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ABSTRACT: Enabling light-controlled ionic devices requires insight into photo- M
ionic responses in technologically relevant materials. Mixed-conducting perovskites
containing nondilute Fe—serving as electrodes, catalysts, and sensors—can support
large, electronically accommodated excursions in oxygen content, typically
controlled by temperature, bias, and gas atmosphere. Instead, we investigated the =
ability of low-fluence, above-bandgap illumination to adjust oxygen stoichiometry B Fe o
and drive oxygen fluxes in nondilute Sr(Ti,_Fe,)O;_,/2,s (x = 0.07, 0.35) thin films :
with high baseline hole concentrations. Films™ optical transmission at 2.8 eV was
used as a probe of oxygen stoichiometry in the range ~100—500 °C. We compared
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pO,-step-driven and UV (3.4 eV)-step-driven visible optical transmission relaxations

in films, finding that the time constants and activation energies of the relaxations were consistent with each other and thus with
oxygen-surface-exchange-limited kinetics. Blocking oxygen exchange at the solid—gas interface with a UV-transparent capping layer
resulted in no UV-induced optical relaxations. These results demonstrate that above-bandgap illumination can increase oxygen
content in nondilute compositions through oxygen flux into the solid from the gas. First-principles simulations of defect formation
enthalpies indicate that oxygen vacancies are energetically less favorable under steady-state illumination owing to shifts in quasi-
Fermi levels. A larger 2.8 eV-optical response to UV illumination in x = 0.07 vs x = 0.35 samples was further investigated through
ultrafast transient spectroscopy, where it was found that the x = 0.07 sample exhibits a slower carrier recombination. Together, these
results suggest potential design principles for materials supporting large stoichiometry changes under above-gap illumination: (1)
long excited carrier lifetimes and (2) highly charged, rather than neutral, defects/associates.

1. INTRODUCTION

Light-mediated electronic effects in semiconductors form the
basis of myriad technologies ranging from radiation detectors
and photovoltaics to optical communications and various
spectroscopies.’ For example, absorption of photons of specific
energies may give rise to excited electronic carriers resulting in
detectable photoconductivity, and characteristic photoemission
spectra can assist in chemical analysis.” A separate, albeit still
electronically mediated, range of effects may be anticipated in
materials that are also ionic conductors, which we term “photo-
ionic” effects. Photoionics encompasses light-mediated changes
to thermodynamic and kinetic parameters governing ion and
defect fluxes. Solid-state ionic conductors (and mixed ionic/
electronic conductors) enable energy conversion/storage
(batteries, fuel cells, electrolyzers), manufacturing (gas
separation, thermochemical and electrochemical reactors,
electrochemical nanopatterning), computing (neuromorphic
architectures enabled by memristors), gas sensing, and smart
devices (electrochromic windows, chemical actuators).”*
Control over ion populations and ionic defects in these
devices underlies performance—efliciency, response time,
resolution, and lifetime—and is usually achieved through
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application of electric fields and/or ambient gas compositions/
pressures.”® The use of light to direct ions—photoionics—
may represent a new paradigm that opens up device
opportunities leveraging greater temporal or spatial control
of ions wirelessly. Photoionics may be broadly divided into
effects of above-band gap excitation (e.g, due to excess
electron—hole pairs’) and effects of below-gap excitation (e.g.,
midgap defect excitation® or targeted phonon stimulation”);
here we focus on the former under low photon fluences,
avoiding significant thermal effects.

In mixed ionic and electronic conductors (MIECs), ionic
and electronic defect and carrier populations (and their
kinetics) are coupled.'’ Therefore, generation of excess
electronic carriers, through e.g., absorption of photons with
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energy above the bandgap, may have consequences for ionic
carrier or defect populations and kinetics.” This relationship
can lead to excited-state local or global stoichiometry changes
in systems with sufficient kinetic energy to allow ion transport
and/or reactions internally in the lattice and/or via exchange
with an external reservoir.'" In this case, the light absorption
effectively sets up a driving force (an electrochemical potential
gradient) for a kinetic response involving electronic and ionic
movement until a new steady-state is reached under
continuous illumination. SrTiO; is a prototypical example of
a system apparently exhibiting elevated-temperature, above-gap
light-induced oxygen stoichiometry changes, achieved by
illumination-driven movement of oxygen.”'” Time-resolved
measurements of electrical conductivity and color changes
under UV illumination by Fleig and co-workers have been
consistent with a hypothesis of oxygen entering SrTiO; (with
or without dilute Fe impurities) from the gas phase under
illumination at ~350—400 °C."

Most prior studies of SrTiO; focused on thick single crystals,
which convey some limitations. For example, typically the
kinetic response upon illumination in O,-rich environments is
consistent with a bulk oxygen diffusion limitation."*™"* Surface
reactions tend to be quicker than bulk diffusion through thick
samples at elevated temperature and can be difficult to access
precisely in this configuration through relaxation studies. Two
reported exceptions are 1) when the bulk diffusivity is
apparently enhanced over the surface exchange coeflicient by
UV illumination in very O,-poor environments'* or 2)
sufficiently thin single crystals are employed, perhaps with a
particular surface chemistry that enables slower surface
exchange than bulk diffusion. The SrTiO;:Fe single crystal
studies by Merkle et al.”'* are the only ones to report apparent
surface exchange coefficients in light vs dark under typical O,-
rich conditions. They observed an increase in the rate of the
oxygen incorporation reaction at the solid—gas interface under
UV illumination when that incorporation was driven by a gas-
phase oxygen partial pressure increase, but there was no
increase in the rate of oxygen release at the surface when the
oxygen partial pressure was stepped down under UV
illumination.”"> A more significant complication of thick,
single-crystal studies is the impact of depth-dependent
absorption, where most of the sample remains unilluminated,
and a significant gradient in excess carrier generation is
expected to exist with respect to depth. In that situation, given
different diffusion lengths expected for excited electrons vs
holes, an internal redistribution of both electronic and mobile
ionic species due to the ionic photo-Dember effect may take
place. This purely internal solid-phase phenomenon could be
difficult to isolate from actual mass exchange with the external
gas phase reservoir. The oxygen chemical potential (or quasi
chemical potential) may vary in a complex way with respect to
depth.">"* Therefore, in the present work we study thin films
where a) film thickness is on the order of the absorption
length, and b) kinetics are expected to be limited by oxygen
surface exchange at the solid—gas interface rather than by
diffusion (at least in the dark), if in fact oxygen is transferred.

One question that arises from these early studies is whether
photoionic effects are limited to special compositions, or
whether they may be present across a wide range of mixed
conductors, including those with significant chemical sub-
stitution (e.g., solid solutions) and/or higher electronic carrier
populations. In such systems, one may expect that light-
induced excess carrier populations may be small relative to the

baseline carrier concentrations in the dark and that absorption
depths might be shallow, leading to negligible photoionic
effects of this type. However, there are several reasons to
investigate nondilute systems: 1) A significant portion, if not
the vast majority, of MIECs used as electrodes, channels, and
membranes in practical applications are not dilute-doped
compositions. 2) Nondilute systems tend to exhibit smaller/
negligible space charge effects at interfaces, such as the surface
where oxygen exchange reactions take place, greatly simplifying
interpretation of light-induced effects. For SrTiO; containing
Fe, disappearance of an interfacial space charge effect with
increasing Fe content is suggested by disappearance of
blocking grain boundary arcs in impedance spectra of bulk
ceramics.'® 3) Photoionics studies with systematically varying
electronic structures can refine or test mechanistic under-
standing and inform model development. This understanding
is essential to enable rational design of responsive, sensitive
photoionic materials with large stoichiometry changes or
kinetic responses to low photon fluences—the doorway to a
new frontier of light-driven ionic devices.

In the present study we grow thin films of the nondilute
compositions SrTi;_Fe,Os_,5.s (x = 0.07, 0.3S; STF7,
STF3S), intermediate members of the SrTiO; — Sr,Fe,Os
solid solution with high hole concentrations.'”'® At moder-
ately elevated temperatures (~100—500 °C), we study their
response to turning on or off continuous UV light with visible
optical relaxations, comparing the response to optical
relaxations on the same films stimulated by stepping up or
down the oxygen partial pressure. The results give excellent
agreement in terms of relaxation time constants and their
activation energies, suggesting a common kinetic bottleneck of
oxygen surface exchange. When the films are capped with a
UV-transparent but O,-blocking layer, neither pO,-induced
nor UV-induced visible relaxations occur. Together, the
intermediate-temperature results suggest that UV illumination
causes an oxygen flux from the gas phase into the film, raising
the film’s oxygen stoichiometry, consistent with prior reports
on undoped SrTiOj; single crystals. However, in contrast to
one earlier report on nominally undoped SrTiO; single
crystals,” no effect of UV illumination on the oxygen surface
exchange coefficient is observed in our nondilute thin-film
compositions. To understand the initial electronic excitation,
we measure the films’ responses to pulsed UV light with room-
temperature ultrafast transient absorption spectroscopy. The
longer decay times for STF7 vs STE3S are consistent with the
larger magnitude of steady-state UV-induced visible optical
relaxation at elevated temperatures in the former, and suggest
that longer excited carrier lifetimes are linked to larger oxygen
stoichiometry changes (when oxygen is mobile). This
interpretation is also consistent with our simulations of
steady-state carrier concentration changes, quasi Fermi level
shifts, and oxygen stoichiometry changes for the excited vs
baseline states: First-principles simulations of 10% Fe-doped
SrTiO;, accounting for the formation of complexes involving
Fe and native defects, suggest that changes to quasi-Fermi
levels under illumination provide a thermodynamic driving
force for the annihilation of Vg and Fer;-Vy with a notable
reduction in the total concentration of V5

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. SrTi,_Fe,O;_,/.s (x = 0.07, 0.35)
pellets (STF7, STF3S) were prepared throuﬁgh solid-state synthesis,
following the previously outlined procedure,”*° for use as ceramic
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Figure 1. Example changes in transmitted light intensity at 2.8 eV as the (a) ambient pO, (0.21 vs 0.04 atm) and (b) UV illumination at 3.4 eV
were stepped for a ~ 440 nm-thick STF7 film on sapphire. In (b) the pO, is 0.21 atm. Note transmitted intensity represents current in A registered

by the photodetector after a ~ 442 nm laser line filter.

targets for pulsed laser deposition. A STF7 thin film (~440 nm thick)
was deposited onto a 2-side-polished, (0001)-oriented Al,O,
substrate (MTI Corp., USA). A STF3S thin film (~200 nm thick)
was deposited onto a 2-side-polished, (100)-oriented 8 mol %
Y,0,0Zr0, (8YSZ) substrate (MTI Corp., USA). Depositions were
conducted using a 248 nm KrF excimer laser (Lambda Physik, LPX
210) in a vacuum chamber (PVD Products, nano-PLD) evacuated to
a base pressure of 3 X 107° Torr. Throughout deposition, oxygen
(AirGas, UHPOX 300) was introduced into the chamber at 20 sccm
to maintain a process pressure of 35 mTorr, and the substrate and
target were continuously rotated. The laser power, measured before
entering the chamber was ~0.1 W at a pulse frequency of 5—10 Hz.
Films were grown at 700 °C (set point; actual temperature ~600 °C)
to achieve crystallinity and assessed by out-of-plane X-ray diffraction
(Bruker D8); on sapphire the film is polycrystalline with multiple out-
of-plane orientations (Figure S1), and on YSZ the film is (110)-
oriented with columnar grains."**" Growth rates were calibrated using
X-ray reflectivity on films grown for short times under the same
conditions, and final film thicknesses and compositions of the thicker
samples reported here were assessed by Rutherford Backscattering
Spectrometry (NEC Pelletron); see Figure S2.

To evaluate the role of surface oxygen exchange on the observed
UV-induced visible optical relaxations, the deposited STF3S thin film
was cut in half. The surface on one-half of the film remained pristine
(ie, no surface coatings), while a UV-transparent, amorphous
alumina capping layer was deposited onto the surface of the second
half to block oxygen exchange with the gas phase during measure-
ments. The alumina coating (15 nm thick) was deposited by atomic
layer deposition at 80 °C wusing alternating 15 ms pulses of
Trimethylaluminum (TMA) and H,O with a 30 s delay between
pulses.

2.2. Elevated-Temperature Optical Relaxation Studies. The
time dependence of optical transmission through samples at 442 nm
(~2.8 eV) was monitored isothermally in controlled gas atmosphere
at temperatures ranging from 100 to 500 °C using a setup described
and visualized in detail previously’' ~>* to monitor in situ changes in
oxygen concentrations in the STF films.'"”** Briefly, the films under
study were held in a transparent quartz tube in a tube furnace with
windows, enabling low-intensity chopped, collimated, noncoherent,
and filtered (442 nm) probe light to pass through the sample, through
a second laser-line filter, and into a photodetector connected to a
lock-in amplifier. The gas atmosphere was controlled by mass flow
controllers using UHP O, and Ar mixtures (200 sccm total flow rate,
1 atm total pressure), and rapid switches in pO, between 0.21 and
0.04 atm were accomplished using a 4-way switch with a gas flush
time of ~4 s. pO,-step-induced optical relaxations of STF films were
performed to assess the oxygen surface exchange kinetics.”"*>** For
comparison, UV-induced optical relaxations were also studied by

turning on or off a UV LED continuously shining through the furnace
window onto the whole sample area (~1 cm?). The 3.4 eV (365 nm)
UV LED (LZ1-10UVOR, ams-OSRAM AG, Austria) was newly
added to this optical relaxation setup, and its angle relative to the
probe beam was tuned so that the UV light did not significantly
impinge on the photodetector monitoring the visible light trans-
mission (which was also blocked with a 442 nm laser line filter). The
isolated effect of UV light on the measured photodetector
photocurrent was tested with blank substrates. The UV LED
irradiance on the films positioned in the furnace was determined to
be ~10 mW/cm>

For measurements on STF7 films, samples were typically heated to
500 °C in the furnace in 0.21 atm O, (Ar balanced), and then pO,
steps and/or UV steps were conducted isothermally at each
temperature; temperature was decreased between measurements in
increments of ~50 °C (see, e.g, Figure 1 for an example thermal
profile showing times of the pO, steps and UV on/off switches).
Conditions were maintained to allow the transmitted visible probe
light intensity to reach a steady state each time before applying the
subsequent pO,, UV, or temperature step. While most pO, steps
(0.21 to 0.04 atm and vice versa) were performed in the dark, some
were applied while the UV light illuminated the sample, for
comparison of the effect of UV light on oxygen partial pressure-
driven kinetics. All UV on/off switches were conducted in 0.21 atm
0, (balance Ar).

For STF3S films, the transmitted probe light intensity responses to
steps in pO, and changes in UV irradiance were evaluated at 400 °C,
both for pristine films and films coated with a UV-transparent, O,-
exchange-blocking layer (amorphous alumina). Once the furnace
reached the 400 °C set point, the sample was annealed for 2 h to
allow for equilibration at 0.21 atm. Then the transmitted light
intensity (442 nm) was continuously monitored over 4 independent
changes: 1) switch from 21% O, to 4% O, (reduction), 2) switch
from 4% O2 to 21% O, (oxidation), 3) turn UV light on (365 nm, ~
10 mW/cm?), and 4) turn UV light off. This process was then
repeated for the sample with the amorphous alumina-capped surface.

2.3. Room-Temperature Ultrafast Transient Spectroscopy.
Ultrafast UV/visible transient spectroscopy experiments were carried
out using a 1 kHz Ti:sapphire regenerative amplifier (Spitfire, Spectra-
Physics) located at the Materials Research Laboratory at the
University of Illinois Urbana—Champaign. 800 nm pulses of
approximately 100 fs with 2.5 W total output power were aligned
into a TOPAS Twins (Light Conversion) and 10% of the pulse was
aligned out of the TOPAS to generate the probe beam. The remaining
90% was used to generate an IR signal which was then quadrupled in
a NIRUVis (Light Conversion) to generate the 343 nm pump beam
(x = 0.07) or 355 nm pump beam (x = 0.35). The pump pulse was
chopped at 500 Hz and was focused to a spot size of 90 yum FWHM
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using a spherical mirror. The polarization of the pump beam was not
controlled. The remaining 800 nm light was passed through an optical
retroreflector mounted on a motorized delay stage and passed
through a 1/2 waveplate to enable magic angle experiments. The 800
nm light was focused into a translating 3 mm crystalline CaF, to
generate the white light continuum from 300 to 700 nm. The white
light was then sent through a filter to remove the remaining 800 nm
light. The probe was then focused onto the sample using an off-axis
parabolic mirror to a spot size of S ym FWHM. The transmitted
probe beam was focused into a fiber and directed into a CMOS
transient absorption spectrometer (Ultrafast Systems), and data was
collected shot-to-shot. The cross-phase modulation was monitored
using a blank sapphire substrate and was fitted to a polynomial to
correct for temporal chirp. The data sets were background subtracted
by subtracting the averaged transient before the cross-phase
modulation signal.

2.4. First-Principles Simulations. First-principles simulations
were performed using density functional theory (DFT)*® with the
projector augmented wave (PAW)>® method, as implemented in the
Vienna Ab Initio Simulation Package (VASP).”” The exchange-
correlation functional was represented by the Perdew—Burke—
Ernzerhof (PBE)*® formulation within the generalized gradient
approximation (GGA),” augmented with a Hubbard U correction™
(U =3 eV) applied to the 3d states of Ti and Fe. The U value of 3 eV
was chosen following the Fitted Elemental-phase Reference Energies
(FERE) methodology,”" ensuring consistency and accuracy in our
calculations of thermo stability boundaries, which are essential for
predicting defect formation energies. The valence electron config-
urations for Sr, Ti, Fe, and O were set to 10, 10, 14, and 6 electrons,
respectively. Calculations employed a plane-wave basis set with a
cutoff energy of 520 eV. The optimization of the bulk lattice
parameter for SrTiO; resulted in a value of 3.905 A, consistent with
other PBE-based simulations and experimental findings. The
calculated indirect bandgap (R to I' transition) was 2.13 eV with
the Hubbard U correction, compared to 1.77 eV without the
correction.

Our study encompassed various native point defects, including
vacancies (Vg, Vr;, Vo), antisite defects (Tig,, Sry;), and native defect
complexes (Vg,-Vr;, Vi;-Vo, Vg-Vg), as well as extrinsic Fe defects
such as substitutions (Fer;) and Fe complexes (2(Fer;), Fer-Vo,
2(Fer;)-Vg). Defect structures were modeled in 3 X 3 X 3 supercells
(135 atoms), with Brillouin zone sampling ona3 X3 X 3 k-point grid
following the Monkhorst—Pack scheme.”> The geometries of defect
structures are optimized to achieve a convergence criterion of 1 X
107* eV for total energy and 2 X 107> eV/A for forces on atoms.
Defect formation energies and charge transition levels for native and
Fe-related defects in SrTiO; were determined using the standard
supercell approach,®** as

Ef[Xq] = Etot[Xq] - Etot[Bulk] - ini/'li + qEFermi + Ecorr (1)

In this equation, E; [X?] denotes the total energy of a supercell
containing defect X in charge state g, whereas E,,, [Bulk] refers to the
total energy of an equivalent pristine supercell. The difference in
energy due to the addition or removal of atoms is captured by the
term ¥ n; p;, where g = p° + Ap, with p° being the reference
elemental chemical potential and Ay; representing the deviation from
this reference. The chemical potentials of the bulk elements were
adjusted to account for finite temperature effects, using the NIST-
JANAF thermochemical tables.*® The term gEgqm; accounts for the
electron exchange in charged defects, with Eg.; being the Fermi
energy relative to the valence band maximum (VBM). To compensate
for the underestimation of the band gap by the PBE functional, we
adjusted our PBE band structures by expanding them to match the
HSE band gap by an alignment of the average electrostatic potentials.
Additionally, E_,. serves as a correction term for defect formation
energies, addressing finite-size effects within the supercell approach.
This correction was estimated by following the methodology
proposed by Lany and Zunger.**

Under equilibrium, the concentration of a defect (or a defect
complex) carrying charge g, denoted as Cp,, is

CD,q = Nsiteexp(_AED,q/kBT) (2)

Here, N, represents the density of the defect sites available for defect
formation, kg is the Boltzmann constant, T is the temperature and
AEp, is the defect formation energy. We assume defect formation
energies are temperature-independent, simplifying our approach by
neglecting potential contributions such as changes in vibrational
entropy associated with phonons. To ensure charge neutrality at the
targeted 10% Fe concentration, we determine the equilibrium Fermi
energy (Epem) and pgp, simultaneously. The charge neutrality
equation and the Fe concentration are expressed as

ZqCD]q —-n+p=0,10% = ZnFeCD*]q*/Nunit (3)

where ng, and Cps,» represent the number of Fe atoms within each
Fe-related defect (D*) and their concentrations, while n and p denote
the concentrations of free electrons and holes, respectively. We solve
these expressions self-consistently to determine the Fe chemical
potential g, and the equilibrium Fermi energy Eg ;.

3. RESULTS

3.1. UV- and pO,-Step Induced Optical Relaxations.
To evaluate whether the nondilute SrTi,  Fe Oj, .5 films
could undergo light-induced oxygen stoichiometry changes,
their oxygen content was monitored in situ using chopped 2.8
eV probe light at various isotherms. The transmitted 2.8 eV
light intensity was monitored continuously, while the films
were switched between nominally dark (furnace blackbody
radiation) and light (furnace baseline plus ~10 mW/cm® of
continuous ~3.4 eV UV) conditions, and/or when the pO,
was switched between steady values of 0.21 and 0.04 atm. As
shown in Figure 1, the x = 0.07 films exhibited significant
changes in optical transmission intensity at 2.8 eV when they
were exposed to UV illumination, which relaxed back to the
initial transmitted intensity value after the light was turned off.
This UV-induced photochromism was observed over the
tested temperature range of 100 to 400 °C. Similarly, as shown
in prior work,"”*"** the films responded optically to step
changes in pO,. The transmitted light intensity decreased
when stepping up to the more oxidizing 21% O, condition and
when turning on the UV light. Based on earlier optical
absorption measurements vs composition and density func-
tional theory studies of the dependence of electronic structure
on oxygen content,'” this behavior is consistent with oxidation
of the SrTi,_,Fe,O;_,/5.s films. Simulations of nondilute
compositions suggest that oxidation generates empty oxygen-
derived states at the top of the valence band that enable more
charge-transfer transitions from deeper states and increase the
subgap absorption coefficient.'” (In dilute samples, the
increased optical absorption/decreased transmission in oxi-
dized samples is attributed to the presence of Fe*, enabling
charge transfer into a discrete Fe>*/*" level above the O 2p
valence band.*®) Conversely, turning off the UV light or
stepping down the pO, to 0.04 atm O, resulted in an increase
in transmitted light intensity, corresponding to reduction of
the films. (Note that, in contrast to the isothermal measure-
ments, the temperature dependence of the monochromated
transmitted intensity at 2.8 eV does not directly provide insight
into redox behavior, as it also reflects temperature-dependent
energy shifts in the electronic structure and absorption
features, such as those caused by thermal expansion.)

3.2. Kinetics of UV- and pO,-Induced Optical
Responses. The time-dependent behavior of the UV- and
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pO, step-induced visible relaxations was analyzed to compare
the films’ responses to the two stimuli. For thin films with
thickness (L) well below the critical length (L < L. = D/k), as
in the present case at least in the dark, the relaxation is
expected to take the form of a simple exponential, and its time
constant (7) can be related to the oxygen surface exchange
coeficient, k

chem*
InI(t) — InI1(0) _
InI(c0) — InI(0) (4)
L
kchem - ; (5)

where I(t) represents the transmitted intensity at time ¢, with
I(0) and I(co) representing the steady-state transmitted
intensity before and after the relaxation, respectively. The
relaxations observed in this study could generally be described
by eqs 4 and S, whether induced by a pO, step or a UV step, or
a pO, step under simultaneous constant UV illumination. We
note that our measurement time resolution is on the order of
~1 s in the current optical data acquisition program, and very
fast responses, if present, are not captured. The time constants
and k values of relaxations resulting from the two stimuli are
plotted in Figure 2a—c, focusing primarily on STF7. Although
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Figure 2. (a) Time constants and (b) ke, values of the optical
relaxations induced by UV- and/or pO, steps for a ~440 nm STF7
film on sapphire. Final pO, of 4% indicates a step change from 21% to
4%, while a final pO, of 21% indicates a change from 4% to 21%.
Triangles represent a pO, change during constant UV illumination.
UV on/off indicates the values acquired in response to initiation/
discontinuation of the UV light with no change in the ambient gas
atmosphere. (c) Comparison of kg, values obtained by pO,
switching (21%/4% O,) in the dark and UV switching (on/off) in
0.21 atm O, for STF7 and STF3S films across different runs.

the UV-induced relaxations are observable down to a lower
temperature range than the pO,-induced relaxations, the time
constants appear to be in good agreement on the Arrhenius
plot, taking into account the known exponential dependence of
ke on temperature. The good agreement between the two
methods is suggestive of an oxygen-surface-exchange-limited
kinetic process when the UV light is turned on or off. Figure 2¢
compares STF7 and STF3S k values resulting from pO,-
switching and UV-switching, showing similar behavior. The
much smaller magnitude of UV-induced optical relaxations for
STF3S yields higher uncertainties in k values, which, within
error, significantly overlap with pO,-induced k values. (The
lower kg, values for STF3S vs STF7 films were observed

chem

across multiple replicate samples and may be caused by
different surface chemistry, e.g., enhanced Sr segregation. The
slightly different thicknesses of STF7 vs STF3S are not thought
to be responsible, since the STF7 k values were found to be
independent of thickness; see Figure S3.)

3.3. Blocked Surface Studies. In order to further examine
the possibility for an oxygen surface exchange-limited process,
we tested samples where the surface was intentionally blocked
from exchanging oxygen, but where UV light could still reach
the film at the same intensity. In the first example, we coated a
STF3S film with ~15 nm amorphous Al,O; using atomic-layer
deposition. (PLD was not suitable for forming a blocking
Al,O; coating due to residual pinholes/pores that permit gas
diffusion.) As long as the measurement temperature was kept
sufficiently low (T < 400 °C) to keep the Al, O, layer intact
and blocking, no UV- or pO,-induced changes were observed
in the visible light transmission. At higher temperature
measurements (T > 400 °C), the Al,O; layer appeared to
become nonblocking, possibly due to morphological changes
with crystallization-induced densification of the Al,Oj; layer, or
possibly arising from mismatched thermal expansion with the
underlying film. In this case, both pO, and UV induced optical
relaxations could be observed. In the second example, we
tested a room-temperature-grown, amorphous STF7 film. As
shown in prior work with pO, switching only, amorphous STF
films do not exhibit optical relaxations or apparent oxygen
exchange until they are heated sufficiently to induce
crystallization; after crystallization, the k values are typically
very high, and the optical relaxations are observable and
rapid.”"** In the present study, the amorphous film similarly
did not exhibit visible optical responses to UV illumination
until it crystallized. These findings with the capping layer,
summarized in Figure 3, and amorphous-to-crystalline films,
are again supportive of similar oxygen exchange processes
taking place by UV on/oft switching or pO, switching. Further
they suggest that internal redistribution of oxygen in the film
(without exchange with the gas phase), or electronic excitation
effects only, are not dominating the optical responses observed
in this work.

3.4. Impact of UV on pO,-Driven Oxygen Exchange
Kinetics. Although our results indicate that UV exposure
switching alone appears sufficient to induce oxygen incorpo-
ration and release in the films (as indicated by the optical
relaxations at 2.8 eV, their time constants, and their
disappearance when surface oxygen blocking layers are
added), we also wished to examine the impact of simultaneous
UV exposure on pO,-driven oxygen exchange kinetics. In prior
work on dilute Fe-doped SrTiOj; single crystals, UV exposure
was reported to increase the rate of pO, step-driven oxygen
incorporation,”'® attributed to the role of photogenerated
conduction band electrons in the rate-determining step, while
oxygen evolution kinetics were unchanged under UV
illumination. In our study, we found different results for the
nondilute films, as shown in Figures 4 and 2a,b, and Figure S3.
First, we observed that pO,-driven optical relaxations could be
measured to much lower temperatures when UV light was
incident on the film; in other words, the magnitude of the
optical changes was larger in the lower temperature range
when illuminated, suggestive of larger pO,-driven changes in
oxygen content in the films compared to when the UV light is
not present and a shifting of the steady-state defect equilibria
by the UV light to effectively higher oxygen chemical
potentials. On the other hand, there was no significant change
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guidelines for engineering materials with sensitive photoionic
responses. In this case, prior studies have focused on SrTiO;
with very dilute Fe impurities or with very dilute Ti vacancies,
each of which serve as acceptors that push the system p-type
under relatively oxygen-rich conditions. In the present work,
we examined nondilute cases with higher Fe concentrations.
Increasing the Fe content raises the baseline hole and oxygen
vacancy concentrations in the material and its baseline p-type
conductivity under the oxygen-rich conditions of this study.’”
In this study, the optimal responses in terms of UV-induced
optical relaxation magnitude occurred for x = 0.07 in
SrTi;_,Fe,O5_,/2.5 films (compositions measured: x = 0.01, x
=0.07, and x = 0.35). The smaller UV-driven response for x =
0.35 vs x = 0.07 is apparent when comparing Figure 3b to
Figure 1b and Figure 4c to Figure 4d. For x = 0.01 responses
were too small to detect, perhaps as a result of the film
thickness and lower optical absorption coefficient at 2.8 eV for
this Fe concentration. For a given composition, the change in
optical absorption coefficient (Aa) is considered proportional
to the change in concentration of the absorbing species (and to

Temperature (°C)

Figure 4. Impact of pO, steps between 0.21 and 0.04 atm O, on the
visible 2.8 €V transmitted light intensity (photocurrent measured by
the photodetector in A), when the UV (3.4 eV) light was on vs off for
a ~ 440 nm-thick STF7 film on sapphire. Parts a) and b) show the
time-dependent response: visible optical relaxations at 300 and 350
°C, respectively. Part c¢) summarizes the magnitude of the 2.8 eV
transmitted intensity change resulting from pO, steps down and up in
the dark (“Final pO, = 4%” and “Final pO, = 21%”), pO, steps down
and up while UV was illuminating the sample (“pO, = 4%, UV on”
and “pO, = 21%, UV on”), and UV steps on and off in 0.21 atm O,
(“UV on” and “UV off”). For comparison, UV-driven and pO,-driven
transmitted intensity changes at 2.8 eV through a ~ 200 nm-thick
STF3S thin film are shown in part d).

Ad in STF), with the extinction coefficient (g5) serving as the
proportionality factor, according to the Beer—Lambert law (eq
6); in practice, this relationship holds up well in STF of various
Fe concentrations over a limited high pO, range, where optical
absorption at 2.8 eV appears linearly related to hole
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Figure S. Representative results from ultrafast transient UV/visible spectroscopy for SrTi;_ Fe,O3_,/,,5 thin films with compositions x = 0.07 and
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normalized to the maximum amplitude at 425 nm and 0.5 ps. (b) Kinetic traces at 500 nm. The amplitudes are normalized to the maximum.

concentration and thereby oxygen concentration via electro-
neutrality."”

Aa = g(T)AS (6)

Therefore, under such oxidizing conditions, for a given
sample at a given temperature, a larger change in transmitted
light intensity is indicative of a larger oxygen concentration
change in the film, neglecting reflectance changes. Comparing
between samples of different compositions at a particular
temperature, if the extinction coefficients are similar and
Brouwer regimes the same, then a larger optical response to
UV light in STF7 vs STF35 suggests that it exhibits the larger
UV-driven oxygen stoichiometry change. A caveat is that the
extinction coeflicients are likely significantly dependent on the
absolute oxygen stoichiometry range.

We have estimated the change in hole and oxygen
concentrations under UV illumination using two in situ
methods: 1) UV-driven change in transmitted intensity of
the films relative to pO,-driven transmitted intensity changes
and known pO,-dependence of hole concentration changes,®
and 2) UV-driven, in-plane electrical conductivity relaxation
measurements (not shown), assuming a constant mobility. For
STF3S, from electrical measurements we observe hole
concentration increases of ~4 X 10" cm™ under continuous
3.4 eV UV illumination at ~10 mW/cm* on the sample at
400—450 °C and 0.21 atm O,, assuming a baseline hole
concentration in the range 3.5—4 X 10*' cm™ in accordance
with our prior STF3S thin-film defect model."® In other words,
the increase over the baseline concentration is on the order of
~1%. This quantity corresponds to an increase in oxygen
concentration of ~2 X 10'* cm™ under UV illumination if the
standard simplified electroneutrality condition applies. For
STF7, using optical measurements (e.g, Figure 4c), we
estimate a UV-driven hole concentration increase of ~15—
30% over the dark baseline at 400 °C under the same
conditions, which rises at lower temperatures. Note that the
baseline hole concentration is expected to be lower in the dark
for STF7, so a larger percent change vs STF3S under UV
illumination is reasonable. More precise determination of the
UV-induced concentration changes in STF7 films can be
obtained in the future by electrically establishing the pO,-
dependence of hole concentration in the dark; the power-law
exponent is well below 1/4 for STF35 films under these
conditions, for example.'®

To investigate the composition effect further, we conducted
ultrafast transient UV/visible spectroscopy for STF7 and
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STF3S thin films upon photoexcitation in the UV at room
temperature (see Experimental Section for details). The time
scale of this experiment (several ns) is too fast for significant
oxygen uptake to take place, particularly at room temperature.
We are thus probing the initial carrier dynamics after above-
gap photoexcitation that leads to excited holes and electrons in
the valence and conduction bands, respectively. Figure Sa,b
shows representative transient spectra and kinetic traces for
STF7 upon excitation at 337 nm, and STF3S upon excitation
at 355 nm. (The static spectra are provided in Figure S4 where
the shift of the absorption edge energy with respect to
composition accounts for the slight difference in excitation
wavelength.) The amplitudes of the transient data have been
normalized to account for differences in absorption cross
section - here we focus on the qualitative comparison between
decay time scales and spectral features for the two
compositions. At early times after photoexcitation, the
spectrum is dominated by a broad excited-state absorption
band spanning the entire UV/visible range between 350 and
750 nm with features peaking around 420, 535, and 720 nm for
the STF7 sample. These features are blue-shifted by 30—50 nm
for the STF7 sample due to changes in the band structure as a
result of the different dopant concentration. On the very blue
side of the spectrum around ~320 nm a bleach feature can be
seen, which is attributed to the depleted ground-state band gap
absorption caused by excited carriers in the conduction band.
The induced absorption features in the visible may result from
transitions from excited carriers trapped in midgap states
resulting from the presence of dopants and defects. Previous
transient absorption experiments on Cr/La-doped SrTiO; have
assigned the absorption band around 720 nm to the presence
of photogenerated holes.*®

The kinetics (Figure Sb) cannot be satisfactorily fitted by
multiexponential functions. However, roughly two decay time
scales can be distinguished: few-to-tens of ps and few-ns, both
assigned to carrier recombination of trapped charges.
Significant induced absorption remains even at the longest
time delay of the setup (5 ns) suggesting the presence of long-
lived charge carriers. The longest carrier recombination time is
expected to be on the us scale, outside of the measurement
window. A comparison of the kinetics for composition x = 0.07
and x = 0.35 shows that much of the spectral amplitude is lost
during the first few ps, indicating an efficient charge carrier
recombination pathway right after photoexcitation. This is
more pronounced for the x = 0.35 sample (75% loss within 20
ps) than for the x = 0.07 sample (25% loss within 20 ps).
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While a decisive assignment of the transient bands and kinetics
would require more elaborate investigations for other
compositions, longer time scales, and in the presence and
absence of electron and hole scavengers, we can conclude that
the STF3S generally shows faster kinetics and a significantly
larger excited carrier loss at early time scales than STF7. This
difference may be due to the higher defect concentration in the
STF3S (defect sites promoting carrier recombination). In a
qualitative picture, the longer the lifetime of the excited carriers
(on the ns-us time scale), the larger their steady-state
concentration under continuous light irradiation, the larger
the changes in the energy levels, and the larger the photoionic
effect, in agreement with the results described in the previous
section.

4. DISCUSSION WITH SUPPORTING
COMPUTATIONAL RESULTS

4.1. Mechanism. In principle, visible optical absorption
changes under UV illumination could arise from several
mechanisms:

1. Excited carrier generation from above-gap UV absorp-
tion could modify surface space charge layers, with
flattening of electronic carrier profiles leading to a
redistribution of ionic species in the near-surface region.
We expect this effect, if present, to result in only minor
changes in the optical absorption, given the expectation
of small or negligible space-charge depths at these
relatively high Fe concentrations relative to the film
thickness, and therefore only a very small volume of the
film participating. Alternatively but by a similar
mechanism, since the films are nanocrystalline, light
absorption may flatten band bending at grain bounda-
ries, with a similar near-interface redistribution of oxygen
content. However, again, one expects negligible space-
charge effects at interfaces such as grain boundaries at
this Fe concentration compared to undoped SrTiO;.'¢
Furthermore, the diffusion distances for oxygen are so
short that the attainment of a new steady-state should
appear almost instantaneously, in contrast to the
observed gradual optical relaxations when the UV light
is turned on or off. Epitaxial (grain boundary-free) film
studies in the future may be beneficial to completely rule
out microstructure contributions.

2. Excited carrier generation will be depth-dependent since
UV intensity drops exponentially with depth. Given
possibly different diffusion lengths and lifetimes of
excited electrons vs holes, the depth-dependent excited
carrier generation could result in a different spatial
distribution of hot electrons vs holes and therefore
development of an electric field. In this case, the electric
field could drive redistribution of mobile oxygen as a
function of depth within the illuminated sample (an
ionic extension of the photo-Dember effect). In the
present work, this mechanism is deemed unlikely for two
reasons: (a) The film thicknesses were kept intentionally
on the order of the UV absorption depth in these
compositions; therefore, light intensity is estimated to
vary by only a factor of 2—3 from top to bottom of the
film. (b) The length of time expected for oxygen to
redistribute through the depth of the film is calculated to
be faster than the time resolution of the data acquisition,
given known oxygen diffusion coefficients at these
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temperatures” and the short diffusion distance. The
observed time constants were considerably longer
(Figure 1a), over 1000 s at the lowest temperatures
studied. Further, no optical response was observed when
the films were capped with the UV-transparent but O,-
blocking surface layer, indicating that oxygen exchange
with the gas phase is the dominant mechanism, rather
than internal solid-phase oxygen redistribution in
response to a photovoltage.

. UV illumination might induce or modify asymmetry of

the interfacial reaction kinetics for oxygen incorporation
vs release at the film surface. However, this effect alone
would not be enough to induce photochromism without
an electrochemical potential driving force. In this work
the relaxation times for UV on vs off and for pO, down
vs up (with vs without background UV illumination)
were all consistent with each other. There was no
evidence in this work of enhanced oxygen exchange
kinetics due to the presence of excess electronic carriers,
both for oxygen incorporation and evolution. The result
stands in contrast to that of Merkle et al., who observed
enhanced oxygen surface incorporation rates (but not
evolution rates) under UV illumination on dilute
StTiO,:Fe single crystals,”"” attributed to a role of
conduction band electrons in the rate-determining step.
We surmise that, in the present work, the higher baseline
hole concentrations, which led to already much higher
baseline k values, may have rendered the impact of
excess carriers on k less significant; in STF7 we
estimated a ~ 15—30% increase in hole concentration
under illumination at 400 °C (and ~1% for STF35),
which may be insufficient to raise k beyond uncertainty
in the intermediate temperature range. On the other
hand, the relative concentration change of minority
carriers (electrons) under illumination is more signifi-
cant, and if this shift lowers the activation energy for
surface oxygen exchange at all, the impact on k might be
more noticeable at lower temperatures than those
studied. Alternatively, the diminished surface space
charge expected in the nondilute compositions vs
SrTiO;, or differences in surface chemistry with
increasing Fe concentration, might play a role.
Regardless, the observed photochromism cannot be
attributed to UV-induced changes in surface exchange
kinetics in the present work.

. UV illumination can increase the oxygen (quasi-

)chemical potential in the film. While, in principle,
UV-generation of gas-phase ozone near the film surface
from the ambient O, might cause an increase in oxygen
content in the film due to the induced electrochemical
potential gradient across the interface, the 365 nm light
used in the present work is not energetic enough to
cause such an effect. (Ozone is only generated at
considerably lower wavelengths.) Instead, we consider
that oxygen chemical potential may increase in the film
under illumination-induced excess carrier generation due
to the uneven influence of electron vs hole quasi-Fermi
level shifts in the bulk of the material. In STF in the dark
under relatively oxidizing conditions, the Fermi level is
expected to be near the top of the valence band with
much higher baseline hole concentrations than electron
concentrations.”” Generation of electron—hole pairs
under UV illumination therefore causes a bigger relative
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Figure 6. (a) The chemical stability diagram of SrTiOs. (b) 2D illustration of key defect configurations. The blue, gray, orange, and red colored
atoms represent Sr, Ti, Fe, and O atoms, respectively. Defect formation energy plots under (c) Ti-rich and (d) Sr-rich conditions. The equilibrium
Fermi energies (in the dark) are represented in the dashed gray lines, while potential quasi-Fermi energies for electrons (n) and holes (p) are

marked as red and blue colored dotted lines, respectively.

change in minority electron concentrations than in
majority hole concentrations. For a complementary
approach, we consider application of a steady-state rate-
based model developed for semiconductor growth under
light by Alberi and Scarpulla.*” Charged defect
concentrations depend exponentionally on their for-
mation enthalpies, which in turn depend on the Fermi
level. Assuming the charged defect is dynamically
exchanging electrons or holes with the conduction
band or valence band, the rate of capture and emission is
likely faster if that defect’s charge transition level is
closer to the respective band edge. Under light
excitation, rather than all defect concentrations equili-
brating to a single equilibrium Fermi level, donor defects
that exchange carriers with the conduction bands
equilibrate with the n-type quasi-Fermi level, while
acceptor defects that exchange with the valence bands
equilibrate with the p-type quasi-Fermi level. Therefore,
for a typical p-type conductor with compensating
positive ionic defects, the compensating defect’s
concentration is expected to be more closely dependent
on the electron quasi Fermi level. In this case the

23273

positively charged compensating ionic defect formation
energy increases as the electron quasi-Fermi level
increases, leading to a decrease of concentration under
increasing excited carrier populations. A first-principles
model suggesting this same trend has been developed for
dilute Fe-doped SrTiO; by Irving et al*' In what
follows, we describe our simulations for a higher Fe
concentrations and permitting formation of several key
defect complexes.

4.2. First-Principles Simulations of Defect Popula-
tions Under Steady State Excitation. To explore possible
changes to defect equilibria under steady-state above bandgap
excitation, we carried out first-principles simulations of Fe-
related defects, native defects, and defect complexes in 10%-Fe
doped SrTiO;. On the basis of changes induced to electron
and hole quasi-Fermi levels, we investigated how steady state
excess carrier populations resulting from light excitation
modify defect equilibria by suppressing populations of
compensating donor defects.

Especially at nondilute Fe doping concentrations, defect—
defect interactions between Fe substitutional defects and native
defects such as Fep;-Vo and Fer;-Vo-Fer; govern defect
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equilibria, carrier concentrations, and stoichiometry. Kim et al.
used cluster expansion models to show that the 2(Fer;)-Vo
chain structure is the most favorable motif found in STF, with
other complexes such as 2(Fer;), Fer;-Vo, and Vo-Vy; also
present.”” By incorporating these defect complexes within our
dilute limit framework, we elucidate the effect of various
defect—defect interactions, bridging the gap between the
theoretical simplicity of the dilute limit and the complexity of
alloyed materials. The full set of defect complexes considered is
shown in Figure SS.

Figure 6 shows the results of the defect analysis (defect
diagrams encompassing all defects, including those with higher
energy, are provided in Figure S6). We consider thermody-
namic environments corresponding to partial oxygen pressure
P(0O,) at 0.21 bar (equivalent to ambient conditions) with two
limits of Ti-rich (Sr-poor) and Sr-rich (Ti-poor) conditions
(see Table S7), as shown in Figure 6a. Figure 6b shows the
suite of defect complexes considered. To incorporate a wide
range of defect—defect ordering, we included various Fe defect
complexes that were previously predicted (Fer;-Vo," 2(Fer)-
Vo) or designed (2(Fer;)). Figure 6¢,d show the calculated
defect formation energies in equilibrium under Ti-rich and Sr-
rich conditions, respectively.

As illustrated in Figure 6¢,d, the positions of equilibrium
Egerm are predicted within the “defect tents”, where lowest
energy defects primarily fix the Eg., and carrier concen-
trations of the material. Under dark conditions, the most
energetically favorable native defects vary depending on the
chemical environments: in Ti-rich conditions, Sr and oxygen
vacancies (Vg and V) predominate near the equilibrium
Egermy while in Sr-rich conditions, Ti and oxygen vacancies
(Vg; and V) are most favorable among all native defects.
Vacancies Vip; and Vg, have low formation energy, the latter of
which enables facile formation of Fe substitutionals. Among
Fe-related defects, Fe and V, complexes ((2(Fer;)-Vo)*" and
(Fer;-Vo)**) exhibit the lowest formation energies around the
equilibrium Ep,,,,;, as a result of the constraint of [Fe] = 10%.
These five dominant defects (V,, Vr;, Vo, (2(Fer;)-Vo)** and
(Fer-Vo)**) pin the equilibrium Eg,,,; below mid gap,
resulting in p-type characteristics of STF all over chemical
potential conditions, aligning with experiments. Interestingly,
under our high P(O,) conditions, these Fe and V, complexes
[(2(Fer;)-Vo)** and (Fer-Vo)*'] are more favorable than
other Fe complexes, such as (2Fer;) and (Fer;), contributing to
oxygen deficiency. The total concentrations of oxygen
vacancies derived from all Fe and V complexes range from
120 x 10*! cm™ (2.4%) in Tirich and 9.08 X 10®° cm™
(1.8%) in Sr-rich conditions at 700 K. This predicted oxygen
deficiency ali%ns closely with the findings from experiments of
bulk STE.'"’

Dominant defects that give rise to p-type behavior are Vg >~
and V;*". The dominant compensating donors are (2(Fer;)-
Vo)*', (Fer-Vo)** and Vo**. This observation suggests a
mechanism for the incorporation of oxygen under illumination.
Under illumination, the introduction of excess hole and
electron carriers causes the equilibrium Fermi energy to split
into n-type and p-type quasi-Fermi levels, nQFL and pQFL
respectively,*""** represented by blue and red dotted lines in
Figure 6¢,d. Under steady state excitation, acceptor defects
such as (Vy;-Vo)>™ as well as native cation vacancies largely
equilibrate with pQFL, while compensating donor defects
(2(Fer;)-Vo)*", (Fer;-Vo)*" and V™" largely equilibrate with
nQFL. The compensating defects are most affected by the

significant increase in photogenerated minority carriers as
shown by the arrows in Figure 6¢,d.

As shown in Figure 6¢, under Tirich conditions, the
concentrations of compensating (2(Fer;)-Vo)*, (Fer;-Vo)**
and Vo** decrease from 5.24 X 10%, 6.03 x 10%° and 3.82 X
10" cm™ to merely 3.15 X 107", 3.62 x 107! and 2.29 X
107"* cm™>, respectively, indicating the entire annihilation of
these defects in the bulk under illumination. Under Sr-rich
conditions (Figure 6d), the concentration of (2(Fer;)-Vy)*,
(Fer;-Vo)** and V** are also reduced from 7.12 X 10%, 1.87
x 10* and 2.72 X 10"® cm™ to merely 6.00 X 107", 1.58 X
107" and 229 X 107'* cm™3, respectively. The notable
decrease in overall V5 concentrations is attributed to the
oxidation processes where (2(Fer;)-Vy)** is oxidized to Fery-
Og-Fey, defects in Tirich conditions, and (Fer-Vo)** is
oxidized to isolated Fer-O defects in Sr-rich conditions. We
note that our study assumes only oxygen is mobile enough to
reach quasi-equilibrium under the illumination and cation
defects remain unchanged except for the incorporation of
oxygen into the vacancy sites. These substantial reductions in
Vo concentrations resulting from the annihilation of Fer;-Vg
and Vy, indicate a significant influx of oxygen into the bulk STF
under illumination.

These results are consistent with our experimental
observations, and earlier experimental and theoretical con-
clusions, indicating increased oxygen incorporation in bulk
StTiO; under illumination. Specifically, Wu et al.*' suggested,
from simulations, that UV illumination triggers the dissociation
of the (Fer;-V) complex in dilute-doped SrTiO;, leading to a
huge reduction in Vg concentration, and Viernstein et al.'”
proposed oxygen is incorporated into dilute-doped SrTiO;
single crystals upon illumination, leading to a decrease in Vg
concentrations. However, the significant concentrations of Fe
and the comprehensive array of defect clusters examined in this
study uncover further patterns. First, the effects of light
excitation on oxygen stoichiometry are somewhat mitigated in
STF by the presence of highly energetically stable and charge
neutral complex 2(Fer;)-Vo whose formation energy and
concentration is independent of the Fermi energy. Similarly,
the favorable V-V, Shottky defect serves as another low
energy, charge neutral reservoir for Vg that is unaffected by
excess carriers. Finally, as a result of the increased formation
energy of the (Fer;-V) and (2(Fer;)-V,) complexes, we find
that light excitation may also induce a thermodynamic driving
force for reduction of Fe** concentration.

5. CONCLUSIONS

Our results demonstrate that steady-state, low irradiance
illumination above the band gap can induce oxidation of
nondilute STF films via oxygen incorporation from the gas
phase, and that the behavior is completely reversible once the
UV light is removed. The behavior is consistent with oxygen
stoichiometry changes induced by gas-phase oxygen partial
pressure changes, with similar time constants. From this
similarity, we surmise that the kinetics are oxygen-surface-
exchange limited, reasonable given the low film thickness
relative to the absorption depth and critical length for the
onset of diffusion-limited behavior. The work agrees
qualitatively with prior reports of UV-induced photochromism
in single crystal SrTiO; attributed to oxygen incorporation, but
differs in that the prior work was concerned with dilute defects,
sample thickness well above the absorption depth, and often
diffusion-limited kinetics. The thin film geometry of the
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present work instead enabled a focus on the oxygen surface
exchange kinetics and insight into the mechanism of the optical
response—minimizing ionic photo-Dember and space charge
contributions. No kinetic enhancement in surface exchange
coefficients was observed by excess carrier generation, in
contrast to prior work on dilute-doped SrTiOs; in this case, the
high baseline hole concentration and/or possible absence of
space-charge effects due to the nondilute Fe content may play
a role. The larger apparent oxygen stoichiometry change in
STF7 vs STF35 correlated with longer excited states observed
in transient ultrafast spectroscopy at time scales where O
exchange was not taking place; this result may suggest a
relationship between excited carrier lifetime and magnitude of
the photoionic stoichiometry response. First-principles simu-
lations showed higher formation enthalpies for ionized oxygen
vacancies and charged defect associates containing oxygen
vacancies in the excited state, when the Fermi level splits; this
effect provides a plausible driving force for the experimentally
observed oxygen fluxes under above-gap illumination. Based on
the findings, we hypothesize that materials with long excited
carrier lifetimes and highly charged defects or defect complexes
may support large above-gap illumination-driven stoichiometry
changes. In-depth, quantitative investigations into the impact
of varying Fe concentration on a) optically measured
stoichiometry changes and kinetic responses to UV illumina-
tion and b) simulated stoichiometry changes for such
nondilute systems remain potential avenues for future work.
The ability to induce oxygen fluxes and stoichiometry changes
by significant amounts in real-world, nondilute compositions is
promising for a new generation of photoionic devices
leveraging wireless control of defect profiles with high spatial
and temporal resolution.
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