
 
 

Delft University of Technology

Time dependent evolution of vacancies and metallic domains and their correlation with the
photochromic effect in yttrium oxyhydride films revealed by in situ illumination positron
annihilation lifetime spectroscopy

Wu, Ziying; Chaykina, Diana; Schreuders, Herman; Schut, Henk; De Boer, Martijn; Liedke, Maciej Oskar;
Brück, Ekkes; Dam, Bernard; Eijt, Stephan W.H.; More Authors
DOI
10.1103/PhysRevMaterials.9.015201
Publication date
2025
Document Version
Final published version
Published in
Physical Review Materials

Citation (APA)
Wu, Z., Chaykina, D., Schreuders, H., Schut, H., De Boer, M., Liedke, M. O., Brück, E., Dam, B., Eijt, S. W.
H., & More Authors (2025). Time dependent evolution of vacancies and metallic domains and their
correlation with the photochromic effect in yttrium oxyhydride films revealed by in situ illumination positron
annihilation lifetime spectroscopy. Physical Review Materials, 9(1), Article 015201.
https://doi.org/10.1103/PhysRevMaterials.9.015201
Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1103/PhysRevMaterials.9.015201
https://doi.org/10.1103/PhysRevMaterials.9.015201


Green Open Access added to TU Delft Institutional Repository 

'You share, we take care!' - Taverne project  
 

https://www.openaccess.nl/en/you-share-we-take-care 

Otherwise as indicated in the copyright section: the publisher 
is the copyright holder of this work and the author uses the 
Dutch legislation to make this work public. 

 
 



PHYSICAL REVIEW MATERIALS 9, 015201 (2025)

Time dependent evolution of vacancies and metallic domains and their correlation
with the photochromic effect in yttrium oxyhydride films revealed by in situ illumination positron

annihilation lifetime spectroscopy

Ziying Wu ,1,* Diana Chaykina ,1,2 Herman Schreuders ,2 Henk Schut ,3 Martijn de Boer,3 Maciej Oskar Liedke ,4

Maik Butterling ,4 Andreas Wagner,4 Marcel Dickmann,5 Ekkes Brück ,1 Bernard Dam ,2 and Stephan W. H. Eijt 1

1Fundamental Aspects of Materials and Energy, Department of Radiation Science and Technology, Faculty of Applied Sciences,
Delft University of Technology, Mekelweg 15, NL-2629 JB Delft, The Netherlands

2Materials for Energy Conversion and Storage, Department of Chemical Engineering, Faculty of Applied Sciences,
Delft University of Technology, Van der Maasweg 9, NL-2629 HZ Delft, The Netherlands

3Neutron and Positron Methods for Materials, Department of Radiation Science and Technology, Faculty of Applied Sciences,
Delft University of Technology, Mekelweg 15, NL-2629 JB Delft, The Netherlands

4Institute of Radiation Physics, Helmholtz-Zentrum Dresden-Rossendorf, Bautzner Landstrasse 400, D-01328 Dresden, Germany
5Institut für angewandte Physik und Messtechnik, Bundeswehr Universität München, D-85579 Neubiberg, Germany

(Received 17 October 2024; accepted 6 January 2025; published 16 January 2025)

Grasping (electronic) structure changes during photochromic processes is crucial for fully understanding
the photochromic effect in rare-earth oxyhydride films. In this study, we employ in situ UV illumination
positron annihilation lifetime spectroscopy (PALS) to investigate the time evolution of open-volume defects and
metallic domains during photodarkening and bleaching in yttrium oxyhydride films. The PALS depth profiles
before and after a photodarkening-bleaching cycle reveal a light-induced increase in open-volume defects, that
occurs homogeneously throughout the oxyhydride layer. The time-dependent PALS measurements show that
upon photodarkening, a fast initial formation of metallic domains occurs, as well as a fast release of loosely
bounded hydrogen from vacancy clusters and nanopores. During further photodarkening, the concentration of
divacancy-like defects gradually increases due to the aggregation of light-induced hydrogen vacancies with
preexisting yttrium monovacancies. After the UV illumination is stopped, two subsequent bleaching phases are
observed. During the first bleaching phase, a strong correlation between the shortest positron lifetime τ1 and the
photochromic contrast is seen in both samples, suggesting that metallic domains disappear and, correspondingly,
positron trapping at yttrium monovacancies and divacancy-like defects increases. During the second bleaching
phase, a subsequent correlation between τ1 and the photochromic contrast is observed in the more H-rich sample,
which is related to the disappearance of larger metallic domains. After bleaching, most of the metallic domains
and the photoexcited electrons in the matrix have disappeared, while the formed small vacancy complexes and
larger vacancies remain stable. Our PALS study suggests that the formation of metallic domains is the cause of
photodarkening, and the formed vacancy defects are important for understanding the memory effect.

DOI: 10.1103/PhysRevMaterials.9.015201

I. INTRODUCTION

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

*Contact author: z.wu-2@tudelft.nl

conductivity make these photochromic films promising for
applications in smart windows [7,8], memory devices [9], and
photocatalysts [10].

However, the mechanism of the photochromic effect is
still not fully clarified and a comprehensive understanding
of the corresponding microstructural and electronic structure
changes during photodarkening and bleaching is still lack-
ing. By modelling optical spectroscopic ellipsometry data,
Montero et al. [11] proposed that hydride-like metallic do-
mains are formed in a semiconducting YHxOy matrix, with
a volume fraction of up to 6% upon illumination. The for-
mation of metallic domains was supported by a magnetic
susceptibility study on Gd oxyhydride films in [12], where
a reversible increase in the Curie-Weiss temperature for the
photodarkened state was observed. In addition, a nuclear mag-
netic resonance study on RE oxyhydride films (RE = Sc)
suggested that the photodarkening process is accompanied
by a reduction of RE3+ to RE2+ [13]. Indeed, a previous
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positron annihilation study [14] showed (partially) reversible
shifts in the positron Doppler-broadening S-W values in the
direction towards the metal dihydride upon illumination in
both YHxOy and GdHxOy films, suggesting the reversible
formation of metallic nanodomains with a valence change
from RE3+ to RE2+. On the other hand, irreversible shifts
in the S parameters to a higher value and the W parame-
ters to a lower value after a photodarkening-bleaching cycle
were also observed in both YHxOy and GdHxOy [14]. These
irreversible shifts in the S parameters were found to corre-
late strongly with the bleaching time constant extracted from
optical transmittance upon photodarkening-bleaching cycling,
particularly for the first three cycles, suggesting that the mi-
crostructural changes corresponding to the slower bleaching
upon cycling involve vacancy aggregation [15]. This was sup-
ported by PALS measurements before and after one cycle that
suggests the irreversible formation of divacancy-like defects
and growth of vacancy clusters as a result of the aggregation of
light-induced hydrogen vacancies with the preexisting yttrium
monovacancies and vacancy clusters [15]. The formation of
vacancies is consistent with the observed release of hydrogen
gas from YHxOy films during illumination, supporting the mo-
bility of hydrogen liberated by the illumination [16]. However,
it remains largely unknown how microstructure and electronic
structure evolve in time during photodarkening and bleaching
in RE oxyhydride films.

Positron annihilation lifetime spectroscopy (PALS) is a
well-known nondestructive tool to identify and quantify
open-volume defects at a nanometer-sized scale, providing
information on the size and the concentration of open-volume
defects. Because of the capability of relatively fast measure-
ment (in the order of minutes), PALS has been employed
to investigate vacancy dynamics in niobium during thermal
annealing [17] and in hydrogen-charged nickel during aging at
room temperature [18], and to examine the kinetics of vacancy
clustering and precipitation during natural aging in Al-Mg-Si
alloys [19–21]. It has also been applied to study the dynamic
changes of the charge state of vacancy clusters after switching
off the illumination in diamond [22]. In addition, our previ-
ous Doppler broadening positron annihilation spectroscopy
(DB-PAS) study suggested that preferred positron trapping
at metallic nanodomains occurs during illumination [14]. In-
deed, if the positron affinity of the metallic nanodomains is
different from the matrix, preferential positron trapping at
nanometallic domains could occur, as has been observed in
Li, Au, and Kr nanoclusters embedded in MgO [23–26], and
in Cu nanoparticles embedded in Fe [27]. The preferential
trapping at nanodomains could potentially increase the inten-
sity of the corresponding positron lifetime component. For
instance, in the Li-doped MgO system, the trapping rate and
the intensity of positron annihilation at Li2CO3 precipitates
increases almost linearly with the doping concentration of Li
[28]. If the positron lifetime in a metallic domain is different
from that of the surrounding matrix, the formation of metallic
domains will change the positron lifetime. Therefore, PALS
may provide essential information on the evolution of metallic
domains and open-volume defects during photodarkening and
bleaching.

In this study, we employed in situ illumination PALS mea-
surements on two photochromic yttrium oxyhydride films to

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

II. EXPERIMENTAL

Two types of yttrium dihydride thin films (YHO-1 and
YHO-2) were deposited on unheated fused silica substrates
(1 × 1 cm2) by reactive magnetron sputtering in an Ar/H2

(at a ratio of 7:1) atmosphere and the deposition pressure
was maintained at 0.5 Pa during sputtering [2]. The dc power
supplied to a yttrium target was 100 W and 200 W for YHO-1
and YHO-2 thin-film samples, respectively. The as-deposited
yttrium dihydride thin films were then oxidized by exposure
to an ambient environment. An oxyhydride phase was formed
during the postoxidation process, in which at least five days
were given to reach a stable composition [29]. The thickness
of the oxyhydride layer in YHO-1 and YHO-2 samples was
determined by profilometry to be 400 and 420 nm, with an
uncertainty of ∼10%. The same deposition method as for the
YHO-1 samples was used with a second yttrium target for
preparing YHO-a film samples employed in the second PALS
measurement at HZDR. The thickness of the oxyhydride layer
in the YHO-a film samples was ∼350 nm.

Grazing-incidence x-ray diffraction (XRD) measurements
were performed on a PANalytical X-pert Pro diffractometer
with a Cu “Kα” source (λ = 1.54 Å) at room temperature at
an angle of incidence of 2◦. The XRD patterns of all yttrium
oxyhydride films, compared with peak positions of reference
Fm-3m YH2 (#04–005–5940), are given in Fig. S1 within the
Supplemental Material (SM) [30] (including Refs. [31–38]).
The diffraction peaks of all yttrium oxyhydride films are
consistent with the (shifted) positions of (111), (200) and
(220) and (311) planes of the reference Fm-3m YH2 (#04–
005–5940), indicating that YHO-1, YHO-2, and YHO-a thin
films have the same face-centered-cubic (fcc) crystal structure
as YH2. This is in agreement with previous findings [29].
Note that Pnma [39] and P21/m [40] structures were reported
in bulk YHO (in the 1:1:1 composition) and other crystal
structures were reported in bulk RE oxyhydrides [40,41].

The optical transmittance of the yttrium oxyhydride
film samples was measured in the wavelength range
of 230–1120 nm using a custom-built optical fiber-based
spectrometer [29]. A narrow band LED (385 nm, I =
30 mW/cm2) was employed as the light source to trigger the
photochromic effect. The indirect optical bandgap energy of
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FIG. 1. (a) Optical transmittance normalized to the initial transmittance (T/T0 ), averaged in the wavelength range of 450–1000 nm before
illumination, during ∼2 h ultraviolet (UV) illumination (purple-shaded region), and during subsequent bleaching for YHO-1 and YHO-2
thin-film samples. [(b),(c)] The corresponding transmittance spectra as a function of wavelength for the YHO-1 and YHO-2 thin-film samples
before illumination, during 5 min and 2 h of photodarkening, and after 5.5 h of bleaching. Note that the transmittance peak around 380 nm
seen during photodarkening is caused by the LED light source triggering the photochromic effect.

YHO-1, YHO-2, and YHO-a film samples was determined to
be 2.49, 2.42, and 2.49 eV using a Tauc-plot method [29,42].

When implanted into a solid, a positron will collide with
the atoms and lose its kinetic energy via electron excitations
and interactions with the lattice. After a few picoseconds,
the positron is thermalized with an energy of a few tens
of meV. The thermalized positron diffuses through the host
lattice until annihilation occurs in a defect-free environment
or until it finds an open-volume defect. Open-volume defects
such as negatively charged or neutral vacancies preferentially
trap positrons owing to the lack of Coulomb repulsion of the
ion cores. If the size of open-volume defects is sufficiently
large, positronium, a bound state of a positron and an electron,
can form. The positron lifetime depends on the local electron
density at the annihilation site. The lifetime of a positron
annihilating in the defect-free bulk state can vary from about
140 to 280 ps in semiconductors [43,44]. An increase in the
size of open-volume defects will decrease the local electron
density and thus increase the positron lifetime. The lifetime of
orthopositronium (a bound state of an electron and a positron,
with spin S = 1) in semiconductors is typically in the order
of nanoseconds due to pick-off annihilation [44]. PALS can,
therefore, be applied to examine the presence of open-volume
defects and their size.

PALS measurements were performed at the Mono-
energetic Positron Source (MePS) beamline, which is one
of the end stations of the ELBE (Electron Linac for beams
with high Brilliance and low Emittance) facility at Helmholtz-
Zentrum Dresden-Rossendorf, Germany [45]. Approximately
107 counts were collected for each spectrum. Thanks to the
high-flux low-energy positron beam, the acquisition time for
one spectrum is about three minutes, enabling monitoring
the microstructural changes at this time resolution. A CeBr3

scintillator detector coupled to a Hamamatsu R13089-100
photomultiplier (PMT) tube was utilized for gamma quanta
acquisition and the signals were processed by the SPDe-
vices ADQ14DC-2X digitizer (14-bit vertical resolution and
2 GS/s horizontal resolution) [46]. The instrument time res-
olution was estimated to be ∼250 ps by determination of

the PALS spectrum of a reference amorphous yttria-stabilized
zirconia (YSZ) sample with a single well-defined lifetime
component. The positron lifetime spectra were analyzed by
the convolution between the sum of N exponential decays∑N

i=1
Ii
τi

exp(−t/τi ) and the time resolution function R(t) of
the spectrometer superimposed onto a constant background
bkg, namely,

Z (t ) = R(t ) ⊗
N∑

i=1

Ii

τi
exp(−t/τi ) + bkg,

where τi is the positron lifetime in state i and Ii is the corre-
sponding intensity.

A three-component analysis was applied to decompose all
positron lifetime spectra using the PALSfit3 program [47].
The average lifetime τave is calculated as follows:

τave =
N∑

i=1

τiIi(i = 3), I1 + I2 + I3 = 1.

When the average lifetime exceeds the positron lifetime in
the (defect-free) bulk material, it indicates the presence of
open-volume defects. For the in situ illumination PALS mea-
surements, an ultraviolet (UV) laser source (∼375 nm) with
a comparable intensity to the abovementioned LED was uti-
lized. Using a custom-built beam expander consisting of three
optical lenses, the diameter of the UV spot at the sample
position was around 1.5 cm.

III. RESULTS AND DISCUSSION

A. Photochromic properties

The photochromic properties of YHO-1 and YHO-2 thin-
film samples were examined by illuminating the film with UV
light (3.2 eV) for 2 h. Figure 1(a) shows the transmittance T
(averaged from 450 to 1000 nm) before illumination, during
2-h UV illumination (photodarkening), and the subsequent
bleaching, normalized to the initial averaged transmittance T0.
The corresponding transmittance spectra as a function of
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wavelength for the YHO-1 and YHO-2 thin-film samples be-
fore illumination, during 5 min and 2 h of photodarkening, and
after 5.5 h of bleaching can be found in Figs. 1(b) and 1(c).
For both yttrium oxyhydride thin-film samples, the transmit-
tance reduces significantly during the first few minutes upon
photodarkening and tends to stabilize with longer illumination
time. The difference between the transmittance in virgin state
T0 and the transmittance at a time T, with respect to T0, is
defined as the photochromic contrast (T0 − T )/T0. After 2 h of
UV illumination, the photochromic contrast reaches 15% and
37% for YHO-1 and YHO-2 samples, respectively. When the
UV light is switched off, the transmittance starts to increase,
and it can fully recover after bleaching for several hours.
Comparing the two thin-film samples, a lower contrast and
a faster bleaching rate were found for the YHO-1 sample. It
is likely that, compared to the YHO-2 sample, the dihydride
phase of the YHO-1 sample deposited at a lower deposition
power has a higher porosity [48], enabling the absorption of
more oxygen into the film during air oxidation, thus resulting
in a higher O:H ratio in the YHO-1 sample. Indeed, the higher
O:H ratio could explain the higher bandgap of the YHO-1
sample [29]. Furthermore, according to an ideal (model) face-
center-cubic motif of yttrium oxyhydrides, the film with a
higher O:H ratio has fewer hydrogen atoms at the octahedral
sites [3], which is responsible for the lower contrast and faster
bleaching of the YHO-1 sample [29,49], supposing that the
release of octahedral hydrogen from its lattice position is a
key factor for the photochromic effect.

B. In situ illumination positron lifetime experiments

In situ illumination PALS measurements were performed
on YHO-1 and YHO-2 thin-film samples to investigate
the evolution of open-volume defects and metallic domains
during a photodarkening-bleaching cycle. Here, the UV il-
lumination time for both samples is the same as in the
transmittance measurements, i.e., 2 h. For the YHO-1 sample,
the time monitoring the bleaching process is around 2.8 h,
when the photodarkened film is nearly fully bleached. For
the YHO-2 sample, the bleaching monitoring time for in situ
PALS is 1.5 h, where photochromic contrast recovers by more
than 80%.

1. PALS depth profiles before illumination
and after photodarkening and bleaching

PALS depth profiles were collected in a positron implan-
tation energy range from 0.5 up to 9 keV to monitor the
open-volume defects as a function of positron implantation
energy in YHO-1 and in YHO-2 thin-film samples before
illumination and after bleaching. τave is a robust parameter and
rather insensitive to fitting procedures, leading to an accuracy
within about 1 ps. Figures 2(a) and 2(b) show the average
positron lifetime (τave) as a function of positron implantation
energy for both samples before illumination (grey squares),
extracted from a three-component analysis of the positron life-
time spectra collected in PALS depth profiling measurements.
Figure 2(a) also shows the τave as a function of positron im-
plantation energy after bleaching (red circles) for the YHO-1
sample, while in Fig. 2(b) the data point of τave at 5 keV
after bleaching (red circle) for the YHO-2 sample is shown for

comparison, extracted from the time-dependent measurement
performed at 5 keV (see Sec. III B 2).

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

P (z, E ) = mzm−1

z0
m

exp

[
−

(
z

z0

)m]

with m = 2, z the implantation depth, and z0= 1.13z̄, with
z̄ the mean implantation depth in nm, is a function of
the positron implantation energy E in keV according to
z̄(E ) =AEn

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

[50,51], and ρ = 4.3 g/cm3 for YHxOy, respectively.
As seen in Fig. 2(c), positrons at an implantation energy

of about 6 keV starts to probe the region deeper than 400 nm.
Hence, with increasing implantation energy above 6 keV, the
increase in the average lifetime steadily results from the in-
creased contribution from the substrate (>∼400 nm). This is
consistent with the VEPFIT analysis of the DB-PAS depth
profiles for the YHO-1 sample: Figure 2(d) shows that the
derived fraction of positrons annihilating in the substrate layer
starts to increase essentially above 6 keV. The fraction of
positrons annihilating in each layer for the YHO-2 sample is
similar to that for the YHO-1 sample (see Fig. S2 within the
SM [30]). More details on the experimental DB-PAS depth
profiles and the corresponding best-fit parameters for both
samples can be found in Figs. S3 and S4 and Table SI (see
the SM [30]). The higher τave below 2 keV comes from the
increased positron annihilation at the surface, which is sup-
ported by Fig. 2(d), which shows that the total fraction of
positron annihilation from thermal and epithermal positrons
increases with decreasing positron implantation energy below
∼2 keV. Therefore, the positron lifetimes in the range of 2–6
keV dominantly arise from the bulk oxyhydride layer. The τave

values above ∼360 ps of this bulk oxyhydride layer before
illumination are much larger than the calculated and experi-
mental defect-free bulk lifetime values of ∼240 ps reported in
our previous studies, indicating the presence of open-volume
defects [14,15] throughout the layer.

To provide more insights into the nature of open-volume
defects in the samples before illumination, we continue here
with a discussion of the lifetimes and intensities extracted
from the three-component analysis of the respective positron
lifetime spectra. Representative positron lifetime spectra col-
lected at a positron implantation energy of 5 keV of YHO-1
and YHO-2 thin-film samples before illumination and the
corresponding fits are shown in Fig. 3. The fairly constant τave

values in the range of 2–6 keV [Figs. 2(a) and 2(b)] as well as
the corresponding positron lifetimes and intensities of the bulk
oxyhydride layer (see Figs. S5 and S6 within the SM [30])
indicate that there is no significant depth dependence in the
defect distribution in both samples. The depth dependence of
the positron lifetimes and corresponding intensities obtained
from a three-component analysis for YHO-1 and YHO-2
film samples in the collected positron implantation energy
range can be found in Figs. S5 and S6 within the SM [30].
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FIG. 2. The average positron lifetimes (τave) as a function of positron implantation energy for (a) YHO-1 and (b) YHO-2 thin-film samples
before illumination (grey squares) as well as after 2 h photodarkening and ∼2.8 h bleaching for the YHO-1 sample and ∼1.5 h bleaching
for the YHO-2 sample (red circles), as well as (c) Makhovian positron implantation profiles for implantation energies from 0.5 keV to 9 keV
for both YHxOy samples, and (d) the fractions of positrons annihilating in each layer for the YHO-1 film sample as a function of positron
implantation energy derived by VEPFIT analysis.

The positron lifetimes and corresponding intensities of the
three components averaged in the energy range of 3–5 keV
for both YHO-1 and YHO-2 samples before illumination are
shown in Table I.

The first shortest positron lifetime τ1 of ∼277 ps is ∼13%
larger than the experimental and calculated bulk lifetime val-
ues (∼240 ps) and is close to the calculated lifetime values

for yttrium monovacancies (∼290 ps for LDA and ∼324
for GGA), so this first lifetime could be ascribed to yttrium
monovacancies [14,15]. The corresponding intensity I1 above
70% indicates that yttrium monovacancies are the dominant
open-volume defects and positron trapping sites in both sam-
ples. The second lifetime in the range of 480–500 ps with
an intermediate intensity (23–24%) arises from large vacancy

FIG. 3. Positron lifetime spectra collected at an implantation energy of 5 keV of (a) YHO-1 and (b) YHO-2 thin-film samples before
illumination, and the corresponding three-component analyses. The background was fitted to be less than 1 for all fits.
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TABLE I. Positron lifetimes (τi) and intensities (Ii) for the YHO-1 and YHO-2 thin-film samples before illumination, obtained from the
average of the respective values extracted from the PALS spectra collected at 3–5 keV.

Sample Status τ1 (ps) τ2 (ps) τ3 (ns) I1 (%) I2 (%) I3 (%)

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

clusters, and the size is likely larger than about five vacancies
[14]. The longest positron lifetime values that are larger than
∼1.5 ns indicate the formation of orthopositronium (o-Ps) in
nanopores. The lifetime of o-Ps in vacuum is 142 ns, which
can be reduced to a few nanoseconds by picking up and
annihilating with one electron of opposite spin from the wall
of the nanopore, which is known as the pick-off annihilation
process [52–54]. Assuming a spherical shape, the averaged
radius of pores can be estimated to be 0.29 nm and 0.25 nm
in the oxyhydride layer of YHO-1 and YHO-2 samples using
the Tao-Eldrup model [55,56]. These relatively large open-
volume defects can be formed at grain boundaries and inside
grains. The first and the second positron lifetimes of both
films are larger than the reported experimental (∼240 ps) and
theoretical bulk lifetime of YH2.5O0.25 (∼231 ps for LDA and
∼241 for GGA) [15], and the sum of I1 and I2 is larger than
95%, indicating the presence of positron saturated trapping
caused by a higher concentration of open-volume defects
(typically >∼10−4). Indeed, no reduced (first) bulk lifetime
component was observed for these samples.

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

2. Time-dependent positron lifetime experiments at 5 keV

Time-dependent PALS measurements were performed at
the selected implantation energy of 5 keV to investigate the
evolution of microstructural and electronic structure changes
during photodarkening and the subsequent bleaching. An
implantation energy of 5 keV was selected, as at this im-
plantation energy nearly all positrons are annihilating in the
oxyhydride layer [Fig. 2(d)]. Figure 4 shows the τave as a
function of time before illumination, during photodarkening
and bleaching in YHO-1 and YHO-2 thin-film samples. τave

is fairly constant for both samples before illumination, while
it shows dynamic changes during photodarkening and bleach-
ing. Upon photodarkening within the data collection time for
one spectrum, i.e., ∼3 min, τave abruptly increases by 8 ps
for the YHO-1 sample, while it decreases abruptly by 4 ps for
the YHO-2 sample. The abrupt change in τave indicates the
occurrence of rapid microstructural and/or electronic structure
changes, while the trend in τave depends on the sample. During
longer photodarkening, τave changes slowly. Compared to the
τave at the beginning of photodarkening, τave decreases by

1–2 ps after photodarkening of ∼2 h. After the UV illu-
mination is stopped, during bleaching τave starts to increase
significantly and tends to saturate on a time scale that is
similar to that of the optical transmittance shown in Fig. 1. The
similar time dependence of τave to that of the transmittance
during bleaching in both samples suggests that the increase
in τave during bleaching is related to the disappearance of the
photodarkened state. The average lifetime τave at the end of
bleaching has increased by 25 ps and 27 ps for YHO-1 and
YHO-2 samples compared to the values before illumination,
which is consistent with the increments of τave at 5 keV in
depth profiling PALS measurements in Sec. III B 1. In addi-
tion, the stabilization of τave at these increased values indicates
that the light-induced microstructural changes after bleaching
are rather stable.

In order to unravel the nature of microstructural changes
and their evolution during photodarkening and bleaching,
we now consider the time evolution of the three individ-
ual positron lifetimes and corresponding intensities from the
three-component analysis. To reduce the statistical scattering
in the fitting, I2 was fixed to the averaged values either (1)
before illumination or (2) during photodarkening and bleach-
ing, as I2 is nearly unchanged in these two time windows. The
unfixed I2 together with the positron lifetimes (τi) and other
intensities (Ii) obtained from the fits after fixing I2 are shown
in Fig. 5 as a function of time before illumination, and during
photodarkening and the subsequent bleaching for YHO-1 and
YHO-2 thin-film samples at an implantation energy of 5 keV.

FIG. 4. Time dependence of the average positron lifetime (τave)
for YHO-1 and YHO-2 thin-film samples, extracted from the lifetime
spectra collected at 5 keV during in situ illumination PALS measure-
ments before illumination (squares), during photodarkening (∼2 h,
triangles, purple shaded area), and the subsequent bleaching (circles).
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FIG. 5. Time dependence of the positron lifetimes (τi) and the corresponding intensities (Ii) extracted from the lifetime spectra collected
at 5 keV during in situ illumination PALS measurements for both YHO-1 and YHO-2 thin-film samples before illumination (squares), during
photodarkening (∼2 h, triangles, purple shaded area), and the subsequent bleaching (circles).

a. Time-evolution of the first positron lifetime component.
As discussed in Sec. III B 1, before illumination the dominant
shortest lifetime τ1 of around 279 ps shown in Fig. 5(a)
and Table II can be attributed to yttrium monovacancies.
Upon photodarkening within ∼3 min, τ1 abruptly drops by
4–6 ps. The lifetime parameters of the first PALS spectrum
upon photodarkening reflect the average of the first 3 min,
i.e., approximately the status of the film at around 1.5 min,
as the first positron lifetime spectrum was collected in the
period of 0–3 min after the UV light was switched on. The
rapid drop in τ1 may be related to the microstructural and
electronic structure changes causing photodarkening, since
the photochromic contrast initially reduces rapidly by more

than 40% after illumination of 1.5 min for both samples,
normalized to the total photochromic contrast reached after
2 h of photodarkening. A first possible cause of the rapid
decrease in τ1 can be the formation of metallic domains that
was proposed to be the origin of the photochromic effect
[11,14,57]. In previous in situ illumination DB-PAS studies,
two types of metallic domains were proposed as possible
alternative explanations for the photochromic effect, based on
the reversible shifts in Doppler parameters and transmittance
[14]. The first type involves the formation of phase-segregated
hydrogen-rich metallic domains with a local composition of
YH2Ox (x > 0.5) in a mixed Y2+/Y3+ valence state, caused
by the local rearrangements of both hydrogen and oxygen
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TABLE II. Positron lifetimes (τi) and intensities (Ii) for the YHO-1 and YHO-2 thin-film samples averaged from five PALS spectra before
illumination, at the end of photodarkening, and at the end of bleaching, collected at 5 keV in the time-dependent PALS measurements.

Sample Status τ1 (ps) τ2 (ps) τ3 (ns) I1 (%) I2 (%) I3 (%)

YHO-1 before illumination 279 ± 1 505 ± 2 1.71 ± 0.01 75.5 ± 0.2 22 2.9 ± 0.1
at the end of illumination 278 ± 1 529 ± 2 1.67 ± 0.01 76 ± 0.2 21 3.3 ± 0.1
after bleaching 290 ± 1 542 ± 2 1.64 ± 0.01 75.5 ± 0.2 21 3.9 ± 0.1

YHO-2 virgin state 278 ± 1 472 ± 2 1.56 ± 0.01 72 ± 0.2 22 5.5 ± 0.1
at the end of illumination 279 ± 1 519 ± 2 1.68 ± 0.01 78 ± 0.2 17 4.7 ± 0.1
after bleaching 293 ± 1 541 ± 2 1.82 ± 0.01 77 ± 0.2 17 5.4 ± 0.1

in the semiconducting oxyhydride matrix. For example, ac-
cording to 2 YH2O0.5 → YH2O0.25 + YH1.5O0.75 + 0.5 H0,
the resulting phase-segregated metallic YH2O0.25 has a mixed
Y2+/Y3+ valence, while the more H-poor YH1.5O0.75 retains
the Y3+ valence. This is similar to what has been reported in
a spectroscopic ellipsometry study [11], where the ellipsom-
etry data under illumination are successfully modelled by the
formation of yttrium hydride-like metallic domains in a semi-
conducting matrix, and 2% of such metallic domains could
explain a reduction in transmittance of ∼30%. Additionally,
the change in the valence state of Y is further supported by
a recent NMR study that demonstrates a clear Knight shift of
Sc NMR resonance for part of the Sc cations upon photodark-
ening, which is attributed to the change in electron shielding
caused by the formation of metallic domains, suggesting a
reduction of RE3+ to RE2+ upon photodarkening [7,13]. We
furthermore note that the calculated positron bulk lifetime of
YH1.9 is 225 ps and 229 ps in the framework of LDA and
GGA, and the experimental bulk lifetime of YH1.9 of ∼260
ps is also smaller than the value before illumination (279 ps)
[14]. More details on ab initio calculation methods can be
found within the SM [30]. If hydride-like metallic domains are
formed and trap positrons upon photodarkening, a reduction
in τ1 as observed in the first ∼3 min would therefore indeed
be expected. The second type of metallic domains proposed
are formed by a hydrogen vacancies-induced Anderson-Mott
insulator-to-metal transition, which was inspired by the well-
known insulator-to-metal transition from yttrium trihydrides
to dihydrides [14,58]. In this scenario, electron-hole pairs are
generated under illumination. Subsequently, some of the H−
anions at the octahedral sites capture a photoexcited hole and
form H0 atoms (H− + h+ → H0), which become mobile and
leave their lattice positions, while some of the photoexcited
electrons may localize at Y (4d) orbitals around the positively
charged hydrogen vacancies owing to charge compensation.
When the concentration of such Y (4d) electrons at the
octahedral sites is sufficiently large, these electron orbitals
start to overlap and form an electron band. Compared to the
phase-segregated H-rich metallic domains, the formation of
hydrogen vacancies-induced metallic domains is more easily
achieved chemically since it only requires the removal of
hydrogen from octahedral sites, for instance, according to
2 YH2O0.5 → 2YH1.75O0.5 + 0.5 H0. Therefore, we believe
that the second type of metallic domains are formed rather
than the first type, in line with what was previously concluded
in ref. [7]. The formed positively charged hydrogen vacancies
essentially will not influence the positron lifetime as they repel
positrons. However, the formation of electron bands in metal-

lic domains caused by the overlapping of electron orbitals at
Y 4d around hydrogen vacancies will significantly increase
the electron density locally. This may cause a decrease in the
shortest lifetime if part of positrons annihilate at those metal-
lic domains. Note that the positron lifetime associated with
annihilation in such Anderson-Mott type of metallic domains
is unknown, and would require further ab initio calculations
to gain insights into its exact value. Overall, the formation of
metallic domains may well explain the abrupt drop of τ1 and
the substantial reduction of transmittance.

An alternative explanation for the sudden decrease in τ1

may consist of a change in the charge state of monovacan-
cies caused by the capturing of photoexcited electrons, e.g.,
from V+ to V0. A transition of the charge state of vacan-
cies was previously observed in the photon-illuminated GaN
[59], diamond [22], GaAs [60,61], n-type SiC [62], and Si
[63] systems. For example, the study on GaAs showed that
the positron lifetime of the photoinduced negatively charged
As monovacancies VAs is 28 ps smaller than that of the
respective neutral vacancies in GaAs, caused by the strong
inward relaxation of the gallium atoms neighboring negatively
charged VAs vacancies compared to the neutral vacancies,
leading to an increase in electron density at the vacancies
[60]. A previous study showed that the as-prepared Gd oxy-
hydride films are p-type semiconductors, and the hole density
is on the order of ∼1011–1012 cm−3, indicating a mild doping
level [64]. Assuming a similar case for Y oxyhydride films,
the p-type character of the film will lead to a position of
the Fermi level close to the valence band maximum, and
part of yttrium monovacancies might capture holes and turn
into a charge-neutral state V0

Y . Upon photodarkening, the n-
type characteristic become dominant [64], and neutral yttrium
monovacancies could easily capture a photoexcited electron
and become negatively charged (V0

Y + e− → V−
Y ). This tran-

sition in charge state and the associated inward relaxation
of neighboring atoms may lead to a fast reduction of τ1 in
YHxOy. We further note that, in some cases, it was observed
that the change of charge state of vacancy defects in GaN [59],
diamond [22], 6H-SiC [60], and Si [63] significantly affects
the trapping rate rather than the lifetime of the respective
defects. Therefore, the transition from V0

Y to V−
Y might explain

the increase in I1 as well as the reduction in τ1. Note, however,
that the extent of the possible presence of V0

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

H to V0
H or V−

H. The positively charged
anion vacancies cannot trap positrons but the neutral or neg-
atively charged anion vacancies might trap positrons. For
instance, the neutral As vacancies and O vacancies have been
detected by PAS in GaAs and LaSrCoO3, respectively [60,65].
Therefore, V0

H or V−
H might trap positrons, but the positron

lifetime at such vacancies is unknown. Further investigations
on the charge state of vacancies would need temperature-
dependent PALS measurements [63,66–68] and/or theoretical
ab initio positron lifetime calculations. Note here that in this
case, there would be a competition between the change in the
charge state of hydrogen vacancies by capturing photoexcited
electrons and the localization of electrons at Y (4d) orbitals
around hydrogen vacancies as suggested by the Anderson-
Mott insulator-to-metal related mechanism. This could be
unravelled by calculating the binding energy of electrons with
hydrogen vacancies and at Y (4d) orbitals.

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

After the UV illumination was stopped, τ1 during bleach-
ing increases on a time scale similar to the increase in the
optical transmittance until it stabilizes at ∼289 ps for the
YHO-1 sample and at ∼293 ps for the YHO-2 sample. At
the end of bleaching, the transmittance is largely recovered
as a result of the disappearance of metallic domains, meaning
that the high τ1 values of ∼289 ps and ∼293 ps at the end
of bleaching can be attributed to the light-induced formation
of divacancy-like defects or small vacancy complexes in the
YHxOy semiconductor. Noticeably, compared to the value
before illumination, τ1 after bleaching has increased by ∼4%
and 5% for YHO-1 and YHO-2 samples. This is smaller
than the typical increment in lifetime (>10%) from mono-
vacancies to divacancies in Si, GaAs, and 6H-SiC [69,70],

and suggests that only part of the yttrium monovacancies
are transformed into divacancies or small vacancy complexes
[15]. The larger increase in τ1 in the YHO-2 sample compared
with the YHO-1 sample could be caused by the formation of
more divacancy-like defects due to the larger photochromic
contrast, suggesting that more microstructural changes take
place during illumination for this more H-rich sample.

b. Correlation of the first positron lifetime component with
photochromic contrast during bleaching. During bleaching,
the gradual increase in τ1 for both samples is understandable,
since the decrease in positron trapping at metallic domains
(and possibly at charged monovacancies) because of the grad-
ual disappearance of the metallic domains and photogenerated
charge carriers will lead to an increase in positron trap-
ping at the preexisting yttrium monovacancies and at the
illumination-induced divacancy-like defects, and increase τ1.
Noteworthy, the time dependence of both τave and τ1 during
bleaching [Figs. 4 and 5(a)] is similar to the photochromic
contrast (Fig. 1). The time evolution of the photochromic
contrast during bleaching is shown in Fig. 6(a), while the
correlation diagrams of τave and τ1 versus the photochromic
contrast in YHO-1 and YHO-2 thin-film samples during
bleaching are plotted in Figs. 6(b)–6(e). Clearly, for both
samples, during the initial period of ∼15 min in the bleaching
phase, τave and τ1 increase almost linearly with decreasing
photochromic contrast. Quantitatively, during this period, τ1

increases by 11 ps with an decrease in photochromic contrast
of 11% in the YHO-1 sample, while in sample YHO-2 the
increase in τ1 and the decrease in photochromic contrast are
10 ps and 11%. This strong correlation between τ1 and the
photochromic contrast in these two samples suggests that the
quantity of metallic domains that disappear during this first
fast bleaching phase (I) and the correspondingly increased
fraction of positron trapping at yttrium monovacancies and
divacancy-like defects are quantitatively very similar in both
samples. During further bleaching, τ1 for the YHO-1 sample
tends to stabilize at around 289 ps when the contrast still
decreases ∼4%. It is likely that during this second bleaching
phase (II) in the YHO-1 sample, positron saturation trapping
at yttrium monovacancies and divacancy-like defects occurs
while the positron trapping at metallic domains is tiny owing
to the small concentration and/or size of metallic domains
(resulting in a small contrast ∼4%), so the disappearance of
metallic domains does not noticeably increase the positron
trapping at yttrium monovacancies and divacancy-like de-
fects, resulting in a relatively stable τ1. However, during
further bleaching in the YHO-2 sample, τ1 increases further
by 4 ps with decrease in contrast of ∼20%. The second
correlation between τ1 and the photochromic contrast dur-
ing this second bleaching phase (II) in the YHO-2 sample
indicates a continued decrease in positron trapping at metal-
lic domains owing to the disappearance of metallic domains
and correspondingly increased positron trapping at yttrium
monovacancies and divacancy-like defects, but with slower
kinetics. The fact that after 2 h of photodarkening a much
higher contrast in the YHO-2 sample is reached as compared
to the YHO-1 sample suggests that more and possibly larger
metallic domains are formed in sample YHO-2. Indeed, if
larger metallic domains are formed in the YHO-2 sample,
the disappearance of larger metallic domains would require
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FIG. 6. Photochromic contrast as a function of time during bleaching (a), as well as the relationship between τave respectively τ1 with the
photochromic contrast in YHO-1 [(b),(c)] and YHO-2 [(d),(e)] thin-film samples at the end of photodarkening and during bleaching. The solid
lines are a guide for the eyes, with bleaching phase (I) corresponding to the first ∼15 min of bleaching for both samples and bleaching phase
(II) corresponding to the time interval after ∼15 min of bleaching.

longer bleaching time owing to the longer diffusion distance
of hydrogen anions [15,71]. Therefore, the slower increase in
τ1 with decreasing photochromic contrast during the second
bleaching phase (II) in the YHO-2 sample could be caused by
the slower disappearance of those metallic domains that are
originally large in size, while the similar first bleaching phase
(I) may correspond to the disappearance of metallic domains
that are smaller in size.

c. Time evolution of the second and third positron lifetime
components. For the second lifetime τ2, the value before illu-
mination of around 470 and 500 ps in Fig. 5(b) and Table II
arises from vacancy clusters (Vn, n � 5). Upon photodark-
ening for the first ∼3 min, the observed fast increase in τ2

to ∼520–530 ps could be a consequence of fast release of
loosely bounded hydrogen atoms from the walls of the va-
cancy clusters and/or hydrogen molecules from the vacancy

clusters [14,15]. Indeed, Moldarev et al. showed that the par-
tial hydrogen pressure reaches the highest value during the
first ∼5 min of UV illumination of a photochromic YHxOy

film, suggesting the presence of a fast process of hydrogen
release [16]. During illumination for longer times, τ2 hardly
changes, while during bleaching it increases up to about 540
ps within ∼20 min (the YHO-1 smple) to ∼40 min (the
YHO-2 sample). The increase in lifetime during bleaching in-
dicates the detection of vacancies with a larger size. However,
vacancy formation and aggregation are likely to occur only
during illumination, when the photogenerated charge carriers
liberate hydrogen and create hydrogen vacancies. Therefore,
it is possible that during photodarkening, the light-induced an-
ion vacancies aggregate with the preexisting vacancy clusters
and form larger open-volume defects, similar to the formation
of divacancy-like defects from the yttrium monovacancies.
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Vacancy formation and aggregation would induce an increase
in the positron lifetime; however, τ2 is fairly constant during
photodarkening. The unchanged τ2 suggests the presence of
other processes during photodarkening that can reduce τ2 and
compensate for the increase. If some metallic domains are
formed in the vicinity of vacancy clusters, τ2 can be reduced
owing to the locally increased electron density. In addition, the
increased concentration of photoexcited electrons in the semi-
conducting matrix might increase the electron density around
vacancy clusters as well and reduce τ2. During bleaching,
metallic domains at the boundaries of vacancy clusters and
photoexcited electrons in the semiconducting matrix gradu-
ally disappear, leading to a gradual decrease in the electron
density around the grown vacancy clusters, and thus causing
a gradual increase in τ2 on a timescale that is quite similar to
that of the optical transmittance [Fig. 6(a)]. The τ2 values of
∼540 ps at the end of the bleaching phase for both samples
suggest a similar size of the grown vacancy clusters after the
photodarkening-bleaching cycle, which is consistent with the
results in the previous PALS study [15].

The third positron lifetime τ3 is fairly constant before
illumination, and the value of above ∼1.5 ns [Fig. 5(c)] is
an indication of formation of orthopositronium in nanopores.
Upon photodarkening for the first 3 min, τ3 rises abruptly by
∼8% up to 1.84 ns for the YHO-1 sample and by 10% up to
1.71 ns for the YHO-2 sample. The increase in τ3 of 8–10%
could be the result of an increased size of nanopores because
of the release of hydrogen molecules from these nanopores
[16]. During photodarkening, τ3 reduces at least in the first
30 minutes owing to the formation of metallic areas near the
surface of nanopores (leading to faster pick-off annihilation)
and tends to stabilize, while during bleaching it varies from
sample to sample.

d. Time variation of positron trapping rates/intensities.
Because of the presence of positron saturated trapping at
open-volume defects in the films, the concentration of the
defects cannot be determined. However, the changes of I1

and I2 during photodarkening and bleaching could reflect the
changes in the corresponding positron trapping rates κ1 and
κ2 at the sites associated with τ1 and τ2, while I3 reflects
the probability of forming o-Ps at a formation rate κ3, which
undergo pick-off annihilation in nanopores.

In the YHO-1 sample, upon photodarkening for the first
∼3 min, both I1 and I3 increase about 0.5% (Fig. 5), while
I2 decreases ∼1% accordingly (I1 + I2 + I3 = 1). Upon pho-
todarkening, based on the abrupt increase in the positron
lifetime for vacancy clusters τ2 (Vn, n � 5) owing to the
release of hydrogen, one would expect an increase in the
corresponding trapping rate κ2, via an increase in the trapping
coefficient [44]. However, the decrease in I2 and the increase
in I1 and I3 in the YHO-1 sample upon photodarkening for the
first ∼3 min indicates that the relative fraction of positrons
trapping at the vacancy clusters decreases owing to the larger
increase in κ1 and κ3 compared to κ2. Indeed, the formed
metallic domains could act as new trapping sites and enhance
the trapping rate κ1, in line with the previous DB-PAS study
that showed preferential positron trapping at metallic domains
[14]. Furthermore, if some monovacancies are charged by the
photoexcited electrons upon photodarkening, the trapping rate
κ1 could also be increased by the enhanced attractive Coulomb

force for positrons. Indeed, it was reported that the intensity
of the positron lifetime associated with the VGa(VN)n defects
(n = 2−4) nearly doubles in GaN under illumination [59],
which was assigned to the increase in the trapping rate owing
to the change in the charge state of vacancies by capturing
photoexcited electrons. In addition, the aggregation of light-
induced hydrogen vacancies with yttrium monovacancies may
already appear at small concentrations, which could increase
κ1 as well via increasing the trapping coefficient compared to
the one for monovacancies [44]. Therefore, upon photodark-
ening for the first ∼3 min, the occurrence of new and more
effective trapping sites leads to an increase in κ1 in the YHO-1
sample. On the other hand, the abrupt increase in I3 (�I3

∼=
+0.5%) in the YHO-1 sample indicates an enhanced proba-
bility of forming o-Ps, which could be caused by hydrogen
release from the nanopores. If some nanopores of comparable
size contain hydrogen molecules before illumination, upon
illumination the release of those hydrogen molecules could
make the previously invisible nanopores detectable via o-Ps
formation, thereby increasing I3.

For the YHO-2 sample, upon photodarkening for the first
3 min, both I2 and I3 decreases, while only I1 increases. Upon
photodarkening for the first 3 min, similar to the YHO-1
sample, the release of hydrogen from vacancy clusters and
some nanopores that contain hydrogen molecules before il-
lumination could also occur in sample YHO-2, which could
potentially increase the positron trapping rate at vacancy clus-
ters κ2 and the probability of forming o-Ps I3. Nevertheless,
the relatively large increase in I1 (�I1

∼= +6%) leads to a
net reduction in both I2 and I3 in the YHO-2 sample. This
indicates that upon photodarkening for the first 3 min, the
relative positron trapping rate at vacancy clusters κ2/κ1 and
the relative probability of forming o-Ps κ3/κ1 decrease, caused
by the larger, more dominate increase in the positron trapping
rate κ1 at the annihilation sites associated with τ1. As dis-
cussed, the formation of metallic domains and divacancies, as
well as the change in the charge state of monovacancies could
increase κ1 and I1. Compared to the YHO-1 sample, the larger
increase in κ1 and I1 in the YHO-2 sample could be owing to
more changes in microstructure and electronic structure upon
photodarkening for the first 3 min. Indeed, the photochromic
contrast after 1.5 min of UV illumination in sample YHO-
2 is about twice that in the YHO-1 sample, indicating that
more metallic domains are formed in this more H-rich YHO-2
sample. Also, more hydrogen vacancies will be formed with
increasing concentration of metallic domains, which leads
to an increase in the probability of forming divacancy-like
defects and the corresponding trapping rate κ1.

During further photodarkening, I1, I2, and I3 for both
samples remain nearly unchanged, indicating that positron
trapping rates at the sites associated with τ1 and τ2, and
the probability of forming o-Ps remain balanced. During
bleaching, for both samples, I2 continues to remain nearly
unchanged, while I1 decreases and I3 increases slightly over
the whole bleaching period. The correlation between τ1 and
the photochromic contrast during bleaching suggests that little
or no positron trapping occurs at metallic domains anymore
after 15 min in sample YHO-1. Therefore, the gradual changes
in I3 and I1 during bleaching cannot be (solely) attributed
to the reduced trapping at the independent metallic domains
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FIG. 7. Schematics of the evolution of open-volume defects and metallic domains along with a corresponding change in film color before
illumination, during photodarkening, and subsequent two bleaching phases in photochromic yttrium oxyhydride films.

in the semiconducting matrix owing to the disappearance of
those metallic domains. However, the increase in I3 indicates
that the probability of forming o-Ps increases. This could be
the result of a decrease in the metallicity around nanopores, as
it is well known that a metallic environment is less effective
in converting positron to positronium, compared to porous
metal oxide insulators and semiconductors that can efficiently
generate positronium [72,73].

In general, our in situ illumination PALS experiments pro-
vide key insights into the evolution of open-volume defects
and metallic domains in time as well as the correlation with
optical transmittance during photodarkening-bleaching pro-
cesses. The dynamics of open-volume defects and metallic
domains along with a corresponding change in film color be-
fore illumination, during photodarkening for the first ∼3 min
and photodarkening ∼2 h, and subsequent two bleaching
phases (I and II) in yttrium oxyhydride films is schematically
sketched in Fig. 7.

3. Second PALS experiment

Our previous DB-PAS study [15] on both YHxOy and
GdHxOy thin-film samples under multiple photodarkening-
bleaching cycles demonstrated that the S parameter after
bleaching increases progressively upon cycling for the first
three cycles and correlates with an increasingly slower bleach-
ing rate. Combined with the results of PALS measurements
before and after one cycle, this correlation suggests that
the microstructural changes corresponding to the slower
bleaching involve vacancy aggregation owing to the re-
lease of hydrogen [15]. Indeed, both the depth-profile and
time-dependent measurements show a significant increase
in τave for both YHO-1 and YHO-2 samples after the
photodarkening-bleaching cycle (Figs. 2 and 4), which is
consistent with results in [15]. However, direct experimental

evidence from positron lifetime spectroscopy on vacancy for-
mation/aggregation upon photodarkening-bleaching cycling
is important to gain more insights into the changes in open-
volume defects upon multiple photochromic cycling. We
therefore performed PALS measurements on an additional
sample YHO-a, deposited the same way as the YHO-1 sam-
ple, during three photodarkening-bleaching cycles in a second
PALS experiment at HZDR, in which each cycle included
a short illumination time of ∼9 min. The statistical scatter-
ing and the minor changes in positron lifetime parameters
made it difficult in this case to discern the separate changes
in the positron lifetime parameters for the three individual
components after each cycle. Therefore, we present in Fig. 8
the robust τave parameter collected at 4 keV as a function of
time for the YHO-a sample during the three photodarkening-
bleaching cycles. The positron implantation energy chosen in
these time-dependent measurements for sample YHO-a was 4
keV, since the thickness of this film (∼350 nm) was slightly
less than the that of the YHO-1 sample. Note that the bleach-
ing monitoring times during the first and second cycles used
in this experiment were sufficient to fully bleach the sample
for the applied illumination time of ∼9 min (see Fig. 9 for the
corresponding time dependence of the optical transmittance).

Figure 8 shows that the average positron lifetime τave of
the YHO-a sample increases progressively during these three
photodarkening-bleaching cycles, which is in line with the
increase in τave in YHO-1 and YHO-2 samples after one
cycle (Fig. 4) and also with the successive increase in the S
parameter upon multiple cycling reported in [15], suggesting
that more and/or larger nanoscale open-volume defects are
formed upon cycling. In addition, we notice that the increase
in τave after the first cycle (4 ps) is larger than the increments
of τave after bleaching for the following two cycles (about
3 ps in total). This is consistent with the behavior of the
S parameter upon photochromic cycling, that reveal that the
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FIG. 8. Time dependence of the average positron lifetime (τave)
for the YHO-a sample, extracted from the lifetime spectra collected
at 4 keV during in situ illumination PALS measurements before
illumination and during three short photodarkening (∼9 min, purple-
shaded area)-bleaching cycles.

increase in the S parameter after the first cycle is larger than
the following two cycles in YHxOy films [15], suggesting that
the changes in the open-volume defects are the largest for
the first cycle. Indeed, the loosely bonded hydrogen atoms
and/or nonbonded hydrogen molecules in vacancy clusters
and nanopores preferentially seem to be released during the
first photodarkening [16], causing the largest change in τave

and the S parameter after the first cycle. Furthermore, com-
pared to the increase in τave in YHO-1 and YHO-2 samples
after photodarkening (2 h) and the subsequent bleaching of
25–27 ps as shown in Fig. 4, the much smaller increments
in the YHO-a sample after each photodarkening-bleaching
cycle (2–4 ps) is likely related to the formation of fewer hy-
drogen vacancies due to the substantially shorter illumination
time, leading to a lower probability of formation of vacancy
complexes.

FIG. 9. Optical transmittance normalized to the initial transmit-
tance (T/T0), averaged in the wavelength range of 450–1000 nm for
sample YHO-a during three short photodarkening (∼9 min, purple-
shaded region)-bleaching cycles.

IV. CONCLUSIONS

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

In situ illumination PALS measurements at 5 keV re-
vealed the time evolution of open-volume defects and metallic
domains of the oxyhydride layer for both YHO-1 and
YHO-2 thin-film samples during photodarkening-bleaching
processes. Upon photodarkening for the first 3 min, for both
samples a sudden drop in the shortest positron lifetime τ1

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