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ABSTRACT: Artificial superlattices have demonstrated many unique phenomena
not found in bulk materials. For this investigation, SrTiO;/SrRuO; paraelectric/
metallic superlattices with various stacking periods were synthesized via pulsed laser
deposition. A robust room-temperature ferroelectric polarization (~46 uC/cm?) was
found in the superlattices with 2 unit cell (u.c.) thick StRuO; layers, despite the fact
that neither SrTiO; nor SrRuOj is inherently ferroelectric. Results obtained from
atomically resolved elemental mapping and X-ray photoelectron spectroscopy
verified that oxygen vacancies accumulated at the SrTiO3/SrRuQj interfaces, causing
lattice distortions and increased tetragonality (c/a). The observed ferroelectric
responses can be mainly attributed to the broken spatial inversion symmetry induced
by the ordered distribution of oxygen vacancies at the SrTiO;/SrRuQj interfaces,
coupled with the triggering of external electric field. The resulting polarization
mechanism induced by oxygen vacancies suggests viable ways for improving the
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electrical properties of ferroelectric materials, with the goal of expanding the functionality of a range of electronic devices.
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he complex transition metal oxide SrTiO; is a quantum
paraelectric insulator with a perovskite-type ABO;
structure;' importantly, its atomic positional fluctuations are
able to suppress a ferroelectric transition. SrTiOj; is also known
as an incipient ferroelectric because the large electrical field can
counteract the fluctuations and force the system into an
ordered state, resulting in ferroelectricity at temperatures
below 40 K.” At ultralow temperatures, SrTiO; is able to
display ferroelectricity relatively easily, but the polarization
intensity is typically less than 10 uC/cm?>7® Researchers
continue to investigate the physical characteristics and
mechanisms of SrTiO; and in particular its ferroelectric
properties at room temperature. For instance, ferroelectricity in
SrTiO; can be induced by strain effect,’ ™ A-site cation
doping,'’ reducing oxygen pressure during deposition,"’
reducing dimensions, ~ and via optical excitation."> However,
each of these approaches present distinct challenges in
inducing a large ferroelectric polarization (less than 1.5 uC/
cm?) at room-temperature; moreover, it can be difficult to
obtain essential macroscopic ferroelectric polarization data
using ordinary ferroelectric testing instruments. Herein, we
show that SrTiO;/SrRuQ; superlattices have robust ferro-
electric polarization at room temperature. The remanent
polarization is as high as 46 C/cm? which is comparable to
the typical Pb-based ferroelectric material Pb(Zr,Ti;_,)O5.
In recent years SrTiO;/SrRuO; superlattices have attracted
significant attention due to their unique physical phenomena.
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Of particular importance is that when the periodic thickness of
each constituent material in the superlattice decreases, the
synergy of size effect and interface effect may further optimize
the functional properties of superlattice films. For example, it is
known that the electron correlation effect can be affected by
changing the periodic thickness of SrTiO; in SrTiO;/SrRuO;
superlattices, such that a previously unobserved 8-fold
magnetic anisotropy was observed in magnetic SrRuOj;
monolayers.'* Moreover, enhanced magnetoelectric proper-
ties,'* magnetic ordering, and structural phase transitions, ® as
well as thermoelectric progerties and spin-polarized two-
dimensional electron gas''? were also observed in SrTiO,
SrRuO; superlattices. In each of these cited studies describing
the various functional properties of SrTiO;/SrRuQOj; super-
lattices, the role of StRuO; was targeted. However, we believe
that the structure and properties of SrTiO; may also play a role
in the behavior of SrTiO;/SrRuOj; superlattices.
First-principles density functional theory (DFT) calculations
indicate that by designing the oxygen vacancy formation
energy profile and migration path across the oxide hetero-
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Figure 1. (a) HRXRD patterns of the STO film and the STO/SRO paraelectric/metallic superlattices with different SRO thicknesses and (b)
enlarged HRXRD patterns around the (002) diffraction peaks. (c and d) RSM results for the (002) and (103) peaks of the STO,s/SRO,
superlattice, respectively. (e) Calculated lattice parameters and the tetragonality (c/a) of the STO film and STO/SRO superlattices with different

SRO thicknesses.

structure, the point defects can effectively break the inversion
symmetry, thereby creating ferroelectricity in SrTiO;/SrRuO;
superlattices.'” Nonetheless, confirmed experimental evidence
for the presence of oxygen vacancies at the interfaces and the
ability to measure macroscopic ferroelectric polarization are
still lacking.

To study the ferroelectricity of SrTiO;/SrRuO; super-
lattices, a key issue must be considered: the periodic thickness
of SrRuQ;. Since SrRuQ; is a metallic conductive oxide, the
SrTiO;/SrRuQ; superlattice films may not show ferroelec-
tricity due to the excessive leakage current. However, studies
have shown that when the thickness of SrRuQ; is less than 4
unit cells (u.c.), a metal—insulator transition will occur that
greatly reduces conductivity.”””" In addition, a recent study
report indicates that in SrRuO;/BaTiO; superlattices, the
coexistence of two-dimensional (2D) metallicity in the 1 u.c.
thick SrRuQOj layer, accompanied by the breaking of inversion
symmetry, support electric polarization along the out-of-plane
direction.”” Therefore, in order to study the ferroelectricity of
SrTiO;/SrRuQ; superlattices, one must adjust the periodic
thickness of SrRuOj in the superlattice to no more than 3 u.c.
Additionally, controlling the periodic thickness of SrTiO; to
suppress the leakage current and maintain the possible long-
range ferroelectric order is essential.

In this study, SrTiO;/SrRuO; (STO/SRO) superlattices
with various stacking periods were prepared via pulsed laser
deposition (PLD). The periodic thicknesses of SRO and STO
were controlled at 1—3 and 9-25 u.c,, respectively. Figure la
shows the 0—20 scan high-resolution X-ray diffraction
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(HRXRD) patterns of the pure STO film and the STO/SRO
superlattices with different stacking periods (25/1 and 25/2
u.c.) on NSTO (001) substrates. In all superlattice samples,
only strong (00]) diffraction peaks are observed, indicating the
highly preferred c-axis orientation of the films without an
impurity phase. The epitaxial relationship between the
superlattice films and the NSTO substrates featuring 4-fold
symmetry was also confirmed by XRD phi scans of the {101}
planes (Figure S1). As shown in Figure 1b, the main diffraction
peaks of the superlattices do not overlap with the NSTO
substrates, indicating the different lattice constants in the out-
of-plane direction. The lattice constants of the STO/SRO
superlattices were accurately measured utilizing reciprocal
space mapping (RSM). For example, Figure lc,d provides
RSM results around the reflections of the (002) and (103)
planes of the STO,;/SRO, superlattice, respectively. The RSM
results for the pure STO film and the STO,;/SRO,
superlattices are shown in Figure S2. Figure le shows the
calculated lattice constants and tetragonality (c/a) of these
samples. The out-of-plane lattice constant and the tetragonality
of the superlattices increase with increasing SRO thickness.
Typically, the tetragonality of STO in the pure film is close to
1; that is, pure STO film retains the symmetry of spatial
inversion. However, in STO/SRO superlattices the tetragon-
ality is greater than 1. For bulk materials, the increase of
tetragonality does not mean the breaking of inversion
symmetry, but for superlattice materials composed of a large
number of heterogeneous interfaces, the increase of tetragon-
ality caused by the accumulation of interface defects can be
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Figure 2. (a and b) Low- and high-magnification HAADF-STEM images of the STO,;/SRO, superlattice. (c—g) Atomically resolved EDS
elemental mappings at the STO/SRO interface. (h) Atomically resolved HAADF-STEM image overlaid with the displacement vectors between Sr
and Ti (Ru) columns at the STO/SRO interfaces. (i) Out-of-plane polar displacement map derived from (h). (j) Statistical results of the average

displacements of (i); the error bar is the standard deviation.

considered as the breaking of spatial inversion symmetry. Our
previous theoretical calculation work also show that the
inversion symmetry can be compositionally broken by isolated
oxygen vacancies, which is in strong contrast to the
conservation of inversion symmetry in bulk crystals; thus, the
symmetry of spatial inversion is broken.'” Considering that the
lattice parameter of STO is 3.905 A and that of pseudocubic
SRO is 3.923 A, the maximum in-plane tensile strain of STO is
only 0.46% in theory when the lattice parameters of STO and
NSTO substrates are the same. According to theoretical
calculations,'® the lattice mismatch strain between STO and
SRO is not sufficient to drive such a large increase in the
tetragonality of the STO/SRO superlattice films, so it has little
effect on polarization.

The microstructures of the STO/SRO superlattices were
studied by aberration-corrected STEM. As shown in Figure 2a,
for example, the low-magnification high-angle annular dark-
field (HAADF) image indicates that an alternating periodic
arrangement of STO and SRO layers had clearly formed in the
STO,s/SRO, superlattice, with a total thickness of approx-
imately 250 nm. Mapping data obtained via low-magnification
energy-dispersive X-ray spectroscopy (EDS) (Figure S3)
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clearly indicate the layered distribution of Ti and Ru within
the STO/SRO superlattice. Furthermore, Sr atoms were found
to be evenly distributed within the superlattice. Because the
HAADF image with atomic-number-dependent contrast is
quite insensitive to lighter oxygen atoms, the distribution of
individual oxygen atoms cannot be observed as clearly as other
atoms. From the chemical elemental mapping for oxygen
atoms shown in Figures 2f and S3e, it can be seen that the
black contrast layer representing the reduced concentration of
oxygen atoms is around the SRO layer, indicating that oxygen
vacancies accumulate at the STO/SRO interfaces. In addition
to structural discontinuity,” the formation energy of oxygen
vacancies at the STO/SRO heterointerfaces is relatively low
(see Figure Sa) due to asymmetric bonding. The distribution
of oxygen vacancies within the STO/SRO superlattices was
also verified using X-ray photoelectron spectroscopy (XPS)
results (Figure S4). The high-magnification HAADF image
(Figure 2b) and corresponding atomic EDS elemental
mapping results (Figure 2c—g) clearly show the oxygen-
deficient interfacial structure within the STO/SRO super-
lattice; additionally, we are able to confirm that the thickness of
the SRO layer is indeed 2 u.c..
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Figure 3. (a) P—E hysteresis loops of the pure STO film and the STO,;/SRO, and the STO,;/SRO, superlattices. (b) P—E hysteresis loop and I—

E curve of the STO,s/SRO, superlattice.
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Figure 4. (a) P—E hysteresis loops of the pure STO film and the STO,5/SRO, and the STO,/SRO, superlattices. (b) P—E hysteresis loop of the
STO,5/SRO, superlattice using a positive-up—negative-down (PUND) procedure under a triangular ac electric field with the pulse width of 100
ms. (c) The purely hysteresis component of the STO,;/SRO, superlattice obtained by subtracting the nonhysteresis contribution (“up” and
“down” runs) from the total one (“positive” and “negative” runs). (d and e) P—E hysteresis loops of the STO,s/SRO; superlattice during the
repeatedly applied voltages from small to large voltages, and the measurement sequence is marked. (f) P—E hysteresis loops of the STO,;/SRO,

superlattice measured at different temperatures.

The details of the interfacial structure were further
investigated by atomically resolved HAADF polar mapping
(Figure 2h); results confirmed that the polar vectors were in
opposing directions, indicating a tail-to-tail polarization
configuration. The statistical results of the average displace-
ments near the STO/SRO interface can be seen in Figure 2ij.
In the absence of an external electric field, such polar behavior
will not cause polarization phenomenon at the macroscopic
level. However, when an external electric field is applied, the
polarization on one side of the SRO layer may be enhanced,
while the polarization on the opposite side may be reversed;
thus, polarization will be generated at the macroscopic level.

Figure 3a shows the P—E hysteresis loops of the pure STO
film and the STO/SRO superlattices with different stacking
periods (25/1 and 25/2 u.c.) measured at room temperature.
The pure STO film displays a nearly linear polarization
response, which is consistent with its paraelectric properties.
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By contrast, the superlattices exhibit a nonlinear polarization
response (i.e., ferroelectric-like P—E hysteresis loops). We also
determined that the remanent polarization (P,) increased with
a concurrent increase in SRO thickness from 1 to 2 u.c.
Moreover, the P, of the STO/SRO superlattice with the 2 u.c.
SRO layers reached 46 4 C/cm? which is much larger than the
measured room-temperature value obtained in strained SrTiO;
films (~1.5 uC/cm?).%'" PFurthermore, when the SRO
thickness was then increased to 3 u.c., the shape of the P—E
hysteresis loop clearly became abnormal (Figure S5), which we
attribute to an increase in leakage current (Figure S6). As
reported earlier, the electrical conductivity of SRO is known to
increase with expanding SRO thickness from 1 to 3 u.c,”
leading to a decrease in the overall insulation of superlattices.
Therefore, in order to obtain the STO/SRO superlattices with
lower leakage current, the thickness of SRO layers should not
exceed 2 u.c..
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Figure 5. (a) Position dependence of the relative formation energy of an oxygen vacancy in a STO,5/SRO, superlattice. (b) Polarization and the
off-centering displacement of Ti atoms from the center-of-mass of oxygen octahedra in the STO layer as a function of the position of the STO/
SRO superlattice for the case with an oxygen vacancy at the SrO interface.

It should be noted that many artifacts are incorrectly
thought to possess ferroelectric properties.”* However, the
appearance of the switching peaks in the I-E curves of our
STO/SRO superlattices (Figures 3b and S7) provides powerful
evidence for the existence of true ferroelectricity. The
switching field for the I-E curve (288.09 kV/cm) and the
P—E curve (315.04 kV/cm) are basically the same; therefore,
the position of the switching peaks in the I—E curves
corresponds to the coercive field in the P—E hysteresis loop,
implying the existence of ferroelectric polarization reversal.

We then reduced the thickness of the STO layer to study the
effect of its thickness on the polarization properties of the
superlattices. Figure 4a shows the P—E hysteresis loops of the
pure STO film and the STO,;/SRO; and STO,;/SRO,
superlattices measured at room temperature. Compared with
the 25 u.c. thick STO/SRO superlattices (Figure 3a), the
superlattices with an STO thickness of 15 u.c. appeared to
possess greater polarization intensity, but with the broad P—E
hysteresis loop shape. This finding could be attributed to a
decrease in the thickness of the insulating STO in the
superlattices, which will amplify the effect of leakage current on
the P—E hysteresis loops. To counter this effect, we
incorporated the positive—up—negative—down (PUND) meas-
urement method, which is able to distinguish the contribution
of leakage current to polarization curve and represents a
powerful method for capturing true ferroelectric behavior.”**°
The applied voltage waveform for the PUND measurement is
shown in Figure S8a, and the experimental results for the
STO,5s/SRO, superlattice are shown in Figure 4b. Figure 4c
displays the purely hysteresis component of the STO,;/SRO,
superlattice, which we obtained from the data presented in
Figure 4b by subtracting the nonhysteresis contribution (“up
and “down” runs) from the total (“positive” and “negative”
runs). The switched polarization of the STO,;/SRO, super-
lattice obtained via the PUND method was approximately 15
uC/cm?, which indicates that the STO,;/SRO, superlattices
do exhibit true ferroelectric behavior despite leakage current
makes a major contribution to the polarization measured via
conventional P—E hysteresis measurements. We also con-
firmed that the switched polarization decreased with a decrease
in the pulse width during application of PUND pulses (Figures
S8b and S8c), suggesting that (a) a shorter pulse width is
unable to trigger polarization reversal and (b) the oxygen-
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vacancy-induced polarization mechanism in STO/SRO super-
lattices is different from that of traditional ferroelectric
materials.

During the process of measuring the P—E hysteresis loops,
we noted that the occurrence of ferroelectric polarization
necessitated the application of repeated voltage from low to
high (Figure 4d,e); this feature indicates that there may be a
polarization wake-up effect in the STO/SRO superlattices,
similar to that found in yttrium-doped hafnium oxides.”” For
yttrium-doped hafnium oxides, the origin of ferroelectricity is
typically associated with changes in crystal structure, which is
caused by doping-induced artificial defects and the redis-
tribution of oxygen vacancies under an applied electric field
(wake-up effect). Similar to yttrium-doped hafnium oxides, the
occurrence of the nonlinear polarization response in the STO/
SRO superlattices can be attributed to the broken spatial
inversion symmetry induced by oxygen vacancies, coupled with
the triggering of an applied external electric field. However, the
difference is that the oxygen vacancies are mainly distributed in
the region of the STO/SRO interfaces. When the direction of
the external electric field changes, however, oxygen vacancies
may move to the upper and lower interfaces of the SRO layers
to maintain the continuity of interlayer polarization and to
achieve the switchable bidirectional polarization. In the work
of Bark et al.,*® a switchable polarization in a LaAlO,/SrTiO;
heterostructure was observed by piezoresponse force micros-
copy, which was also attributed to the motion of oxygen
vacancies under an action of external electric field.

The effect of oxygen vacancies on ferroelectricity can also be
verified by examining the temperature-dependence of
ferroelectricity. As shown in Figure 4f, the P—E hysteresis
loop of the STO,5/SRO, superlattice became distorted when
we increased the test temperature from 50 to 120 °C, at which
point it became a straight line. As documented in the literature,
oxygen vacanc1es can migrate easily with a rise in temper-
ature.””?° For yttrium-doped hafnium oxides, increasing the
temperature to 100 °C will accelerate the wake-up process. In
contrast, for the STO/SRO superlattices the orderly
distribution of oxygen vacancies at the STO/SRO interfaces
will become disordered at elevated temperatures, which will
lead to the loss of ferroelectricity in these superlattices.

Utilizing first-principles DFT calculations, we also inves-
tigated why oxygen vacancies were found to be segregated at
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the STO/SRO interfaces, as well as the effects of oxygen
vacancies on the ferroelectricity of STO/SRO superlattices. To
do so, we inspected the energetically favored locations of
oxygen vacancies by comparing the relative formation energies
of oxygen vacancy (E'°) in the (STO),s/(SRO), superlattices.
Figure Sa shows the E'° near the STO/SRO interface of the
(STO),s/(SRO), supercell, indicating that the E° of the
interfacial SrO layer is clearly smaller than that in the STO
region, but larger than the one in the SRO region. However,
according to DFT LDA + U calculations™ and known
experimental results,’*> oxygen diffusion in SRO is more
difficult compared to that in STO, since the diffusion barrier of
oxygen vacancy in bulk SRO is much higher (~0.9 eV) than
that of its STO analog (~0.6 eV). As a result, the oxygen
vacancy tends to segregate in SRO due to its lower formation
energy; it then stops at two symmetrically interfacial SrO layers
due to the high diffusion barrier in SRO. These calculation
results are consistent with the orderly distribution of oxygen
vacancies at the STO/SRO interfaces observed in our
experiment (Figure 2).

In the (STO),5/(SRO), superlattice lacking oxygen
vacancies, the calculation results showed a zero polarization
at the interface. However, when an oxygen vacancy was
introduced into the interfacial SrO layer, Ru atoms moved
toward the defective interface, while Ti atoms moved away
from the defective interface (see Figure Sb). The displacement
of these atoms ranged from 0.05—0.13 A, which is comparable
to the conventional perovskite ferroelectrics.” As a result, the
polar displacements of Ti atoms can induce long-range
polarization in STO;5/SRO, superlattice with an oxygen
vacancy at the SrO layer, as shown in Figure Sb. The long-
range polarization in each unit cell of STO resulted in an
average macroscopic polarization of 17.97 uC/cm?® in the
superlattice, which is consistent with experimental results
obtained via using the PUND method (Figure 4c). When
oxygen vacancies are introduced into the perovskite oxide
heterostructure, band alignment and charge transfer may
happen at the interface, so the insulating oxide may undergo an
insulator—metal transition and become conductive, which is in
conflict with ferroelectricity.”™*> To identify the band
alignment and charge transfer of the oxygen-deficient STO/
SRO heterostructure, we calculated the layer-resolved partial
density of states (PDOS) projected on the oxygen p and Ti/Ru
d states, as shown in Figure S9, and we can confirm that the
STO/SRO superlattice as a whole is in an insulating state (see
the Supporting Information for the detailed discussion).
Moreover, it must be mentioned that the defect-induced
polarization is under a metastable state because of the locally
distributed oxygen vacancies at the interfaces. Under
experimental conditions, an abrupt change in applied voltage
or frequency will result in the distortion of the hysteresis loop
shape or the loss of polarization. To reduce leakage current and
obtain optimal ferroelectric polarization, further research is
needed to adjust the ratio of SRO to STO in STO/SRO
superlattices.

To summarize, SrTiO;/SrRuQO; (STO/SRO) paraelectric/
metallic superlattices with different stacking periods were
prepared by PLD. Robust room-temperature ferroelectric
polarizations were observed in the STO/SRO superlattices,
despite the fact that neither STO nor SRO is inherently
ferroelectric. This finding indicates that the ferroelectric
response of these materials can be principally attributed to
the broken spatial inversion symmetry induced by the orderly

distribution of oxygen vacancies at the STO/SRO interfaces,
coupled with the triggering of an applied external electric field.
In addition, we propose that the polarization mechanism
induced by oxygen vacancies will afford opportunities to
enhance the electrical properties of ferroelectric materials and
expand the functional range of device applications.
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