin films can be described in terms of the absorption 

coefficent α. Light penetrating the material is absorbed by absorbing species, with a certain 

concentration, c(t), which is dispersed in the material. Light is absorbed at a centrain efficinency 

described by the absorption cross section, σ, of the absorbing species. The photodarkeing of the 

REHO materials occurs as the absorbing species grows in concentration under illumination. 

When illumination has stopped, bleaching of the sample occurs as the absorbing species decays 

exponentially in concentration, and the sample return to its fully transparent state. The approach 

taken here assumes that two absorbing species exist in the material, with different 

Figure 11: Optical transmission spectra showing the reduction in transmission following 20 

minutes of illumination (wavelength 455 nm and intensity 500 mW/cm2). The optical transmis-

sion of a glass substrate and a 40 nm thick Si3N4 layer identical to the capping layer are shown 

as well for reference.  
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concentrations, c1(t), and c2(t) and different life times (bleaching time constants) τ1 and τ2. The 

following equation can then be obtained: 

 

 ln (− ln (
T

T0
)) = ln (−𝑐1,0σ1𝑑 exp (−

1

𝜏1
𝑡) − 𝑐2,0σ2𝑑 exp (−

1

𝜏2
𝑡)). (8) 

 

Where c1,0 and c2,0 are the initial concentrations of c1(t), and c2(t) at the time illumination has 

stopped, whereas, σ1 and σ2 are the respective absorption cross sections. The deduction of the 

bleaching model in equation (8) is given in details in Appendix I.  

Figure 12 (a) shows the bleaching for both samples (i.e, uncapped and capped with Si3N4) 

following 20 minutes illumination (wavelength 455 nm and intensity ≈ 500 mW/cm2). The 

averaged transmission [500 - 900 nm] is plotted as a function of time for the uncapped and 

capped sample with Si3N4, in blue squares and red squares, respectively. The bleaching time 

constants are determied by fitting the curves in Figure 12 (b). Both capped and uncapped YHO 

thin films are found to bleach at a similar rate. The uncapped sample was found to have 

bleaching constants τ1 and τ2, 158 s and 2545 s, respectively. The capped sample was found to have 

bleaching constants τ1 and τ2, 166 s and 2773 s, respectively.   The time dependence is found to be 

nearly linear for both the capped and uncapped YHO films, excluding a narrow region in the 

initial bleaching process (within ≈ 500 s), where the bleaching is accelerated. The optical 

characteristics of the samples are summarized with respect to photochromic respones and 

bleaching time constants in Table 1 (also the thicknesses of the YHO films and Si3N4 capping 

layer). 

 

 

 

Figure 12: (a) The averaged optical transmission [500-900 nm] of identical YHO thin films, 

uncapped (red squares) and capped (blue squares) following 20 minutes of illumination (wave-

length 455 nm and intensity 500 mW/cm2). Evaluation of bleaching time constants based on 

(8). 
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 Bleaching time constants 

Sample 
YHO 

thickness 
[nm] 

Capping layer 
thickness [nm] 

Photochromic 
response [%] 

τ1 [s] τ2 [s] 

YHO/glass 545 ± 3 -- 33 ± 1 158 ± 118 2545 ± 39 

Si3N4/YHO/glass 545 ± 3 40 ± 1 36 ± 1 166 ± 158 2773 ± 59 

YHO/glass 485 ± 3 -- 18 ± 1 327 ± 90 3400 ± 265 

Al2O3/YHO/glass 485 ± 3 54 ± 2 15 ± 1 --* --* 

*Due to data points missing in the bleaching of Al2O3/YHO/glass (see figure 15), fit is not 
fully accurate, thus making bleaching time constants unreliable for this sample. 

 

 

 

Figure 13  shows RBS spectra and ToF-ERDA depth profiles for twin samples uncapped and 

capped with Al2O3. Figure 13Figure 10 (a) shows RBS spectra (black dots) for the uncapped 

photochromic YHO sample together with a fit using SIMNRA [34] (red solid line), featuring a 

well separated Y signal.  Panel (b) shows ToF-ERDA depth profiles derived using POTKU 

[35]. RBS spectrum and ToF-ERDA profiles are shown in panels (c) and (d), respectively. The 

RBS spectrum features a well separated Y signal an in addition of the Al signal from the Al2O3 

capping layer. Both capped and uncapped YHO films  are found to have a thickness of 485 nm 

(assuming bulk densities [19]). The thickness of the Al2O3 capping layer is found to 54 nm 

(assuming bulk densities) and an aluminum to oxygen ratio of 0.67, equal to the stoichiometric 

value. Both RBS spectra in panel (a) and (c) feature a small peak located at higher energies 

(1600 – 1800 keV) due to trace contamination of tungsten in the YHO films, likely coming 

from the Y-target in the deposition process. SIMNRA simulations were done to estimate the 

number of pinholes on the Al2O3 capping layer. The RBS data for the YHO capped with Al2O3 

was fitted with 1 at. % of Y in the capping layer. The simulated fit is shown in a dashed red line 

close to the onset high-energy edge of the Y peak in Figure 13 (c) and suggest that holes in the 

capping layer cover less than 1 % of the surface area. 

 

 

Table 1: Overview of film thickness optical properties for YHO thin films, uncapped and 

capped with Si3N4 and Al2O3.  
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Figure 14 shows the results of the optical measurements for the uncapped and capped YHO 

thin films, with transmission spectra shown before illumination in, red and blue solid lines, 

respectively, and after illumination in dashed lines. For illumination a LED array was used, 

with a wavelenght of 455 nm and intensity 500 mW/cm2. The films were illuminated from the 

substrate side for 20 minutes. The transmission spectra of  a clean glass substrate (black solid 

line) and a 54 nm thick Al2O3 film deposited onto a glass substrate (grey solid line) are shown 

for reference. Both uncapped and capped YHO films are photochromic with a photochromic 

response of 18 % and 15 %, respectively. The uncapped YHO films shows a larger 

photochromic respones than the capped one. The difference in the photochromic respones could 

be explained again by reflection effects in the capping layer during illumination  or due the 

avergeing of different number of interference fringes, which can account for 1 - 2 % difference 

in photochromic response. 

Figure 13: IBA results for YHO thin films, uncapped and capped with Al2O3: (a) RBS spectrum 

(black dots) and SIMNRA fit (red solid line) for uncapped YHO. (b) ToF-ERDA depth profiles 

of uncapped YHO, showing concentrations of main constituents as a function of depth. (c) RBS 

spectrum (black dots) and SIMNRA fit (red solid line) for YHO capped with Al2O3. (d) ToF-

ERDA depth profiles of YHO capped with Al2O3, showing concentrations of main constituents 

as a function of depth. 
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Figure 15 (a) shows the bleaching for both samples following 20 minutes illumination (wave-

length 455 nm and intensity 500 mW/cm2). The averaged transmission [500-900 nm] is plotted 

as a function of time for the uncapped and sample capped with Al2O3, in red and blue squares 

respectively (similar as for the Si3N4 sample). The bleaching time constants are determied by 

fitting the curves in Figure 15 (b). Both capped and uncapped YHO thin films are found to 

bleach, however, the capped sample shows a slower overall bleaching rate. Note that due to 

data aqusition issues with the optical spectrophotometer, there are data points missing in the 

250 to 750 s range, thus making the fit evalution of the bleaching kinetics more challenging. 

For the uncapped sample, the time dependence is found to be nearly linear, excluding a narrow 

region in the initial bleaching process (0 to 500 s), where the bleaching is accelerated. The 

optical characteristics of the samples are summarized in Table 1. 

 

 

Figure 14: Optical transmission spectra showing the reduction in transmission following 20 

minutes of illumination (wavelength 455 nm and intensity 500 mW/cm2). The optical transmis-

sion of a glass substrate and a 54 nm thick Al2O3 layer identical to the capping layer are shown 

as well for reference. 
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Figure 15: (a) The averaged optical transmission [500-900 nm] of identical YHO thin films, 

uncapped (blue squares) and capped with a layer of Al2O3 (red squares) following 20 minutes 

of illumination (wavelength 455 nm and intensity 500 mW/cm2).  (b) Evaluation of bleaching 

time constants based on equation (8).  
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5 Substrate related stress effect on YHO: photochromic thin 

films grown on different substrates 

This chapter will describe the synthesis of identical YHO thin films deposited on different 

(transparent) substrates, i.e. soda lime glass, CaF2 and onto a thin buffer layer of transparent 

Al2O3 grown on a soda lime glass substrate. Optical measurements were done to obtain both 

the photochromic response and bleaching kinetics of the YHO thin films. RBS and ToF-ERDA 

were used to deduce the thickness and composition of the YHO films, and to confirm that they 

are identical. A comparison of the optical properties and chemical composition of the YHO 

films deposited on different substrates is done to investigate any possible substrate related de-

pendence of the photochromic effect. 

In a recent collaboration work between our group at Uppsala University and the Atom Probe 

Tomography group at RWTH Aachen University, we have identified the formation of a dual-

phase structure within hydride and oxide phases in oxygen containing gadolinium hydride (see 

more discussion in Appendix II). In this work, a compressive residual stress state of 5.9 ± 1.5 

GPa was estimated based on X-ray diffraction data [21]. Photochromic effect in yttrium hy-

drides was first reported in a  of 5.8 GPa [8], and the formation of dual phase of fcc YH2  and 

hexagonal YH3 was demonstrated.  

Residual stress in thin films can have several different origins based on the thin film material, 

substrate and deposition conditions [44]. In epitaxial films, stress can originate from lattice 

mismatch between the crystal lattice in the film and substrate [45]. However, in the case of 

polycrystalline thin films, intrinsic stress can form under non-equilibrium growth conditions, 

thus any relaxation in the film is constrained by the substrate [46]. 

The experimental data presented in ref. [21] provides evidence of coexistence of fcc YH2 

and bixbyite Y2O3 and high compressive residual stress. This is in agreement with the prereq-

uisites for photochromism in YHx [8]. These results provide the motivation of studying identical 

YHO films grown on different substrates, thus any differences in the photochromic effect could 

be linked to differences in stress rooted in the substrates for films with identical composition 

and thickness. In this aim transparent CaF2 and a transparent Al2O3 buffer layer on glass were 

https://scholar.google.com/citations?view_op=view_org&hl=de&org=2022388551903139277


28 

 

chosen in addition to typical soda lime glass as substrates. The CaF2 substrates are polycrystal-

line and feature a fluorite crystal structure (fcc and space group Fm3m) [47] same as reported 

for YHO [9]. The buffer layer of Al2O3 grown on glass has the purpose of partially accommo-

dating the stress formed in the YHO film grown on top. 

First, a set of identical YHO thin film samples were synthesized by reactive Ar-magnetron 

sputtering onto soda lime glass, transparent CaF2 and onto a thin layer of transparent Al2O3 

grown on a soda lime glass substrate. For further information on the growth of the Al2O3 layer, 

see the previous section, chapter 4. The deposition of the YHO films was performed in an Ar:H2 

environment with a H2/Ar ratio of 0.01. Base pressure of the deposition vacuum chamber was 

6x10-3 Pa whereas the deposition pressure was maintained at 0.5 Pa. Plasma current was 120 

mA and deposition was maintained for 600 s, the target-substrate distance was 40 mm 

Figure 16 shows an RBS spectrum (see discussion in Sec. 2.2.3) and ToF-ERDA depth pro-

files for YHO thin films grown on soda lime glass substrate, transparent CaF2 substrate and on 

a thin layer of transparent Al2O3 grown on a soda lime glass substrate. Panel (a) shows RBS 

spectrum (black dots) for the photochromic YHO film which was grown on a CaF2 substrate 

together with a fit using SIMNRA [34] (red solid line), featuring a well separated Y signal.  

Panel (b) shows ToF-ERDA depth profiles derived using POTKU [35] for the same sample. 

Panel (c) depicts the RBS spectra for all three YHO films deposited on the different substrates. 

All films are found to have an identical thickness within 2%, approximately 605 nm on average 

(assuming bulk densities [19]). The intermediate Al2O3 layer was analyzed separately (see sec-

tion 4), it was found to have a thickness of 54 nm (assuming bulk densities) and an identical 

stoichiometric composition (Al/O ≈ 0.67). Panel (d) depicts the oxygen concentration depth 

profiles of the three YHO films obtained by ToF-ERDA, the oxygen concentration of all films 

is found to be nearly identical within ±1 at. %, see Table 2Table 3. 

The YHO films were measured by RBS and ToF-ERDA at two separate occasions: first 5 

days from deposition (see Figure 16) and 21 days after deposition. This time-frame was selected 

aiming to evaluate whether the composition of the films remained identical over time (absence 

of “aging” effect). RBS measurements showed that the areal density of yttrium remained con-

stant at between measurements in all YHO films. Bulk oxygen concentrations were compared 

between the two measurements, see Table 2. All YHO films show overall increase in oxygen 

concentrations between ToF-ERDA measurements; a general increase of 8-9 at. % in oxygen 

concentration is seen consistently across all films. A slight enhancement of the thickness of the 

oxygen rich surface layer is observed in the films at 21 days after deposition, due to continuous 

oxidation in air, as observed in similar samples [17]. 
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Substrate 
O [at. %] 

(age = 5 days) 

O [at. %] 

(age = 21 days) 
[O] (age = 5 days)/[O] (age = 21 days) 

Thickness 

[nm]  

Glass 26.1 28.4 1.09 610 ± 3 

CaF2 26.5 28.6 1.08 602 ± 3 

Al2O3/glass 25.8 27.8 1.08 604 ± 3 

 

Results of optical measurements done one day after deposition are presented in Figure 17. 

The transmission spectra of the three YHO thin films are shown in dashed lines before 

illumination and solid lines after illumination, in red, green and blue for glass substrate, Al2O3 

buffer layer, and CaF2 substrate, respectively. For illumination a LED array was used, with a 

Figure 16:  IBA results for YHO thin films grown on soda lime glass substrate, transparent CaF2 

substrate and onto a thin layer of transparent Al2O3 grown on a soda lime glass substrate. (a) 

RBS spectrum (black dots) and SIMNRA fit (red solid line) for YHO grown on a CaF2 sub-

strate. (b) ToF-ERDA depth profiles of for YHO grown on a CaF2 substrate, showing concen-

trations of main constituents as a function of depth. (c) RBS spectra for all YHO film on differ-

ent substrates. (d) ToF-ERDA oxygen depth profiles of all YHO film on different substrates, 

showing oxygen concentrations of depth. 

Table 2: Bulk oxygen concentrations obtained via ToF-ERDA of identical YHO films deposited 

on three different substrates. Statistical uncertainties are estimated to be ± 2 at.%.  
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wavelenght of 455 nm and intensity 500 mW/cm2. The illumination time was 25 minutes and 

the thin films were illuminated from the film side, in order to ensure all YHO films receive the 

same light flux. The transmission spectra of  a clean glass substrate (black solid line), a 54 nm 

thick Al2O3 film deposited onto a glass substrate (cyan solid line), and a clean CaF2 substrate 

(grey solid line) are shown for reference. YHO films deposited onto glass and CaF2 substrates 

show nearly identical transmission spectra, both before and after  illumination. The transmission 

sprectra for YHO deposited onto a layer of Al2O3 on a glass substrate shows a reduced intensity 

of interference fringes. This is most likely due to reduced intensity in reflectance at the YHO-

Al2O3 interface as compare to the other substrates. Optical measurements were done at three 

different dates, the photochromic response obtained is presented in Table 3. The YHO films are 

found to have nearly the same photochromic response. An overall reduction in the 

photochromic repsponse is observed in YHO grown CaF2 and glass as they age. However, YHO 

grown on a buffer layer of Al2O3 on glass shows no significant decrease in photochromic 

response as it ages.  The reduction in photochromic response can be attributed to the overall 

oxidation observed in all three films due to oxidation in air.  

 

 

The bleaching kinetics of the YHO films were investigated in addition to the photochromic 

response, see Figure 18. The bleaching data has been plotted according to equation (16) in order 

to extract the bleaching time constants for all films as a function of sample age. The figure 

depicts bleaching data for YHO films deposited on glass (circles), CaF2 (diamonds), and 

Figure 17: Optical transmission spectra showing the reduction in transmission of the YHO films 

on different substrates following 25 minutes of illumination (wavelength 455 nm and intensity 

500 mW/cm2). The optical transmission of a glass substrate, a 54 nm thick Al2O3 layer on glass 

and a CaF2 substrate are shown for reference. 
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Al2O3/glass (squares) at 1 day (blue symbols), 15 days (red symbols) and 41 days (green sym-

bols) after deposition. Bleaching time constants are determined by fitting the bleaching data 

based on equation (16). The fits are shown in Figure 18 for YHO on glass (dashed lines), CaF2 

(solid lines), and Al2O3/glass substrates (dashed/dotted lines). Bleaching time constants are pre-

sented in Table 4. 

 

Substrate 
Photochromic response 

[%] (age = 1 day) 
Photochromic response 

[%] (age = 15 days) 
Photochromic response 

[%] (age = 41 days) 

Glass 19 ± 1 17 ± 1 18 ± 1 

CaF2 21 ± 1 17 ± 1 17 ± 1 

Al2O3/glass 18 ± 1 18 ± 1 18 ± 1 

 

 

 

Table 3: The photochromic response of identical YHO thin films deposited onto different sub-

strates at different days.  

Figure 18: Determination of bleaching kinetics identical YHO films deposited on glass (circles), 

CaF2 (diamonds), and Al2O3/glass (squares) following 25 minutes of illumination (wavelength 

455 nm and intensity 500 mW/cm2).  At 1 day (blue symbols), 15 days (red symbols) and 41 

days (green symbols) after deposition. Fits according to equation (16) are used to determine 

bleaching time constants for YHO on glass (dashed lines), CaF2 (solid lines), and Al2O3/glass 

substrates (dashed/dotted lines). 
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 Glass Al2O3/glass CaF2 

Age [d] τ1 [s] τ2[s] τ1 [s] τ2 [s] τ1 [s] τ2 [s] 

1 366 ± 79 1809 ± 2677 362 ± 66 2997 ± 5120 426 ± 70 3758 ± 5011 

15 98 ± 52 1183 ± 25 117 ± 39 1002 ± 28 104 ± 26 1098 ± 15 

41 188 ± 76 1665 ± 60 166 ± 69 1492 ± 43 105 ± 42 1203 ± 33 

 

As one can see from Figure 18 and Table 4 that no strong dependence on substrate is ob-

served in the bleaching kinetics of the YHO films. These results show that the bleaching rates 

of YHO films are rather dependent on the age of the film (hence ca. 8 % more oxidized after 

20 days of production, see Table 2). The bleaching of all three YHO films, one day after depo-

sition is dominated by fast bleaching initial phase followed by a slower secondary phase. When 

15 days have passed since the deposition of the YHO films, the bleaching has become overall 

slower. Now the fast initial phase is suppressed and is limited to the immediate beginning of 

the bleaching process and the bleaching is described mostly by the slower secondary phase. 

Finally, at 41 days after deposition the bleaching process slows down further, however, showing 

the same general behavior as at 15 days. Note that the optical measurements are also the only 

occasion on which the samples were illuminated, thus the effect of sample ageing and illumi-

nation and number of bleaching cycles cannot be separated.  

XRD measurements were perfomed on  the three YHO films in order to investigate any 

possible differences in structure or microstrucutural properties, see Figure 19. Similar diffraction 

patterns are obtained for all YHO films. All films feature two peaks in the scanned 2ϴ region. 

However, YHO on CaF2 substrate features a (200) peak significantly larger in intensity 

compared to the YHO on other substrates and smaller (111) peak. A scan of a clean CaF2 

subatrate showed no peak in the scanned range. Lattice constants and grain sizes for the YHO 

films are presented in Table 5. YHO on glass and on Al2O3 on glass, substrates feature nearly 

identical lattice constants, whereas YHO on CaF2 was found to have a slightly smaller lattice 

constant. No significant difference in grain size (within ± 6.5 Å) can be observed. 

 

 

 

 

Table 4: Bleaching time constants determined by fitting bleaching data shown in Figure 18 

using equation (8). 
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Sample Lattice constant [Å] Grain size [Å] 

YHO/Glass 5.357 ± 0.003 88.9 ± 5.2 

YHO/CaF2 5.344 ± 0.002 94.0 ± 3.6 

YHO/Al2O3/Glass 5.359 ± 0.003 91.7 ± 6.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5: Lattice constants and grain size for YHO thin films deposited on different substrates.  

Figure 19: XRD diffraction patterns obtained for photochromic YHO thin films deposited on 

three different substrates, performed in Bragg-Brentano geometry at ambient conditions. Dif-

fraction peaks are labelled in accordance with an fcc cubic structure (space group Fm3m) 
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6 Isotope labelling in photochromic oxygen containing 

yttrium-hydride (deuteride) thin films 

In this chapter, the synthesis of oxygen containing yttrium deuteride (YDO) and double layers 

of YHO and YDO is described. A combination of RBS and ToF-ERDA are used to obtain the 

thickness and chemical composition of thin films and individual layers in double layered struc-

tures. Optical analysis was used to provide the transmission spectra of the thin films and pho-

tochromic response. 

Recent studies on photochromic REHO thin films have suggested that material transport in 

the active photochromic material plays an important role in the photochromic effect [19,20]. In 

a recent study, D. Moldarev et al. found an increasing photochromic response with increasing 

film thickness up to 600 nm, suggesting that the effect is bulk nature, however, could be limited 

to material transport on the microscale [19]. The authors of ref. [20] speculate that oxygen is 

released from photochromic YHO films when they photo darken, in order to explain observed 

lattice expansion/contraction under photo-darkening. This was supported by optical studies 

showing that bleaching of the films is only found under exposure to air but not in a N2 atmos-

phere [20]. However, in-situ analysis of YHO samples under illumination showed that a pho-

tochromic response can be triggered in high-vacuum and is not related to significant changes 

of the integral composition of the film ( larger than 1 at.%) [17]. Furthermore, it has been 

demonstrated in section 4, that the photochromic effect can be triggered in YHO films capped 

with diffusion barriers. Thus, an alternative explanation is needed. Remhof et al. demonstrated 

that small changes in hydrogen concertation in the transformation of YHO1.9 to YHO2.1 in the 

fcc β-phase are accompanied by significant changes in optical transmission [48]. Therefore, 

isotope labelling with hydrogen and deuterium or O18 and O16 could provide information on the 

diffusion process in photochromic REHO materials.  

In the aim of growing a double layered structure of YHO on top of YDO, first a layer of 

YDO was deposited onto a glass substrate, followed by the growth of an YHO layer. Additional 

glass substrates were included in the deposition of each individual layer, in order to analyze 

each layer separately. Finally, all samples were capped with a layer of transparent Al2O3. 



35 

 

First, an YDO layer was synthesized by Ar reactive magnetron sputtering (see section 2.1) 

on glass substrates. The deposition was performed in an Ar:H2 environment with a H2/Ar ratio 

of 0.04. Base pressure of the deposition vacuum chamber was 5.0x10-3 Pa whereas the deposi-

tion pressure was maintained at 0.6 Pa. Plasma current was 120 mA and deposition was main-

tained for 400 s, the target-substrate distance was 50 mm. The glass substrates were cut into 

approximately 1 x 1 mm2 pieces. We found that synthesis of pure deuteride films can be chal-

lenging with reactive growth due to several sources of hydrogen contamination. Improved base 

pressure (approximately 5.0x10-3 Pa), achieved by pumping the vacuum chamber for several 

hours. The main source of contamination was found to be the RE-targets due to hydrogen poi-

soning from extensive reactive growth with hydrogen. Further efforts include, flushing the vac-

uum chamber with Ar-gas followed by D-gas prior to reactive growth.  

Secondly, an YHO layer was synthesized by Ar reactive magnetron sputtering (see section 

2.1) on top of the YDO layer previously prepared. The deposition was performed in an Ar:H2 

environment with a H2/Ar ratio of 0.01. Base pressure of the deposition vacuum chamber was 

5.0x10-3 Pa whereas the deposition pressure was maintained at 0.75 Pa. Plasma current was 120 

mA and deposition was maintained for 400 s, the target-substrate distance was 50 mm. To en-

sure no deuterium contamination in the YHO layer during growth, similar precautions were 

performed as described above.  

Finally, a layer of transparent Al2O3 was grown on top of the double layered YHO/YDO as 

well as the individual YHO and YDO layers. The Al2O3 layer provides a diffusion barrier for 

H and O from the ambient atmosphere.  

Figure 20 shows RBS spectrum and the final fit (see discussion in Sec. 2.2.3) and ToF-ERDA 

depth profiles for the YDO thin film grown on a soda lime glass substrate and capped with a 

transparent layer of Al2O3. Note that for the samples discussed in this chapter, the ToF-ERDA 

measurements were performed with a beam energy of 30 MeV (instead of typical 36 MeV), in 

order to fully stop all the recoiled deuterium atoms in the Gas Ionization Chamber (GIC) of the 

ToF-E telescope tube. Figure 20 (a) shows RBS spectra (black dots) for the photochromic YHO 

film together with a fit using SIMNRA [34] (red solid line), featuring a well separated Y signal 

and a Al signal from the capping layer.  Panel (b) shows ToF-ERDA depth profiles derived 

using POTKU [35] for the same sample.  The transparent Al2O3 capping layer is was found to 

have a thickness of 87 nm (assuming bulk densities) and an identical stoichiometric composi-

tion (Al/O ≈ 0.66). The RBS data for the YHO film capped with Al2O3 was fitted with 1 at. % 

Y in the capping layer (dashed red line in Figure 20Figure 10 (c)), the fit suggest that holes in the 

capping layer cover less than 1 % of the surface area. 
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Figure 21 shows RBS spectrum and the final fit (see discussion in Sec. 2.2.3) and ToF-ERDA 

depth profiles for the YHO thin film grown on a soda lime glass substrate and capped with a 

transparent layer of Al2O3. Figure 21 (a) shows RBS spectra (black dots) for the photochromic 

YHO film together with fit using SIMNRA [34] (red solid line), featuring a well separated Y 

signal and Al signal from the capping layer.  Panel (b) shows ToF-ERDA depth profiles derived 

using POTKU [35] for the same sample. The transparent Al2O3 capping layer was found to have 

a thickness of 87 nm (assuming bulk densities) and an identical stoichiometric composition 

(Al/O ≈ 0.66). The RBS was fitted with 1 at. % Y in the capping layer (dashed red line in Figure 

10Figure 21 (c)), the fit suggest that holes in the capping layer cover less than 1 % of the surface 

area. 

 

 

 

Figure 20: IBA results for an YDO thin film grown on soda lime glass substrate capped with a 

transparent layer of Al2O3. (a) RBS spectrum (black dots) and SIMNRA fit (red solid line). (b) 

ToF-ERDA depth profiles showing concentrations of main constituents as a function of depth.  

Figure 21: IBA results for an YHO thin film grown on soda lime glass substrate capped with a 

transparent layer of Al2O3. (a) RBS spectrum (black dots) and SIMNRA fit (red solid line). (b) 

ToF-ERDA depth profiles showing concentrations of main constituents as a function of depth.  
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Figure 22 shows RBS spectrum and the final fit (see discussion in Sec. 2.2.3) and ToF-ERDA 

depth profiles for the YHO/YDO double layer film grown on a soda lime glass substrate and 

capped with a transparent layer of Al2O3. Figure 22 (a) shows RBS spectra (black dots) for the 

photochromic YHO film together with a fit using SIMNRA [34] (red solid line), featuring a 

well separated Y signal and a Al signal from the capping layer.  Panel (b) shows ToF-ERDA 

depth profiles derived using POTKU [35] for the same sample. The transparent Al2O3 capping 

layer is was found to have a thickness of 87 nm (assuming bulk densities) and an identical 

stoichiometric composition (Al/O ≈ 0.66). The RBS data for the YHO film capped with Al2O3 

was fitted with 1 at. % Y in the capping layer (dashed red line in Figure 22 (c)), the fit suggest 

that holes in the capping layer cover less than 1 % of the surface area. 

 

 

 

Results of optical measurements done one day after deposition are presented in Figure 23. 

The transmission spectra of the thin films are represented by dashed lines before illumination 

and solid lines after illumination, in red, green and blue for the YHO film, YDO film, and 

YHO/YDO double layer, respectively. For illumination a LED array was used, with a 

wavelenght of 455 nm and intensity 500 mW/cm2. The illumination time was 25 minutes and 

the thin films were illuminated from the substrate side, in order to ensure all YHO films recive 

the same amount of light flux. The transmission spectra of  a clean glass substrate (black solid 

line) and a 87 nm thick Al2O3 film deposited onto a glass substrate (grey solid line) are shown 

for reference. All three films are found to be photochromic, demonstrating for the first time that 

Figure 22: IBA results for an YHO/YDO double layer thin film grown on soda lime glass sub-

strate capped with a transparent layer of Al2O3. (a) RBS spectrum (black dots) and SIMNRA 

fit (red solid line). (b) ToF-ERDA depth profiles showing concentrations of main constituents 

as a function of depth.  
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YDO thin films can be photochromic. The photochromic response and thickness of the films is 

shown in Table 6. The YHO/YDO double layer film is found to feature the largest photochromic 

response of the studied samples in this section. The reduced photochromic response of the 

layers of YHO and YDO is most likely a result of enhanced oxidation due to exposure to air 

during the synthesis of the YHO/YDO double layer. However, the double layer received 

minimal exposure to air during its preparation. 

 

Sample Photochromic response [%] Thin film thickness* [nm] 

Al2O3/YHO 7 ± 1 260 ± 1 

Al2O3/YDO 9 ± 1 305 ± 2 

Al2O3/YHO/YDO 35 ± 1 565 ± 3 

*Al2O3 capping layer thickness: 87 nm 

 

 

 

 

Table 6: Photochromic response and thickness of the YHO, YDO and YHO/YDO double layer 

films studied in this section. 

Figure 23: Optical transmission spectra showing the reduction in transmission of the YHO, 

YDO and YHO/YDO films capped with a transparent layer of Al2O3 following 25 minutes of 

illumination (wavelength 455 nm and intensity 500 mW/cm2). The optical transmission of a 

glass substrate and an 87 nm thick Al2O3 layer are shown for reference. 
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7 Summary, final remarks and outlook 

Photochromic oxygen containing rare-earth-hydride thin films (REHO, RE = Y, Nd, Gd and 

Dy) have been successfully grown by reactive Ar-magnetron sputtering followed by ex-situ 

oxidation. Ion beam-based composition analysis suggest that oxygen containing Y, Gd, Dy, and 

Nd hydrides exhibit an average chemical formula close to REH2−δOδ in agreement with previous 

report on YHO samples [13]. The REHO photochromic response has been correlated to the 

chemical composition and our findings revealed that the photochromic effect of REHO exhibit 

a similar correlation to chemical composition regardless the rare-earth metal: i) films are pho-

tochromic in the compositional range 0.45 < δ < 1.5; ii) increase of oxygen concentration be-

yond δ = 1 leads to decrease of photochromic response. Furthermore, photochromic NdHO was 

reported - to the best of our knowledge - for the first time, as one of the outcomes from this 

present thesis. 

To further investigate the possible environmental effect on the photochromism as well as on 

the bleaching kinetics, YHO samples were successfully capped with two transparent diffusion 

barrier layers: Al2O3 and Si3N4, and their optical properties were compared to their respective 

uncapped twin sample. Thickness of the YHO thin films and capping layers were obtained by 

self-consistent and iterative ion beam analysis. Optical measurements were done to obtain both 

the photochromic response and bleaching kinetics of the YHO thin films. A similar photo-

chromic effect (i.e., photochromic response and bleaching kinetics) was observed in both the 

uncapped and capped samples. This evidence suggest that the ambient conditions do not play a 

significant role in the photochromic effect in YHO. Thus, the photochromic effect is not de-

pendent on any exchange of either oxygen or hydrogen between the REHO material and the 

atmosphere. Note that, because of a few issues with the optical measurement on the Al2O3 

capped sample, further measurements with this sample would be appreciated.  

In sequence, aiming to investigate also possible substrate effect (i.e., stress) on the photo-

chromism as well as on the bleaching kinetics, YHO thin films were deposited on different 

substrates, i.e. soda lime glass, transparent CaF2 and onto a thin layer of transparent Al2O3 

grown on a soda lime glass substrate. Optical measurements were done to obtain both the pho-

tochromic response and bleaching kinetics of the YHO thin films. RBS and ToF-ERDA was 
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used to deduce the thickness and composition of the YHO films, and to confirm they are thus 

identical. A comparison of the optical properties and chemical composition of the YHO films 

deposited on different substrates revealed that no strong dependence on the substrate could be 

observed. However, the bleaching of photochromic YHO thin films was found to be age de-

pendent. Fresh samples (age < 24 hours) show bleaching which is dominated by a fast initial 

phase (estimated from a Lambert-Beer-like fit). After several days of continuous oxidation in 

air, the samples show bleaching dominated by the slower secondary phase, whereas the fast 

initial phase is limited only to the first 500 s after illumination stops. 

Finally, in order to investigate diffusion of H and thus trying to gain insights on the dual-phase 

formation as observed in another collaboration work as results from this thesis (see Appendix 

II), photochromic YHO/YDO double layers were successfully synthesized by reactive Ar mag-

netron sputtering. Highlighting that photochromic effect was demonstrated in the individual 

layer of YDO as well. A combination of RBS and ToF-ERDA are used to obtain the thickness 

and chemical composition of thin films and individual layers in the double layered structure. 

No diffusion of H/D could be observed in the double layered structure within one week (and 

one illumination/bleaching) cycle. 

Experimental evidence of the importance of hydrogen mobility and diffusion in the photo-

chromic effect have been discussed in details in previous reports [4,8,48]. This work can thus 

provide a starting point for further studies on hydrogen mobility in photochromic REHO. The 

experimental results of section 5 (e.g., Figure 18) suggest the presence of two absorbing species 

in the active photochromic material. These findings can also be interpreted as two processes in 

which the same absorbing species decays. In a recent report, the authors discuss H mobility, 

and H and O occupancy of interstitial sites in lanthanum hydride (LaH3) doped with oxygen 

[49], which could be relevant in the context of photochromic REHO. Neutron powder diffrac-

tion results indicate that H can occupy two different interstitial sites in the fcc LaH3 structure 

i.e. the tetrahedral and octahedral sites, in contrast, O preferentially occupies the tetrahedral site 

[49]. Thus, in combination with the results of  our collaboration work [21] presented in Appen-

dix II - indicating a H transport within dual-phase system - one can speculate that the two dif-

ferent bleaching constants observed in the bleaching data can be related to H desorption/ab-

sorption at two interstitial sites with different activation energies.  

Note that photo-darkening of REHO as a function of time was not investigated in this work, 

therefore, future studies of combined photo-darkening and bleaching curves could provide fur-

ther information on the photochromic effect. The current capabilities of the SIGMA system 

[50] available at Tandem Laboratory (UU) (now also equipped with a residual gas analyser and 
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sample heating) are well suited for a combination of thermal desorption measurements and in-

situ IBA analysis of photochromic REHO thin films. Such measurements could provide infor-

mation of desorption of H from photochromic REHO films, and in turn give information on the 

activation energies of H in the photochromic films.   
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Appendix I 

Bleaching of photochromic REHO thin films is described by the following model based on the 

analysis presented by F. Nafezarefi et al. in ref. [43]. 

The transmission of REHO thin films can be the Lambert-Beer law: 

 

 𝑇(𝜆, 𝑡) = exp(−𝛼(𝜆, 𝑡) ∙ 𝑑). (9) 

 

Where d is the thickness of the thin film, 𝛼 is the absorption coefficient of the material, and t is 

the time elapsed after illumination has stopped. The transmission of the thin film at time t, T, 

normalized to its initial transmission at before illumination, T0, is: 

 𝑇

𝑇0
= exp (−𝛥𝛼 ∙ 𝑑).  

(10) 

 

 ln (
𝑇

𝑇0
) = −𝛥𝛼 ∙ 𝑑. (11) 

 

Where the change in absorption coefficient is given by the product of the time dependent con-

centration of the absorbing species c(t), and its absorption cross-section, σ(λ): 

 

 𝛥𝛼 =  c(t)  ∙  σ(λ) (12) 

 

Assuming first order kinetics in the concentration of the absorbing species, c(t) has an initial 

concentration c0 at the time when illumination has stopped and then decays exponentially: 

 

 
c(t) = 𝑐𝑜 exp (−

1

𝜏
𝑡) (13) 
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One can also assume that two absorption species are present in the material, with different initial 

concentrations, c1 and c2, different time constants, τ1 and τ2, and different absorbing cross-

sections, σ1 and σ2. 

 

 
c1(t) = 𝑐𝑜 exp (−

1

𝜏1
𝑡) , (14) 

 
c2(t) = 𝑐𝑜 exp (−

1

𝜏2
𝑡) . (15) 

 

 

Putting together equations (10), (11), (12), and (15), gives,  

 

 ln (− ln (
T

T0
)) = ln (−𝑐1,0σ1𝑑 exp (−

1

𝜏1
𝑡) − 𝑐2,0σ2𝑑 exp (−

1

𝜏2
𝑡)). (16) 

 

Finally, 

 

 T

T0
= ln (−𝑐1,0σ1𝑑 exp (−

1

𝜏1
𝑡) − 𝑐2,0σ2𝑑 exp (−

1

𝜏2
𝑡)). (17) 

 

 

Thus, fitting the bleaching data with the above equations gives the bleaching data give time 

constants of both absorption species, furthermore, initial concentrations can be estimated as 

well. 
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Appendix II 

This appendix describes a collaboration between our groups at UU and the Atom Probe To-

mography group at RWTH Aachen University (Dr. Marcus Hans). In this collaboration, a pho-

tochromic GdHO thin film was synthesized by us according to the description in this work and 

studied by means of atom probe tomography, ion beam analysis and transmission electron mi-

croscopy, revealing that photochromism can be related to the formation of a dual-phase struc-

ture with hydride and oxide phases and to the photo-induced transfer of hydrogen between these 

two phases [21]. 

The chemical composition of the GdHO sample was deduced by a multi method approach 

(see section 2.2.3) and was found to have an average chemical composition of 31 at.% Gd, 31 

at.% O, and 38 at.% H and a thickness of approximately 1.3 μm. The optical properties of the 

sample were studied via optical microscopy. A photochromic response 54 % was obtained fol-

lowing 2 hours of illumination (wavelength 400 nm and intensity 10 mW/cm2). 

The sample was also studied with X-ray diffraction, indications of a dual-phase formation 

can be seen in the diffraction spectrum. Bixbyite Gd2O3 (space group Ia3̅) and fcc GdH2 (space 

group Fm3̅m) phases which are crystallographically similar can be assigned to diffraction 

peaks. Furthermore, large compressive stress can be deduced from the XRD data. A compres-

sive residual stress state of 5.9 ± 1.5 GPa was estimated in the GdHO thin film. 

In order to confirm the formation of a dual phase in GdHO, the thin film is studied using 

APT and TEM. High angle annular dark field TEM images of the GdHO sample are shown in 

Figure 24. The cross-sectional view shows a fine-grained structure formed in the initial stage 

of the growth which evolves into a columnar morphology. Planar view images of a lamella 

extracted from the GdHO thin films show a large contrast difference between the columnar 

boundary region and the interior of the columns, suggesting a significant difference in chemical 

composition of the two regions. Further studies by energy dispersive X-ray spectroscopy map-

ping demonstrates the presence of oxygen in the column boundary regions. These results sug-

gest that oxygen is incorporated into REHO thin films at the column boundaries.  

 

https://scholar.google.com/citations?view_op=view_org&hl=de&org=2022388551903139277
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APT provided quantification of the GdHO thin film composition. Figure 25 shows a recon-

struction of gadolinium together with hydrogen, and gadolinium together with oxygen atomic 

positions. Gadolinium is observed throughout the reconstruction. However, hydrogen and oxy-

gen show an anti-correlation and formation of hydrogen rich regions with low oxygen concen-

trations and vice versa. Depth profiles in Figure 25 provide quantitative chemical information. 

Gadolinium is found to vary in a range between 17 and 27 at. % in hydrogen rich regions and 

between 30 and 35 at. % in oxygen rich regions. 

The presented XRD, TEM and APT results support the formation of a dual phase system in 

GdHO thin films with of Gd2O3 and GdH2. 

Figure 24: TEM images: High angle annular dark field images of a cross-section and a plane-

view thin film lamella. EDX shows oxygen concentrations. Figure taken from ref. [21]. 
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As previously discussed, photochromism in yttrium metal hydrides was first reported by 

Ohmura et al. in an yttrium film pressurized at 5.8 GPa [8]. Furthermore, the formation of  YH2 

and hexagonal YH3 (space group P3̅c1)  phases was demonstrated [8]. The photochromic re-

sponse in YHx was speculated to be a result of hydrogen transfer from the hexagonal YH3 to 

the fcc YH2. Previously, Remhof et al. reported on the optical properties of YHx under hydrogen 

loading. Small changes in hydrogen concentration from YHO1.9 to YHO2.1 in the fcc β-phase 

are accompanied by a significant reduction in optical transmission. 

As a result of the collaborative effort of IBA, XRD, TEM, and APT techniques, we propose 

the underlying mechanism of the photochromic effect in REHO thin films. The presented re-

sults show a dual-phase structure as well as strong compressive stress which are in agreement 

with prerequisites for photochromism in YHx,
 [8]. A similar mechanism is proposed in photo-

chromic GdHO. Thus, hydrogen may be transferred from the hydrogen-containing bixbyite 

Gd2O3 to the fcc GdH2 phase, concomitantly causing the photo-darkening. APT results for pho-

tochromic YHO agree with the presented results for GdHO, therefor suggesting that the pro-

posed mechanism is relevant to all REHO thin films.  
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Figure 25: APT reconstructions of gadolinium (red), hydrogen (cyan) and oxygen (blue). Hor-

izontal and vertical chemical composition profiles obtained from the regions indicated by 

dashed lines. Figure taken from ref. [21]. 
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