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ABSTRACT: The effect of irradiation using energetic ions on the g £
optical properties of photochromic YHO was studied. Films were & \CA)J yAs E --13-.-340
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Structural modifications are found to induce a decrease in Time Lattice damage
transmittance, magnitude of the photochromic response, and the .1. .1..
bleaching kinetics. For irradiation with 330 keV Ne®, X-ra ®
cachung ) . ) ey 000000 000000 .00 ¢®
diffraction revealed changes in the microstructure such as grain 00000 ® 000
growth for higher fluences explaining the observed persistency of 00000 : ...:. ..
changes in optical properties after irradiation. On the other hand, Pristi Low fl ® Hi h. fl
the degradation of photochromic properties was found to be ristine S L ENEE ICINSICTICE
reversible for @ = 1 X 10" cm™> The results indicate that grain
boundary diffusion is necessary for the photochromic reaction.
1. INTRODUCTION employing positron annihilation spectroscopy revealed the

irreversible formation of divacancies under illumination,
supporting conjectures about mobile species in the material."®
The authors hypothesized that metallic domains, formed under
illumination, give rise to an increased absorption of light and

Photochromic materials feature a change in optical properties
as a response to electromagnetic irradiation, which makes them
enticing for a vast number of applications in different fields like
smart windows, sensors, and ophthalmology.l’2 Oxygen-

containing yttrium hydride (YHO)® along with some other put forward two possible mechanisms of domain formation: by
oxygen-containing rare-earth metal hydrides (ScHO, NdHO, the light-induced transport of H together with local O
GdHO, DyHO, and ErHO)*® were shown to feature a color- displacement or by the trapping of photoexcited electrons by
neutral photochromic effect at ambient conditions. The effect hydrogen vacancies, created under illumination. An enhanced
persists when the films are coated with a protective layer bleaching rate was achieved using aliovalent Ca doping, which
(ALO; or Si;N,)° enabling their utilization in multilayered decreased the H content in the film.'"® The result was
structures.” Thin films of YHO are typically produced by either attributed to the increased number of anion vacancies,
reactive magnetron sputtering’ or e~ beam evaporation® of simplifying H migration through interstitial sites. The
yttrium dihydride followed by oxidation and they show importance of defects for photochromic properties was pointed
photochromic properties in a range of chemical compositions out in ref 17 as well, where the annealing of photochromic
with the oxygen to yttrium ratio § of 0.5 < § < 1.5.” Moreover, YHO films at 87 °C resulted in slower bleaching.

ph(;tlcz)chromism is commonly coupled to photoconductiv- Despite the diversity of the detailed mechanisms proposed
ity,” " even though the latter one is also found in YHO films to explain the photochromic effect, their common basis is a
with § < 0.5. photoinduced migration of anions, primarily H™, where anion

While the dependency of the photochromic behavior of
YHO on chemical composition, thickness, and environment
have been studied extensively,”'” the fundamental mechanism
underlying the photochromic effect remains debated. For
GdHO thin films, Hans et al. showed a dual-phase nature of
the material and proposed a photoinduced transfer of
hydrogen between the two phases linked to the residual stress
of several GPa as a mechanism of the photochromic
behavior.'* Earlier, an analogous model was suggested for
YH,, photochromic foils under applied high pressure.'* Studies

vacancies and other defects serve as a pathway for this
migration. Defect engineering offers a potential method of
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Figure 1. (a) Implantation (left axis) and damage profile (right axis) for YHO on glass under 330 keV Ne" irradiation to an ion fluence of 1 X 10
cm™?, as calculated by SRIM. (b) Nuclear and electronic stopping cross-sections of YHO for 300 keV N*, 330 keV Ne*, 330 keV Si*, 9 MeV CI**,
10 MeV Ge*, and 16 MeV I**, as predicted by SRIM. Dashed lines highlight the irradiation series with “low” and “high” S.. (c) Evolution of the
spectral transmittance of the photochromic YHO film for different illumination times. (d) Average transmittance of the YHO film under

illumination and during bleaching.

tailoring the photochromic performance of REHO. Ion
irradiation is a powerful tool for achieving controlled structural
modification and is widely used for materials engineering.'®
Energetic ions traversing a material transfer energy to its
nuclear and electron systems, leading to the formation of
crystal defects'” or their annealing, depending on which
process prevails at the given irradiation conditions.”” For
example, ion irradiation was employed for graphene nano-
patterning”’ and to improve the hydrogen evolution reaction
performance of MoS,.>*

In this work, we irradiate ~300 nm thick photochromic
YHO thin films with keV and MeV ions. In order to distinguish
between the effects of ion interaction with nuclei, resulting in
displacements, and with electrons, resulting in ionization and a
thermal spike along the trajectory, projectiles and their primary
energies were selected to feature different ratios of the nuclear
stopping power cross-section (S,) to the electronic stopping
power cross-section (S.). We find a decrease in optical
transmittance, photochromic response, and bleaching speed
after irradiation. The reversibility of those changes for lower
fluences is demonstrated. The implication of the obtained
results for the mechanism of photochromic behavior is
discussed in the context of the dual-phase nature of YHO.

2. EXPERIMENTAL DETAILS

Photochromic films were prepared by reactive magnetron
sputtering using a Y target (99.9% nominal bulk purity) as the
cathode. First, a 300 nm YH, precursor was deposited in a
mixed Ar and H, atmosphere on soda-lime glass (a 1 mm thick
microscope slide) precleaned using isopropanol and deionized
water. The base pressure in the chamber before deposition was
below S X 107> mbar. The total deposition pressure was kept
in the range of (0.6—1) X 107> mbar. No deliberate heating of
the substrate was used during the deposition process. As a
second step, films were oxidized by venting the chamber, and
YHO was formed. To hinder further compositional mod-
ification, the films were stored in a vacuum desiccator until
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their characterization and ion irradiation. For more details on
the preparation of photochromic films, we refer to ref 5°.

Ion irradiation was conducted at the 350 kV Danfysik
implanter and the 5 MV NEC Pelletron accelerator, both
located at the Tandem Laboratory of Uppsala University.”> To
elucidate the potential specific effects of ion irradiation on the
nuclear and electronic subsystems of YHO, two series of
irradiation conditions (projectiles and their primary energies)
having a comparably “low” S, (~70 eV/(10" at/cm?®)) and a
“high” S, (~620 eV/(10" at/cm?®)) with different S, were
selected. In addition, the average projected range of ions in the
sample was chosen to be larger than the thickness of the film to
avoid a significant implantation into YHO. This procedure also
ensures that different depths of the film are affected in a similar
way by the irradiating species. Irradiation was carried out using
beams of 300 keV N*, 330 keV Ne*, and 330 keV Si* (all three
with “low” S,) and 9 MeV CI**, 10 MeV Ge®**, and 16 MeV I°*
(all three with “high” S.). Both S, and S, predicted by Monte
Carlo simulations using SRIM-2013** assuming an equiatomic
YHO compound with a bulk density of 6.44 X 10* at/cm>'*
are summarized in Figure 1b. To assess the induced lattice
damage, i.e., displacements per atom (dpa) associated with the
ion bombardment, full damage cascade simulations employing
SRIM-2013 were performed with the displacement energy, as
well as bulk and surface binding energies, for different atoms
listed in Table 1. The results of the simulation, the profile of
the implanted ions on the left axis, and the introduced damage
on the right axis for 330 keV Ne" irradiation to an ion fluence

Table 1. Input Parameters Such as Displacement Energy,
Lattice Binding Energy, and Surface Binding Energy Used
for SRIM Simulations

atoms  displacement E, eV lattice binding E, eV  surface binding E, eV
Y 25 3 4.24
H 10 3 2
(] 28 3 2
https://doi.org/10.1021/acs.jpcc.3c06010
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Figure 2. Effect of 330 keV Ne* irradiation with different total fluences on the (a) optical transmittance and (b) photochromic response of YHO
films. The dashed line in panel (a) is the result for the irradiation from the back side to a fluence of 1 X 10" ecm™ (c) Normalized average
transmittance and photochromic response measured at different times after ion irradiation. (d) GIXRD patterns measured for films irradiated with
330 keV Ne" to an ion fluence of 1 X 10" and 1.5 X 10" cm™. The inset shows a close-up of the (200) peak for both fluences. Blue vertical lines
represent the ICDD powder diffraction file 04—026—1364. (e) Oxygen or hydrogen to yttrium ratio deduced from ToF-E ERDA.

of 1 X 10'® cm™ are shown in Figure la. While the peak
concentration of the implanted species (~0.4 at. %) is located
hundreds of nanometers deep in the substrate, the irradiation
leads to an average Ne concentration in the YHO film of 0.03%
and an average damage of 2.8 dpa.

The optical transmittance of YHO films was measured by
using a stabilized tungsten-halogen light source in conjunction
with a compact CCD spectrometer (ThorLabs CCS200). A
photochromic transition was triggered by illuminating the films
with a 405 nm LED (a nominal irradiance of 14.53 yW/mm?).
More details on the optical setup can be found elsewhere.”
Typical transmittance spectra of a YHO film before
after different
presented in Figure lc. Samples were illuminated for 300 s
followed by 600 s of bleaching. Figure 1d shows the time
evolution of transmittance averaged in the wavelength range of
500—900 nm and plotted over time. Quantification of the
photochromic response was done by calculating the relative
change in average transmittance after 300 s of illumination
(T300—To)/To. The bleaching time constant 7 was determined
from the linear slope of the equation In(-In(T/Ty)) = —1/7 +
In C, derived from the Lambert—Beer law and by assuming
that bleaching exhibits first-order kinetics. C is a constant that
ascribes to the thickness of the film, the concentration of the
absorbing species, and their absorption cross-section. More
details on the procedure of determining the time constant can
be found in ref 26.

illumination and illumination times are
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Composition analysis of the films was conducted by time-of-
flight-energy elastic recoil detection analysis (ToF-E ERDA) at
the Tandem Laboratory of Uppsala University, using 36 MeV
I** ions as the primary beam. Scattered particles and recoils
were detected by a set of two ToF foils and a segmented gas
ionization chamber, located at 45° with respect to the incident
beam.”” ToF-E spectra were analyzed using Potku.”® For
structural characterization, X-ray diffraction (XRD) was
conducted with a PANalytical Empyrean diffractometer with
Cu—Ka radiation. The samples were measured in a grazing-
incident geometry, keeping the incident angle at 1°. Pseudo-
Voigt functions were used to identify the positions and widths
of the Bragg peaks.

3. RESULTS AND DISCUSSION

Figure 2a presents the optical transmittance of YHO for the
pristine film and after irradiation to fluences, @, of 330 keV
Ne* irradiation ranging from 1 X 10" to 1.5 X 10" cm™
While fluences of less than 1 X 10" cm™ do not change
optical transmittance significantly, a decrease by 48% is
observed for ® = 1 X 10" cm™ In comparison, the film
irradiated to the same fluence but from the substrate side (the
dashed line in Figure 2a) preserved its transmission,
demonstrating that the optical transmittance of the glass
substrate is not affected by ion irradiation. Thus, the observed
changes in transmittance result from modifications of the
YHO. It is well known that point defects created under ion
irradiation can act as color centers and reduce optical

https://doi.org/10.1021/acs.jpcc.3c06010
J. Phys. Chem. C 2023, 127, 24676—24682
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transmittance;””*° however, they typically feature pronounced
absorption bands in contrast to what one observes for the
samples irradiated by Ne. Further increase of ion fluence above
1 X 10" cm™ leads to a gradual decrease in transmittance with
an increase by 30% for ® > 1 X 10" cm™

Similar to transmittance, the photochromic response
remains almost unchanged at a level of 22% up to irradiation
fluences <1 X 10" cm™ (corresponding damage <0.03 dpa).
After exposure to a fluence of 1 X 10" cm ™, the photochromic
response decreased to 7.2% and almost vanished (<1.5%) for
® > 5 X 10" cm™2. At this irradiation level, on average, every
single atom of the film was displaced from its original position
at least once. Depending on the fluence, irradiation-induced
changes in the optical properties may be reversible, as seen in
Figure 2¢, showing transmittance and photochromic response
measured as a function of time elapsed since ion irradiation
and normalized to the value of the pristine film. For ® = 1 X
10" em™2, average transmittance recovered from 63 to 93% of
its initial value after 1 month. A similar trend is observed for
the photochromic response. On the other hand, the trans-
mittance of the film exposed to @ = 1 X 10'® cm™ increases
only by 4% after 10 months, showing persistency of the
introduced changes. Recovery of both transmittance and
photochromic response at lower fluences may be an indication
that the created defects (like Frenkel pairs) are prone to
recombination even at room temperature. On the other hand,
recombination at higher @ is suppressed and can thus not be
explained by a higher concentration of the same defects since
in this case one would expect similar recovery rates. One
plausible explanation of the reduced recovery rate is a
segregation of defects forming more stable and complex defect
structures.

To investigate potential changes in the crystalline structure
of the films under irradiation, GIXRD was conducted. The
results for fluences of 1 X 10" and 1.5 X 10'® cm™ are shown
in Figure 2d. The five most pronounced peaks can be indexed
as (111), (200), (220), (311), and (420) assuming a CaF,-like
structure. The dominance of the (200) peak is due to the
strong texture of the films.”" For an ion fluence >1 X 10'
cm™?, a shift of the Bragg peaks to larger angles (i.e., lattice
contraction) is observed. This result might be associated with a
H loss at higher fluences, as indicated from the chemical
composition deduced from ToF-E ERDA (see Figure 2e). The
full width at half-maximum (fwhm) of (111) peaks steadily
decreases with increasing fluence, indicating that ion
irradiation causes grain growth and improved crystallinity.
Moreover, peak broadening in the XRD pattern can be
associated with a residual stress which was reported for GdHO
in ref 13. Thus, irradiation-induced stress relaxation might be
an alternative explanation for the narrowing of the peaks.
While peaks (200) and (311) for lower fluences are clearly
skewed with a shoulder on the right side, the symmetry of
those peaks, which can be assessed from the quality of the fit
using the single peak function, is greatly improved for longer
irradiation. For comparison, the coefficient of determination
for @ = 1 X 10" cm™2 is 0.993 against 0.999 for ® = 1.5 X 10'¢
cm™2. Furthermore, additional peaks emerge for @ > 1 X 10
cm™? (especially visible at 35.7 and 60.2°) at the position of
the peak shoulder. These peaks can be attributed to the
orthorhombic YHO phase, which is a distorted CaF,-like
structure with ordered anions as reported in ref 32. Note, it is
hard to unequivocally conclude whether this orthorhombic
phase was present in the pristine sample or is formed under ion

irradiation as small peaks might have been hidden in the
shoulder of the (200) and (311) peaks. Nevertheless, it is, to
the best of our knowledge, the first time when the
orthorhombic YHO phase is reported in a thin film. Observed
changes in the microstructure alongside the aforementioned
defect complexes might be responsible for the irreversible
modification of the optical properties at high fluences.

Figure 3a shows the effect of different irradiation conditions
on the average optical transmittance; the data is presented as a
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Figure 3. (a) Normalized average optical transmittance as a function
of dpa for different irradiation conditions. Dashed lines are a guide to
the eye and represent different exponential dependencies of T, on
dpa. The gray area highlights the data points for irradiations with a
“high” S.. (b) Relative photochromic response and (c) bleaching time
constant as functions of dpa for different irradiation conditions. The
dotted line in panel (b) is a guide to the eye only (see the text). The
dashed encircled area indicates a synergistic effect for energetic heavy
ions with a high electronic and nuclear stopping power.

function of dpa. For irradiations with a “high” S, damage
below 0.1 dpa has little to no impact on the optical properties,
while a larger number of atomic displacements rapidly reduced
the transmittance down to 20% and less. Irradiations with CI**,
Ge®, and I°* result in very similar reductions of transmittance.
The result is expected as projectiles under these conditions
having similar S,, while the representation using dpa and not
fluence eliminates the effect of differences in the S,. However,
irradiations with projectiles with a “low” S, exhibit very
different behavior. First, the damage threshold at which
changes in optical transmittance start occurring depends on
the S, being 0.1 dpa for N* and ~0.65 dpa for Si*. Second, the
transmittance decrease rate (i.e., the slope of the trend) is also

https://doi.org/10.1021/acs.jpcc.3c06010
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dependent on irradiation conditions becoming more steep for
a higher S,. For Si* and I*", one can see a change of the slope
and/or a slight increase of transmittance when the damage is
above 1 dpa. Similar to Ne" irradiation, this effect can be
attributed to the phase transition and/or segregation of defects.

The normalized photochromic response as a function of dpa
is depicted in Figure 3b. The dotted line is a guide to the eye
showing a general trend. The photochromic effect starts to
degrade for damages exceeding 0.05—0.1 dpa reaching values
below 10% at >1 dpa. Results for Ge*>" and I°* stand out from
the general trend as a significant degradation of photochromic
properties is observed already at 0.03 and 0.06 dpa (the dashed
line in Figure 3b). Both projectiles feature relatively high S,
and S, values in comparison to other irradiations. The impact
on photochromism is larger than expected from the sum of
separate electronic and nuclear processes, indicating a
synergistic effect. The effect is especially evident for Ge,
which features the S, comparable with the S, for Si (26.2 vs
26.8 2 eV/10" at/cmz), while its S, (625.4 eV/10" at/cmz) is
close to the S, of Cl (616.3 eV/10" at/cm?). It has been
demonstrated for several perovskite materials (SrTiO;,*
KTaO,** LiTaO;**) and MgO® that the presence of pre-
existing defects (created by ion irradiation) can sensitize a
material to electronic energy loss, resulting in enhanced
damage due to defect-induced changes in the electronic and
atomic thermal conductivity and increased electron—phonon
coupling. Applying similar reasoning to the Ge and I
irradiations presented here, one may suppose that irradiation
at lower fluences creates defect structures that facilitate
increased damage at higher fluences due to electronic loss.
Additionally, one has to consider direct coupling between
nuclear and electronic energy dissipation. When the energy is
transferred to the electronic system of the material, processes
like electron excitation and ionization taking place in the
proximity of the ion track change the local electron distribution
and rupture or modify the nature of bonds affecting atomic
mobility by, for example, reducing displacement and binding
energies. Thus, the damage calculated using SRIM may be
underestimated when electronic energy loss is high, which
might explain the degradation of photochromic response at
lower damage levels for Ge** and I°*.

The relaxation process is sensitive to ion irradiation (Figure
3c) as well. The bleaching time constant 7 starts increasing
noticeably at 0.06 dpa; a similar damage threshold was
observed for the degradation of the photochromic response.
The slowdown of the bleaching with increasing dpa is found
for all irradiation conditions. While data points are quite
scattered, they suggest that irradiations with lower S, (Ne, N,
and Cl) have a smaller effect on the bleaching speed than Sj,
Ge, and I with a high S. Supposing that the local diffusion of
anions determines the bleaching process, the increase of anion
vacancies under ion irradiation should promote a diffusion via
hopping between interstitial sites and thereby increase the
bleaching rate. On the other hand, XRD data revealed an
increased grain size for higher fluences, which curbs a diffusion
through grain boundaries. An increased 7 might be an
indication that an intergrain diffusion or a diffusion between
two phases, as proposed in ref 13, is crucial for bleaching.

Figure 4 demonstrates the relation between the photo-
chromic response and the optical transmittance of the samples
after ion irradiation. The irradiation first affects the photo-
chromic effect before transmission is affected, as reduced
transmission is only observable for a weak residual photo-
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Figure 4. Correlation between the photochromic response and
transmittance for ion-irradiated YHO samples. Both axes are
normalized with respect to values for pristine samples.

chromic effect. This result indicates that the system first
transitions into a nonphotochromic state and only then starts
accumulating defects that reduce optical transmittance, which
are different in nature than the absorption sites in the
photodarkened state.

While most of the proposed models explain the photo-
chromic reaction in REHO as a result of the rearrangement of
the local structure and short-distance migration of anions, in
the current study we demonstrate that the defects introduced
by irradiation with keV and MeV ions decrease both the
photochromic response and the bleaching rate. Assuming that
anion vacancies facilitate H or O migration, one could expect
the opposite effect from ion irradiation. On the other hand, ion
bombardment creates Y vacancies and possibly modifies the
microstructure as well as induces phase transitions, all of which
may affect the photochromic properties. To properly verify
diffusion models, one would need to study the photochromic
effect in the material with H or O deficiency (i.e., with
abundant anion vacancies). Chaykina et al. proposed the
aliovalent doping of YHO thin films."® While this approach
indeed decreased H concentration, keeping the level of O
unaffected, the number of Y atoms was found to be reduced. In
ref 9, we have shown H loss and oxidation when YHO films are
exposed to slightly elevated temperatures; therefore, annealing
in an O-free environment can be an alternative way to
introduce H vacancies without affecting other species.

4. SUMMARY AND CONCLUSIONS

Photochromic YHO thin films of 300 nm were irradiated with
projectiles with an S, of ~70 eV/(10" at/cm®) (300 keV N*,
330 keV Ne*, and 330 keV Si*) and of %620 eV/(10" at/cm?)
(9 MeV CI*, 10 MeV Ge*, and 16 MeV I°*) to different
fluences. Irradiation with Ne* resulted in a decrease in
transmittance and photochromic response for @ > 1 x 10%°
cm™? and films showing almost no photochromism for @ > § X
10" cm™2 Introduced changes are reversible for ® = 1 x 10"
cm™? probably due to the recombination of defects. Films
irradiated to higher fluences show irreversible changes in
optical properties and the microstructure and formation of
defect complexes. Irradiation with a “high” S, leads to a rapid
reduction of transmittance for damages above 0.1 dpa, while
for a “low” S,, the decrease is gradual and starts at different dpa
for different projectiles. Irradiations with considerably high S,
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and S,, ie, Ge* and I**, almost eliminate the photochromic
effect at damages below 0.1 dpa, while the lack of
photochromism is found only after reaching 1 dpa for other
irradiations, indicating a synergistic effect. The bleaching
process was found to be slower after irradiation. This
observation together with the increase of grain size may
indicate that diffusion through grain boundaries is involved in
photochromism, in line with a dual-phase notion. The data
show that irradiation to lower fluences can decrease photo-
chromic properties without a significant effect on trans-
mittance.
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