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Antiferroelectrics, which undergo a field-induced phase transition to
ferroelectric order that manifests as double-hysteresis polarization switching,
exhibit great potential for dielectric, electromechanical, and electrothermal
applications. Compared to their ferroelectric cousins, however, considerably
fewer efforts have been made to understand and control antiferroelectrics.
Here, it is demonstrated that the polarization switching behavior of an
antiferroelectric can be strongly influenced and effectively regulated by point
defects. In films of the canonical antiferroelectric PbZrO;, decreasing oxygen
pressure during deposition (and thus increasing adatom kinetic energy)
causes unexpected “ferroelectric-like” polarization switching although the
films remain in the expected antiferroelectric orthorhombic phase. This
“ferroelectric-like” switching is correlated with the creation of
bombardment-induced point-defect complexes which pin the
antiferroelectric—ferroelectric phase boundaries, and thus effectively delay the
phase transition under changing field. The effective pinning energy is
extracted via temperature-dependent switching-kinetics studies. In turn, by
controlling the concentration of defect complexes, the dielectric tunability of
the PbZrO; can be adjusted, including being able to convert between
“positive” and “negative” tunability near zero field. This work reveals the
important role and strong capability of defects to engineer antiferroelectrics

1. Introduction

Antiferroelectrics, such as the prototypical
material PbZrO,,['?! possess antipolar
order (i.e., antiparallel alignment of lead-
cation displacement in PbZrO,) that can
be switched to polar (parallel) order by
an external electric field thus producing a
reversible antiferroelectric-to-ferroelectric
phase transition and a characteristic dou-
ble polarization—electric-field hysteresis
loop.3! Such a unique field-induced
antipolar-to-polar transition endows anti-
ferroelectrics with properties that are of
great interest for a range of applications in-
cluding nonlinear dielectrics,[®! capacitive-
energy storage,l”®! electrothermal-energy
conversion,”)  and  electromechanical
actuation.'®!1] But to better understand
the nature of such phase transitions in
antiferroelectrics and to finely engineer
the polarization properties for targeted
applications requires that one can fabricate
high-quality versions of antiferroelectric
materials.

for new performance and functionalities.
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For all crystalline materials, composi-

tional and structural defects (e.g., vacancies,

interstitials, anti-sites, defect complexes, extended defects, etc.)
are unavoidable (to some extent) and can strongly influence ma-
terial properties.['?] This is especially true for complex oxides
like the perovskites (which encompass many common (anti-)
ferroelectric materials such as PbZrO,), where large concentra-
tions of various defects can be accommodated,” and remark-
able changes of electric, thermal, dielectric, and other properties
can be induced.['*5] For example, in perovskite ferroelectrics,
defects have traditionally been thought to act as shallow traps
of charge carriers thus contributing to high leakage currents!!®)
and to interact with ferroelectric domain walls thus being dele-
terious to polarization related properties (e.g., fatigue, aging,
and imprint).'”®) In turn, extensive efforts have been made
to understand, control, and counteract the impact of defects
in ferroelectric materials."”! Work on “defect engineering” has
shown that gaining such control can produce both improved
performance and exotic phenomena.[?*2!l For example, stron-
tium deficiency and titanium anti-site defects in paraelectric
SrTiO; thin films were reported to generate local dipoles and
room-temperature ferroelectricity,!??! dislocations introduced by
mechanical creep in ferroelectric BaTiO, can provide a strong
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Figure 1. a) X-ray diffraction 26— scans for the PbZrO; heterostructures grown at varying oxygen pressures from (top to bottom) 120, 80, 45, to
25 mTorr. b—e) Polarization—electric-field hysteresis loops of PbZrO; heterostructures grown at oxygen pressures of 120 mTorr (b), 80 mTorr (c),
45 mTorr (d), and 25 mTorr (e), respectively, measured here at a frequency of 10 kHz.

restoring force for domain-wall displacement thus producing
large dielectric and electromechanical responses,?’! and the in-
troduction of increased intrinsic defect concentrations via ion
bombardment can produce deep-level trap states in the relaxor
ferroelectric (0.68)PbMg; ;Nb,;0,~(0.32)PbTiO; which greatly
improves resistivity and capacitive-energy storage.[?*! Despite
these efforts, considerably less attention has been given to such
aspects for antiferroelectrics. It is thus desirable to understand
the impact of defects on antiferroelectric properties and to ex-
plore defect-based strategies to tailor antiferroelectrics for im-
proved performance and new functionalities.

Here, by varying the oxygen pressure during the pulsed-laser
deposition growth process (and thus varying the adatom kinetic
energy and subsequent bombardment effects!?l) defects are de-
liberately introduced into antiferroelectric PbZrO; films. As the
growth pressure is gradually decreased from 120 to 25 mTorr,
an intriguing evolution of the polarization switching from typi-
cal antiferroelectric to “ferroelectric-like” is observed, despite the
films remaining in the antiferroelectric (orthorhombic) phase.
The “ferroelectric-like” switching is attributed to an increase in
the adatom kinetic energy at low growth pressures and the sub-
sequent formation of bombardment-induced point defect com-
plexes, which work to pin the antiferroelectric-to-ferroelectric
phase transition boundaries and impact the same transition in
both directions. The effective pinning energy is extracted via
temperature-dependent polarization switching kinetics studies
and found to be 0.11-0.20 eV. Furthermore, it is demonstrated
how these defect complexes function as a knob to tailor the di-
electric performance of the antiferroelectric. In specific defect-
engineered PbZrO, films, it is possible to reversibly adjust the
dielectric tunability with field poling, thereby effectively convert-
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ing between “positive” and “negative” tunability near zero field.
This sort of function is uncommon and points the potential for
defect-enabled function to open the door to new possibilities.

2. Results and Discussion

A series of 45 nm SrRuO,;/60 nm PbZrO,/30 nm
SrRuO,/DyScO; (110), thin-film heterostructures were synthe-
sized via pulsed-laser deposition with various oxygen growth
pressures (25, 45, 80, and 120 mTorr) for the PbZrO, layer
(Experimental Section). Following growth, circular SrRuO; top
electrodes were fabricated to realize symmetric capacitor struc-
tures for electric measurements (Experimental Section). The
crystalline structure of the heterostructures was characterized
using X-ray diffraction (Experimental Section). Bulk PbZrO,
possesses an orthorhombic unit cell (lattice parameters a, =~
\/Eapc ~5872A b, ~ 2\/56110C ~11.744 A, and ¢, ~ 2¢,. ~ 8.202
A where “O” and “pc” denote orthorhombic and pseudocubic
cells, respectively).I’] The PbZrO, heterostructures grown un-
der high oxygen growth pressures (i.e., 120 and 80 mTorr) were
found to be (240),-oriented (i.e., (100),.- or (010), -oriented)
from X-ray line scans (top two datasets, Figure 1a), because an
in-plane c, axis is more favored for a smaller lattice mismatch
with the DyScO, substrate (a,. ~ b, ~ 3.945 A). In turn, these
heterostructures exhibit classic antiferroelectric polarization
switching, with double hysteresis loops and antiferroelectric-
to-ferroelectric transition fields of ~500 kV cm™! (Figure 1b,c);
similar to previous reports in PbZrO; films.[2*?’] Upon decreas-
ing the oxygen growth pressure to 45 and 25 mTorr, however,
the resulting heterostructures are found to exhibit a coexistence
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of (240), and (004), (i.e., (001),.) orientations of PbZrO; from
X-ray line scans (bottom two datasets, Figure 1a). This change in
film orientation is accompanied by a rather substantial change
of the polarization switching behavior (Figure 1d,e) where,
at low electric fields (e.g., <750 kV cm™), antiferroelectric-
like double hysteresis loops are observed, but with values of
polarization smaller than those in the high-growth-pressure
heterostructures. Upon increasing the electric field, however,
the low-growth-pressure heterostructures gradually evolve to
exhibit “ferroelectric-like” switching with considerably increased
hysteresis (i.e., larger coercive fields and remnant polarization
values) and the saturation polarization gradually reaches the
same level (%50 puC cm=2) as in high-growth-pressure het-
erostructures. This “ferroelectric-like” switching persists stably
in the low-growth-pressure heterostructures under varied mea-
surement frequencies (e.g., 1-10 kHz; Figure S1, Supporting
Information).

To better understand what is happening, we first exclude the
possibility of the emergence of a new ferroelectric phase in the
low-growth-pressure heterostructures that may cause the exotic
“ferroelectric-like” switching behavior. Although near-interface
polar phases due to substrate strainl?®! and field-induced ferri-
electric heterophases!?’! have been reported in PbZrOj;, they have
only been known to cause small nonzero remanent polarization
in the double-hysteresis loops and have not been shown to pro-
duce “ferroelectric-like” loops like those observed here. Further
detailed reciprocal space mapping studies indicate that the low-
growth-pressure heterostructures maintain the same orthorhom-
bic structure as in the high-growth-pressure heterostructures,
and no noticeable secondary phases were found in the wider-
range X-ray line scans (Figure S2, Supporting Information).
Moreover, the temperature-dependent dielectric constant of the
low-growth-pressure heterostructures (e.g., 45 mTorr) shows a
similar trend to that of the high-growth-pressure heterostruc-
tures (e.g., 80 mTorr) wherein there is only one permittivity peak
at ~280 °C corresponding to the antiferroelectric-to-paraelectric
phase transition (Figure S3, Supporting Information).[?] Sec-
ond, it is also noted that the “ferroelectric-like” switching is not
simply related to the (004), film orientation found in the low-
growth-pressure heterostructures (Figure 1). Even at high growth
pressures (e.g., 80 mTorr), (004),-oriented portions of the film
emerge as the thickness of PbZrO; exceeds 100 nm, but such
heterostructures still exhibit the typical antiferroelectric double-
hysteresis loops (Figure S4, Supporting Information). We ascribe
the coexistence of the (240), and (004), orientations to their
similar energy values, which can be selectively stabilized by lat-
tice mismatch, film thickness, and growth parameters. Exclud-
ing the above possibilities, we propose that the “ferroelectric-like”
switching behavior in the low-pressure-growth heterostructures
is actually correlated with the creation of bombardment-induced
defects, which interact with the antiferroelectric-to-ferroelectric
phase transition boundaries and alter the polarization switching.

To understand how changing the growth pressure can drive
the evolution of defects through adatom bombardment, X-ray
diffraction-based omega scans (i.e., rocking curves) about the pri-
mary (240),-diffraction condition of the PbZrO; heterostructures
were conducted (Figure 2a and Experimental Section). The full-
width-half-maximum (FWHM) of the rocking curves was found
to increase gradually from 0.032° to 0.076° as the oxygen growth
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pressure decreases from 120 to 25 mTorr, indicating a lower crys-
talline quality at lower growth pressures as a result of more bom-
bardment induced defects. In a similar sense and consistent with
prior observations,23% the heterostructures exhibit improved re-
sistivity with decreasing oxygen growth pressure as measured
via current-voltage studies (Experimental Section), with the low-
growth-pressure heterostructures (i.e., 25 and 45 mTorr) exhibit-
ing leakage current densities nearly three orders of magnitude
lower than the high-growth-pressure heterostructures (e.g., 120
mTorr) (Figure 2b). Fitting the current—voltage leakage current
data to test for different conduction mechanisms (Figure S5, Sup-
porting Information) reveals that while in the heterostructures
grown at 25 mTorr the transport is governed by interfacial Schot-
tky emission, those grown at 45, 80, and 120 mTorr are all gov-
erned by Poole-Frenkel emission at fields >300kV cm™ (i.e., the
activation of charge carriers from defects within the heterostruc-
ture is primarily responsible for the leakage current).?!l In turn,
the activation energy can be extracted by fitting the temperature-
dependent leakage current based on the Poole-Frenkel formula
(Figure 2b—-d)*? and it is found that the charge-carrier activation
energy increases from ~0.57 to ~1.01 eV as the oxygen growth
pressure decreases from 120 to 45 mTorr, indicating a shift of
the dominant defect state deeper into the bandgap. We specu-
late that, in the heterostructures grown at 25 mTorr (with even
stronger bombardment effects), the defect state can shift even
deeper into the bandgap and become more difficult to activate, so
that the dominant conduction mechanism switches to the Schot-
tky emission. We also note that we attempted other measure-
ments, such as deep-level transient spectroscopy (DLTS),!2! to
provide a more nuanced understanding of the defect types, con-
centrations, and energy states, but these studies were inconclu-
sive because the overall defect concentration and defect-related
conduction were not high enough (<107% S m~! at 200 kV cm™!
even in the most conducting PbZrO, heterostructure grown at
120 mTorr, Figure 2b) to obtain distinguishable DLTS signals.
Nevertheless, increases of resistivity and activation energy
were also observed in similarly produced PbTiO,- and BiFeO;-
based films at low growth pressures, and the effects were at-
tributed to a transition from individual point defects to the for-
mation of deeper-lying defect complexes due to the production of
additional intrinsic point defects via bombardment effects.!20-3]
Although it is difficult (at this time) to determine exactly what the
nature of the defects are in the PbZrO, heterostructures, it is rea-
sonable to assume that individual point defects are dominant for
high growth pressures. The dominant defect energy state of high-
growth-pressure PbZrO, heterostructures (e.g., ~0.57 eV for 120
mTorr) is similar to that observed for PbTiO; (0.46-0.56 eV)[2033]
and BiFeO; (0.60-0.80 eV),32341 which are ascribed to lead va-
cancies and oxygen vacancies, respectively. Upon decreasing the
oxygen growth pressure there should be an increase in the overall
adatom kinetic energy in the growth, which means that more ions
can be displaced from their ideal lattice sites in the PbZrO, films
via bombardment effects. This, in turn, should produce a higher
concentration of point defects which can interact with and com-
pensate for each other by forming defect complexes. These defect
complexes exhibit deeper trap energies than individual point de-
fects. The dominant defect trap energy state in the low-growth-
pressure PbZrO, heterostructures (e.g., 1.01 eV for 45 mTorr)
is again close to that in ion-bombarded PbTiO; (0.93-1.01 eV)
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Figure 2. a) X-ray diffraction @ scans (rocking curves) about the primary (240)q-diffraction condition of the PbZrO; heterostructures (from top to
second-from-bottom) grown at 120, 80, 45, and 25 mTorr as well as about the (220)-diffraction condition of the DyScO; substrate (bottom). b) Field-
dependent leakage current densities of the PbZrO; heterostructures grown at various oxygen pressures. c—e) Fits of temperature (T)-dependent leakage
current densities (J) at varied electric fields from 350 to 600 kV cm™" for the PbZrO; heterostructures grown at 120 mTorr (c), 80 mTorr (d), and
45 mTorr (e). The dominant charge-carrier activation energies in the heterostructures are extracted based on the Poole—Frenkel formula.

and BiFeO, (1.02-1.16 eV), where bombardment-induced defect
complexes are believed to play a major role.[232]

Acknowledging the parallels with previous studies of
growth- and ion-bombardment-induced defect complexes,
the “ferroelectric-like” switching in the antiferroelectric PbZrO,
heterostructures can be better rationalized in analogy to defect-
domain-wall interactions in ferroelectrics.*>] There, point defects
have been found to be more stable at domain walls?®*®! and defect
complexes (which possess dipole moments with collections of
positively and negatively charged point defects, and are unlikely
to be reoriented by external fields unless at a rather high temper-
ature and over a rather long period)'*3’ have been found to pin
domain-wall motion.[>38! Analogously, in this work, such defect
complexes seem to pin the antiferroelectric-to-ferroelectric
phase boundaries and thus alter the polarization switching
behavior. To demonstrate this, effective permittivity curves
(i.e., the differential of the polarization with field based on the
polarization hysteresis loops in Figure 1) for the various PbZrO,
heterostructures were derived (Figure 3a,b; Figure S6, Support-
ing Information). For the high-growth-pressure heterostructures
(e.g., 80 mTorr; Figure 3a), only one set of permittivity peaks is
observed (i.e., +E; (%4500 kV cm™!) and +E, (%+370kV cm™1))
corresponding to the antiferroelectric-to-ferroelectric and
ferroelectric-to-antiferroelectric transitions, respectively, in the
positive and negative branches. A schematic of the evolution of
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the antiferroelectric-to-ferroelectric transitions at various applied
fields for the high-growth-pressure heterostructures is provided
(steps 1 to 5, Figure 3a), where there is insignificant pinning of
the phase boundaries by the (predominantly) individual point
defects. By comparison, in the low-growth-pressure heterostruc-
tures (e.g., 45 mTorr; Figure 3b), while similar +F; and +E,
peaks are observed at low applied fields (<750 kV cm™), a
new set of peaks (+E| and +FE}) emerges upon application of
higher fields which represents delayed switching behavior (i.e.,
E, > E; and E| < E,) and, we propose, is linked to the inter-
action of the bombardment-induced defect complexes with the
antiferroelectric-to-ferroelectric (and vice versa) phase transition
boundaries (steps I to V, Figure 3b). At an applied field between
E; and E|, (step II, Figure 3b), regions free from pinning defect
complexes transform to the ferroelectric phase, while regions
with pinning defect complexes remain (at least temporarily)
antiferroelectric due to the inability of the field to sweep the
antiferroelectric-to-ferroelectric phase boundaries completely
through the area. The pinning energy is overcome only at a
higher field above E; where one can fully realize the phase
transition to the ferroelectric state (step III, Figure 3b). Similarly,
as the field is decreased to E,, regions free from pinning defects
switch back to the antiferroelectric phase as expected, while
regions with pinning defect complexes remain ferroelectric (step
IV, Figure 3b) until a smaller (and even a negative) field of E, is
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Figure 3. a) Effective permittivity curves (differential of polarization with field) of a high-growth-pressure PbZrO; heterostructure (80 mTorr) showing the
+Er and +E, peaks, which represent the antiferroelectric-to-ferroelectric phase transitions, and are negligibly affected by the primarily individual point
defects in the heterostructure, as schematically shown in steps 1-5. b) Effective permittivity curves of a low-growth-pressure PbZrO; heterostructure
(45 mTorr) showing the additional +E. and +E/ peaks which correspond to the onset of the delayed antiferroelectric-to-ferroelectric phase transitions
due to the presence of pinning defects (complexes), as schematically shown in steps I-V. The dashed arrows indicate the directions of phase-boundary
motion. c) Schematic of the local landscape for the antiferroelectric-to-ferroelectric phase boundary that results from the presence of pinning defects

that produce an effective pinning energy E,.

applied (step V, Figure 3b). The resulting “delay” of the overall
phase transition by pinning-defect complexes thus causes the
large remnant polarization at zero field and the unexpected
“ferroelectric-like” behavior in the intrinsically antiferroelectric
PbZrO, heterostructures (Figure 1d,e). It is also reasonable that,
compared with the heterostructures grown at 45 mTorr, the
heterostructures grown at 25 mTorr exhibit even more delayed
phase transitions (i.e., a larger E| and a smaller E,; Figure S6,
Supporting Information) and a more “ferroelectric-like” hystere-
sis loop (Figure le) because the lower oxygen growth pressure
causes stronger bombardment effects and the introduction of
more defect complexes to pin the phase boundaries.

The implications of this are that the local energy land-
scape for the antiferroelectric-to-ferroelectric phase boundaries
should look something like that shown schematically (Figure 3c),
wherein the pinning defects create local energy minima that
must be overcome to move the phase boundary. To quantitatively
measure the effective pinning energy E,, polarization switching
kinetics studies were completed as a function of voltage pulse
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magnitude and time, and temperature (Figure 4a and Experimen-
tal Section). Specifically, a first and second voltage pulse were
applied to transform the antiferroelectric into the ferroelectric
phase and to measure the fully switchable polarization P*. In the
following pulse-delay duration, a portion of the poled ferroelec-
tric phase depins and switches back to the antiferroelectric state.
In turn, this state is again poled by a third voltage pulse and mea-
sured as P". The change in polarization dP = P* — P is, thus, a
measure of the pinned polarization (ferroelectric phase) by the
pinning defects. In turn, —P*, —P", and —dP can also be mea-
sured in the negative direction (Figure 4a).

For the high-growth-pressure heterostructures (e.g.,
80 mTorr), dP and —dP remain almost zero as the pulse
field increases to as high as 1500 kV cm™! (Figure 4b). This is
because the individual point defects do not effectively pin the
phase-transition boundary (Figure 3a) and, thus, the ferroelectric
phase induced by poling fully transitions back to the antiferro-
electric phase during the pulse delays when relaxation can occur
and thus P* ~ P". By comparison, the dP and —dP values of
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Figure 4. a) Schematic of the electric-field pulses for the switching kinetics measurement. b) The pinned polarization (+dP) in the PbZrO; heterostruc-
tures as a function of the pulse field for a fixed pulse width (0.1 ms) and pulse delay (100 ms). c,d) dP values as a function of pulse delay duration
and temperature in PbZrO; heterostructures grown at 45 mTorr (c) and 25 mTorr (d). e,f) Fits of the temperature-dependent dP values for the PbZrO,
heterostructures grown at 45 mTorr (e) and 25 mTorr (f) with an Arrhenius equation. The effective pinning energy E, impacting the antiferroelectric-to-

ferroelectric phase boundaries is thus extracted.

the low-growth-pressure heterostructures (45 and 25 mTorr) are
non-zero at electric fields >750 kV cm™! where pinning becomes
more substantial (Figure 4b). Furthermore, with a fixed pulse
field of 1500 kV cm™, the dP values of the low-growth-pressure
heterostructures were found to decline over longer pulse-delay
durations (Figure 4c,d), suggesting a metastability of the pinned
ferroelectric phase and its tendency to depin from the pinning
defects and to (ultimately) switch back to the antiferroelectric
state. Unsurprisingly, this process varies with temperature, as
verified by the accelerated decline of d P at elevated temperatures.
The temperature-dependent dP data were found to be well fit
by an Arrhenius equation (i.e., the decline of dP (in percent)
was proportional to exp(—E,/(k;T)), where k; and T are the
Boltzmann constant and temperature, respectively, and E, is
the effective pinning energy of the pinning defects (Figure 4e,f).
The E, values are extracted to be ~0.11 and ~0.20 eV for the
PbZrO; heterostructures grown at 45 mTorr and 25 mTorr, re-
spectively. The higher E, value for the lower growth pressure is at-
tributed to the presence of more bombardment-induced pinning
defects and thus a more remarkably delayed ferroelectric-to-
antiferroelectric phase transition (Figure S6, Supporting Infor-
mation). It should be mentioned that, to the best of our knowl-
edge, defect-pinning energies have not been studied in antiferro-
electrics, and are also rarely reported even in the extensive exper-
imental investigations of ferroelectrics."® Theoretical calcula-
tions indicate pinning energies of #0.05 and ~0.35 eV for individ-
ual point defects and defect complexes, respectively, for domain
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walls in PbTiO,,[*) which are of the same order of magnitude and
agree with the trends found in these PbZrO; heterostructures.

Finally, we demonstrate how such defects can be utilized
as a novel way to engineer antiferroelectrics and to produce
exotic functions. Highly tunable dielectrics are (and always
have been) in great demand and are intensively sought for
tunable filters, resonators, phase shifters, etc.***!l Much of
the research has focused on ferroelectric-based materials that
exhibit “negative” tunability (dielectric constant e, that decreases
with application of an external field E, i.e., de,/d|E| < 0). In
contrast, antiferroelectrics like PbZrO; exhibit “positive” tun-
ability (i.e., de,/d|E| > 0; Figure 5a) due to the field-induced
antiferroelectric-to-ferroelectric phase transition. This “positive”
tunability in PbZrO, persists from low frequencies (e.g., 20 kHz;
Figure 5a) all the way into microwave frequencies (e.g., 1 GHz;
Figure 5b); which could make these materials potentially use-
ful for new telecommunication applications such as 5G and
Internet of Things applications. Furthermore, we note that the
relatively small capacitance change at microwave frequencies is
the result of the in-plane interdigitated capacitor devices used
for these measurements (Experimental Section and Figure S8,
Supporting Information) where the parallel DyScO; substrate
(a field-independent linear dielectric) accounts for a substan-
tial portion of the total capacitance. Further efforts are being
made for a more direct and systematic understanding of the
dielectric tunability of the PbZrO, in the microwave frequency
range.
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Figure 5. a,b) Electric-field-dependent dielectric constant measured at 20 kHz of a PbZrO; heterostructure grown at 80 mTorr (a) and capacitance
measured at 1 GHz of an in-plane interdigitated capacitor device on a PbZrO; /DyScO; (110) heterostructure (b). c) Normalized dielectric constant and
dissipation (loss tangent) as a function of electric field of PbZrO; heterostructures grown at various oxygen pressures. The data are normalized to the
films’ dielectric constant at zero field for ease of comparison. d) Demonstration of the conversion of the PbZrO; heterostructures grown at 25 mTorr
from (left to right) pristine “positive” dielectric tunability to “negative” tunability after field poling (and transformation into the “ferroelectric-like” state,
either after positive or negative field poling), and then back to “positive” tunability after relaxation from the pinning defects. The light blue boxes indicate
the field ranges of the “positive” or “negative” tunability. The insets schematically show the antiferroelectric and “ferroelectric-like” polarization behavior

of the heterostructures in each state.

Having established the baseline properties across this wide fre-
quency range, we further show that it is possible to adjust the
dielectric tunability of the antiferroelectric by controlling the de-
fect concentration. For example, as the deposition pressure is var-
ied between 80 and 25 mTorr, the maximum dielectric tunability
((€rmax — €rE=0)/€1E—o) Varies between ~60% and ~20%, with ac-
cordingly varying slopes of the tunability and uniformly low di-
electric loss (<0.06, Figure 5c¢). This performance is correlated to
the controllable concentration of bombardment-induced defect
complexes that pin the antiferroelectric-to-ferroelectric phase-
transition boundary and alter the dielectric response. More in-
triguingly, in the PbZrO; heterostructures with a higher concen-
tration of pinning defects, a reversible conversion between “pos-
itive” and “negative” tunability can be realized (Figure 5d). For
example, while the PbZrO; heterostructures grown at 25 mTorr
exhibit “positive” tunability in the as-grown state (pristine, Fig-
ure 5d), a pulsed voltage (e.g., £1750 kV cm™! for 10 ms) can
transform the heterostructure into the “ferroelectric-like” phase.
Consistent with the response observed before, the “ferroelectric-
like” phase is (at least temporarily) sustained by the pinning de-
fects and the material, therefore, exhibits “negative” tunability
behavior (de,/d|E| < 0 at E > 0 after +E poling and at E < 0
after —F poling, respectively; Figure 5d). As the “ferroelectric-
like” phase relaxes from defect-complex pinning and transforms
back to the antiferroelectric phase after approximately minutes
of time (this can be accelerated by increasing the temperature),
the heterostructure again exhibits “positive” tunability (relaxed,
Figure 5d). This reversible conversion of dielectric tunability is
notrealized in the PbZrO, heterostructures grown at higher pres-
sures (i.e., with lower concentrations of defect complexes, Figure
S8, Supporting Information) and is not feasible in conventional
dielectrics.[*?] Thus, this concept of defect engineering provides a
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new approach and a potentially promising design pathway to ob-
tain new types of control in tunable dielectrics. Ultimately, these
results highlight another example of how defects can be used as
an effective knob, here in antiferroelectric materials, to develop
new functionalities for potential applications.

3. Conclusions

This work reveals that point defects can strongly affect and effec-
tively regulate the polarization switching behavior of antiferro-
electrics. Unexpected “ferroelectric-like” polarization switching
is observed in PbZrO; heterostructures deposited at relatively low
oxygen pressures, which is revealed to arise from bombardment-
induced defect formation that gives rise to pinning defects that
work to delay (or slow down) the motion of the antiferroelectric-
to-ferroelectric phase-transition boundaries. The effective pin-
ning energy is extracted via temperature-dependent switching
kinetic characterizations. Furthermore, the ability to control the
sign (from positive to negative) of the dielectric tunability in the
PbZrO; heterostructures is demonstrated by changing the con-
centration of the pinning defects and using voltage pulses to set
the state of the material. All told, this work points to the impor-
tance of and opportunity for defects (both the type and concen-
tration) to be used to manipulate properties in materials, in this
case controlling antiferroelectric materials in new ways.

4. Experimental Section

Film Growth: 45 nm SrRuO5 /60 nm PbZrO; /30 nm SrRuO;/DyScO,
(110) (Crystec, GmbH) thin-film heterostructures were synthesized via
pulsed-laser deposition with various oxygen growth pressures (25, 45, 80,
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and 120 mTorr) using a KrF excimer laser (240 nm, LPX 300, Coherent),
in an on-axis growth geometry. Growth of the heterostructures was com-
pleted from ceramic targets (Praxair) of composition SrRuO3 and PbZrO;
with a target-to-substrate distance of ~55 mm. The targets were sanded,
cleaned, and sufficiently pre-ablated prior to each growth. The bottom elec-
trode SrRuO; was deposited at a heater temperature of 700 °C in a dy-
namic oxygen pressure of 100 mTorr, at a laser fluence of ~1.4 | cm™2
and a laser repetition rate of 15 Hz. The PbZrO; layer was subsequently
grown at a heater temperature of 600 °C in a dynamic oxygen pressure
that varies in the range of 25-120 mTorr, at a laser fluence of ~1.3 | cm™2
and a laser repetition rate of 5 Hz. Finally, the top electrode SrRuO; was
deposited in situ after the PbZrO; growth with the same growth parame-
ters as the bottom SrRuOj5 layer, but at a reduced heater temperature of
550 °C to reduce the (potential) volatilization of lead from the PbZrO;. The
heterostructures were then cooled to room temperature at a rate of 10 °C
min~" in a static oxygen pressure of 700 Torr. Following growth, capacitor
structures were fabricated via photolithography and wet etching. A pho-
toresist layer was spin-coated on the heterostructures, exposed under a
photoresist mask, then developed and patterned into arrays of circles with
diameters of 25 um. The top SrRuO; layer was then selectively wet-etched
by an NalO, aqueous solution (0.1 mol L™") to realize circular capacitor
structures.

Structural Characterization: X-ray line scans (20—w scans and rocking
curves) and reciprocal space mapping studies of the heterostructures were
conducted with a high-resolution X-ray diffractometer (copper source, K,;
radiation of wavelength of 1.5406 A, Panalytical, X’pert*> MRD), using a
hybrid 2-bounce primary monochromator on the incident beam side and
a PIXcel3D position-sensitive detector on the detector side.

(Di-)Electrical ~Measurements:  Polarization—electric-field hysteresis
loops were measured with a bipolar triangular voltage profile at a
frequency of 10 kHz using a Precision Multiferroic Tester (Radiant
Technologies). Leakage current densities of the heterostructures under
varied DC fields up to +1000 kV cm™" were also measured using the
same Precision Multiferroic Tester, with a soak time of 200 ms followed
by a measure time of 200 ms for each DC field. Dielectric permittivity data
of the heterostructures as a function of frequency (5-200 kHz), DC bias
field (up to 500 kV cm™") and temperature (20-500 °C) were obtained
using an impedance analyzer (E4990A, Keysight Technologies) with an
oscillation AC field of 5 kV cm~". The polarization switching kinetics were
measured by applying a sequence of five electric-field pulses (Figure 4a)
using the Precision Multiferroic Tester, with a combination of variables:
pulse amplitude, delay time, and temperature. The temperature of the
samples was controlled by a customized heater (Neocera LLC) during
measurement.

Microwave Device Fabrication and Measurement: A 150 nm-thick
PbZrO; film was grown directly on a DyScOj; (110) substrate via pulsed-
laser deposition at an oxygen pressure of 80 mTorr using the conditions
noted above. Following growth, in-plane, two-port interdigitated capacitor
devices were fabricated on the heterostructure using a lift-off metalliza-
tion process; the detailed process is provided in a previous report!“°l and
a schematic structure of the device is shown (Figure S7, Supporting In-
formation). Microwave radiofrequency dielectric measurements were per-
formed using a four-port programmable vector network analyzer (VNA;
Agilent N5227A), with an external source-measurement unit (Keithley
2634A) to apply voltage bias.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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