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Abstract: We investigate the effective oxidation state and local environment of
yttrium in photochromic YHO thin film structures produced by e-beam evaporation,
along with their chemical structure and optical properties. Transmission electron
microscopy images reveal the oxidized yttrium hydride thin film sample exhibiting a
three-layered structure. X-ray photoelectron spectroscopy (XPS) measurements
manifest that the oxidation state of yttrium is modified, dependent on the film’s
composition/depth. Furthermore, Ion beam analysis confirms that this variability is
associated with a composition gradient within the film. X-ray absorption spectros-
copy at the Y K-edge reveals that the effective oxidation state of yttrium is approx-
imately +2.5 in the transparent/bleached state of YHO. Spectroscopic ellipsometry
investigations showed a complex non-linear optical depth profile of the related
sample confirming the dominant phase of YHO and the presence of Y,03; and Y
towards the middle of the film. The first evidence of (n; k) dispersion curves for
e-beam sputtered photochromic YHO thin films are reported for transparent and
dark states.
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1 Introduction

Yttrium oxyhydride (YHO) exhibits photochromic properties under ambient condi-
tions [1], making it of interest for applications in building windows and attracting
increasing research attention. So far, the material has been obtained in the form of
thin films through various methods, including magnetron sputtering [1-6], electron
beam evaporation [7, 8], as well as in powder form synthesized through chemical
processes [9, 10] and magnetron sputtering [11]. It is worth noting that the material’s
properties are significantly influenced by the deposition method, film composition,
and microstructure. For example, YHO films produced via magnetron sputtering or
electron beam evaporation on glass substrates exhibit high resistivity [1] whereas the
epitaxial films deposited on yttria-stabilized zirconia (111) and CaF, (111) substrates
by magnetron sputtering can demonstrate lower resistivity [6]. Sputter-deposited
powder exhibit photochromic properties, while YHO powder obtained through
chemical methods do not [9, 11]. Furthermore, the photochromic performance of
YHO films deposited by magnetron sputtering [12, 13] surpasses that of films pro-
duced through electron beam evaporation [7, 8].

Compared to YHO films deposited using magnetron sputtering, there has been
limited research on the photochromic performance of films produced through
electron beam evaporation. Currently, critical information remains scarce, with
limited knowledge accessible, which includes the establishment of a relationship
between the composition of YHO films and their photochromic performance [7].
In-situ growth and characterization have been conducted by continuously moni-
toring changes in mass during deposition, oxidation, and illumination, as well as by
examining the chemical composition and depth profiles [8].

The existing literature points to two primary approaches for understanding the
kinetics that govern the transition between transparent and colored (dark) states in
photochromic materials (YHO). The first approach involves scrutinizing the struc-
tural and chemical changes, with the utmost significance lying in the fact that these
alterations occur within a single phase. In 2020, a study conducted by Baba et al.
provided an understanding of the light-induced reversible structural transformation
(lattice expansion and contraction) in photochromic YHO, integrating experimental
findings with theoretical insights [12].

In contrast, the second method emphasizes studying anion transfer, specifically
highlighting the interaction between multi/dual phases. In 2020, Hans et al., pub-
lished a paper describing the photochromic gadolinium oxyhydride and its dual-
phase (Gd,05, and GdH,) formation. In their study, they proposed photon-induced
hydrogen transfer between these two phases. This intriguing phenomenon led the
authors to conclude that the photochromism in gadolinium/yttrium oxyhydride



DE GRUYTER Chemical state and atomic structure in YHO = 3

results from the dynamic interaction and exchange of hydrogen atoms between the
REM,03, and REMH, phases (REM: Gd, Y) [14].

Furthermore, important findings from previous research [15] have revealed
that the photochromism of Y(D,H)O films is not connected to long-distance material
transport. There is no evidence of light-induced or thermal diffusion of hydrogen
over extended distances, yet deuteride thin films exhibit a strong and robust
photochromic response. Nevertheless, itis crucial to emphasize that the underlying
mechanism responsible for this behavior remains elusive.

Today, the most extensively studied photochromic YHO films are those deposited
using magnetron sputtering, with promising prospects for commercialization in the
coming years. Yttrium oxyhydride has undergone a comprehensive investigation
employing advanced characterization techniques. For instance, extended X-ray
absorption spectroscopy fine structure (EXAFS) has been utilized to unveil the
intricate atomic-scale structural arrangement of oxygen atoms surrounding yttrium
atoms [2, 16]. In a different study, the assessment of the Y, O, and H local environ-
ments, coupled with an analysis of the oxidation states of anions in YHO thin films
and powders, was conducted by combining NMR studies with DFT calculations [17].
Furthermore, instrumental techniques such as X-ray photoelectron spectroscopy
(XPS) [12], ion beam analysis (IBA) [5], and spectroscopic ellipsometry (SE) [13] have
been employed in these studies to investigate the elemental composition, determine
the chemical state of the cation, and assess its optical properties.

Although magnetron sputtering is a scalable method commonly employed in the
glass industry for large-area depositions, offering uniform film coverage, it tends to
exhibit slower deposition rates when reactive sputtering is utilized. Additionally, it
consumes more electrical energy, particularly due to the requirement for sustaining
a plasma. Therefore, the exploration of material properties through more cost-
effective and user-friendly methods, such as electron beam evaporation, holds sig-
nificant importance.

The primary objective of this study is to extensively investigate the properties of
photochromic YHO thin films. This investigation entails ascertaining the effective
oxidation state of Y and scrutinizing the local cationic environment within the films
when they are in their bleached state. Furthermore, we aim to delve into potential
chemical interactions among the ternary elements Y, O, and H. To achieve these
objectives, we harnessed advanced characterization techniques, including XPS, XAS,
Transmission Electron Microscopy (TEM), and IBA. The YHO powder we produced,
renowned for its good photochromic properties and well-documented structure in
our earlier study [11], was used as a reference material for the primary character-
ization techniques, including XRD and XAS, in this study.

Unlike previous publications, this paper is dedicated to conducting a compre-
hensive examination of stoichiovariants YHO thin films produced by reactive e-beam
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evaporation. Comprising three distinguishable layers, each enriched with hydrogen
and/or oxygen, these structures exhibit localized stoichiometric variations.

We provide insights into the intricate chemical bonding within YHO, the local
environment surrounding yttrium atoms, a substantial disorder in the first yttrium
coordination shell, and a less pronounced splitting in the second shell containing 12
yttrium atoms compared to the oxide thin film. We also reveal a cation charge state of
approximately +2.5 and offer data on the refractive index and extinction coefficient
for both transparent and dark states within the photon energy range from 0 to 6 eV.

2 Experimental

The thin film samples were produced using the e-beam evaporator attached to the SIDRABE SAF25/50
multi-functional vacuum cluster tool (kept at a high vacuum level of ~6.00 x 10~ Pa during the entire
procedure) and operated in the ISO 8 class clean room environment. The evaporation chamber was
baked out for 72 h at 368 K (+5 K). The substrates were loaded and unloaded to/from the system using
the robotic arm through a load lock without breaking the process/evaporation chamber vacuum.
Prior to the deposition the substrates were successively cleaned in the ultrasonic bath with acetone,
isopropanol, and deionized water (15 min each) and were then dried by blowing N, gas. The sub-
strates were positioned in a parallel orientation, 26 cm away from the crucible. The base pressure of
the evaporation chamber was taken down to 3.00 x 10~ Pa. The evaporations of metallic yttrium
(sample ebs), oxidized yttrium hydride (sample eb,), and yttrium oxide (sample ebs) thin films of
around 200 nm in thickness, were carried out from Y pieces (%99.99, Purity) at 298 K (+5K) in the
presence of oxygen or mixed hydrogen and Ar (%35 H, + %65 Ar) atmosphere (for reactive evapo-
ration) and without intentionally introducing reactive gas (for metallic thin film evaporation) onto
the Si (001), soda-lime glass, and kapton substrates (detailed evaporation conditions can be found in
Table 1). The substrates were rotated at 10 rpm during evaporation. The produced thin films were
directly conveyed to the storage chamber (vacuum level, ~6.00 x 10~° Pa). The samples were natively
post-oxidized in the cluster tool, in which the vacuum pumps were turned off and the level of
pressure was gradually (and naturally) increased (oxidation time ~ 72h). No post-process was
applied to the thin films.

Table 1: Evaporation conditions of the produced samples: the fabrication of the samples was carried out
ebs, eb, and ebs respectively.

Sample ebs eb, ebs
Evaporated material/crucible Y/W Y/W Y/W
Evaporation/substrate temperature (K) ~298 ~298 ~298
Reactant gas - %35H, + %65Ar 0,

Base pressure (Pa) ~2.00e-05 ~2.00e-05 ~2.00e-05
Evaporation pressure (Pa) ~4.00e-05 ~1.20e-03 ~1.60e-04
Current (mA) ~34 ~37 ~37
Evaporation rate (A/s) ~0.8 ~0.8 ~0.8

Thickness (nm) ~200 ~200 ~200
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The structure of thin films was investigated using the RIGAKU MiniFlex 600 benchtop X-ray
diffractometer equipped with a CuK, X-ray source. The measurements were conducted in the range
0f 26 = 5-60° with a step size of A26 = 0.005°, employing the Bragg-Brentano 6-20 diffraction geometry.
For further structural analyses, a combination of transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) techniques was employed. The high-resolution SEM-FIB system,
Helios 5 UX (Thermo Scientific), operating at 2 kV with the Through-the-lens detector (TLD), was
utilized for lamella preparation. To prepare lamella samples, a sputter-coating process was per-
formed using a 30 nm thick gold layer, followed by the deposition of a Pt layer (thicker than the gold
layer) using Focused Ion Beam (FIB) to protect the surface from ion beam damage. The resulting
lamellas were then analyzed using a transmission electron microscope (TEM, Tecnai G20, FEI)
operating at 200 kV.

The chemical state analyses have been conducted using X-ray photoelectron spectroscopy
(Escalab 250XI, ThermoFisher). The pressure in the system, with the charge neutralizer activated
during spectrum acquisition, was maintained below 107 Pa thanks to rotary and turbomolecular
pumps. The samples were introduced into the XPS chamber under laboratory conditions (~300 K,
1.013 x 10° Pa or 1 atm). Prior to the measurements, the samples underwent sputter-etching to collect
depth profile data. This process was accomplished using an Ar* gun with an ion energy of 2.0 keV for
55. The etched area measured 2 x 2 mm? and the incidence angle was set at 30° relative to the surface
normal. The size of the analyzed sample area was 650 x 100 um” We employed monochromated AlKa
radiation (hv =1486.60 eV) as the excitation source, utilizing a water-cooled anode operating at 150 W.
To calibrate the binding energy, we performed adjustments relative to the adventitious carbon (C1s)
at 284.8 eV for the corresponding samples, resulting in the shifting of all the spectra accordingly.

The sample eb, has been characterized with time-of-flight energy elastic recoil detection
analysis (ToF-E ERDA) and Rutherford Backscattering Spectrometry (RBS) to obtain the elemental
concentration of chemical elements and their depth distributions. Both measurements were con-
ducted at the 5 MV NEC Pelletron Accelerator at the Tandem Laboratory, Uppsala University [18].
ToF-E ERDA experiments have been performed with a beam of 36 MeV 1271+8 primary ions incident
at 67.5° to the surface normal and a recoil detection angle of 45°. The ToF-E ERDA detector is a
combined segmented anode gas ionization chamber and time-of-flight detector consists of a time-of-
flight telescope followed by a gas ionization chamber detector, thus both energy and time-of-flight of
recoiled particles are recorded working in a coincidence mode [19]. The depth profiles were derived
from ToF-E spectra using the software Potku [20]. RBS measurements were conducted using 2 MeV
He" primary ions, and backscattered particles were detected by a silicon surface barrier detector
located at 170° concerning the incident beam. To avoid potential channeling effects in the single
crystalline Si substrate samples were tilted 5° towards the detector and wiggled during the mea-
surement. Recorded RBS spectra were analyzed and fitted employing SIMNRA [21]. Additionally,
characteristic X-ray lines, produced under He* hombardment and collected by a silicon drift detector,
were used for the identification of heavy impurities.

Optical properties of the film were obtained by means of spectroscopic ellipsometer (SE)
WOOLLAM RC2 in the spectral range from 210 to 1690 nm (5.9-0.7 eV). The main ellipsometric angles
were measured at the incident angles of (55-70)° with the 5°-step. Refractive index n and extinction
coefficient k dispersion curves were modeled using the Drude (DO), Gaussian (GO), and Herzinger-
Johs parameterized semiconductor (HJPS) oscillator functions [22]. The optical properties of the Si/
native SiO, and glass substrates were obtained from SE measurements to clean substrates without
the films. In addition to standard reflection ellipsometry measurements for the eb, on Si substrate,
eb, on glass were also studied to perform transmission measurements to increase precision for
fundamental band gap E, evaluation and to perform photochromic effect test. The surface roughness
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was modeled utilizing the Bruggeman effective medium approximation (EMA) [23]. The optical
gradient of n and k was calculated by dividing the film layer into sub-layers with smaller thicknesses,
and by applying the EMA considering the films as a mixture of voids and oxide in the case of the Y,05
sample (ebs) and as a mixture of YHO, Y,0; and Y in case of YHO sample (eb,) to vary the n and k
values from the bottom to the top of the film [24]. The EMA mixture as YHO, Y,03 and Y was chosen
based on XPS results which provided information on 3-layer structure of eb, film with the presence of
interface layers with different distributions of Y binding energies. The (n; k) dispersion curves
obtained for the ebs (Y) and ebs (Y,03) samples were used to model the graded EMA optical properties
of eb, and optical properties of YHO: based on that, established YHO (n; k) dispersion curves for eb,
are approximative. The E, for directly allowed transition is obtained as a fitting parameter from HJPS
for eb, and ebs. The mean square error (MSE) between modeled and experimental SE data was
obtained in the range of 2-80. High MSE was obtained for eb, sample due to its inhomogeneity. SE
experimental data model-based regression analyses were performed by the Woollam software
CompleteEASE®,

X-ray absorption spectra of thin films ebs, eb,, and ebs were obtained on Kapton substrates. All
samples were individually packed in an Ar atmosphere glove box using aluminum envelopes. For
sample eb;, (metallic thin film), measurements were taken through the Al packing, while for samples
eb, (oxidized yttrium hydride thin film) and ebs (fully oxidized yttrium oxide thin film), measure-
ments were performed shortly after unpacking. The spectra were recorded at the Y K-edge (17,038 eV)
in fluorescence mode at the DESY PETRA III P65 undulator beamline [25]. The harmonic rejection was
achieved by an Rh-coated silicon plane mirror. A fixed exit Si (111) double-crystal monochromator
was used. The X-ray intensity before the sample was measured by an ionization chamber filled with a
mixture of N, and Ar gasses. The fluorescence signal from the sample was recorded with a passivated
implanted planar silicon (PIPS) detector placed at 90° to the incident beam. X-ray absorption spectra
of three reference samples (yttrium foil, bulk cubic yttrium oxide (c-Y,03) powder, and yttrium
oxyhydride (YHO) powder) was additionally recorded in transmission mode. The X-ray absorption
near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) spectra were
extracted from the experimental X-ray absorption spectra using the XAESA code [26].

3 Results and discussion

The X-ray diffraction patterns of the samples are presented in Figure 1, with com-
parisons made to the standard JCPDS database for cubic (a-phase, PDF Card 01-089-
5592) and monoclinic (B-phase, PDF Card 00-044-0399) yttria (Y;03), cubic yttrium
hydride (YH; g5, PDF Card 04-002-6938), and hexagonal close-packed yttrium (Y, PDF
Card 00-033-1458) and yttrium hydroxide (Y(OH);, PDF Card 01-083-2042). Further-
more, in this context, we referred to a prior investigation conducted by Sgrby et al.
regarding high-contrast yttrium-based photochromic oxyhydride powder [11].

The sample eb; appears to be predominantly composed of the monoclinic phase
(the main peak(s) detected at around 26 = 31° might correspond to (002) of a-Y and/or
(401), (40-2) of B-yttria planes). This could be attributed to the oxidation of yttrium
during or after evaporation (which will be supported by XPS analyses). A previous
study conducted by Arslan et al. suggests that even at very low oxygen partial
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pressure levels (~107° Pa), the metallic yttrium phase coexists with yttria [27].
Conversely, the sample ebs, which is fully oxidized, exhibits either amorphous or
nano-crystalline structure/diffraction pattern (please take note of XAS part for
comprehensive details regarding the supporting information on structure), as
indicated by the blue line in the same figure. Due to the unclear position of
hydrogen in the lattice and its effect on the crystal structure, we choose to reference
fully oxidized yttrium structures that are relatively stable. The sample eb,
exhibited a single peak at approximately 29° (20). This peak’s presence suggests that
there might be simultaneous formation of cubic ([222] of a-yttria) and monoclinic
([111] of B-yttria) phases, and/or cubic ([111] of YH, g) phases. Alternatively, it could
indicate the sole formation of the cubic phase. XAS analyses will provide more
detailed information on the local structure of the sample eb,.

Additional analyses were conducted using electron microscopy to specifically
enhance the reader’s understanding of spectroscopic ellipsometry, ion-beam anal-
ysis, and X-ray photoelectron spectroscopy (which will be addressed below). These
analyses aimed to investigate the sample eb,, which represents the photochromic
property. The results of transmission electron microscopy (TEM) depict the
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morphology of the cross-section of the sample eb,, revealing the occurrence of a
formation consisting of multiple layers (Figure 2).

This distinctive formation is observable in both lamellas extracted from films on
different substrates: Si (Figure 2a) and soda-lime glass (Figure 2b). In both cases, the
middle layer has a consistent thickness of ~85 nm. However, there is a noticeable
difference of approximately 20 nm in the thicknesses of the top and bottom layers, on
different substrates.

It is worth noting that the thickness of the surface oxide layer reported by
Mongstad et al. [28] was around 8 nm, while in this study, the upper layer (likely
oxide based on XPS and SE results, which will be discussed in subsequent sections)
has a thickness of approximately 30 nm on a Si substrate and 50 nm on a glass
substrate. Furthermore, a previous study conducted by Komatsu et al. revealed the
formation of a bi-layer type yttrium oxyhydride thin film [6]. Whilst this particular
batch of the film represents challenges in analyzing optical data (i.e. n and k), it
provides significant insights into the dynamic formation of the cation’s chemical
state and potential chemical bonding scenarios involving Y, O, and H. The formation
of this unusual multiple layer, which has not been previously reported in the liter-
ature, does not have a clear explanation. However, the formation likely occurred
during the evaporation process and/or as a result of oxidation step.

In the context of this research, we employed photochromic YHO powder pre-
pared via magnetron sputtering as a reference material for various techniques,
including TEM.

Pt

Layer 1 ~30 nm

E ‘42

Figure 2: TEM image of the extracted lamellas from the sample eb, (oxidized hydride, thin film):
layered structure on Si substrate (a), layered structure on the soda-lime glass substrate (b). The
thickness of the individual layers represents consistency on both substrates. Note that the samples were
Pt-coated during the lamella preparation procedure.
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Films produced via this method showcased distinct columnar domains/grains, as
visually depicted in Figure S1 (Supplementary Figure). Additional comprehensive
details about this specific sample can be found in another source [11]. A prior study
acknowledged the likelihood of this formation promoting oxidation, which could
potentially occur uniformly throughout its entire depth [29].

Nevertheless, the precise mechanism driving the formation of specific grain
types remains uncertain at this juncture. Our observations using transmission
electron microscopy unveil the intricate nature of this grain formation process.
This mechanism may be associated with the formation of grains enriched with
hydrogen and/or oxygen.

The depth-resolved chemical state identification of yttrium (Y3d) in the three
samples (ebs, eb,, and ebs) and oxygen (01s) in the sample eb, was performed using
XPS. To gain insights into the spectroscopic behavior of the photochromic oxidized
yttrium hydride thin film, two references were utilized in the form of metallic
yttrium thin film (eb;) and fully oxidized yttrium thin film (ebs). Figure 3 shows both
the thermodynamic stability of yttria and the oxygen affinity of yttrium metal.
Additionally, Figure 3 reveals the simultaneous formation of yttrium in different
chemical states within the oxidized yttrium hydride thin film, as evidenced by the
variations in Y3d binding energy. Figure 3.a3 and .b3 depict the depth-resolved Y3d
spectrum of sample eb; in 3D and 2D respectively. The peak around 155.80 eV sug-
gests the presence of Y° (Y3dsy,). This observation aligns with the results reported in a
previous study [30]. Furthermore, the peak observed at a position of 157.9 eV in the
same spectrum (Figure 3.b3) likely corresponds to the formation of an oxide or
hydride [31, 32]. Additionally, Figure 3.c3 provides insight into the oxygen content in
the sample, which may result from the oxidation occurring during or after the
growth process. Previous research conducted by Arslan et al. [27] supports the ten-
dency of yttrium to form oxides, even at very low (~10"° Pa) oxygen partial pressure
levels.

Figure 3.a5 and .b5 illustrate the depth-resolved X-ray photoelectron spectrum of
the sample ebs in 3D and 2D, respectively. The presence of a peak observed at
approximately 157 eV suggests the complete oxidation of yttrium, indicating the
formation of yttrium oxide (Y,03) [32]. The minor peak observed at approximately
155.30 eV is likely a result of Ar* etching and the formation of various oxidation
states, potentially including (Y°) [33]. Moreover, Figure 3.c5 reveals the atomic con-
centration ratio between yttrium and oxygen, providing evidence that the pre-
dominant phase in the sample is Y,0s3.

In Figure 3.x4y (x: a,b,c; y: -a,b) the spectroscopic information that belongs to eb,
is given. The three layers’ formation of the oxidized yttrium hydride thin film can
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Figure 3: XPS depth profile of samples: ebs; (metallic): (a-3)-depth-resolved Y3d spectrum dynamic in
3D, (b-3)-corresponding Y3d binding energy representation/density mapping of the spectrum in
Figure 3a-3in 2D, (c-3)-atomic concentration of yttrium and oxygen depending on depth. eb, (oxidized
hydride): (a-4)-depth-resolved Y3d spectrum dynamic in 3D, (b-4)-corresponding Y3d binding energy
representation/density mapping of the spectrum in Figure 3a-4 in 2D, (c-4)-atomic concentration of
yttrium and oxygen depending on depth; (a-4a)-depth-resolved O1s spectrum dynamic in 3D, (b-4b)-
corresponding OTs binding energy representation/density mapping of the spectrum in Figure 3a-4a in
2D, ebs (oxide): (a-5)-depth-resolved Y3d spectrum dynamic in 3D, (b-5)-corresponding Y3d binding
energy representation/density mapping of the spectrum in Figure 3a-5 in 2D, (c-5)-atomic concentration
of yttrium and oxygen depending on depth.

easily be recognized in the same figures (existing literature reports the formation of a
surface oxide layer, which is commonly accepted as a two-layer structure [5, 28]). The
depth-resolved spectrum of Y3ds, in three dimensions is illustrated in Figure 3.a4. In
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this figure, the three layers are categorized into two distinct classes: interface layers
and surface layers. Additionally, the corresponding two-dimensional spectrum is
presented in Figure 3b4. The small peak detected at around 155.8 eV most likely
indicates Y° formation [34]. In contrast, the primary peak observed at approximately
156.4 eV suggests the formation of Y,0; and/or YHy [31, 35]. Moreover, the peak
detected at around 158 eV most likely indicates the simultaneous formation of Y,0s,
YH, or Y-OH, either individually or in combination, possibly in a double or triple
fashion [31, 32, 36]. Figure 3.a4a presents the depth-resolved O1s spectrum in three
dimensions. This spectrum reveals the presence of multiple layers, which was pre-
viously observed and reported in the TEM results. Moreover, the corresponding
two-dimensional representation is given in Figure 3.b4b. The peaks observed at
approximately 527, 529, and 530 eV may be attributed to the formation of O-H, Y,03
and Y-OH respectively [36-38]. In general, the peaks detected at the spectrum
represent fluctuation around some specific values during the depth profile investi-
gation that can result from the interaction between Ar" and the sample. The effect of
Ar* etching on the binding energy of the related element/oxidation state is a well-
studied phenomenon [33].

Finally, Figure 3.c4 illustrates the variation in yttrium and oxygen concentration
ratios with depth for the sample eb,. The results indicate a decreasing trend in
oxygen concentration towards the intermediate layer, stabilizing at an approximate
1:1 (Y:0) ratio. From there, the oxygen concentration begins to increase towards the
bottom of the thin film, eventually reaching a balanced ratio of 2:3 (Y:0). Neverthe-
less, further investigations employing an alternative method suggested by Grec-
zynski, and Hultman [38] for binding energy calibration for different H/O-containing
thin films must be performed to create an enhanced comprehension of chemical
bondings between Y, H, and O ternary (some of the possible formations Y-H, Y-OH,
H-Y-0) and their effect on XPS spectrum.

Additional composition analyses of the sample eb, were performed to construct
a better understanding of its formation/oxidation/hydrogenation dynamics. Ion
beam-based techniques revealed that apart from the expected main constituents O,
H, and Y, the film contains 1-2 at% of C as well as F at the promille level (Figure 4).

While the surface region (25-30 nm) features a nearly stoichiometric oxide, the
concentration of O decreases slightly with depth featuring a minimum at the depth of
50-55 nm. This dip in oxygen concentration is also associated with an increase in H
concentration (Figure 4a [and Figure 3-c4, XPS depth profile mapping]) and followed
by an increase of O content near the interface. The disparities in the results obtained
from XPS and IBA most likely arise from the measurement of slightly different
locations (please notice Figure 2). The total thickness of the film is estimated to be
approx. 250 nm, assuming a bulk density of 6.44 x 10% at/cm? as it was demonstrated
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Figure 4: a-Depth profile of chemical elements in the sample eb, derived from ToF-E ERDA. b-RBS
spectrum (black dots) for the sample eb, and corresponding fit (red line) done using SIMNRA.

in Ref. [4] for sputter deposited YHO films. Note that YHO films prepared by e"-beam
evaporation are shown to have lower density than those deposited by magnetron
sputtering [7].

The measured and modeled spectroscopic ellipsometry data for all samples are
presented in Figure 5 with respective MSE values. The complex refractive index
dispersion curves (n; k) as a function of photon energy for all three samples are given
in Figure 6. The thickness, n, k, surface roughness, and E, values for all samples are
summarized in Table 2. The values of n and k for the Y sample (ebs) are lower
compared to our previous results [27] (see Table 3).

The eb, thin film on both substrates exhibits a significant optical gradient
(Figure 7a). The parameters n and kincrease starting from the thickness of ~60-100 nm
up to ~175-220 nm and then they decrease towards the surface of the films. The high
MSE for eb, samples (Figure 5) is related to the complex inhomogeneities in YHO films,
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Figure 5: Main ellipsometric angles ¥ (a) and A (b) as a function of photon energy £ for four samples at
an incident angle the model fit is demonstrated as a continuous line with the respective MSE.
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Figure 6: Refractive index n (a) and extinction coefficient k (b) as a function of photon energy £ for four
samples: ebs, eb, on Si and glass substrates, and ebs sample.

Table 2: Obtained values of the different films on Si: d - thickness of the films, S, - surface roughness,
E, - optical band gap, n, and k at 550 nm, oscillators used to model complex dielectric function of the films.

Film d, nm S, nm Eg eV n k Oscillators
Y 200° - - 1.705+0.001 1.077 +0.001 1DO,5GO
YHO Si 263 £ 52 7+3 3.50+0.20 1.58 + 0.04 0 1HJPS,2GO
Sio, 247 + 22 7+1 3.48+0.05 1.66 £ 0.02 0.007 £ 0.001 1 HJPS, 3 GO
Y,03 149.7 +0.1 554 +0.03 5.86+042 1.910+0.002 0 1HJPS

“The film is not transparent for the given SE spectral range: the thickness is obtained with a profilometer.

Table 3: Refractive index at 550 nm and optical band gap for Y and Y,05 thin films reported in the
literature.

Description (n; k)@550 nm E, eV Ref.

Metallic yttrium Y

SiO, substrate/Y metal film/Y,05 top layer (~1.23; ~2.26) - [39]
deposited employing an ion beam sputtering

200 nm Y film deposited by reactive pulsed (1.53; 1.44) - [271
direct current magnetron sputtering on Si[001]

substrate

200 nm thin film deposited by reactive e-beam (1.71; 1.08) - This
evaporation on Si[001] substrate work
Yttrium oxyhydride YHO

460 nm YHxO, thin film deposited by reactive  1.86@633 nm at 2.65 Pa sputtering 2.79 [40]
pulsed-DC magnetron sputtering on Si pressure

substrate
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Table 3: (continued)

Description (n; k)@550 nm Ey eV Ref.
60-1570 nm YHO thin films deposited by pulsed - 2.85-3.60 [4]
in-line dc magnetron sputtering machine on
glass substrates; £, dependence on grain size
(~6-12nm)
280 nm thin film deposited by reactive e-beam (1.66; 0.007) 3.48 This
evaporation on a glass substrate work
Yttrium oxide Y,03
400 nm thin film deposited by means of anion (~1.58, ~0) - [39]
beam sputtering on SiO, substrate
Nanocrystalline thin films were grown by PVD  1.79-1.90 (for substrate tempera- - [41]
on quartz substrates ture during film deposition of

323-673K)
Thin films were grown on e-beam 1.718 (process pressure [42]
unheated [100] Si wafers with  deposition 2.93 x 1072 Pa with an O, flow rate
1.2-2 pm SiO, buffer layer of 70 cm)

1.741 (8.00 x 107> Pa, 10 sccm)

1.917 (10.00 x 107 Pa, no O, flow)

IBAD? 1.911 (2.00 x 1072 Pa, 25 sccm)
HITUS® 1.660 (1.09 x 10° Pa, 5 sccm)

1.868 (2.66 x 107" Pa, 9 sccm)
Bulk cubic Y,03 1.934
Thin films on Si ~1.645 (973 K; ion beam, [43]

4.00 x 107 Pa)

~1.765 (973 K; IBAD, 150 eV O,)

~1.895 (room temperature; ion

beam)
Thin films were grown by CVD on quartz and Si 1.65-1.73 5.62-5.80 [44]
substrates
Thin films on [100] Si wafers and quartz sub- ~ ~1.70-1.94 (substrate tempera- 5.91-6.15 [45]
strates by radio-frequency magnetron ture from room temperature to
sputtering 773K)
420 nm thin film deposited by reactive pulsed  (1.89; 0.01) 5.86 [27]
direct current magnetron sputtering on Si[001]
substrate
150 nm thin film deposited by reactive e-beam (1.91; 0) 5.86 This
evaporation on Si[001] substrate work

°[BAD - ion beam-assisted deposition. °HiTUS - reactive sputtering with oxygen in a standard high target utilization
sputtering system.
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Figure 7: Depth profile of eb, at 1.67 eV on (a) both substrates and for (b) transparent and dark state
(sample on glass).

which could not be fully described by the graded EMA model [23] where these films are
considered as a three-layer structure in correspondence with XPS results (Figure 3
[represented with green color]).

The illustrative image of the model fit is given in Figure 8. The 1st YHO layer has
no gradient since no variation in Y and O content was found. The 2nd and the 3rd
layers are considered with the optical gradient. Model 1 considers the top YHO layer
as an EMA gradient with voids, and the middle layer has a gradient of EMA mixture of
Y,0; and Y. This model provided MSE larger than 100. Then this model was com-
plemented with the presence of Y in the top and bottom layers which gave no
improvement. Model 2 gave MSE around 80, where the top YHO layer is an EMA
mixture with Y,03, and the middle layer has a gradient of EMA mixture of YHO, Y,03
and Y. Model 2 assumes that the dominant phase on eb, is YHO, which is consistent
with the XPS considerations.

Model 1 Model 2
YHO Y203/ YHO
Y203/Y YHO/Y203/Y
YHO YHO

Figure 8: Illustrative image of graded EMA model for eb, (oxidized hydride) sample. The 1st YHO layer
has no gradient. The 2nd and the 3rd layers are considered with the optical gradient (illustrated as a
gradient color fill). Model 1 consists of the top YHO layer as a gradient with voids and the middle layer as
an EMA gradient of Y,03 and Y. Model 2: the top YHO layer as EMA gradient with Y,05, and the middle
layer as EMA gradient of YHO, Y,03 and Y.
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The observed increase of (n; k) towards the middle of the eb, sample (Figure 7a)
is related to the increase of the EMA volume fraction of Y,03 and Y since (n; k) of Y at
1.67 eV is higher concerning (n; k) of YHO. A significant increase in k around 150 nm
and 200 nm film thickness for eb, on glass and Si, respectively relates to a larger Y
volume fraction. Also, XPS data suggest an interphase layer with most likely Y°
formation (Figure 3), but near the bottom layer of the film. This could be explained by
the effect of Ar* etching on the binding energy of the related element/oxidation state
and/or measurements provided on the different places of the sample with different
inhomogeneities. Nevertheless, the increase in Y and Y,03 content towards the
middle of the film obtained by SE is relatively consistent with XPS data presented in
Figure 3. On the other hand, XPS shows a linear increase and decrease of Y and O
content in YHO thin films (Figure 3). Unfortunately, the modeling of linear increase
and decrease of (n; k) within the depth of the YHO thin films gave a very high MSE
error. Probably this film contains some other inhomogeneity, which cannot be rep-
resented completely by this non-linear depth profile (Figure 7a). Other investigations
should be provided to clarify this situation.

Photochromic effect of the sample eb, was tested by SE. The SE measurements on
eb, sample on glass was realized in reflection and transmission modes before and
after illumination of the sample with UV light. The complex dielectric functions (n; k)
and experimental and modeled transmission spectra in transparent and dark states
are illustrated in Figure 9. The increase of the extinction coefficient from ~3.5 eV up
to IR is observed for the sample eb, in the dark state for the given light source
wavelength and power. The k increase is also observed in the depth profile of this
sample (Figure 7b) suggesting significant structural changes in YHO thin film.

The gap energies E,,, for three peaks obtained in (n; k) dispersion curves
(Figure 9), (n; k) values at 550 nm for transparent and dark states are summarized in

100 — ‘ ‘ ‘ ‘ 250

T T
eb,on glass = Transparent state eb, on glass b
8ol —— Model, MSE = 15 2251

e Dark state
—— Model, MSE = 39 2.00 -

St

1.50

L L
1 2

3 4
E [eV]

Figure9: Measured and modeled transmission spectra (a) and corresponding complex refractive index
dispersion curves (b) for eb, sample on glass in a transparent and dark state.
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Table 4. In the dark state, the refractive index decreases, the extinction coefficient
increases, and the energy gaps for direct electron transition also decrease. The color
of the film in the dark state was found to be dark brown. It was not possible to find
any evidence in the literature about the optical properties of YHO thin film deposited
by reactive e-beam evaporation. There are some references for YH,O, thin films in
Table 3.

The values of n and k for the eb; sample are lower with respect to our previous
results [27] (Table 3). This can be explained by the sputtering conditions. This Y
sample (ebs) was sputtered at slightly lower sputtering pressure and lower gun
current resulting in Y material with lower electrical conductivity due to Y oxidation.
In the work of Santjojo et al. [39], where Y thin film was deposited utilizing an ion
beam sputtering in the multilayer structure of SiO,/Y/Y,0s3, the k values are much
higher with respect to this work. This is related to the fact that Y film was protected
from oxidation since it was positioned between SiO, and Y,03. Moreover, in our case
Y film after deposition was kept in the air: as showed by XPS (Figure 3) the layer of the
Y got oxidized resulting in the lower k values as evaluated by SE.

The sample ebs has an optical gradient (Figure 10) due to the porosity: the n
decreases from the bottom to the top of the film due to the increase of the EMA
volume fraction of voids. The n and E values of the sample Y,03 is comparable with
our previous result [27] and with reports presented in the literature (see Table 3)
except for the work of Santjojo et al. [39]: they reported lower n values of Y,05 thin
film, which can be related with the high porosity of the film.

The results we obtained from the aforementioned characterization methods
demonstrate the formation of localized stoichiometric variants, enriched in either H
or O. This finding hints at a potential alignment with and support for the outcomes of
the research conducted by Hans et al. [14].

Table 4: The electron transition energies Eqap, 1, and k at 550 nm for eb, thin film on Si and glass
substrates.

Substrate Egaps €V n k
Transparent Dark Transparent Dark Transparent Dark
Si 3.50 £ 0.20 - 1.58 + 0.04 - 0 -
2.68 +£0.39
0.56 + 0.21
Si0, 3.48 £0.05 3.15+0.29 1.66 +0.02 1.56+0.04 0.007+0.001 0.35+0.02

1.60 £0.40 1.16 £ 0.33
0.41+0.20 0.11+0.10
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The experimental Y K-edge XANES spectra and their first derivatives for three
thin films (ebs, eb,, and ebs) and three reference compounds (Y foil, bulk c-Y,05, and
YHO powder) are shown in Figure 11. The Y K-edge XANES spectra are dominated by
the 1s(Y) — np(Y) dipole-allowed transitions. The position of the first maximum of the
XANES derivative corresponds to the absorption edge and is located at 17,038 eV for
the yttrium foil. In the metallic yttrium (eb3) thin film the edge is slightly shifted to
17,039 eV indicating partial oxidation of the film. The position of the edge in yttrium
oxide ebs thin film and bulk ¢-Y,0;3 is located at the energy of about 17,041 eV cor-
responding to the complete oxidation of yttrium ions. The position of the edge in YHO
powder is at 17,040.5 eV, i.e. at 2.5eV larger energy than in the yttrium foil but at
0.5 eV smaller energy than in bulk c-Y,03, suggesting a yttrium oxidation state of
about 2.5+. The shape of XANES and its first derivative in oxidized yttrium hydride
thin film eb, is close to that in yttrium oxyhydride powder.

1.5 —_
Lol 0.15 — .
0 a b ] P — =Y fo
Z b z b e Y0,
;t< 1.0 E E '''''' § 0.10f E E ------ Y:O powder
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Figure11: Normalized Y K-edge XANES spectra (a) and their first derivatives (b) for ebs, eb,, and ebs thin
films and three reference compounds (Y foil, bulk c-Y,03, and YHO powder). Dashed vertical lines
indicate the position of the absorption edge in the reference compounds.
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The Y K-edge EXAFS spectra x(k)k* and their Fourier transforms (FTs) are shown
in Figure 12. Note that the positions of peaks in FTs differ from the crystallographic
values due to the phase shifts present in EXAFS. The EXAFS spectra and their FTs for
yttrium foil and metallic yttrium thin film (eb;) almost coincide.

The EXAFS spectra of yttrium oxide ebs film and bulk c-Y,0; show some simi-
larity, however, all peaks in the FT of the film ebs have reduced amplitudes sug-
gesting the presence of disorder and nanocrystalline structure of the film [46, 47]. The
EXAFS spectrum and its FT for oxidized yttrium hydride film eb, are close to those for
YHO powder.

More detailed information on the local environment in thin films was obtained
from the analysis of the Y K-edge EXAFS spectra using reverse Monte Carlo (RMC)
simulations with the evolutionary algorithm approach, which were performed by
the EVAX code [48, 49]. We used the same approach as previously for the analysis of
bulk c-Y,03 [47].

The RMC simulation box was a cube with a size of 4a x 4a x 4a unit cells of YHO
(where a = 5.323 A [11]) with periodic boundary conditions. Note that the same box
can be constructed from the 2a’ x 2a’ x 2a’ unit cells of c-Y,053 (Where a’ =10.604 A is the
lattice parameter [50]). During the RMC simulations, the atoms in the box were
randomly displaced till a good agreement between theoretical and experimental
data in the wavelet space [51] was achieved (Figure 13).

The Morlet wavelet transforms of the EXAFS spectra were calculated in the
k-space range of 4-10 A and the R-space range of 1.1-5.5 A. The EXAFS spectra for
each yttrium atom in the box were obtained within ab initio real-space multiple-
scattering formalism using the FEFF8.5L code [52]. The simulations were repeated
four times for each sample using different pseudorandom sequences of numbers to
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Figure 12: TheY K-edge EXAFS spectra )((k)k2 (a) and their Fourier transforms (FTs) (b) for ebs, eb,, and
ebs thin films and three reference compounds (Y foil, bulk c-Y,05, and YHO powder). Only the moduli of
the FTs are shown.
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Figure 13: Experimental and RMC-calculated Y K-edge EXAFS spectra (k)& and their Fourier and
Morlet wavelet transforms (FTs) for ebs (left panels) and eb, (right panels) thin films.

obtain reasonable statistics. The partial radial distribution functions (RDFs) Y-O and
Y-Y were calculated from the coordinates of atoms in the simulation box and are
reported in Figure 14.

In bulk c-Y,0; having the space group Ia-3, there are two structurally non-
equivalent yttrium atoms, which are located at the Wyckoff positions 8b (0.25, 0.25,
0.25) and 24d (u, 0, 0.25) (u = —-0.0326 at T = 300 K [50]). Both yttrium atoms are
octahedrally coordinated by oxygen atoms. At the same time, the second coordina-
tion shell of yttrium atoms is split into two groups of six yttrium atoms each at ~3.5 A
and ~4.0 A. A similar situation was found in the Y-Y RDF obtained by the RMC for the
thin film ebs. In the oxidized yttrium hydride thin film eb,, a larger disorder is
present in the first coordination shell of yttrium leading to a decrease of the first peak
in the Y-0 RDF due to the broadening of the Y-0 distribution (Figure 14). Moreover,
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Figure 14: Partial radial distribution functions (RDFs) g(r) Y-O and Y-Y for the eb4 (open symbols) and
ebs (solid lines) thin films obtained using the RMC method from the Y K-edge EXAFS spectra. Arrows
indicate two groups of yttrium atoms in the second shell.

the splitting of the second shell Y-Y distribution in the range of 3-4.5 A becomes less
pronounced, and the distribution of the more distant group of yttrium atoms at 4 A
becomes more broadened.

Note that the presence of splitting of the Y-Y RDF contradicts the space group
Fm-3m which was previously found for polycrystalline yttrium oxyhydride powder
in [11] from diffraction experiments: in the cubic Fm-3m structure, 12 yttrium atoms
are located at the same distance of 3.76 A.

4 Conclusions

In the scope of this investigation, we conducted a comprehensive and systematic
examination of stoichiovariants oxidized yttrium hydride thin films produced
through reactive e-beam evaporation. The characterization of these thin films falls
into two primary categories. In the first category, we employed Transmission Elec-
tron Microscopy (TEM), X-ray Photoelectron Spectroscopy (XPS), Ion Beam Analysis
(IBA), and Spectroscopic Ellipsometry (SE) to thoroughly analyze the multi-layer
structure of the films. This examination aimed to reveal depth-resolved elemental
distribution and assess potential chemical bonding contributing to the formation of
oxidized yttrium hydride, mainly. In contrast, the second category involved the
application of X-ray Absorption Spectroscopy (XAS) and X-ray diffraction (XRD) to
analyze the effective oxidation state of the cation within the structure, examine the
local environment of yttrium, and explore potential scenarios for crystallographic
formation.
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One of the most significant findings of this study is the observation of a multi-
layered oxidized hydride thin film exhibiting photochromic properties. What sets
this multilayer formation apart is its composition-comprising distinct, localized
stoichiometric variants that are rich in hydrogen and/or oxygen. The evidence
supporting this conclusion primarily stems from XPS, SE, TEM, and IBA. Addi-
tionally, cross-sectional TEM image, IBA, and XPS depth-resolved measurements
have revealed the presence of an oxygen-rich surface layer with a thickness of
approximately 40 nm. This finding aligns with previous research, as confirmed by
ion beam analysis [5] and neutron reflectometry [28].

From ellipsometry measurements, we determined film thickness, surface
roughness, optical band gap, and (n, k) dispersion curves in the broad photon energy
range (5.9-0.7 eV). For the first time, the (n, k) dispersion curves for e-beam YHO thin
films is reported in the transparent and in the dark states after UV irradiation.
Notably, we report a significant difference in the refractive index/extinction coeffi-
cient between the bleached state and the photodarkened state.

Finally, the change in the position of the Y K-edge in XANES spectra suggests an
effective oxidation state of 3+ for most yttrium ions in yttrium oxide (ebs) thin film,
whereas a smaller oxidation state of about 2.5+ was found for yttrium ions in the
oxidized hydride (eb,) thin film. The analysis of EXAFS spectra by the RMC method
indicates the nanocrystalline structure of both films. The local environment
around yttrium ions in the oxide (ebs) thin film is close to that in bulk c-Y,05. At the
same time, the first coordination shell of yttrium in the oxidized hydride (eb,) thin
film is more disordered, and the splitting of the second shell of yttrium containing
12 yttrium atoms is less pronounced than in the oxide (ebs) thin film.
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