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Strongly enhanced and tunable photovoltaic effect
in ferroelectric-paraelectric superlattices

Yeseul Yun'?, Lutz Miihlenbein'?, David S. Knoche'?, Andriy Lotnyk®*, Akash Bhatnagar'-*

Ever since the first observation of a photovoltaic effect in ferroelectric BaTiOs, studies have been devoted to ana-
lyze this effect, but only a few attempted to engineer an enhancement. In conjunction, the steep progress in thin-
film fabrication has opened up a plethora of previously unexplored avenues to tune and enhance material
properties via growth in the form of superlattices. In this work, we present a strategy wherein sandwiching a fer-
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roelectric BaTiO3 in between paraelectric SrTiO; and CaTiOs in a superlattice form results in a strong and tunable
enhancement in photocurrent. Comparison with BaTiOs of similar thickness shows the photocurrent in the super-
lattice is 10% times higher, despite a nearly two-thirds reduction in the volume of BaTiO3. The enhancement can be
tuned by the periodicity of the superlattice, and persists under 1.5 AM irradiation. Systematic investigations
highlight the critical role of large dielectric permittivity and lowered bandgap.

INTRODUCTION

Recently, there has been a huge surge in the interest surrounding
ferroelectric-paraelectric superlattice structures (SLs) (I, 2). Al-
though the concept of SLs was first introduced in the seminal work
of Esaki in 1974 (3) in the pursuit of quantum wells in alternating
layer GaAs-AlAs SLs, these structures were first synthesized with a
ferroelectric oxide, BaTiO3 (BTO), by Tabata et al. (4) with SrTiO;
(STO) as the other layer. The resultant structures evidently demon-
strated much higher values of dielectric permittivity (g,) (4, 5) and
ferroelectric polarization (6, 7). The underlying origin was analyzed
in the work of Neaton and Rabe (8) using density functional theory
(DFT), which attributed the enhanced effects to persistence of in-
plane strain imposed by the mismatch with the substrate, and inter-
nal electric field associated with the SL that additionally polarizes
neighboring STO layers, resulting in overall higher polarization. In
another approach, involving an SL of PbTiO3 (PTO) and STO
layers, Landau theory (typically used for bulk ferroelectrics) was
demonstrated to be rather effective in predicting the enhancement
in polarization and overall ferroelectric character (7). However, in
certain cases, the dielectric properties were also found to be gov-
erned by Maxwell-Wagner relations with the dielectric layers form-
ing the capacitors and the in-between interface approximated as
either conducting or semiconducting, albeit in low-frequency re-
gime (9). Lately, PTO/STO SLs have also garnered immense atten-
tion from the scientific community due to the observation of
complex topologies, such as polar vortices, and polar skyrmions,
which are reminiscent of magnetic skyrmions (2). Another conse-
quence of sandwiching thin ferroelectric layers between paraelectric
layers is the destabilization of polarization, which was demonstrated
to be instrumental in extracting negative capacitance (1).

The realms were further extended to a three-material superlat-
tice, instead of a two-material superlattice, with the A-site position
occupied by isovalent ions (namely, Ba®*, Ca**, and Sr**) and Ti** at
the B-site. Ab initio calculations were used to illustrate that the
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typical double-well potential of the ferroelectric becomes much
more asymmetric (10). Subsequent experimental work involving
SLs of ferroelectric BTO and centrosymmetric STO and CaTiO3
(CTO) layers demonstrated enhanced polarization and much high-
er dielectric response (11). The outcome corroborated the theoreti-
cal predictions (12) and implied broken inversion symmetry along
the thickness of the superlattices with potential contributions
from off-centering of Ti** in neighboring STO and CTO layers.
Alternatively, in a more recent work, pressure applied with a tip
of an atomic force microscope has been demonstrated to be effec-
tive in breaking the local inversion symmetry in STO crystals (13).
However, it will be rather ambitious to conceptualize scenarios
wherein these tip-induced pressures can be practically used. There-
fore, layered growth of oxides still appears to be the most promis-
ing pathway for tuning/breaking the inversion symmetry over a
macroscale.

A critical consequence of a broken inversion symmetry is the
bulk photovoltaic (BPV) effect. The effect is symmetry driven and
fundamentally relevant in all ferroelectrics, including BTO. In con-
junction, the systematic long-range ordering of ions associated with
SLs, while the strain maintained, has been also proposed as a strate-
gy to tune the bandgap (14). In the case of superlattices composed
of BiFeOs (BFO) and BiCrO; layers, the interplay between the dis-
tortions of the octahedra, abrupt termination of polarization, and charge
reconstruction at the interfaces were found to be critical in lowering
the effective bandgap (15). As a result, the aforementioned struc-
tures present an exciting opportunity to investigate the impact of
these different aspects on photocurrent generation.

In this work, we report a systematic investigation of photocur-
rent extracted from SLs consisting of BTO, STO, and CTO layers.
Upon comparison with the response from a pure BTO layer, an sur-
prising enhancement of three orders of magnitude is observed in
the tricolor superlattice with light of energy of 3.06 eV and of
around two orders of magnitude under solar irradiation. Compari-
son with two-color SL and temperature-dependent measurements
highlight the necessity of the three-component system and rule out
the contribution from interfaces. An analysis of the spectral photo-
response and dielectric measurements unravels the fundamental
conditions to realize and engineer these drastic enhancements in
PV current.
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RESULTS
Film Growth
All the samples investigated in this study were fabricated with a
pulsed laser deposition (PLD) system equipped with an excimer la-
ser of KrF (A = 248 nm). The growth of the layers was monitored
with reflection high-energy electron diffraction. The strain state of
the samples was analyzed with x-ray diffraction, and in-depth struc-
tural characterization was conducted with a scanning transmission
electron microscope (STEM). The samples were grown epitaxially
on 0.5%Nb:STO (001) oriented substrates.

Henceforth, (STO),/(BTO),/(CTO), superlattices with x, y, and
z number of unit cells will be referred to as SBCxyz. The overall
thickness for all the SLs discussed in this study was restricted
to ~200 nm, while the thickness of BTO was around 250 nm. All
the SLs were terminated with two unit cells of STO at the top. A
representative STEM image acquired from SBC222 shows individ-
ual layers of the materials and in-between interfaces (Fig. 1, A and B).
Reciprocal space maps (RSMs) were measured around the (103)
asymmetric plane to quantify the state of strain in the samples. In
the case of pure BTO, the gy value corresponding to the film is evi-
dently different from that of the substrate, which implies minimal
or no influence of the strain arising from the mismatch between the
lattice parameters (Fig. 1C). This relaxation from the strain has
been shown to be mediated via defect formation such as disloca-
tions or nonstoichiometric deficiencies (16, 17). Contrary to the
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BTO, RSMs from SBC555 (Fig. 1D) and SBC222 (Fig. 1F) reveal
peaks that are aligned with that of the substrate indicating per-
sistence of strain across the entire thickness. Similar results have
been also reported in the case of BTO/STO SL, where the in-plane
strain, imposed by each STO layer, largely suppresses the relaxation
of the BTO layers (4, 5). However, SBC252 (Fig. 1E) shows a partial
strain relaxation of 1.02%, which is in agreement with a previous
study that insisted that the strain is maintained only if the BTO
thickness is smaller than the combined thickness of STO and CTO
(11).In addition, SLs of SB55 and BC55 were also fabricated and the
respective RSMs are provided in the Supplementary Materials (fig. S1).

Photoelectrical measurements

The photoelectrical measurements were conducted with laser illu-
mination of energy of 3.06 eV (A = 405 nm), with indium tin oxide
(ITO) as the top transparent electrode. It is noteworthy to mention
that although the optical bandgap of BTO has been reported in be-
tween 3.3 and 3.5 eV (I8, 19), light of energy of 3.06 eV has been
successfully used to analyze the photoresponse (20). Vacancy- and
point defect-related states within the bandgap apparently contrib-
ute to the generation of current upon illumination with sub-bandgap
photon energies (21). Similar observations have also been reported
in STO [bandgap between 3.2 and 3.6 eV (18)], where photon ener-
gies of 2.9 eV (22) and 3.06 eV (13) have been used to analyze the
photoresponse.
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Fig. 1. Structural characterization of superlattices. (A) Cross-sectional STEM acquired from sample SBC222. (B) High-resolution STEM from a part of the scanned region.
The schematic depicts the arrangement of unit cells. RSM acquired around (103) reflection in (C) BTO, (D) SBC555, (E) SBC252, and (F) SBC222. Star and yellow arrows

indicate the STO substrate and satellite peaks from SL, respectively.
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In Fig. 2 (A and B), current density-voltage (IV) and current-
time measurements are presented, respectively. The IV characteris-
tics were measured within the range of £0.1 V to ensure that the
samples are not subjected to any unintentional poling effects during
the temperature-resolved measurements, which will be presented in
subsequent sections. The chosen range of voltage inhibits any tran-
sient effects in the samples and allows reliable measurement of pho-
tocurrent, as has been also reported in previous studies (23). The
photocurrent or the short-circuit current density (Jsc) extracted
from BTO is around 0.415 uA/cmZ. Zenkevich et al. (23) reported
nearly double Jsc, albeit with above bandgap illumination and thin-
ner samples of around 50-nm thickness. Spanier et al. (24), in their
work on BTO single crystals, achieved much higher Jsc (order of
mA/cm?) with 3.06 eV. The higher Jsc values were a consequence of
novel tip-based geometry, which was found to be rather essential
for the efficient collection of photo-generated carriers (25). The Jsc
value from SBC555 is around 11.03 pA/cm? and is about 25 times
higher than measured in BTO. The open-circuit voltage (Voc) in
the case of BTO was found to be around —0.007 V, as opposed to
-0.058 V in SBC555. It must be emphasized here that BTO is the
only material in this SL that is known and proven to exhibit a PV
response. The PV characteristic of STO has only been recently un-
raveled (13) under extremely large strain gradients, while there are
no reports on the observation of a PV effect in CTO. This makes it
all the more intriguing that removal of nearly two-thirds of a PV
material, and sandwiching the remaining one-third within an SL,
results in such a high increment in photoresponse.

Synthesis in the form of SL architecture also inadvertently re-
sults in a higher number of interfaces. Depending upon the ho-
mogeneity and charge neutrality of the interface, photoelectronic
contributions of residual character can be expected (26, 27). To in-
vestigate the validity of such a scenario, two-color SLs consisting of
STO/BTO (SB55) and BTO/CTO (BC55) were fabricated. Because
the overall thickness of the samples was kept the same, the number
of interfaces also remains the same. The Jsc values extracted from
the linear fits for SB55 and BC55 are —0.331 and —0.128 pA/cm?,
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respectively. As evident from Fig. 2A, while in the case of BC55 a
reduction in BTO volume by half results in an obvious reduction in
photocurrent, in the case of SB55 Jsc values similar to BTO are
observed, albeit with opposite direction. It can be conjectured from
this that BTO undergoes a flip in the polarization direction, which
forces the direction of photocurrent to switch. This can be explained
either due to the symmetry relations, that is, by the BPV effect
(28, 29), or via the reversal of the directionality of the diode formed
at the electrode-ferroelectric interface (30). However, the response
is still lower than SBC555. In conjunction, from Fig. 2B, the steady-
state character of the photocurrent, along with abrupt rise and
decay, is apparent. The absence of any residual effects, such as per-
sistent photoconductivity (27), evidently suggests minimalistic role
of interfaces in the overall photoelectronic process.

Temperature-resolved measurements
The IV characteristics of the samples were investigated across a
temperature range of 77 to 293 K and are provided in fig. S2. The
values of Jsc and V¢ extracted from linear fits are presented in
Fig. 3, A and B, respectively. It is evident from Fig. 3A that the Jsc
value from all the samples drops extensively as the temperature re-
duces to lower values. However, in the case of SB55, a rather interest-
ing response is observed. The Js¢c value not only undergoes a reversal
in direction, being negative at room temperature and positive at
lower temperature, but also continues to increase in magnitude until
around 180 K. As a matter of fact, BC55 and BTO also exhibit, qual-
itatively, a similar response, albeit with much less magnitude, as visi-
ble from the inset of Fig. 3A. Curiously, BTO is known to undergo
a phase transition from room temperature tetragonal phase to or-
thorhombic at around 273 K and to rhombohedral phase at around
183 K (31). The resemblance, in the range of temperature in which
the prominent variations in Jsc occur with that of the phase transition
in BTO, strongly suggests that the photoresponse measured in these
samples is dominantly driven by the bulk symmetry of the material.
Another indication of a bulk-driven PV effect is the generation
of an associated Vo that is described by the overall conductivity of
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Fig. 2. Enhancement of photovoltaic effect in tricolor superlattices. (A) Current-voltage (/V) characteristics measured with 3.06 eV at room temperature. (B) Current-

time response acquired with the illumination ON and OFF.
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Fig. 3. Temperature- and periodicity-dependent photovoltaic effect. (A) Jsc extracted from IV characteristics acquired at different temperatures. The inset shows
vertically magnified curves for BTO, SB55, and BC55. (B) Extracted values of Voc and oiotal as a function of temperature. (C) Jsc measured in different samples at room
temperature (RT) and 77 K. (D) Jsc measured under 1.5 AM solar illumination at room temperature.

the gap and is mathematically described with the following rela-
tion (32)

Voc = <0d]+ccph>l (1)
where 64 and oy, are the dark conductivity and photoconductivity,
respectively, and [ is the distance between the electrodes. As evident
from Fig. 3B, the measured Vo values in all the samples drastically
increase to higher values as the temperature lowers. The conformity
with Eq. 1 was analyzed by measuring the associated oy (i-€., 04 +
Gph)> which is also presented in Fig. 3B. It is clear that the conduc-
tivities drop exponentially in their respective magnitudes, which,
following Eq. 1, results in higher Vo values. In particular, SBC555
exhibits a Vo value of around 3 V. This enhancement in Voc upon
lowering of temperature has also been observed in BFO exhibiting
a BPV response (33). The massive reduction in the conductivities
associated with the bulk and domain walls resulted in Voc in excess
of 20 V, albeit with much larger ! of 50 um. From these measure-
ments, it becomes apparent that tricolor SLs consisting of SBC layers
have an intriguing aspect that culminates in much higher photore-
sponse than two-color SLs or single layers.

To further investigate this, we synthesized variations of tricolor
SL, namely, SBC252 and SBC222, with the same overall thickness as
the other samples, i.e., 200 nm. The ferroelectric character of the SL
was analyzed with piezo force microscopy, and a representative
measurement indicating switching of polarization is presented in
fig. S3. In Fig. 3C, Jsc values measured from the different tricolor
SLs at room temperature are presented. The Jsc values were also
found to be stable and consistent as a function of time (fig. S4). The
role of symmetry in the observed PV response can be appreciated
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by the dependence of Jsc on the angle that the electric field of linear-
ly polarized light makes with the direction of [010], as presented in
fig. S5. Also noteworthy to mention is the reproducibility of the
overall response that was found to be largely unchanged even over a
period of 6 months (fig. S6). Apparently, this also rules out any
transient character of the underlying origin. In comparison to BTO,
a staggering enhancement of more than three orders of magnitude
is observed in the case of SBC222, while an enhancement of 100 times
is observed in SBC252. This trend persists even at lower temperature
(Fig. 3C), although the magnitudes of Jsc in all the samples depreci-
ate in values. A similar response was also observed under 1.5 AM
solar illumination (Fig. 3D), with the difference between SBC222
and BTO at around 200 times. One of the possible reasons for such
an enhancement in photocurrent could be a lowering of the bandgap.

Spectral photoresponse

The spectral photoresponse was acquired measuring the PV current
as the wavelength of illumination was scanned from 700 to 320 nm
(Fig. 4A). Because it is clear from Fig. 2A that the overall conductivi-
ties were rather high in the case of tricolor SLs at room temperature,
the spectral response was measured at 77 K to circumvent any con-
tribution from carrier effects and focus more on the intrinsic be-
havior (9). A striking similarity to the response previously measured
(28) and predicted (29) in monodomain single crystals of BTO is
observed. In addition, a distinct peak-like feature is visible at around
3.2 eV, which is generally accepted as the bandgap value of BTO.
However, no such feature appears in the response acquired from
any of the SL samples. Overall, the response in the SL remains high-
er than in BTO across all wavelengths. In particular, the response in
SBC222 starts to rise at around 600 nm or 2.06 eV. This value is also
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Fig. 4. Spectral photoresponse and dielectric characterization. (A) Spectral photoresponse measured at 77 K without any bias voltage. (B) Relative permittivity mea-
sured as a function of temperature with an ac signal of amplitude 100 mV and frequency 100 kHz.

in an striking agreement with the theoretical work based on DFT
calculations, which predicted an indirect bandgap of 2.09 eV and a
direct bandgap of 2.39 eV in an SBC superlattice, albeit consisting
of only one unit cell of each material (14). This could also be the
underlying origin for reduced Jsc in SBC222 at low temperatures, as
the phonons needed for the in-direct band transition are sparse. A
similar trend is also observed in SBC252 and SBC555, where the
response initiates to rise at around 500 nm, which corresponds to
2.48 eV. The measurement therefore suggests a substantial lowering
in the bandgap.

A similar lowering in the bandgap was calculated in a layered/
superlattice system consisting of PbNiO, and PTO (34). An intri-
cate coupling between a Ni-ion and an oxygen vacancy, repeated
with a periodicity of 1 and 2 nm, at the B-site of the unit cell essen-
tially pushed the bandgap down from ultraviolet to visible range.
Another critical outcome of the layering was the delocalization of
the conduction band minima accompanied with a larger magnitude
of the shift current vector, eventually leading to higher photocur-
rents. The Jsc values were estimated to be around 43 times higher.
The subtle displacements in the position of cations, arising from the
layered arrangement (12, 34), were found to be the driving factor. A
similar scenario can also be perceived to be relevant for SLs pre-
sented in this study. Also noteworthy to mention is the case of
Bi(Feg 5,Cr.5)O3, where layering, achieved via a sequential arrange-
ment of Fe and Cr-ions at the B-site, caused a substantial drop in
the absorption energies from ~2.7 to 1.5 eV (35). The resultant Jsc
was measured to be enhanced by four times. Thus, it will be rather
ambitious to attribute the large enhancement of Jsc observed in this
work to only lowering of the bandgap. The samples were analyzed
for their respective dielectric response to further our understanding
on the complimentary effects at play.

Dielectric characterization

The dielectric characteristics were measured across the same range
of temperature as the photoelectrical properties. A small ac signal of
100 mV at 100 kHz was used to record the dependence of the capac-
itance on the temperature from which the relative dielectric con-
stant (€,) of the measurement gap was calculated (Fig. 4B). The high
ac frequency allows to circumvent the probable contributions of
free carriers and focus on the intrinsically related €, (9, 36). At room
temperature, BTO exhibits an €, value of around 355, which is com-
parable to the values reported in previous studies (37, 38). The &,
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value of BTO steadily decays to lower values as the temperature ap-
proaches 77 K. Such a decay has also been observed in single crys-
talline (39) and polycrystalline (40) forms of BTO. This appears as
an inherent characteristic that can be attributed to the thermal acti-
vation of domain wall mobility that lowers the €, and, in turn, the
measured capacitance (39). The decrease in €, at lower tempera-
tures is also observed in the SL and is largely congruent with previ-
ous studies involving SLs consisting of LaAlO3/Bag St TiO3 (41)
and PTO/STO (I). However, the overall & remains higher in
SBC222 and SBC252 across the entire range of temperature.

The higher €, can be critical in those photoelectronic mecha-
nisms that proceed via formation of excitons, i.e., generation of
electron-hole pairs upon photon absorption. The binding energy of
the exciton is dominantly influenced by Coulomb interaction ener-
gy, which is inversely proportional to €, of the medium. In the case
of organic semiconductors, the PV effect was found to be enhanced
by around 30% upon the modification of &, by ~2.4 times (42). In
this work, the € value of SBC222 is around 3.2 times higher than
that of BTO at room temperature and 6.7 times higher at 77 K. In-
terestingly, excitons have also been found to be rather prevalent in
BTO (43) and other ABOs-type perovskite systems (44, 45), with
experimental observations related to luminescence at low and
room temperatures serving as proof (46, 47).

DISCUSSION

The aforementioned results and corresponding analysis present an
innovative strategy to extract a higher PV response from a ferro-
electric material. The enhancement in photocurrent persists across
a wide range of temperatures and over long periods of time, indicat-
ing the robustness and inherent character of the underlying origin.
The comparison between two- and three-color SLs allows us to rule
out the impact of any interfaces and highlights the importance of
three-color SL. In conjunction, the periodicity was found to be a
critical parameter in further improving the PV response, as much
higher response was observed in SBC222 in comparison to SBC555.
A similar strategy was also proposed and implemented to induce a
compositional breaking of inversion symmetry in SLs consisting of
ferroelectric material (10, 48). As per current state of knowledge,
the impact of this compositional control of inversion symmetry on
the BPV effect, arising from shift mechanism (29), is not clear. Any-
how, in the samples investigated in this study, €, exhibited a rather
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symmetric response to applied dc bias (fig. S7). Hence, there is no
evidence of any prominent modulation in the compositional inver-
sion symmetry. Another aspect to consider is the state of strain that
massively influences the off-centering of B-site ion (Ti*") and
tetragonality ratio. As a result, different studies have demonstrated
the impact of strain on the photoresponse in ferroelectric oxides,
via either bandgap modulation (49) or activity of sub-bandgap
states (50). But in this study, SBC252, which is partially relaxed,
evidently exhibits a much higher response than SBC555 that is com-
pletely strained. In addition, the photoresponse from SBC222 is
1000 times higher than that from BTO, although the tetragonality
ratio in BTO is 1.02, while that in SBC222 is 1.01 (fig. S8). There-
fore, it can be conjectured that strain does not appear to have a
dominant role in the observed enhanced effects.

Nevertheless, €, of the SLs, in particular SBC222 and SBC252,
was always found to be higher than that of bare BTO. Higher &, be-
comes a crucial parameter if exciton generation upon photon ab-
sorption is considered. A PV effect mediated by exciton generation
and dissociation has also been observed in BFO thin films via tran-
sition optical absorption spectroscopy (44). Although the exciton
might not traverse the distance between the electrodes, an encoun-
ter with a defect such as grain boundary, interface, or domain wall
can be sufficient for their dissociation into free carriers contributing
to the PV current. The higher €, can further lower the binding ener-
gy of the exciton, which facilitates dissociation. Concurrently, the
spectral distribution acquired from the SLs depicts that the PV ac-
tivity initiates at much lower energy than in bare BTO, which is also
in agreement with the theoretical studies, and suggests a modified
electronic structure. Therefore, it can be proposed here that the uni-
son of these two rather discrete phenomena—higher permittivity
and lowering of the bandgap owing to a modified electronic
structure—culminates into an overall enhanced PV effect in SLs.

Although the aspect of the BPV effect, arising from asymmetric
structure, cannot be disregarded, as illustrated by the scaling-up of Vo
upon suppression of conductivity. In addition, the angle-dependent
Jsc further bolsters this scenario. The BPV effect is typically catego-
rized into two mechanisms, i.e., shift and ballistic. The ballistic mech-
anism, driven by asymmetric scattering of photo-generated carriers,
can be expected to be more under the influence of extrinsic factors
such as interfaces and defects states (51, 52). On the other hand, the
shift mechanism is intricately related to the real shift of carriers upon
excitation in the conduction band. The dominant role of shift mech-
anism can be inferred from the comparison presented in Fig. 2,
where, despite the same number of interfaces in SBC555, BC55, and
SB55, Jsc is the highest in SBC555. However, detailed studies will be
needed to investigate the coexistence of excitonic effects and shift
currents in the SL, as recently reported in BTO (52), to harness the
true potential of these structures. Hence, SLs provide a fascinating
platform where the permittivity and bandgap energies can be effec-
tively modulated to engineer a suitable PV material.

MATERIALS AND METHODS

Thin-film growth

All the films investigated in this study were grown on 0.5% Nb-
doped STO (100) substrates with a PLD system (SURFACE PLD
Workstation) equipped with a KrF excimer laser. The samples were
grown at a temperature of 700°C under a partial pressure of 0.015 mbar
of O, and subsequently cooled under approximately 200 mbar of
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O,. The targets were ablated with a laser energy of around 1 J/cm®
and repetition rate of 5 Hz. All the SLs were capped with two unit
cells of STO.

Device fabrication

The substrates served the purpose of the bottom electrode for all the
(photo-)electrical measurements, and ITO was used as the top elec-
trode (350 um in diameter) for photoelectrical characterization.
Standard photolithography processes were used to design and pat-
tern the electrodes. ITO was deposited with PLD under 0.02 mbar
of O, partial pressure at room temperature with a laser energy of
around 1 J/cm® and repetition rate of 10 Hz. Dielectric measure-
ments were conducted with Cr/Au as the top electrodes (75 pm by
75 um), which were deposited with e-beam evaporation. The thick-
ness of ITO and Cr/Au electrodes is 80 nm and 100 nm, respectively.

Electrical measurements

The dc (photo-)electrical measurements were conducted with a
high impedance electrometer (Keithley 6517B). The samples were
illuminated with light from 405-nm laser (Cobolt 06 MLD) at 20-mW
power and solar irradiation (1.5 AM). Temperature-dependent
measurements were conducted in a cryostat from JANIS, connected
to a temperature controller (Lakeshore 335). The spectral photo-
response was acquired upon illumination from a tunable mono-
chromatic light source (BENTHAM TLS120Xe). The recorded values
of photocurrent at each wavelength were normalized with the re-
spective light intensity (A/mW). The dielectric measurements were
conducted with an impedance LCR meter (Keysight E4980A). An
ac signal of amplitude 100 mV and frequency 100 kHz was used.

Investigations with TEM

Cross-sectional specimens for TEM investigations were prepared
by a combination of focused Ga high-energy (Zeiss Auriga Dual-
beam FIB) and Ar low-energy ion beam milling (Fischione NanoMill).
TEM studies were performed with a probe Cs-corrected Titan3
G2 60-300 microscope operating at 300 kV accelerating. The micro-
scope is equipped with high-brightness gun (X-FEG), various an-
nual detectors (Fischione, FEI), and Super-X energy-dispersive
x-ray spectroscopy (EDS) system (FEI ChemiSTEM technology).
Probe-forming aperture of 20 mrad was applied during STEM ex-
periments. STEM images were recorded with an annular dark-field
detector (Fischione) using annular ranges of 80 to 200 mrad. The
detector ranges fulfill the condition corresponding to high-angle
annular dark-field (HAADF) imaging or Z contrast imaging well.
Hence, the atomic columns with higher average Z number in
HAADF images appear brighter than those elements with lower
average Z number. The C5 parameter was adjusted by the manufac-
turer to be 0.4 mm. Electron beam current measured on TEM spec-
imen surface was set to a value of approximately 130 pA. The STEM
images presented in this work were postprocessed by Wiener differ-
ence filter for the reduction of scanning noise and for enhancement
of image intensity of individual atomic columns.

The lattice distances of BTO and SLs were estimated from atomic-
resolution STEM-HAADF images. For the analysis, the HAADF
images were acquired by using a rapid scanning of electron beam in
STEM mode with a dwell time of 0.34 us/pixel and with a sampling of
24 pm/pixel. For a STEM image with a size of 1024 pixels by 1024 pixels,
this corresponds to 0.36 s per frame. A total number of 30 images
were recorded to correct the stage drift and scanning distortions. The

60f8

€202 ‘12 Yoo\l Uo B10°80us 105 MMM //:SdNY LWOoJ) pepeojumo



SCIENCE ADVANCES | RESEARCH ARTICLE

corrections were done using rigid and nonrigid registration ap-
proaches implemented in the Smart Align software (HREM Re-
search Inc.). The correction of residual image distortions was
performed using the Jitterbug software (HREM Research Inc.). The
STO substrate was used as the reference for the complete restoration
of crystal lattice angles and lengths. Quantitative analysis of lattice
distances in the studied structures was performed by detailed peak
fitting using Peak Pairs Analysis software (HREM Research Inc.).
The applied procedure allows measurements of interatomic dis-
tances with very high precision of several picometers.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/23/eabe4206/DC1
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