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Oxides lacking a center of symmetry are highly desired, as they usually have fascinating physical prop-
erties. However, there are limited numbers of noncentrosymmetric media in nature and most of them do
not have multiple functionalities integrated. Here, using the bulk photovoltaic effect as the probing tech-
nique, we demonstrate that, at interfaces with a wide range of oxides, strontium titanate (SrTiO;) is polar,
i.e., with broken inversion symmetry in the quantum paraelectric phase. Studies comprising conductivity
and the bulk photovoltaic effect on LaAlO;/SrTiOj; thin films further show that excessive electronic band
bending screens the induced polarity, revealing that appropriate band bending at the interface is the key
parameter to control symmetry breaking. Inheriting high carrier mobility from SrTiOj, the polar interface
under illumination at low temperatures is conductive or metallic, permitting multifunctionality coupling
between the oxides and SrTiOs. Our studies show that significant photovoltaic effects can be generated at
the polar interfaces, especially in the quantum-paraelectric phase of SrTiOs3, thus giving practical design

strategies for multifunctional devices.
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I. INTRODUCTION

SrTiO5; (STO) and its heterostructures with dissimilar
materials are proven to show fascinating physical func-
tionalities, especially in the low-temperature regime. The
ultrahigh dielectric constant [1,2], two-dimensional elec-
tron gas (2DEG) [3,4], and superconductivity [5,6] are
only a few emerging properties usually associated with
either high carrier mobility [7] or the quantum paraelectric
phase [8,9] of STO. The quantum paraelectricity, where
quantum fluctuations between degenerate lower-symmetry
configurations suppress ferroelectric ordering [2], can be
further induced into a polar state by an external field [9]
or chemical substitution [10,11], enriching the function-
ality of the system or even coupling ferroelectricity and
ferromagnetism and superconductivity [12,13]. All these
interesting properties make STO one of the most popular
materials for oxide electronics [14].

As recently highlighted, band bending at a metal-oxide
(Schottky) junction is inherently associated with a built-in
electric field [15], which breaks the inversion symmetry
at the interface. This is, in principle, not a characteris-
tic of a metal-semiconductor interface. A built-in electric
field commonly exists at the interface of any two dissim-
ilar materials (e.g., metal-semiconductor, semiconductor-
semiconductor) due to generic band bending needed to
align the Fermi level across the interface [16,17]. For STO,
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a polar interface might be easily induced at the quantum
paraelectric phase regime.

We show here that many oxide-STO heterostructures
have polar interfaces in the quantum paraelectric regime
of STO, as detected by a bulk photovoltaic effect that
exists only in noncentrosymmetric media. Furthermore,
we demonstrate that the magnitude of the polarity of the
interface can be tuned in the LaAlO;3-SrTiO3; (LAO/STO)
system by fabrication conditions. These properties along
with the well-known high carrier mobility of STO could
bring unexpected properties, such as metallic ferroelectric-

ity [18].

II. EXPERIMENTS

A. Synthesis of SrTiOz-based heterostructures

TiO,-terminated (001)-oriented SrTiO; substrates are
etched in buffered HF for 15 s and then annealed in air
at 1200°C for 2 h. LAO/STO thin films are grown by
pulsed laser deposition (PLD) at 10~3-mbar oxygen pres-
sure. The laser energy density is 1 J/cm? and the repetition
rate is 2 Hz. Samples LAO/STO 1, 2, 3, and 4 are grown at
600, 650, 700, and 750 °C, respectively. The LAO thin-film
thickness 1is, in all cases, about 10 nm. About 50-nm-
thick Fe,;O3 thin films are deposited on STO by PLD at
10~° mbar and 600 °C, with a laser fluence of 0.5 J/cm?
and a repetition rate of 5 Hz. 40-nm Au and 20-nm Al are
evaporated on the surface of SrTiOj; to fabricate Au/STO
and Al/STO, respectively.
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B. Electrical measurements

The homemade optical physical property measurement
system (PPMS) insert is used for 10300 K temperature-
dependent measurements. A polarized 405 nm laser (40-
mW nominal power, Thorlabs, DL5146-101S) is used
to generate linearly polarized light. The light polariza-
tion direction is rotated at a rate of 2 °/s using a half-
wave plate (HWP; Thorlabs, model AHWP0O5M-340). A
high-impedance electrometer (Keithley 6517B) is used to
collect the time-dependent photocurrent, i.e., wave-plate
angle-dependent photocurrent. An AixACCT TF3000 fer-
roelectric workstation is employed to study the ferroelec-
tric polarization switching behavior in our work. For each
electrical measurement, we stabilize the system for suffi-
cient time until the current-drift effect or light-induced heat
vanishes. (See details in Fig. 6 in Appendix C.)

II1. RESULTS

A. Characterization of general symmetry breaking

Several oxide layers, as well as noble metals (Au),
are deposited on the (100) surface of (100)-oriented STO
single crystals to induce band bending at the interface.
The light-polarization-dependent bulk photovoltaic (BPV)
effect is used to probe interface symmetry breaking under-
neath the capping layer [19], as the BPV effect exists only
in noncentrosymmetric media. If the innate centrosym-
metry of the crystal is lifted and becomes polar, a BPV
current is generated by light penetrating the capping layer

[20]. As a proof-of-concept experiment, the BPV current is
first measured on a metal-semiconductor junction (Schot-
tky) fabricated by depositing a high-work-function metal
that usually generates large band bending within STO. As
expected, the Au/STO system shows, at room temperature,
a textbook linear BPV effect, indicating symmetry break-
ing at the interface by simply contacting gold with the
centrosymmetric STO crystal [15,20]. Figure 1(b) shows
the variation of photovoltaic (PV) current with respect to
the relative angle between light polarization and crystallo-
graphic direction of the PV current, which is the fingerprint
of the linear BPV (LBPV) effect. This angle is set using
a HWP; therefore, hereafter it is denoted as the HWP
angle, 6. According to phenomenological theory [20,21],
the LBPV current as a function of the HWP angle is
expressed as

JIWP = sin(4(0 + 6°T)) 4 JOf, (1)

where J; is the amplitude of the LBPV current, 0°7 is the
LBPV angle offset, and JPT is the LBPV current offset that
is independent of the HWP angle. By least-squares fitting
of the HWP angle-dependent photocurrent [as in Fig. 1(b)],
we obtain the amplitude of the LBPV current and use it to
characterize the LBPV effect.

To characterize the BPV effect in the quantum para-
electric regime of STO, one needs to lower the tempera-
ture under a characteristic transition temperature of about
37 K and simultaneously measure the PV current. For
this purpose, a PPMS with a homemade optical insert,
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Detection of general symmetry breaking of STO-based heterostructures via linear BPV effect. (a) Schematic of the

homemade optical PPMS. (b) HWP angle-dependent photocurrent of simple Au/STO junction at room temperature. (c) Temperature-
dependent LBPV current amplitudes of Schottky Au/STO contact and quasi-ohmic Al/STO contact. Inset is an enlarged view of LBPV
current amplitudes. (d) Temperature-dependent LBPV current amplitudes of Fe,O3/STO and LAO/STO 1.
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FIG. 2. LBPV effect and conductivity characterization of LAO/STO thin films grown at different temperatures. Samples 1, 2, 3, and
4 are grown at 600, 650, 700, and 750 °C, respectively. (a) Illustration of band bending at the interface of LAO/STO. Vg is the built-in
voltage and E; is the built-in electric field. E., E,, and Er are the conduction band, valence band, and Fermi level, respectively.
(b) Temperature-dependent dark resistance of LAO/STO grown at different temperatures. Below 200 K, dark-current measurements of
LAO/STO 1, 2, and 3 are limited by current sensitivity, as the dark resistance is very high. (c) HWP angle-dependent linear photovoltaic
currents at 10 K of LAO/STO grown at different temperatures. (d) Ratio of photoconductivity to dark conductivity (P/D) of LAO/STO

1 and 4 as a function of temperature.

schematically shown in Fig. 1(a), is used to character-
ize the optoelectrical properties from room temperature to
10 K. The linearly polarized light modulated by a half-
wave plate allows us to analyze the linear BPV current of
the investigated samples [22].

As we decrease the temperature of Au-STO, a remark-
able increase of the photocurrent by about 3 orders of
magnitude is observed below about 40 K [Fig. 1(c)].
To exclude this LBPV response from the contribution of
pristine STO bulk or surface, we conduct similar experi-
ments on STO with quasi-ohmic contacts, i.e., aluminum.
As expected, due to the low work function, Al does not
provide sufficient band bending at the Al/STO interface.
Consequently, AI/STO does not show a BPV effect over
the entire temperature range [see Figs. 1(c) and 4(b) in
Appendix A]. These results are consistent with a previous
report that the metal-oxide Schottky junction can induce
a polar structure at the interface, while the ohmic contact
cannot [15].

To investigate whether symmetry breaking also exists in
oxide-STO interfaces, we first study the LBPV effect in a
Fe,03/STO thin film. Neither of these materials should,
in principle, show the BPV effect at any temperature.
While this is true for high temperatures, by lowering the

temperature under 40 K, a considerable LBPV response is
observed [Fig. 1(d)]. Since both STO and Fe, O3 are cen-
trosymmetric and normally do not show the BPV effect,
their interface must be the origin of this giant LBPV
response. We assume that this might be a generic effect,
in which bringing STO into the quantum paraelectric
state lowers its temperature below the transition tempera-
ture, which is an important feature. We further investigate
the LBPV effect in LAO/STO heterostructures, as exam-
ples of iconic STO-based interfaces that were extensively
investigated in the recent past [3,5].

Knowing that the electronic characteristics of this sys-
tem are very sensitive to the growth conditions [23,24],
we fabricate heterostructures by depositing LAO thin films
on STO under the specific condition in which the 2DEG
state is not yet formed, i.e., LAO/STO 1 thin film in our
experiment [Fig. 2(b)]. Similarly to the Au/STO system,
LAO/STO 1 has a weak BPV response at room tempera-
ture, which increases by several orders of magnitude below
40 K, as shown in Figs. 1(d) and 4(d) in Appendix A.

The onset temperature of the massive LBPV response is
about 40 K, which is close to the temperature of the emer-
gence of the quantum paraelectric phase (37 K) in STO
[9]. However, the nonpolar quantum paraelectric state is
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FIG. 3.

Ferroelectric P-V hysteresis loop of BFO/STO thin film under illumination. Laser-intensity-dependent (a) P-V loops, (b) I-V

curves, and (c¢) coercive voltage at 10 K. (d) Schematic illustration of P-V loop measurements. Yellow solid dots and light-green open
circles represent electrons and holes, respectively; corresponding arrows indicate the movement directions upon application of a dc
voltage. Black arrows indicate the electric field across the thin film. Green arrows indicate ferroelectric polarization of the thin film.
Black dashed square boxes indicate polarization in operation. Temperature-dependent (e) P-V loops and (f) /-7 curves are measured

under illumination at a laser intensity of 0.2 mW/cm?.

centrosymmetric and should, in principle, not show any
BPV effect. Experimental evidence points us to the fact
that this quantum paraelectric phase is in an ordered polar
phase at the interface. It is well known that, at the interface
of any heterostructures based on two dissimilar materials,
a built-in voltage, Vg, exists, as a result of band alignment
to maintain the Fermi energy level flat across the interface
[17][e.g., LAO/STO system shown in Fig. 2(a)]. This band
bending results in a built-in electric field, £g;, normal to
the interface and forms a polar interface [15].

B. The tunable polarity of the interface of the
LAO/STO system

Next, we explore whether this polarity of the interface
can be tuned or controlled through the fabrication pro-
cess. Therefore, we focus on the well-studied LAO/STO
heterostructures. It is known that band bending in STO
induces either a conductive or an insulating interface,
depending upon the position of the Fermi level with respect
to the conduction band [17,25,26]. For example, if the con-
duction band at the interface is bent well below the Fermi
level, a large density of available states becomes avail-
able, and the carriers may become mobile at the interface

[Fig. 2(a)]. It is known that oxygen vacancies are playing
a key role in providing free electrons and tuning the inter-
face conductivity [27,28]. To clarify the effect of electronic
reconstruction on the polarity of the interface, as they are
under the same influence of interfacial band bending, we
investigate the BPV effect and conductivity of a series of
LAO/STO thin films with different interface doping densi-
ties. The latter is tuned by simply controlling the growth
temperature of LAO thin films on STO substrate [29,30]
(see Sec. II).

The temperature-dependent dark-resistance measure-
ments [Fig. 2(b)] confirm that the growth temperature
can effectively tune the interface carrier density. Only
LAO/STO grown at 750 °C (LAO/STO 4) shows typical
2DEG temperature dependence of resistance, as previously
reported [31]. Samples grown at lower temperatures show
much higher resistance and non-2DEG-like temperature
dependence [Fig. 2(b)]. Then, we study the relationship
between the LBPV currents and growth temperature. Inter-
estingly, the LBPV response is opposite to the resistance
behavior in the LAO/STO system. The LBPV current of
the LAO/STO thin film grown at the lowest temperature,
600°C (LAO/STO 1), is at least 1 order of magnitude
higher than that measured on samples grown at higher
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temperatures. The presence of the LBPV effect indicates
that symmetry breaking at the LAO/STO interface and,
implicitly, the polar nature of the interface, is stronger in
LAO/STO 1 compared to all other samples. Noticeably,
LAO/STO grown at 750 °C (LAO/STO 4), showing 2DEG
behavior, does not exhibit any LBPV response.

The disjunction between the 2DEG and LBPV effects in
LAO/STO reveals an apparent screeninglike effect. In the
2DEG state, the thermally activated carrier density at the
interface is so high that it either leaves no more available
electronic states for photoexcited carriers or it exceeds the
density of photogenerated carriers [32]. The ratio of photo-
conductivity to dark conductivity (P/D) of the LAO/STO
thin films [Fig. 2(d)] supports this scenario. The conduc-
tivity of STO in the 2DEG state (LAO/STO 4) is barely
changed under illumination. However, for the insulating
sample, LAO/STO 1, the photoinduced carriers rule the
carrier density of the system, remarkably enhancing the
conductivity.

C. Photocontrolled conductive interface

After showing the symmetry-breaking nature of the
oxide-STO system, we now investigate the conductivity of
the interface, as it is well known that the carrier mobility
of SrTiO; is very high at low temperatures. The interface
of oxide-SrTiO; should, in principle, inherit this property
and exhibit high conductivity or even metallic behavior.
To verify this, we conduct polarization versus electric field
measurements for an epitaxial BiFeO; (BFO) thin film
deposited on STO (BFO/STO). If the interface is highly
conductive, it will behave like a bottom metal underneath
the oxide, allowing BFO polarization to switch upon an
external bias voltage being applied to the top electrodes
[see Fig. 3(d)].

Ferroelectric hysteresis versus electric field (P-V) loops
and current versus electric field (/-V) measurements of
BFO/STO monodomain thin films are recorded using an
AixACCT TF3000 ferroelectric workstation under simul-
taneous illumination with 405-nm monochromatic light.
The polarization [Fig. 3(a)] and current [Fig. 3(b)] versus
applied voltage at 10 K reveal either dielectric or fer-
roelectric behavior, depending on the illumination con-
ditions. Classic dielectric behavior is seen in the dark
and under low-intensity illumination. Clear current peaks
associated with polarization switching are seen under high-
laser-intensity illumination, indicating partial switching
of ferroelectric polarization at a coercive voltage, V., of
about 4-6 V. The light-intensity dependence of V., i.e.,
the coercive voltage decreases with increasing laser inten-
sity [Fig. 3(c)], provides evidence of the facile control of
ferroelectricity via in-plane geometric electrodes.

We notice that ferroelectric polarization (~8 pC/cm?)
at 10 K is about 10% of the expected value of BFO thin
films. This is probably due to partial polarization switching

of BFO [Fig. 3(d)]. Only a limited amount of photocar-
riers may diffuse underneath the top metal electrode to
screen polarization while switching. As the temperature
approaches 40 K, the electron mobility of STO dramati-
cally drops and switching cannot be performed [Figs. 3(e)
and 3(f)].

IV. CONCLUSION

The aforementioned experiments and analysis show that
interfaces of STO with different oxides, such as Fe,O;
and LAO, are generating a built-in electric field and polar
state in STO, including in the quantum paraelectric phase.
The above effects might be a more general property of
the STO interface with classical oxides, where the inter-
nal electrostatic potential is about a few hundred meV,
corresponding to an electric field beneath the STO surface
of about 1 mV/nm [33,34]. Such a high interface built-in
field might be able to induce a quantum ferroelectric state,
according to the electric field—temperature phase diagram
[35] (see Fig. 5 in Appendix B).

In contrast to the 2DEG interface, which undergoes sig-
nificant electronic reconstruction, the insulating interface
with fewer initially trapped carriers during sample growth
is more prone to a polar state. Nevertheless, even in the
insulating state, the oxide-STO interface can still be con-
ductive if sufficient free electrons, such as photocarriers
generated under illumination, are provided [36]. There-
fore, the photoconductive interface bridges the capping
layer and STO substrate and largely extends the multifunc-
tional degrees of freedom, e.g., spin-charge conversion, as
recently highlighted [37]. Our work shows not only that a
bulk photovoltaic effect can be used to detect the symmetry
breaking of media, but also reveals that STO-based het-
erostructures are promising for designing multifunctional
devices.

ACKNOWLEDGMENTS

The work is partly supported by the EPSRC (UK)
through Grants No. EP/T027207/1 and No. EP/P025803/1.
H.Z. acknowledges support from Warwick-China Schol-
arships and the China Scholarship Council. The authors
acknowledge Dorin Rusu and Adam Cooper for fruitful
discussions on sample growth. The authors are also deeply
grateful to MingMin Yang for helping to design the PPMS
optical insert.

APPENDIX A: LINEAR BULK PHOTOVOLTAIC
CURRENT MEASUREMENTS

Photocurrents as a function of the HWP angle are indi-
vidually measured at different temperatures to determine
the polarity of the structure. Linear bulk photovoltaic cur-
rents for Au/STO, Al/STO, Fe,03/STO, and LAO/STO
are given in Fig. 4. Clearly, Au/STO and LAO/STO 1, at
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FIG. 4. HWP angle-dependent photocurrents of (a) Au/STO, (b) Al/STO, (c¢) Fe,03/STO, and (d) LAO/STO 1 at different

temperatures.

both high and low temperatures, show a classical bulk pho-
tovoltaic effect. On the contrary, AI/STO does not show
any bulk photovoltaic effect at both high and low tem-
peratures. The Fe,O3/STO sample does not show a bulk
photovoltaic effect at room temperature; however, it shows
bulk-photovoltaic-effect behavior at 10 K.

APPENDIX B: ELECTRIC
FIELD-TEMPERATURE PHASE DIAGRAM OF
STO

To further understand why the bulk photovoltaic effect
becomes stronger when the temperature is lowered in
the quantum paraelectric phase of STO, we employ the
phase diagram of STO, as shown in Fig. 5 [35]. As is
known, when the temperature is decreased in the quan-
tum paraelectric phase, STO approaches the virtual Curie
temperature (below 0 K) [8,9]. This indicates that (a) an
electrical field to induce a polar structure in STO is less
needed; and (b) a fixed electrical field can induce stronger
polarity. Although we cannot verify if this interface enters
a ferroelectric state more than a polar state, the phase dia-
gram still applies to our above analysis for a normal polar
state.

APPENDIX C: PHOTOCURRENT VERSUS
LASER-SPOT POSITION

To prove that the photocurrent is not due to the injec-
tion of carriers from electrodes but purely due to the

bulk photovoltaic effect generated by the polar LAO/STO
interface, we conduct further experiments using an optical
cryostat (Attodry800) at both room temperature, of which
details are given below, and low temperature. A pair of
Au-Al electrodes (spacing 500 pum) are fabricated on the
top of the LAO/STO 1 sample, as shown in Fig. 6(a). The
photocurrent is measured by shifting the laser spot (about
150-pm radius) from the Al electrode to the Au electrode.
Due to the nature of the BPV effect, which allows the car-
riers to diffuse over a certain distance, the photocurrent can
be collected, even if the laser spot is smaller than the dis-
tance between the electrodes [38]. The results in Figs. 6(b)
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FIG. 5. Electric field—temperature phase diagram of STO [35].
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FIG. 6. Laser-spot-dependent photocurrent measurements. (a) Experimental setup. Al and Au electrode pair with a spacing of
500 pm is fabricated on the LAO/STO 1 sample. Laser spot is moved from the Al electrode to the Au electrode. (b) Photocurrent
as a function of laser-spot position at 300 K. (c)~«e) Bulk photovoltaic currents measured at different laser-spot positions at 300 K.

Glitch in (e) is due to the noise signal.

and 6(c)-6(e) clearly show that the photocurrent has a
maximum value when the laser spot is in the middle of
the electrode pair. It can be easily seen that if the illumina-
tion is on either the Au or Al electrodes, the photocurrent
is negligible. This directly proves that the photocurrent is
not due to the injection of the electrode but due to a proper
internal photoelectric effect within the LAO/STO region. It
is worth noting that the photocurrent flow is due to the bulk
photovoltaic effect, which is anisotropic due to the symme-
try properties of crystals or the structures (determined by
the BPV tensor [19]). Therefore, the measured current in
our experiments represents the in-plane component of the
three-dimensional BPV current.
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