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Photo-active heterojunctions were prepared by growing thin Lag¢Srp.1CrOs.s films on SrTiOs (STO) single
crystals substrates via pulsed laser deposition. The photo-electrochemical characteristics of these heterojunctions
under UV illumination were investigated by DC measurements and electrochemical impedance spectroscopy
(EIS). Under UV illumination, the photo-current produced by these junctions increases over time by almost an
order of magnitude to 1 to 2 mA cm2 at 350 °C. Two effects governing this increase can be distinguished: A first
process, independent of the surrounding atmosphere, is related to a stoichiometry polarization of the STO single
crystal upon current flow. A second process is highly sensitive to contaminants in the surrounding atmosphere
and is strongly accelerated in pure, synthetic atmospheres. We suggest that it is related to photo-oxidation of the
STO single crystal. EIS revealed that both processes result in a decrease of both the electronic transport resistance
through the STO single crystal and, to a lesser degree, the space charge resistance of the photo-active junction.
Operando EIS under illumination and with DC bias was used to record the cells’ photo-power characteristics and
identify individual loss processes. Owing to the illumination induced strong increase of the STO single crystal

conductivity, the photo-currents of such enhanced cells are limited by the space charge resistance.

1. Introduction

Transforming our energy economy to a carbon-neutral, sustainable
cycle imposes great challenges on energy production technologies. This
is exacerbated by an increasing electrification and digitalization and the
ever more diverse environments, where electrical energy is desired.
Photo-voltaic (PV) cells are particularly attractive for power generation,
converting abundant solar radiation directly into electrical energy.
Ambient temperature PV cells are well established and produced in large
volumes, mostly based on silicon [1-3]. In contrast, ceramic PV cells are
far less developed. They have been realized based on different chalco-
genides, e.g. MoS; or CdTe [4,5] or oxides such as Cuz0, ZnO, TiO3 or
BiFeO3 [6-12]. Also SrTiO3 (STO) is a highly interesting oxide in this
context, since it exhibits a multitude of light-induced effects [13] such as
photo-chromism [14,15], photo-conductivity [16,17] and photo-
oxidation [15,18-21]. Furthermore, STO forms photo-active hetero-
junctions with multiple materials. For example, interfaces between Nb:
SI‘TiOg and either YBé12CL1307_§ [22], Lao_5Ca0.5MnO3_5 [23] or Cugo
[24] generate photo-voltages upon illumination, mostly at room tem-
perature. Additionally, heterojunctions between undoped or Fe doped
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STO single crystals and thin ceramic oxide (LaggSrg1CrOs.5(LSCr),
LaySr1 xMnO3 5, LayCo1.xMnO3.5 (LSC), LaCrOs3, LaySr1.xCryMn1.yO3.5) or
metal (Au, Pt) films generate photo-voltages up to 1.1 V even at elevated
temperatures (200 to 400 °C) [25,26]. Moreover, the photo-current
produced by such cells was shown to increases over time in operation
[25].

In this study, we investigate the photo-electrochemical properties of
cells based on heterojunctions between STO single crystals and LSCr thin
film photo-electrodes. First, DC measurements and electrochemical
impedance spectroscopy (EIS) are employed to quantitatively analyze
the strongly atmosphere-dependent increase of the photo-current under
UV illumination and identify the mechanistic processes responsible for
this self-enhancement. We distinguish two processes — a first process is
related to stoichiometry polarization of the STO single crystal and a
second process is likely caused by photo-oxidation. Together, these
processes cause an increase of the photo-current by almost an order of
magnitude, resulting in short circuit currents of 1 to 2 mA cm™ at 350 °C
for fully self-enhanced cells. Second, we analyze the power character-
istics of such self-enhanced cells and separate individual loss processes.
Due to the strong increase of the STO bulk conductivity upon UV
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illumination, the associated transport resistance becomes negligible and
the cell’s output is limited by the resistive properties of the photo-active
space charge region.

2. Experimental
2.1. Sample preparation

LSCr powder was prepared via Pechini’s route: Metal precursors (Cr
(NO3)3, Lay03, SrCOs3, purity >99.995%) were dissolved in dilute nitric
acid and citric acid was added in a molar ratio of 1:1 with respect to total
cations. The solution was stirred at 90 °C for two hours and afterwards
evaporated until completely dry. The dry foam was then further heated
until self ignition and combustion occurred and subsequently calcined in
air at 850 °C for 2 h. This powder was pressed (71 MPa) and sintered in
air for 12 h at 1200 °C to produce a deposition target for pulsed laser
deposition (PLD).

STO single crystals (10 x 10 x 0.5 mm?, (100) orientation, polished
on one flat side) were used as substrates for preparation of high tem-
perature photo-voltaic cells. Prior to thin film deposition, the crystals
were cleaned in an ultrasonic bath in Extran, water and ethanol and
afterwards annealed at 900 °C for 1 h in 1.5 Pa O, inside the PLD
chamber. LSCr thin films (100 nm thickness) were grown on the polished
side by PLD, using a laser pulse energy of 110 mJ (1 J cm™2), a substrate
temperature of 700 °C and an oxygen pressure of 1.5 Pa. Pt current
collector grids (100 nm thickness, 35 pm mesh width, 15 pm strip width)
were deposited on top of the LSCr films by lift-off photo-lithography and
direct current magnetron sputtering. Porous Pt counter electrodes were
prepared on the unpolished flat side by brushing Pt paste and baking at
400 °C in air. Fig. 1a shows a sketch of the resulting sample structure.

2.2. Photo-electrochemical characterization

Samples were mounted and electrically contacted in an alumina
sample holder enclosed in a tube of fused silica and placed inside a tube
furnace, see Fig. 1b. Samples were illuminated by UV light via a fused
silica rod (1 cm diameter) serving as light guide, placed through a cir-
cular cut-out in the sample holder. An LED lamp (LZ4 LuxiGen UV LED
Emitter, LED Engin, USA) with a nominal power of 2.9 W and a
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Fig. 1. (a) Schematic of the high temperature (HT)-PV cell consisting of STO
single crystal substrate (1), LSCr photo-electrode (2), Pt current collector (3)
and porous Pt counter electrode (4). (b) Measurement stage used for Photo-
electrochemical characterization consisting of outer silica tube (1), inner sil-
ica tube (2), silica light guide (3), alumina sample holder (4), sample (5),
thermocouple (6) and electrical contacting (7).
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wavelength of 365 nm was used as UV light source, resulting in a UV
power density of 70 mW em? at the sample. DC measurements were
done using a Keithley 2000 digital multimeter and a Keithley 2600
source measure unit. Impedance measurements were performed by
means of a Novocotrol Alpha-A impedance analyzer with PotGal inter-
face using an AC voltage of 10 mV. Prior to electrochemical measure-
ments, samples were allowed to equilibrate with the measurement
atmosphere for at least 6 h.

Pristine, as prepared, samples were first characterized by impedance
spectroscopy without illumination, followed by a measurement of the
open circuit voltage (OCV) under intermittent illumination. Then, the
short circuit current (SCC) was recorded under intermittent illumination
for multiple illumination cycles and impedance spectra were recorded in
between the illumination phases. After this self-enhancement, the OCV
was measured again and lastly, impedance spectra were recorded
without illumination. These time dependent measurements were per-
formed at 350 °C in both ambient air and in pure, synthetic air (80% Ny,
20% O3, both >99.999%). For ambient air measurements the setup was
left open to the surrounding atmosphere without imposing a gas flow;
for measurements in synthetic air a flow of 20 cm® min! was used. Af-
terwards, impedance spectra were recorded at 250 °C, 300 °C, 350 °C
and 400 °C under UV illumination in synthetic air and with DC bias
voltages between 0 V and the respective open circuit voltages.

Please note: All voltages and currents reported are with respect to the
LSCr photo-electrode. For example, a positive voltage means that the
LSCr electrode is at a more negative potential than the counter electrode,
and positive currents mean that electrons in the external circuit flow
from the LSCr photo-electrode to the counter electrode, respectively.

3. Time dependent photo-voltage and current

Fig. 2 displays the OCV of several nominally identical high temper-
ature (HT)-PV cells based on STO single crystal substrates and LSCr
photo-electrodes under intermittent UV illumination. Upon illumination
the OCV reaches a constant value of 1.15 4+ 0.02 V V, see Fig. 2a. Slight
increases or decreases within the first 3 to 5 min in the beginning are in
accordance with literature but beyond the scope of this work. The
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Fig. 2. Time evolution of the open circuit photo-voltages of three nominally
identical samples in ambient air and three nominally identical samples in
synthetic air under intermittent UV illumination at 350 °C (a) and magnifica-
tion of the onset of photo-voltage after switching on the illumination (b). The
gray shaded areas indicate phases without illumination.
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measurement atmosphere — either ambient air or a pure Oy/No mixture
— had neither a strong effect on the final value of the OCV nor on the
time it took to reach it, see the magnification in Fig. 2b. Furthermore, the
OCV did not show any appreciable variation between different, identi-
cally prepared, samples. This voltage is significantly higher than that
produced by similar cells without LSCr photo-electrode (50 to 400 mV
for 10 to 100 nm Pt), i.e. cells utilizing the STO-Pt space charge [25,27].

On the other hand, the short circuit current (SCC) does exhibit a
distinctly different time dependence in pure synthetic air and in ambient
air and, moreover, shows significant variation between different sam-
ples, see Fig. 3. In ambient air, the SCC is initially very low (in the range
of 1 to 5 uA cm™2) but increases to 110 + 60 pA cm 2 within 20 to 30 min,
see Fig. 3a and its magnification in Fig. 3b. This first increase is followed
by a much slower increase of the SCC which persists over much longer
timescales and ultimately reaches a final value of 770 pA cm? after
about 150 h. Interruption of the illumination leads to a very fast drop of
the current. The SCC again increases rapidly for 20 to 30 min once
illumination is restored, reaching approximately the SCC present prior
to removing the illumination. This increase is then again followed by a
much slower increase of the SCC.

In pure synthetic air, the SCC initially also increases for 20 to 30 min,
but, in contrast to the case of ambient air, this first increase is not fol-
lowed by a second, slower one. Rather, the SCC remains virtually con-
stant afterwards at 1.5 + 0.3 mA cm™, see Fig. 3c. Furthermore, the
currents reached after this initial rapid increase are comparable to the
final SCC reached in ambient air after 150 h. After interrupting the
illumination, the SCC again increases for 20 to 30 min to its value prior
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Fig. 3. Short circuit photo-currents in ambient air (a, and magnified in b) and
in pure, synthetic air (c) under intermittent UV illumination at 350 °C. Three
nominally identical samples are shown for both atmospheres. The gray shaded
areas indicate phases without illumination.
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to the interruption, and afterwards remains constant. Please note: This
increase of the photo-current occurs only during illumination and cur-
rent flow. In contrast, illumination without current flow, i.e. under open
circuit conditions, does not affect the measured photo-current.

These data suggest that two separate processes with very different
characteristic times are responsible for the time dependent increase of
the SCC:

e The first process takes place within 20 min and 30 min at 350 °C and
is not affected by the measurement atmosphere. The associated
changes do not fully persist in the dark and therefore the current
increase reoccurs after every interruption of the illumination.

The second process, however, strongly depends on the measurement
atmosphere. In ambient air it is very slow (150 h), whereas in pure,
synthetic air it is at least as fast as the first process (<20 min) and
thus cannot be resolved. The effects causing this current increase,
however, persist even after removing illumination.

From the distinctly different atmosphere dependence of the two
process we may infer that the first process might be a bulk process
whereas the second process likely involves some interaction with the
atmosphere, e.g. oxygen exchange. However, before we discuss a
mechanistic model of this effect, we consider the results of electro-
chemical impedance spectroscopy measurements on these samples.

4. Electrochemical impedance spectroscopy

Impedance spectra were recorded before and after illumination to
complement the DC experiments and to investigate the effect of illu-
mination on the individual resistance contributions. Fig. 4a shows
representative impedance spectra recorded at 350 °C on two pristine
cells in ambient air and in pure synthetic air. Spectra recorded on
nominally identical samples exhibited the same trends, however, with
different absolute values, consistent with the significant scatter in SCC
between samples. Average parameters extracted from impedance
recorded on multiple cells are listed in the supporting information S1.

In both atmospheres, spectra exhibit a high frequency semicircle, a
strongly depressed shoulder at intermediate frequencies and a dominant
arc at low frequencies. The high frequency semicircle is of equal size in
both atmospheres, whereas the medium and low frequency features are
larger in ambient air. These spectra are similar to impedance spectra
discussed in previous publications, and are interpreted accordingly
[25,26]. Quantitative parameters were extracted from these spectra by
fitting the data to an equivalent circuit model consisting of three ele-
ments in series, corresponding to the three distinct features at high,
medium and low frequencies. The high frequency feature was modelled
by a parallel R-C element, except for the fully enhanced cell in synthetic
air, where only a resistor was used. The medium and low frequency
features were each modelled by an R-CPE element, where the constant
phase element (CPE) represents a non-ideal capacitor with impedance
Zcpe = T~ (iw)~P; a P value of 1 corresponds to an ideal capacitor.

The high frequency semicircle is attributed to the electronic trans-
port resistance of the STO single crystal in parallel to its dielectric
capacitance. The extracted conductivity is 2.5 x 107 S cm™! and the
relative permittivity of 182 closely matches that reported for bulk STO at
350 °C [28,29]. The intermediate frequency feature is attributed to the
counter electrode. The low frequency arc is attributed to the space
charge at the heterojunction between LSCr and STO, which is respon-
sible for charge carrier separation and photo-voltage generation under
illumination. In this space charge region, the main charge carriers
(electron holes) are depleted by many orders of magnitude, leading to a
highly resistive interface which dominates the total resistance. In
contrast, the LSCr-Pt interface does not form a pronounced space charge
region, as both materials have high charge carrier densities. (The elec-
tron hole concentration in LSCr is about 1.6 x 102! em™.)
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Fig. 4. Impedance spectra of STO single crystal based HT-PV cells recorded at 350 °C in ambient and pure, synthetic air before illumination (a), after a first illu-
mination phase (12 h) in ambient air (b) and after the self-enhancement in ambient and synthetic air (c). Impedance under illumination and different loads for a fully
self-enhanced cell in synthetic air (d, e). Markers represent measured data points, solid lines are fits to the equivalent circuit models: (f) for the synthetic air spectrum

in (c), (g) for all other spectra.

Fig. 4b displays a spectrum recorded in ambient air after the first
illumination phase, i.e. in a state where the SCC increase is still in large
parts due to the first, atmosphere independent process discussed above,
cf. Fig. 3a. Qualitatively it is very similar to the pristine spectrum, except
that the resistances of all three features are markedly lower. Fig. 4c
shows impedance spectra recorded without illumination after the self-
enhancement was completed, i.e. once a stable SCC was reached.
Again, all features exhibit a distinctly lower resistances compared to the
pristine state. The high frequency arc shows the most drastic decrease,
from 160 kQ cm? to 10 kQ cm? in ambient air. Fig. 4c also displays a
spectrum measured after the self-enhancement in synthetic air which
reveals an even stronger decrease of the bulk resistance to 54 Q cm?.
This drastic decrease by a factor of 3000 also causes the peak frequency
of the high frequency feature to increase beyond our experimentally
accessible range, and we only observe an intercept on the real axis. In
synthetic air, the intermediate frequency resistance decreases by a factor
of 8, and the low frequency resistance decreases only by a factor of 3.7.
The capacitances of all features in both atmospheres, on the other hand,
are virtually unchanged after the self-enhancement.

Fig. 4d and e show impedance spectra recorded on a fully self-
enhanced cell but still under illumination in synthetic air and with
different bias voltages between 0.98 V (close to open circuit conditions)
and 0.1 V (close to short circuit conditions). Under illumination the high
frequency intercept is slightly lower than without illumination. This is
most likely a temperature effect due to the UV illumination (approxi-
mately 5 to 10 °C), but may also include a photo-conductivity contri-
bution. The high frequency resistance does not change with voltage,
consistent with its interpretation as an ohmic transport resistance
through the STO single crystal. At intermediate to low frequencies, we
find a strongly depressed feature which in some cases seems to separate
into two arcs (e.g. for 0.1 Vand 0.2 V). A reliable separation into counter
electrode and photo-active electrode, however, is not possible, and thus
we only consider the entire resistance, determined by subtracting its

high and low frequency real axis intercepts. This resistance is distinctly
voltage-dependent, consistent with our interpretation as a space charge
resistance and therefore also denoted as such. It is by a factor of 100 to
1000 lower than without illumination, depending on the applied
voltage. Fig. 5 displays the extracted STO transport and space charge
resistances at different temperatures as a function of cell voltage in a
temperature range from 250 to 400 °C.

5. Power characteristics and loss processes

Fig. 6 displays exemplary current vs. voltage and current vs. power
characteristics of one STO-LSCr cell in synthetic air, after self-
enhancement. Mean values over multiple such cells are listed in the
supporting information S2. At 400 °C, the cell produced a maximum
power of 170 mW cm2 at 0.6 mA cm ™2 and 0.3 V. To analyze the origin of
the internal cell losses and identify the limiting process, we consider the
(differential) resistances of bulk and space charge under illumination,
determined by EIS (Fig. 5). We model the cell as an ideal (i.e. load in-
dependent) voltage source in series with the (load independent) bulk
transport resistance and the load dependent space charge resistance; the
corresponding circuit is displayed in Fig. 7d.

More specific, we calculate the overpotentials due to the electronic
transport through the STO single crystal (bulk) and through the space
charge region by integrating the corresponding differential resistances
determined by EIS over the current, i.e.

1
Nsto(l) = /RSTOd’ (@)
and
1
USC(I):/ Rscdi. (2)
0
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Fig. 7 displays these overpotentials as a function of current density
and temperature. Adding the resulting overpotentials to the cell voltage
under load yields approximately the open circuit voltage, confirming the
consistency of this analysis, see Fig. 7c. Differences between this
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calculated OCV and the measured OCV are likely the result of integra-
tion over a limited number of data point leading to an accumulation of
errors.

The overpotentials attributed to the electron transport through the
STO single crystal show a linear increase with voltage, consistent with
the ohmic nature of the STO transport resistance. The corresponding
bulk conductivity of the photo-oxidized STO is between 6.3 x 107 <™
at 250°C and 1.3 x 10 S ecm™! at 400 °C. These conductivities are much
larger than expected for STO equilibrated in air but in accordance with
our assumption of a strongly increased electron hole concentration due
to photo-oxidation, see model below. Furthermore, the resistance
slightly decreases with increasing temperature — the corresponding
activation energy is between 0.15 eV and 0.25 eV. Since the mobility of
the main charge carrier (electron holes) decreases with temperature
[30], this suggests a thermally activated increase in mobile electron hole
concentration. The space charge overpotentials, on the other hand,
exhibit an almost exponential relation between current and over-
potential. Over the entire parameter space, this space charge over-
potential dominates the total internal losses. This remaining space
charge overpotential is closely tied to the characteristics of the space
charge region and is thus an intrinsic property of the specific LSCr-STO
interface. These results have an important practical implication for
optimizing the performance of such STO HT-PV cells: Namely, the per-
formance gains expected from eliminating the STO transport resistance,
e.g. by replacing the single crystal with a thin layer, are rather marginal
since anyway the space charge determines the losses. In the most opti-
mistic case, a performance increase of about 5% is expected. Only by
changes of the LSCr layer and thus the interface we may further improve
the corresponding PV cell.

6. Mechanistic discussion of the self-enhancement

Lastly, we attempt a mechanistic explanation of the self-
enhancement of the HT-PV cells under operation. Time resolved DC
measurements revealed that two processes are responsible for the self-
enhancement: One atmosphere independent process (I) and one being
strongly atmosphere dependent (II). EIS has shown that each of these
processes leads to a reduction of both major contributions to the internal
cell resistance — the STO bulk transport resistance and the space charge
resistance. Of these, the space charge resistance is the dominant resis-
tance, also under illumination and current flow, and thus it is the
limiting factor for cell performance.

However, for the discussion of the self-enhancement we have to keep
in mind that the STO bulk transport resistance and the space charge
resistance are not independent. Rather, according to simple models for
depletion type space charges, the resistivity of the space charge region
scales linearly with the resistivity of the bulk, for otherwise similar pa-
rameters. Therefore, any changes in STO bulk resistivity also translate to
changes in the space charge resistance [31]. Modifications of the entire
STO bulk most likely takes more time than modifications of only the
space charge zone, due to vastly greater spatial extent of the crystal. We
may thus end up in a situation, where changes of the STO bulk govern
the time dependence of the self-enhancement via the indirect effect of
the STO bulk resistivity on the space charge resistivity, despite the fact
that the resistance of the space charge itself is still the limiting factor for
device performance. Based on this premise, we now discuss the specific
processes that may lead to a decrease of the STO bulk resistivity, and
thus indirectly cause the self-enhancement of the HT-PV cells.

Initially, under illumination the not-yet-enhanced STO bulk resis-
tance is much greater than the resistance of the illuminated space charge
region. Thus, under short circuit conditions, the photovoltage predom-
inantly drops across the bulk of the STO crystal. (After self-enhancement
the situation is different, as the resistance of the fully enhanced cells
under illumination is dominated by the space charge resistance.) Since
ionic (oxygen vacancy) motion is at least partly blocked at the elec-
trodes, this unavoidably causes a stoichiometry polarization, i.e. the
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buildup of an oxygen chemical potential (and thus also charge carrier
concentration) gradient across the entire STO crystal [25,32]. This
gradient of oxygen vacancies (and accordingly of electrons and electron
holes) causes an increased average conductivity in STO (resistance
degradation) [33-36]. This is essentially a redistribution of defects
within the STO bulk, and thus is most probably not strongly affected by
the surrounding atmosphere. Based on the known defect mobilities in
STO, we may estimate the approximate timescale expected for this
process. Oxygen vacancy mobility is much lower than that of electronic
defects [30] and thus the motion of oxygen vacancies limits the for-
mation of the stoichiometry gradient. For a rough approximation we
may assume that an average oxygen vacancy has to travel a distance on
the order of the thickness of the STO crystal to build up the stoichiom-
etry gradient. In accordance with empirical data from Ref. [32] we
suppose that under the electric field E, here induced by the photo-
voltage, an oxygen vacancy migrates across a single crystal of thick-
ness d in the characteristic time
d d &

th =—= = —
Ty uE U’

3

where v and u are the velocity and mobility of oxygen vacancies. The
relevant voltage U depends on the bulk and space charge resistances and
thus changes with time. In the initial phase of stoichiometry polariza-
tion, the STO bulk resistance is still larger than the resistance of the
illuminated space charge [37], and thus we may estimate U as the photo-

voltage.

Using a mobility of 1.72 x 10 ecm? V! at 350 °C taken from
Ref. [30] Eq. (3) we thus obtain a time of 1450 s. This is very close to the
characteristic times of the atmosphere independent process (20 to 30
min). Once illumination is removed, this stoichiometry gradient is ex-
pected to relax back to the equilibrium concentration profile over the
same time span, i.e. 20 to 30 min. This is also consistent with the
reoccurrence of the effect I increase after every interruption of the
illumination. Thus, process I, i.e. the “rapid” conductivity increase under
UV, is indeed most probably caused by stoichiometry polarization.

Additionally, under UV illumination also the oxygen exchange ki-
netics between STO in the neighboring phase is modified due to modi-
fied electron and electron hole concentrations in the light absorbing
region. This results in quasi-Fermi levels of electrons and holes, and thus
also to a splitting of the oxygen chemical potential into two quasi-
chemical potentials. For free STO surfaces, this accelerates the incor-
poration of oxygen into the STO crystal [19,38], and thus leads to a
photo-oxidation and ultimately to an increase of the oxygen chemical
potential in the entire STO crystal [15,20,39].

In our case the STO surface is covered by the LSCr layer. In the highly
conducting LSC thin film itself, we do not expect strongly changed
charge carrier concentrations under UV. However, the UV light reaching
the STO crystal strongly changes electron (and electron hole) concen-
trations and thus causes modified quasi-chemical potentials of oxygen in
the illuminated STO region, which transfer to the adjacent LSCr layer
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and thus act as a driving force for modified oxygen exchange. Supposed
the light induced oxygen chemical potential in STO and thus also in LSCr
is such that further oxygen is incorporated, we end up in the same sit-
uation as for free STO surfaces, namely a photo-oxidation of STO.
Comparing the STO transport resistance of the as-prepared cells to the
fully enhanced cells in synthetic air, we may estimate that this photo-
oxidation causes an increase in the electron hole concentration by
about three orders of magnitude. This is even somewhat larger than in
pure photo-oxidation experiments without covering LSCr layer [15,20].
Based on the defect model of STO we estimate that this is corresponds to
an increase of the equivalent oxygen partial pressure by several orders of
magnitude, exact values, however, would require detailed knowledge
about the defect chemical system including trap states.

Since this photo-oxidation involves an oxygen incorporation reaction
at the LSCr surface, it likely reacts very sensitively to contaminants in
the atmosphere, and thus may occur on different timescales in ambient
air and in pure, synthetic air. For example, very severe contaminant
dependencies of the oxygen exchange reaction are often observed both
on closely related perovskites (e.g. LSC, Lag ¢Srg 4FeOs.s or SrTiyFe; xO3.
5) and also on fluorite materials such as PryCe; 025 [40-43]. Very clean
synthetic air may thus enable rather fast oxygen incorporation and thus
photo-oxidation under illumination, while ambient air strongly retards
this process. Without illumination, on the other hand, the oxygen ex-
change reaction is assumed to be very slow at 350 °C, probably also due
to the much more pronounced space charge at the STO-LSCr interface in
the dark. This explains the experimental fact of STO crystals remaining
highly conductive after illumination for an extended time. Photo-
oxidation can thus explain the second self-enhancement process in our
HT-PV cells.

7. Conclusion

Photo-active heterojunctions between STO single crystals and LSCr
thin film photo-electrodes were prepared by PLD and characterized
photo-electrochemically. DC measurements of OCV and SCC under UV
illumination revealed a pronounced self-enhancement of the SCC by
almost an order of magnitude, whereas the OCV remained largely un-
affected. Two processes with very different characteristic times and at-
mosphere dependencies govern this current increase. A first process (20
min) is present in both ambient air and pure synthetic air and is likely
caused by a stoichiometry polarization of the STO single crystal due to
the photo-voltage dropping across the STO crystal. A second process
leading to further changes in the sample is very slow in ambient air (150
h), but strongly accelerated in pure synthetic air. Most likely, it is related
to photo-oxidation of the STO crystal under illumination which is
retarded in ambient air due to contaminants. Impedance spectroscopy
showed that this current enhancement corresponds to a reduction of
both main contributors to the cells’ internal resistance, i.e. the bulk
transport resistance through the STO crystal and the space charge
resistance.

After this self-enhancement, such cells produced SCCs of up to 2 mA
em and power densities up to 130 uW em™ at 350 °C. EIS under illu-
mination and at different DC bias voltages was used to identify indi-
vidual loss processes. The total cell resistance is dominated by the
resistance of the space charge region at the photo-active junction be-
tween STO and LSCr. Consequently, the cell performance is limited by
this space charge, whereas the transport through the STO crystal con-
tributes at most 10% to the total losses. This is also a direct consequence
of the self-enhancement, which reduces the transport resistance of the
STO by over three orders of magnitude and thus renders it negligible.
Accordingly, the self-enhancement is triggered by time dependent
changes of the bulk (stoichiometry polarization and photo-oxidation),
but is finally reflected in the corresponding changes of the space
charge resistance.
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