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ABSTRACT

We present a new analytical instrument for studying the optical properties of materials in different gaseous environments at room and
controlled elevated temperatures. The system consists of a vacuum chamber, which is equipped with temperature and pressure controllers, a
heating band, and a residual gas analyzer and is connected to a gas feeding line via a leak valve. Two transparent view ports located around a
sample holder allow for optical transmission and pump-probe spectroscopy using an external optical setup. The capabilities of the setup are
demonstrated by conducting two experiments. In the first experiment, we study the photodarkening and bleaching kinetics of photochromic
oxygen-containing yttrium hydride thin films illuminated in ultra high-vacuum and correlate it with changes in partial pressures inside the
vacuum chamber. In the second study, we investigate changes in the optical properties of a 50 nm V film upon hydrogen absorption.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0142068

I. INTRODUCTION

The study of optical characteristics of materials provides unique
information on intrinsic properties, such as microstructure, impu-
rities and defect levels, lattice vibration, and electronic structure.’
Furthermore, macro-scale parameters, such as roughness and thick-
ness, have an impact on optical properties and can be determined.’
Many substances are modified upon changes in their environment
as they undergo, for example, temperature- or pressure-induced
phase transitions* or photo-induced reactions.” The observation of
the optical response under different conditions (like gaseous envi-
ronment, illumination, and heating) enables the investigation of
physical processes and their kinetics.

Since, in some cases, changes in optical properties indicate a
phase transition, optical spectrometry can be used to reconstruct a
phase diagram, as reported in Ref. 6 for the binary mixture N,-CO.
By means of pressure-dependent reflectivity measurements, increas-
ing metallicity with increasing pressure was observed for CdsAs,.”
The measurement of optical absorption is commonly used to study
photocatalytic degradation of redox indicators (e.g., Methylene blue)
and thereby assess the efficiency of photocatalysts.”®

The photochromic effect in oxygen-containing rare-earth metal
hydrides (REMHO), i.e., photo-induced reversible modulation of

their optical absorption, has been first observed in YHO’ and
subsequently in other REMHO, like GdHO, DyHO, ErHO, and
NdHO.'”"" Despite numerous works on photochromic REMHO
over the last decade, the origin of the photochromic effect remains
under discussion. Baba et al.'> proposed the reversible release and
uptake of oxygen as the underlying mechanism of photochromic
reactions. Authors observed a tremendously reduced bleaching rate
of photochromic YHO films in the N, atmosphere and connected
this to the lack of oxygen in the environment necessary for the recov-
ery process. In the same work, photo-induced lattice contraction,
first reported in Ref. 13, was discussed. While these results were
explained by O release in the surrounding, direct evidence of any
outgassing were not provided. Using the effective medium theory in
Ref. 14, changes in the optical absorption under illumination have
been explained by the formation of metallic hydride domains in
the insulating matrix. Employing atomic probe tomography (APT)
and transmission electron microscopy (TEM), Hans et al. demon-
strated that photochromic GdHO films consist of two phases: an
H-enriched phase and an O-enriched one.”” It was also suggested
that the migration of H atoms between the two phases is responsible
for the photochromic effect. Evidence of H, release from YHO films
under illumination was presented in Ref. 16; however, the correla-
tion between the photodarkening process and potential outgassing,
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as well as the effect of the environment on photodarkening kinetics,
were not established due to technical limitations. In Ref. 17, authors
studied photochromism in YHO at low temperatures (as low as 5 K),
while the effect of elevated temperatures also remains unexplored.

The use of optical transmission spectrometry for the investiga-
tion of thin film metal hydrides has been intensified over the last
decades to complement gravimetric,'® temperature-programmed
desorption,”” and volumetric’’ techniques as in situ concentration
measurements.”"” The effect of hydrogen uptake on the electronic
structure and consequently the optical response exhibits large vari-
ations for different metals and structures while the underlying
fundamental mechanisms are not yet fully revealed.”” For some
metals, the effect of hydrogen is so profound; switchable mirrors
can even be made from, e.g., hydrides of Y or Mg-Ni alloys’"”
due to metal-insulator transitions. For the case of V-H, an inter-
stitial metal hydride, hydrogen is found to induce s-d hybridiza-
tion located around 6 eV below the Fermi level.” However, opti-
cal photons in the visible range only excite electrons from the
upper d-band close to the Fermi energy. Thus, observed changes
in the optical transmission’” might not necessarily reflect changes
in the band structure due to hybridization. Droulias et al.”® sug-
gest that volume effects cause shifts in the orbital overlap, which
drive the changes in optical transmission upon deuterium absorp-
tion rather than rearrangements of electronic states around the
Fermi level. While relying on calibration, optical transmission spec-
trometry for indirect concentration measurement and simultaneous
measurement of the hydrogen pressure and temperature at equilib-
rium conditions can further reveal information on thermodynamic
properties.”’

Materials and phenomena like the above mentioned require
optical measurements combined with well controllable environ-
ments. To allow such measurements, we present a new setup for
optical measurements under a controlled environment, denoted as
OSFOLD (Optical Setup FOr gas LoaDing experiments). The equip-
ment is designed to conduct measurements of the optical transmis-
sion while the sample is under different gaseous environments and
temperatures. Additionally, the setup features a residual gas analyzer
(RGA) and good vacuum conditions; therefore, thermal and photo
desorption spectroscopy can be realized. To demonstrate the capa-
bilities of the system, the photochromic effect in YHO thin films and
H absorption in V thin films have been investigated.

Il. INSTRUMENTATION

OSFOLD consists of two stainless steel chambers separated by
a gate valve (I'ig. 1). The first chamber is coupled to a turbomolec-
ular pump (Pfeiffer HiPace 400) backed by a dry vacuum pump
(Kashiyama NeoDry 15E), which enables ultra high-vacuum (UHV)
conditions. The chamber is further equipped with a Pirani/cold cath-
ode gauge (Pressure gauge 1), which is working in the range from
1000 to 1 x 10~° mbar. The installed RGA (Extorr XT100) scans in
the mass range from 1 to 100 amu with a nominal sensitivity of
107" mbar for mass 28 and is located above the turbomolecular
pump.

The second chamber is designed to host the sample and allows
optical characterization via two kodial glass viewports that are bake-
able at temperatures up to 350 °C. The pressure is monitored by a
capacitance gauge (Pressure gauge 2) situated on top of the chamber.
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FIG. 1. Schematics of OSFOLD, consisting of the following main components:
pressure gauge 1 (a Pirani/cold cathode gauge); pressure gauge 2 (a capacitance
gauge); a gate valve; two kodial glass viewports; RGA (Extorr XT100); a turbo-
molecular pump; a K-type thermocouple feedthrough; a leak valve; and a sample
holder.

Despite having a limited working pressure range (1100-0.1 mbar),
the reading of capacitance gauges is not subjected to gas type. A
leak valve located at the bottom of the chamber is connected to a
gas feeding line and controls the flow of different gases (e.g., Ha,
Ar, or O;) injected into the system. Heating bands surrounding the
chamber allow measurements at elevated temperatures, which are
measured by two K-type thermocouples. In this approach, when
the entire chamber is heated, the measurement can be conducted
under thermal equilibrium between the sample and the environ-
ment. The first thermocouple with a diameter of 0.8 mm is installed
at the sample holder via the thermocouple feedthrough, while the
second one of 1.5 mm diameter measures the temperature at the
heating band. A proportional integral derivative (PID) temperature
controller (Eurotherm 3508) adjusts the heating power based on the
reading from both thermocouples. An additional override algorithm
is implemented to ensure gradual heating of the sample and prevent
the exceedance of temperature thresholds.

Optical characterization is performed using the external optical
line shown in Fig. 2. A stabilized tungsten-halogen source emit-
ting light in the range of 360-2600 nm is used as a probe. The
light is collimated by a biconvex lens with a 75 mm focal distance,
while the beam diameter is adjusted by an iris diaphragm. The par-
allel beam is then transmitted through the sample and focused by
another biconvex lens onto a compact CCD spectrometer (ThorLabs
CCS200), which is sensitive to light from 200 to 1000 nm with an
average spectral resolution of 4.4 points per nm. For pump-probe
experiments, an additional high-intensity light source of wavelength
<500 nm is installed perpendicular to the optical line. A longpass
dichroic mirror with a 490 nm cut-on wavelength is oriented at 45°
with respect to the optical line and reflects the light towards the sam-
ple creating two coaxial beams: the reflected pump light (<490 nm)
and the transmitted probing light (>490 nm). A longpass filter with
a cut-on wavelength of 500 nm is positioned in front of the spec-
trometer to prevent saturation of the CCD sensors by the pumping
light.
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FIG. 2. Schematics of the optical line of OSFOLD. The main constituents are a
white light source irradiating in the range of 360-2600 nm; a CCD spectrometer
working in the range of 200-1000 nm; two biconvex lenses with 75 mm focal dis-
tance; an iris diaphragm; a longpass dichroic mirror reflecting light <490 nm; a
longpass filter with a cut-on wavelength of 500 nm; and high-intensity LED.

lll. EXPERIMENTS
A. Hydrogen absorption in V thin films

AV film of 50 nm was grown epitaxially on a single-crystalline
MgO(001) substrate by DC magnetron sputtering following pre-
vious studies.”® The film is capped with 5 nm of Pd, which pre-
vents surface oxidation and catalyzes the dissociation of molecular
hydrogen.”’ The sample was placed in the OSFOLD, and optical
transmission spectra were continuously recorded with an integra-
tion time of 900 ms after UHV conditions had been reached. The
temperature was gradually increased to 150 °C. When the sample
temperature was stabilized, a reference transmission spectrum Io,
averaged over several minutes, was extracted from the dynamically
recorded optical transmission. After decoupling the vacuum pumps
with the gate valve, molecular hydrogen was introduced into the
chamber (19 Pa and 6.7 kPa as used in Ref. 27 for a similar sample).
The hydrogen pressure was registered time-resolved with both pres-
sure gauges. Averaged transmission spectra I(py,) were recorded
after equilibrium had been reached, i.e., stabilized transmission,
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FIG. 3. Relative change in optical transmission spectra through a 50 nm V fim
on MgO due to H absorption measured at 150 °C. Iy is the transmission at vac-
uum conditions averaged over several minutes, /(py, ) is averaged transmission
spectra at a certain hydrogen pressure, and Al = [(py,) — lp. The dashed line
represents data reproduced with permission from Prinz et al., “Combined light and
electron scattering for exploring hydrogen in thin metallic films,” Appl. Phys. Lett.
97, 251910 (2010). Copyright 2010 AIP Publishing for comparison.
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pressure, and temperature. Figure 3 presents the change in optical
transmission spectra Al = I(pn,) — Ip due to hydrogen absorption
in the 50 nm V film at 150 °C normalized by the reference spec-
trum Iy taken in vacuum. Hydrogen absorption in the Pd layer can
be neglected due to a high heat of solution under these conditions.”’
Furthermore, it is assumed that (multiple) reflections and scattering
can be neglected. The optical transmission decreases with increas-
ing hydrogen pressure while showing a wavelength dependence for
both applied pressures. The maximum change in the transmission is
about 35% and observed around 575 nm. Upon comparison to the
experiments conducted by Prinz et al.”” (data points are replicated
in Fig. 3), we find good agreement between the results. Obtaining
consistent results using the same methodology for the hydrogen
loading experiments of thin vanadium films demonstrates excellent
reproducibility and quality of the experimental method, setups, and
samples.

B. Photochromic effect of YHO in UHV

A photochromic YHO sample was prepared in two steps. First,
a 300 nm thin film of YH, was deposited on a soda-lime substrate
using reactive magnetron sputtering in Ar:H, atmosphere. The total
pressure during the deposition was 6.2 x 10> mbar, while the Ar
and H, flow was kept at 20 and 4 SCCM, respectively. The DC power
of 100 W with a pulsed frequency of 70 kHz was applied to the 2 in.
Y target to create a plasma. After deposition, the film was oxidized in
air forming YHO. More details on sample preparation can be found
in Ref. 10. Chemical composition analysis employing ToF-E ERDA?
revealed that the sample composition is Y1.1400 g6 and, thus, is in the
range where photochromic properties are observed (i.e., oxygen to
yttrium ratio 0.45 <8 < 1.5).%

After the sample was prepared, it was transferred into
OSFOLD, and the chamber was evacuated to <10~° mbar. The RGA
was set to scan in the range of 0-44 amu with a sweeping rate
of ~0.166 scans per second. The transmittance of the sample was
measured with an integration time of 60 ms and averaged in the
wavelength range of 500-900 nm (which corresponds to 1718 data
points). To start the photochromic transition, a 405 nm LED with
a nominal irradiance of 14.53 yW/mm? was utilized. The sample
was illuminated for 10 min, and the changes in normalized trans-
mittance Thorm are presented in Fig. 4(a). Thorm reduced by 24%
under illumination and recovered to 95% of its initial value after
20 min of bleaching. Note that the sample was illuminated for the
first time ever, thus the kinetics of the photodarkening is not affected
by any memory effects.” The photochromic reaction is accompa-
nied by changes in the total pressure in the chamber Py [Fig. 4(b)].
A rapid increase and decrease of Py (within 1-2 s) with a subse-
quent gradual decrease is observed when the light turned on and off,
respectively.

The RGA signal shown in Fig. S1 indicates that the major con-
stituents of the residual gas are CO;, H,O, and H; (masses 44, 16,
and 2 amu, respectively). Other peaks can be assigned to products
of the fragmentation of the aforementioned molecules. As seen in
Fig. 4(d), the illumination significantly affects the partial pressure
of CO; (Py=44). The increase of Py-44 by 2.5 x 10~° mbar within
the first seconds of illumination corresponds to the initial rise of
Py and is attributed to the photodesorption of CO, from the walls
of the chamber. A similar effect was reported for different types of
stainless steel exposed to the light of energy exceeding 2.92 eV.*
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FIG. 4. (a) Time evolution of the normalized optical transmittance Tyom of the
YHO sample exposed to 10 min illumination with a 405 nm LED, followed by
20 min bleaching. Corresponding changes in total pressure in the chamber Py,
(b), partial pressure of Hy Pp—7 (c), and partial pressure of CO2P 44 (d).

Apart from the desorption of CO,, illumination with LED gives
rise to the increase in hydrogen partial pressure [Fig. 4(c)]. This
process happens at a lower rate in comparison to photodesorption
and might be related to the photochromic reaction occurring in the
YHO sample. According to the model proposed in Refs. 15 and 35,
photodarkening arises from the transfer of hydrogen between two
sub-phases of YHO and residual stress in the hydride phase, while
some fraction of H especially at the surface can leave the film. An
analogous effect, an increase in Py,-», was reported in Ref. 16 where
photochromic YHO was exposed to 455 nm light in UHV. Note that
the apparatus used in that study did not allow simultaneous mea-
surement of transmittance and partial pressure under illumination,
i.e., during photodarkening.

IV. CONCLUSIONS

In this work, we present the optical setup for gas loading
experiments (OSFOLD). Its capacity is exemplified by conducting
two experiments, both requiring simultaneous measurements of
the optical transmission and control of the gaseous environment.

ARTICLE scitation.orgljournal/rsi

Photochromic properties of a YHO film were studied in a UHV envi-
ronment simultaneously monitoring the optical transmittance of the
sample as well as changes in the partial pressures in the chamber.
While the photochromic effect in an oxygen-free environment has
previously been reported, OSFOLD permitted the establishment of
the correlation between an H, release and illumination. As a sec-
ond example, we have investigated a 50 nm V film to show the
reliability and reproducibility of measurements with our setup. In-
situ hydrogen gas loading experiments were performed, and the
recorded optical transmission spectra are in good agreement with
previously published data.

SUPPLEMENTARY MATERIAL

See the supplementary material for Fig. S1.
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