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Large Polaron Conduction, Photoconductivity, and
Photochromism in GdO, H;_,, Oxyhydride Thin Films

Giorgio Colombi,* Bart Boshuizen, Diana Chaykina, Leyi Hsu, Herman Schreuders,

Tom J. Savenije, and Bernard Dam*

At ambient conditions, rare-earth oxyhydride thin films show reversible
photochromism and photoconductivity, while their mechanism and relation
are still unclear. In this work, this question is explored with in situ
time-resolved measurements of both optical and transport properties of
Gd-based oxyhydride thin films. It is found that p-type large polaron
conduction is the initial mechanism of charge transport; however, upon
photo-darkening, a 10*-fold increase of conductivity occurs, and n-type
carriers become dominant. Further, photochromism and photoconductivity
are shown to originate from a single process, as indicated by the fact that the
photoconductivity is exponentially proportional to the increase of optical
absorption. This exponential relation, notably, cannot stem from any of the
optically absorbing species thought responsible for photochromism and,
therefore, suggests that their formation is accompanied by a concerted
increase of negative charge carriers in the Gd oxyhydride films.

1. Introduction

Within the mixed-anion material class,!! rare-earth (RE) oxy-
hydride thin films stand out because of their reversible
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photochromism and photoconductivity at
ambient conditions, making them promis-
ing candidates as inorganic smart coat-
ing for windows and sensors.>*! Pho-
tochromism and photo-conductivity in poly-
crystalline rare-earth oxyhydride thin films
were first reported in 2011 on Y-based
compounds.P! Since then, several other REs
(RE=Sc, Y, Nd, Sm, Gd, Dy, Er)[*19 were
found to form photochromic oxyhydride
thin films, suggesting that these proper-
ties are rather general to the whole ma-
terial class. Common to all of them is
the REO,H, _,, composition and a crystal
structure based on the CaF,-type lattice.l”]
Here, the oxide O? ~ and hydride H™ anions
preferentially occupy the more stable tetra-
hedral interstitial sites, and after those are
filled, the remaining H~ fraction occupies
the octahedral interstitials.[!1?]

The composition of the oxyhydride and the deposition con-
ditions were found to influence the extent and the speed of
photochromism, 311 however, the general presence of the phe-
nomenon indicates that its origin is intrinsic to the RE oxyhydride
thin film material. While there is no definitive agreement on the
photochromic mechanism, most research converges toward the
idea that structural rearrangements enabled by the H™ (local)
mobility!'®) and/or reactivity are at the heart of photochromism.
In this sense, it was proposed that photodarkening depends on
the segregation of an optically absorbing phase,!*”®] and a re-
versible change in the H-sub-lattice upon illumination was indi-
rectly observed via muon spin rotation spectroscopy (uSR).[*T Ad-
ditionally, while the photo-darkening could be induced even at a
temperature of 4K,[2] temperature-dependent measurements on
aliovalent Ca-substituted Y oxyhydrides showed that the bleach-
ing is a thermally activated process with fixed activation energy
and attempt frequency proportional to the number of anion-
vacancies.?!l Notably, epitaxially grown films darken upon illu-
mination, but the reverse bleaching process appears kinetically
impaired.[??]

Despite the interest in this class of materials, in their pho-
tochromic properties, and later in their H™ ionic conduction, very
little research has been spent toward the study of their photo-
conductivity. In fact, at the time of writing, no other study man-
aged to reproduce the results originally presented by Mongstad
et al.’] on Y oxyhydride films, namely a 10-fold reduction of the
resistance upon illumination, followed by partial reversibility in
the dark. Nonetheless, reliable information on the conductivity

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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and photo-conductivity of these thin films is (i) essential to eval-
uate their employability as solid-state ionic conductors in any
electrochemical devices, (ii) a necessary prerequisite for any fur-
ther tuning of their ionic/electronic transport properties, and (iii)
a potential source of insight on the photochromic mechanism.
From a more fundamental perspective, understanding the elec-
trical transport in the RE oxyhydrides might help to further assess
to which extent their properties resemble the related REH, hy-
dride systems, which have been extensively investigated in view
of the metal-to-insulator transition that occurs upon a change of
H-content.[23-26]

In this work, we present time-dependent measurements of op-
tical and transport properties, including Hall-effect (HE). While
in this work we focus on Gd-based oxyhydride thin films, the
comparable photoconductivity of Y-based oxyhydrides,>1>?2l and
the general occurrence of photochromism, suggest that the con-
clusions drawn here might hold in general for the entire family
of photochromic RE oxyhydride thin films. When the films are
in their transparent (as-sputtered) state, we identify the mech-
anism of charge transport as p-type large-polaron conduction.
Upon photodarkening, however, the conductivity increases by
several orders of magnitude, this time dominated by negative
charge carriers. Further, photochromism and photoconductivity
appear connected by an exponential relation, which indicates a
single origin, and yet cannot be explained by the sole segregation
of a conductive optically absorbing phase.

2. Experimental Section

2.1. Sample Preparation

Gd-based REH, thin films (thickness d ~ 300 nm) were prepared
Dby reactive magnetron sputtering of a 2-inch Gd target (MaTeck
Germany, 99.9% purity) in a Ar/H, (6N purity) atmosphere. The
deposition chamber was kept at a base pressure below 1 x 107°
Pa. During deposition the total gas flow was fixed at 40 sccm with
an Ar/H, gasratio of 7:1, while the total deposition pressure (p,,,)
was set to 0.75 Pa by means of a control gate valve mounted at
the inlet of the pumping stage. Plasma excitation was sustained
by 175W DC power supply. All samples were grown at room tem-
perature on UV-grade fused silica (f-SiO,) in a single deposition
to guarantee a high homogeneity among them. The as-deposited
REH, thin films were then oxidized in ambient conditions by ex-
posure to air. Because the air-oxidation is largely a self-limiting
process,['*?7] the samples were given a 14 + day rest period before
further characterization.

2.2. Contact Deposition

To guarantee Ohmic metal-semiconductor junctions during
transport measurements, the deposition of additional contact lay-
ers was needed. The following multilayer (in order, from the sam-
ple surface) was found to be optimal: 100 nm YH,, 100 nm Cr,
100 nm Au.

Notably, during pilot experiments with sub-optimal contacts,
it was observed that the UV exposure promoted the degrada-
tion of the contact-oxyhydride interface when different met-
als were used for the first layer (e.g., Y, Gd, GdH,), leading
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to incomplete reversibility of both photochromism and photo-
conductivity. We suspect H-loss from the film to the contact to be
the driver of this degradation. To further minimize the contact-
oxyhydride interaction and the systematic errors during transport
measurements, 8] the contacts were deposited at the corners of a
7 X 7 mm square, and their size was kept to a minimum of around
0.5 mm? (see Supporting Information, Section II for additional
details).

2.3. Sample Characterization

Figure 1 shows a schematic of the experimental setup used to si-
multaneously measure optical transmittance and transport prop-
erties under the same temperature, vacuum, and illumination
conditions. To achieve that, two samples were placed in con-
nected vacuum chambers (pressure «~10~! mbar) and kept at the
same temperature by independent backplate heaters with a PID
control loop. Specific setups were then used to measure their op-
tical and electrical properties.

The optical transmittance, T(4), and reflectance, R(4), were
measured at normal incidence with a custom built fiber-based
spectrometer equipped with a white source (DH-2000BAL,
Ocean Optics) and two Si-based energy dispersive spectrometers
(HR4000 and Flame, Ocean Optics). The wavelength range was
approximately 250-1000 nm, and the time resolution 30s. Com-
bining transmittance and reflectance, the absorption coefficient
was calculated according to: a(A) = —In[T(A)/(1 — R(A))]/d.*°! Re-
flectance measurements were not possible when the temperature
cell was installed in the instrument.

Resistance and HE were measured in a square Van
der Pauw!?®! geometry using an H50 HE current(voltage)
source(meter), a commercial system from MMR Technologies
that operates in a nominal resistance range of 10> — 10'° Q,
and with a time resolution of approximately 3min. A permanent
magnet of 850G was used in the HE measurements.

Photochromism and photo-conductivity were triggered by two
narrow-band LED calibrated to deliver the same intensity at the
sample surface (4 = 385nm, [ = 75 mWcm~2). Note that while
light intensity does not need to be homogeneous for transmit-
tance, which was probed in a central spot of “2mm?, that is not
the case for the transport measurements, which probe the entire
sample area. To guarantee a homogeneous light intensity over the
whole sample surface, a set of optical elements was installed in
front of both LEDs following the principle of Kohler illumination.

Knowing that regions of RE oxyhydrides films that were previ-
ously exposed to light suffer from a so-called “memory effect”,l®’
namely a slower bleaching speed compared to a non-illuminated
area, all the measurements presented here correspond to the first
cycle of photo-darkening and bleaching of otherwise virgin (i.e.,
as-deposited) samples. Throughout this work, all values of aver-
aged transmittance, reflectance, and absorbance refer to the in-
terval 4: [450, 1000] nm.

3. Results and Discussion

3.1. Large-Polaron Conduction in Gd Oxyhydrides

In this section, we show that electronic transport in RE oxyhy-
dride thin films occur as large-polaron conduction, as indicated
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Figure 1. Schematics of the experimental setup used in this work. Optical transmittance and transport properties can be measured simultaneously

under the same illumination, temperature, and vacuum conditions.

by HE results. Before delving in the results, we briefly discuss the
context of these measurements.

In general, one distinguishes between coherent and incoher-
ent electronic transport. Coherent transport envisions the car-
rier motion to be free, only occasionally disrupted by scattering
events. Consequently, the carrier mobility decreases with increas-
ing temperature, with typical values greatly exceeding 1 cm? s*
VL. Coherent transport is characteristic of free carrier conduc-
tion, and is also observed in the case of large polarons due to
their large effective mass.*"! In contrast, incoherent transport—
typical of small-polarons—envisions the carriers making occa-
sional jumps between localized regions in the material. In this
case, the mobility depends on the activation energy needed for
the jump and thus rises with increasing temperature; typical val-
ues are well below 1 cm? s=! V=11

HE measurements are an insightful tool to investigate the
transport properties of a semiconductor, and are routinely em-
ployed to identify the dominant carrier polarity (i.e., electrons [],,
or holes [J,), and to quantify their density (n,,,) and drift mobil-
ity (u,)-’*! However, this is only true in the special case of free
carriers, meaning coherent transport within a band that is much
wider than kg T. In this common limit, the Hall mobility (u,) well
approximates the actual drift mobility of the charge carriers and
one can extract accurate information from the HE without addi-
tional knowledge on the material local/electronic structure. This
is not the case for small(large) polaron conduction, which im-
plies energy localization in states(narrow bands), as well as an
influence of the local electrostatic potential on the direction of
the polaron motion. The latter effect is particularly important in
structures of low symmetry and can even lead to anomalous signs
in the HE voltage. In this work, due to the fcc crystal symmetry
of the RE oxyhydrides, we expect the sign of the Hall voltage to
be consistent with the polarity of the charge carriers in case of
polaron conduction. Similarly, the influence of temperature on
the Hall mobility is expected to reflect the type of polarons, large
(duy/dT < 0) or small (du,/dT > 0), even though Hall and drift
mobilities might differ from one another in magnitude and exact
temperature dependence.3!]
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With this background in mind, the Gd oxyhydride Hall mobil-
ity and Hall carrier density are extracted considering a perfectly
homogeneous film, and free carriers of a single polarity (see Sup-
porting Information, Section I for additional information). In all
our measurements, we find the Hall voltage (V) to have a pos-
itive sign, indicating that holes are the dominant charge carrier
in these Gd oxyhydride thin films. The corresponding Hall mo-
bility and Hall carrier density are shown in Figure 2. Consider-
ing the large optical bandgap, the found carrier density (1, ~
10" — 10'? cm~?) indicates a significant level of doping. This
is in line with an high concentration of point defects expected
in view of the high porosity of the films, and from the out-of-
equilibrium fast oxidation in air. Because of that, we also expect a
significant presence of ionized impurities and large line/volume
defects; thus, the measured Hall mobility (w, ~ 10* — 10* cm?
V-1 57!y appears surprisingly high.33-%7] It is important to note
here that even if the assumption of a single carrier were not ver-
ified, that would lead to an under-estimation of the carrier mo-
bility (Figure S4, Supporting Information). Similarly, an over-
estimated material resistivity (for example due to contact resis-
tance) would lead to an under-estimation of the carrier mobility.
Therefore, the high Hall mobility of the Gd oxyhydrides cannot
be traced back to any obvious experimental artifact. It must fol-
low that the assumption of free carriers was faulty, indicating by
exclusion a polaronic conduction mechanism.

The temperature dependence of conductivity, Hall carrier den-
sity, and Hall mobility gives further inside on the mechanism
of charge transport in these Gd oxyhydride thin films. As the
temperature increases, the total conductivity increases due to
a net increase in carrier density. Conversely, the carrier mo-
bility decreases. We rule out any significant ionic contribution
to the values presented here, as the ionic H™ conductivity re-
ported in LaO,H; _,, powders is (i) orders of magnitude smaller
(o~ <107% Scm™!), and (ii) a temperature activated process,
thus, at odds with the decrease of mobility measured for increas-
ing temperature.!®]

The limited temperature interval, due to sample instability
above 350 K (see Supporting Information, Section III), makes
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Figure 2. a) Temperature dependence of conductivity, carrier density, and Hall mobility of reactively sputtered Gd oxyhydride thin films. Dashed lines
are a guide for the eyes. b) Fit of ny(T) based on the ideal relation that follows from a Fermi-Dirac distribution of the occupied/unoccupied states. The
slope, AE, indicates the energy distance between the main in-gap electron acceptor level and the valence band (see text). For comparison, the blue
dashed line gives the trend expected for an intrinsic semiconductor, where the slope reflects the electronic bandgap (~2.5 eV). ¢) Fit of py(T) based on
an exponential relation with the temperature. For comparison, the blue dashed line gives the trend expected in case of ideal free-carriers conduction.

it difficult to quantitatively discuss any material-specific temper-
ature dependence; however, a fit of n,(T) based on the ideal re-
lation that follows from a Fermi-Dirac distribution of the occu-
pied/unoccupied states, nocexp (— AE/2k; T),1*¥] indicates that the
material is not an intrinsic semiconductor. We find AE «0.5 eV
(Figure 2b), which is clearly smaller than the optical gap and in-
dicates the presence of deep states that, in view of the positive
Hall potential, must act mainly as electron acceptors (i.e., hole
donors). The chemical nature of these defects remains unclear,
but we note that in the related REH, hydride compounds the
spare electron of H™ is known to shift to a vacant octahedral in-
terstitial site and something similar might be happening in the
RE oxyhydrides.[?]

Finally, the decrease of mobility with increasing tempera-
ture is typical of coherent electron transport and can be ra-
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tionalized in terms of increasing phonon-scattering. We note
that p, is negatively affected by the temperature (Figure 2c)
to a greater extent compared to the ideal free carriers case,
In (up)xT32.

The surprisingly high Hall mobility —which we find unreal-
istic for polycrystalline, defect-rich films—and its sharp decrease
upon increasing temperature, is best explained by large-polaron
conduction. This conclusion is in agreement with one of the in-
teraction mechanisms observed during muon spin relaxation, ']
and, in general, with the ionic character of the RE oxyhydrides,!'
which facilitates coupling between a charge and the crystal
lattice.?%) Finally, we note that similar to this work, Hall-effect
was reported to overestimate the polaron mobility by a factor of
10% — 10? in Fe,0;-based epitaxial films and BiVO,-based single
crystals alike.3®]
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Figure 3. Overview of the photochromism in Gd oxyhydride thin films. a) Visual appearance and schematic representation of the competing photodark-
ening and temperature-activate bleaching processes. b) Examples of the transmittance (blue) and reflectance (purple) changes upon photodarkening.
The initial properties, as well as their sum, complementary to the absorbance (T + R = 1 — A), are shown as black lines. c¢) Changes of optical absorp-
tion during photodarkening (top) and bleaching (bottom) with respect to the initial value (Aa = @ — a;). d) Shift of the optical bandgap during the

photochromic cycle.

3.2. Relation Between Photochromism and Photoconductivity

Mongstad et al.,’] You et al.,[*l and Komatsu et al.,[? have shown
that photochromism in RE oxyhydride thin films is accompa-
nied by a photo-induced change in conductivity. However, the
connection between the two phenomena remained unexplored
due to the challenge of acquiring time-dependent measurements
under similar conditions. We do so here, relating the optical
and electrical properties—synchronously measured at same tem-
perature, atmosphere, and illumination conditions—on Gd oxy-
hydride thin films produced within the same deposition and
with an identical history (i.e., same age and no previous light
exposure).

A complete overview of the Gd oxyhydride photochromism is
shown in Figure 3. When exposed to light of energy sufficient to
initiate an interband transition (hv > E,), the material undergoes
a visually color-neutral darkening (Figure 3a), caused by a large
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decrease in transmittance accompanied by a small change of
reflectance (Figure 3b). It is worth noting, that before illumi-
nation the material shows no optical absorption at energies
below the bandgap, implying a negligible presence of optically
active in-gap defects. Upon photodarkening, instead, the net
increase in optical absorption spans a broad wavelength range,
gently decreasing for longer wavelengths, and is rather feature-
less through the entire cycle of photodarkening and bleaching
(Figure 3c). Lastly, the photochromic cycle is accompanied by a
small widening of the optical bandgap (Figure 3d), something
that might be due to the Burstein—Moss effect, that is, a full oc-
cupation of the states at the bottom of the conduction band.3*°]
Remarkably, this bandgap shift does not recover immediately
after the light exposure ceases, but instead follows the slow
kinetics of the photochromic effect, indicating that it is not solely
due to a temporarily high concentration of electron-hole pairs
excited under the photodarkening light.
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Figure 4. a) Photo-induced effects on relative optical transmittance (top) and material conductivity (bottom) of Gd oxyhydride measured at 303 K. Blue
and red overlayed icons indicate the polarity of the dominant charge carriers at different stages of the cycle: holes when the material is in its transparent
state, and electrons upon darkening. b) Relation (linearized) between the increase of optical absorption (—In (T/Ty) ~ Aad) and relative conductivity
(6/0g). The black points refer to the bleaching, while the purple ones to the darkening process. A linear fit based on Equation 1 is shown in red. In
both panels, the background colors are guides to highlight the regime where optical absorption and conductivity are dominated by the photo-induced
effects (o 2 10 o¢; - blue), and the rest of the experimental range (yellow). Notably, the empirical Equation 1 well describes the relation between relative

conductivity and optical absorption in both regimes.

How photochromism relates to changes in electronic conduc-
tion is shown in Figure 4 a for data collected at 303K. The two
phenomena follow a very comparable time dependence, pointing
toward a common origin.

Looking at the conductivity of the material, after 30 min of illu-
mination we find an increase from <1075 to «107! S cm™'. This
change is 3 orders of magnitude larger than the one measured by
Mongstad et al.l’! but roughly comparable to Komatsu et al.,[??]
probably reflecting the different intensity of the photo-darkening
light used by the different groups and the compositional differ-
ences of the samples. Additionally, differently from both studies,
our results do not show signs of large irreversibility. Allowing
enough bleaching time in the dark (e.g., 10 h at 303 K), we find
that the conductivity of all samples largely returns to the initial
value. We suspect that the irreversibility observed in the origi-
nal study of Mongstad et al.’] might be due to some degradation
comparable to what we have observed for non-optimized contacts
(see Supporting Information, Section II).

Unfortunately, accurate measures of the HE cannot be com-
bined with illumination, as the permanent magnet would cover

Adv. Optical Mater. 2023, 2202660 2202660 (6 of 10)

the light path. We could, however, measure the sample immedi-
ately after the 30 min of UV exposure, finding a polarity-switch
in the Hall voltage that implies a change from p-type to n-type
conductivity. The dominance of electron carriers in the photo-
darkened state is in agreement with the Seebeck, f-NMR, and
thermoelectric emission experiments of Komatsu et al.[??]

The relation between conductivity and relative optical trans-
mittance is visualized in Figure 4b, where these two properties
are plotted one against the other. The plot is linearized according
to the best empirical relation that we could find, which is dis-
cussed in the following. To aid interpretation, we note that For
a constant reflectance of the sample, an approximation largely
verified (Figure 3b), it holds that —In (T/T,) ~ Aad, where d is
the thickness of the thin film, and A« is the change in absorp-
tion coeflicient due to the optically absorbing species formed by
light exposure.l®l Thus, we find that the best empirical relation
between o and Aad is:

o(Aa) = o, exp (B(Aad)') (1)
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Figure 5. Relation (linearized) between the increase of optical absorption
(=In (T/Ty) ~ Aad) and relative conductivity (¢/cq) during bleaching un-
der different conditions. Linear fits based on Equation 1 are shown.

which in Figure 4b is linearized according to:

In <ln <i>> = In(B) + tIn(Aad) 2)

<)

Equation 1 is reminiscent of a stretched exponential function,!*!]

and states that the photo-conductivity is proportional to the con-
ductivity of the oxyhydride in its initial transparent state (o),
while scaling exponentially with the increase of optical absorp-
tion. We suspect that the exponent ¢ — as in the well-known
stretched exponential function — might follow from the fact that
the measured quantities o and Aad are average values with a
certain variance. This variance might be due to how we defined
these quantities (e.g., Aa is averaged over a broad wavelength
range), but might also reflect a degree of local inhomogeneity
within the sample. Finally, while the underlying physics behind
the fitting parameter B remains unclear, we note that its value is
largely unaffected by temperature and memory effect (Figure 5
and Table 1). This indicates that photo-conductivity and pho-
tochromism have a single origin, and that their proportionality
is not influenced by external factors nor by the kinetics of the
process itself or the history of the sample.

While in the following discussion we cover our attempts
of describing the experimental data in terms of other sim-
pler functions and other established models (i.e., effective
medium approximations, percolation phenomena, tunnelling,
metal-insulator Anderson transition), here we note that only the
empirical Equation 1 successfully captures the relation between
o and Aad.

The (i) dominance of negative charge carriers in the photo-
darkened state, and (ii) the exponential relation between pho-
toconductivity and optical absorption provide new insights into
the mechanism of the RE oxyhydride photochromism. The pro-
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Table 1. Parameters B and t corresponding to the best fit of ¢ =
ooexp (B(Aad)*) to the experimental data. Errors are estimated as (max
— min) /2 by extending the fitting range to include the tails of the experi-
mental data.

Temperature (K) Cycle B(-) t()
303 1st 10.7+0.3 0.50 +0.03
313 st 8.7+04 0.34 +0.06
323 st 10+1 0.56 £ 0.05
2nd 87+14 0.40 + 0.09
3rd 9+1 0.38 +0.06
333 1st 8.0+04 0.20 + 0.04
2nd 79+ 04 0.22 £ 0.05
3rd 86+04 0.21+0.03
4th 88+0.6 0.24 +0.03
5th 85+04 0.19 +£0.03

cess is initiated by the generation of an electron-hole pair via
inter-band (hv > E,) photo-excitation, but the subsequent forma-
tion of optically absorbing species and their identity remain top-
ics of debate. At the time of writing, two hypotheses are under
consideration. That is, the formation of local defects within the
REO,H; _,, phase, and the phase segregation of a secondary ab-
sorbing/conductive phase. In the following we discuss these two
hypotheses with the added insight from the transport measure-
ments.

3.2.1. Hypothesis of Long Living Small Defects

In this hypothesis, light exposure induces the formation of long-
living small defects which trap either the electron or the hole and
therefore affect the overall electrical properties of the thin film.

While trapping of the electron can result in the formation of
color centres—as observed before in rare-earth compounds,[*?43
and indicated as the cause of photochromism in other inorganic
materials(“*]—the negative Hall voltage rules out this case and
leaves trapping of the hole as the only possibility.

So far, three hole-trapping mechanisms have been suggested
in RE oxyhydrides: the transformation of H-ions into either neu-
tral hydrogen, H°,[*l or molecular hydrogen, H,;*’! or the for-
mation of hydroxide groups in the lattice.[?? The latter, in analogy
with mayenite compounds.[*$-1]

Whatever the nature of the hole trap, it is envisioned that
the electrons excited to the conduction band—or equivalently
in a newly formed electron band, following from an Ander-
son transition—are responsible for both optical absorption and
conduction. This hypothesis is in line with the negative Hall
potential, but fails to explain the relation between ¢ and Aa,
which would both be linearly proportional to the fraction of free
electrons, and therefore to each other. Additionally, the photo-
darkened state of the REO H, _,, thin films shows modest re-
flectance and an absorption coefficient that decreases with the
wavelength, aspects at odds with the typical metallic behavior and
free carrier absorption in semiconductor materials (a(4)xA?, with
p> 0).525%]

In the search for an exponential relation between increased
optical absorption and conductivity, one might consider the
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possibility of an Anderson metal-insulator transition, something
known to occur in the related tri-hydrides REH, _ ; upon removal
of a fraction (5 2 0.3) of the octahedral H.[**] Even this mecha-
nism, however, does not provide a simple interpretation of the
experimental ¢ = oexp (B(Aad)') relation. Indeed, the Ander-
son transition describes systems where disorder and/or defects
localize the states near the Fermi energy, so that the electronic
conduction—now diffusive rather than ballistic—decays as:

o o« exp(=L/¢) G)

where L is the distance that the electrons have to travel, and &
a measure of the localization of their wave functions.’*>*! The
shortcoming of the Anderson model in describing the experi-
mental photoconductivity of the RE oxyhydrides is two-fold. First,
the experimental photoconductivity is proportional to that of the
material in the transparent (insulating) state (5,), while in the An-
derson model is proportional to the conductivity of the metallic
(conductive) state. Second, imagining that upon photodarkening
new electronic states form (L«1/Aa) and/or that a further delo-
calization in space occurs (ExAa), results in a inverse negative
exponential cxexp (— 1/Aa) that cannot be reconciled with the
experimental positive one.

3.2.2. Hypotbhesis of Metallic Phase Segregation

In this hypothesis, photo-darkening and photo-conductivity are
explained by the segregation of a second phase with metal-
lic properties. Proposed in analogy to the Cu-doped Ag-halide
glasses—whose reversible photochromism is well known to de-
pend on the segregation of plasmonic Ag particles!**>¢91—this
hypothesis is supported by the ellipsometry studies of Montero
et al.,['718] who showed that the dielectric function of the dark-
ened state could result from a small volume fraction (v, =1 —
10 %) of metallic inclusions within the transparent matrix. Later,
the formation/dissolution of metallic domains was further used
as an argument to explain the reversible changes observed during
positron annihilation spectroscopy with in situ illumination.[*®]

Qualitatively, the merits of this hypothesis are several. From
an optical perspective, the absorption would result from the
plasmonic resonance localized at the surface of small metal-
lic domains embedded in the dielectric RE oxyhydride matrix.
An ensemble of metallic domains with different shapes and/or
electronic properties (i.e., carrier concentration and/or effective
mass) can, in fact, result in the broad spectral absorption of the
darkened films.[®! From an electronic perspective, the formation
of metallic domains within the thin film would explain the dom-
inance of negative charge carriers and the increase of conductiv-
ity. In line with this idea, we note that during illumination, the
Gd oxyhydride films reach a conductivity (~10~! Scm™!) which is
not far from that (~10~2 Sem~!) of a GdO,H, _,,//GdH, mixed-
phase sample purposely produced as a reference (Figure S8, Sup-
porting Information). Furthermore, the light-induced volume
contraction, and the slow!®!3] temperature activated?*?!] kinet-
ics would follow from the necessary structural rearrangements.
The time dependence of the bleaching can be connected to the
average rate of disappearance of the metallic domains.

Despite the fact that this hypothesis provides a compelling ex-
planation of the optical changes, a small fraction of embedded
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and isolated metallic domains has only a marginal impact on
the overall electronic conductivity.!*¢!l Indeed, if the photocon-
ductivity were the result of segregated metallic domains alone,
these could account for the experimental ~10*-fold increase only
by forming a percolated (i.e., connected) network throughout the
otherwise poorly conductive matrix—something that for an ho-
mogeneous dispersion of spherical metallic domains occurs only
at a much higher fraction of the total material, on the order of
«30% according to the Bruggerman effective medium approxi-
mation (see Supporting Information, Section IV). Such amount
of metallic phase would almost completely suppress the optical
transmittance of the film, and is thus incompatible with the ob-
served properties (e.g., Figure 3d). It should be noted, however,
that estimating the critical volume fraction at which percolation
occurs is a highly complicated problem,[®2%3] and while effective
medium approximations like Bruggerman provide a qualitative
image, experimental thresholds are system-dependent and they
typically fall in the rather broad range of 15-50%./5%°1 Addition-
ally, for our porous and polycrystalline films it is possible that
the nucleation of a second phase preferentially occurs along en-
ergetically favorable regions, such as grain boundaries or volume
defects. Therefore we relax the assumptions of homogeneous dis-
persion and spherical domains, and consider the hypothesis that
percolation might occur at any arbitrarily low levels of phase seg-
regation. However, even in this scenario, we are still unable to
describe the experimental data in the framework of percolation
phenomena. Percolation theory predicts the conductivity of the
composite as:[6370.71]

_ o P ’
.

where o, is the conductivity of the insulating matrix, ¢ the vol-
ume fraction of metallic inclusions, p, the percolation threshold,
and s an exponent which depends on the topology of the con-
nected network. Equation 4 diverges un-physically as the volume
fraction of the metallic phase approaches the amount sufficient
for percolation (¢ — p,), but describes correctly the initial phase
of the insulator-to-conductor transition — a regime to which our
experimental case should belong given the maximum photocon-
ductivity observed, which is orders of magnitude smaller than
that of a typical metal. The power law above cannot be expanded
and approximated to an exponential function, and taking the in-
creased optical absorption as proportional to the volume fraction
of metallic domains ¢pxAa, it does not fit the experimental data
even for unconstrained values of p, and s (Figure S11, Supporting
Information).

Finally, going beyond classical descriptions, we consider
the case of tunnelling conductivity between the metallic
domains,[®*7274 which at high temperatures exponentially de-
cays with the height of the tunnelling barrier (X) and the sepa-
ration (s) between them:

o x exp (—2Xs) (5)
While the exponential functionality is attractive, this model en-
counters the same two limits of the Anderson model. First, the

model is proportional to the most conductive phase, while it is ex-
perimentally found that the photoconductivity is proportional to
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that of the material in its transparent (insulating) state. Second,
imagining that more and more metallic particles nucleate upon
photodarkening—thus lowering the average separation (sx1/Aa)
— results in a functionality of the form ocxexp (— 1/Aa), which
is incompatible with the experimental one.

4. Conclusion

In this work, we have surveyed the transport properties of pho-
tochromic Gd oxyhydride thin films produced via air oxidation of
reactively sputtered Gd dihydrides.

The electical conductivity of these films is rather low (o, =~
107> Scm™! at room temperature), and the mechanism of charge
transport is identified as p-type large-polaron conduction by HE
measurements. Upon illumination, however, the material under-
goes optical photodarkening and its conductivity increases by sev-
eral orders of magnitude (up to 6 ~ 10! Scm™1), this time dom-
inated by negative charge carriers.

We find that photochromism and photoconductivity clearly
have a single origin and are connected by an exponential rela-
tion, ¢ = o,exp (B(Aad)"). Such relation cannot be explained in
the framework of any of the two mechanisms proposed to de-
scribe the photochromic effect, that is (i) generation of small de-
fects, and (ii) segregation of metallic domains. This indicates that
no single species formed upon illumination can simultaneously
explain optical and electrical changes, and forces us to contem-
plate more complex explanations where the excited electron and
the hole both induce an electronic change. Light exposure might
involve the segregation of sparse metallic domains together with
connected changes within the RE oxyhydride matrix, such as de-
fects generation and/or a shift of the Fermi level. In this case, the
sparse metallic domains would be largely responsible for the opti-
cal absorption but only marginally for the increased conductivity,
while the net increase of negative charge carriers would occur in
the transparent RE oxyhydride matrix. A reversible change of the
matrix is further indicated by the shift of optical bandgap, that
within the proposed picture is explained via the Burstein-Moss
effect.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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