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The pursuit of smaller, energy-efficient devices drives the exploration of
electromechanically active thin films (<1 um) to enable micro- and
nano-electromechanical systems. While the electromechanical response of
such films is limited by substrate-induced mechanical clamping, large
electromechanical responses in antiferroelectric and multilayer thin-film
heterostructures have garnered interest. Here, multilayer thin-film
heterostructures based on antiferroelectric PbHfO, and ferroelectric
PbHf; , Ti,O; overcome substrate clamping to produce electromechanical
strains >4.5%. By varying the chemistry of the PbHf; , Ti O, layer (x = 0.3-0.6)
it is possible to alter the threshold field for the antiferroelectric-to-ferroelectric
phase transition, reducing the field required to induce the onset of large
electromechanical response. Furthermore, varying the interface density (from
0.008 to 3.1 nm~') enhances the electrical-breakdown field by >450%.
Attaining the electromechanical strains does not necessitate creating a new
material with unprecedented piezoelectric coefficients, but developing
heterostructures capable of withstanding large fields, thus addressing

1. Introduction

Building from extensive work on piezo-
electric-based micro- (MEMS) and nano-
electromechanical (NEMS) systems, ']
researchers are exploring using piezo-
electrics to enable new devices such as
low-power piezoelectric transistors (where
a piezoelectric element drives a metal-
to-insulator transition in a piezoresistive
element)(*®! and piezoelectric-based logic-
in-memory devices [e.g., derived from
versions of the magnetoelectric spin-orbit
(MESO) device wherein magnetic spins are
controlled using electric field via strain-
induced coupling from piezoelectrics].[#!
In bulk-ceramic and single-crystal forms,
the morphotropic phase boundary-based
(MPB) compositions of PbZr, s, Ti; ;3051

traditional limitations of thin-film piezoelectrics.

and  0.68PbMg, ;Nb, ;0,-0.32PbTiO, 1!
have been lauded for their superior piezo-
electric strains. In thin films (<1 um thick),
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however, such materials exhibit responses that are just 10-50%
of bulk versions!'! in large part due to substrate-induced lat-
eral clamping!**°! of the film which results in reduced extrinsic
(domain-wall) contributions and elastic limits on the change of
shape of the material.'*-'7] This has led to complex strategies to
overcome these limitations including extensive work on nanos-
tructuring films to reduce in-plane clamping effects;[®16-18 an ap-
proach that culminated in researchers creating antiphase bound-
aries between nanopillar-like structures to realize electromechan-
ical strain (g) ~ 1.4% at 1 kHz.[1%2% While interesting, such ap-
proaches are not always compatible with the desired device ge-
ometries. Other promising approaches include the exploration
of less-studied classes of materials, including antiferroelectrics
such as PbZrO; which has shown the potential to realize large
€ (7 1-1.1%)12122] in thin films (down to ~100-300 nm in thick-
ness). The electromechanical response of antiferroelectrics arises
primarily from a field-driven antiferroelectric-to-ferroelectric
phase transition and the corresponding change in lattice parame-
ters and unit-cell volume. In a recent work, the electromechanical
response of single-layer PbZrO; heterostructures was found to
be enhanced due to the coupling between the antiferroelectric-
to-ferroelectric phase transition and the substrate-induced con-
straints at the “unit-cell level” causing the associated volume
expansion to be directed in the out-of-plane direction as seen
in the measured electromechanical response.??! At the same
time, there have been intriguing observations of large & (=
1%) in thin-film multilayers of non-polar binary oxides largely
thought to arise form electrostriction.*°] Such results raise
the question of the true limits of electromechanical response in
thin-film materials while hinting at pathways to achieve larger
effects.

Here, by producing antiferroelectric-based nanoscale multilay-
ers one can take advantage of the antiferroelectric-to-ferroelectric
phase transition, piezoelectric responses, and electrostrictive
contributions enabled by increased electrical breakdown fields
(Ep) to achieve colossal electromechanical strains. This work ex-
plores multilayers based on the PbHf, ,Ti, O, system where the
end member PbHfO, is a robust antiferroelectric/?® and 0.3 <x <
0.6 versions are ferroelectric and near the MPB.[?’] Prior to study-
ing the multilayers, single-layer films with x =0, 0.3, 0.4, 0.5, and
0.6 were synthesized (Experimental Section). X-ray diffraction
studies (Experimental Section) and electromechanical measure-
ments (Experimental Section) for single-layer PbHfO, (Figure
S1, Supporting Information) and various PbHf, ,Ti,O, (Figures
S2 and S3; Note S1, Supporting Information) films reveal that all
materials have similar robust electromechanical and structural
response akin to well-studied antiferroelectric?'?? (¢ = 1.1%)
and MPB-based!!??] (¢ = 0.4-0.6%) thin-film materials. In terms
of the nature of the response, antiferroelectrics (e.g., PbHfO;) are
expected to undergo an antiferroelectric (non-polar, orthorhom-
bic) to ferroelectric (polar, rhombohedral) phase transition upon
applying a threshold electric field (E;) with a noticeable change in
slope between two linear regimes in the strain-electric field plot
(Figure Slc, Supporting Information).[2228-311 For ferroelectrics
(e.g., PbHf, | Ti O;, x = 0.3-0.6), however, ¢ increases (approxi-
mately) linearly with field.'#?”) Having noted the differences in
electromechanical response between the two classes of materials
under study, efforts transitioned to exploring nanoscale multilay-
ers built from the same.
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2. Results and Discussion

120-nm-thick multilayer heterostructures based on the antifer-
roelectric PbHfO, and ferroelectric PbHf,  Ti O, (x = 0.3, 0.4,
0.5, and 0.6) with interface densities ranging from 0.008 to
3.1 nm™! [corresponding to layers that were 60 nm (a bilayer
with one interface) to 0.32 nm (a multilayer with 372 inter-
faces) thick] were synthesized on SrTiO; (001) substrates with
SrRuO; as the top and bottom electrodes (Experimental Section).
Henceforth, heterostructure variants will be referred to in the
form PbHfO,/PbHf,  Ti O; (n nm™') where n is the interface
density.3233] For example, regardless of chemistry (x = 0.3, 0.4,
0.5, and 0.6), PbHfO, /PbHf, , Ti O, (1.5 nm™') heterostructures
(with layers that are 0.67 nm thick) were found to be single-
crystalline with periodic interfaces between the constituent lay-
ers in the out-of-plane direction as indicated by the presence of
multiple satellite peaks in X-ray line (Figure 1a) and RSM (Figure
S4, Supporting Information) scans. While ¢ for the PbHfO; and
PbHf,  Ti O, single-layer heterostructures was in the range 0.4-
1.1% (Figures S1 and S2, Supporting Information),?’! all the re-
sulting multilayer heterostructures exhibited strain-electric field
responses of the same form as those observed in single-layer an-
tiferroelectrics but with considerably higher values (3—4.8%), de-
pending on the chemistry of the PbH{,  Ti O, layer (Figure 1b).
The observed ¢ values surpass prior reports on both thin-film het-
erostructures and bulk versions for (anti)ferroelectric-, relaxor-,
and oxide-based systems (Figure 1c; Table S1, Supporting Infor-
mation). Furthermore, multilayer-based heterostructures (again
using those with an interface density of 1.5 nm™! as an example)
also exhibit dramatically enhanced E, (>6.8 MV cm™!); signif-
icantly higher than for single-layer PbHfO, (1.23 MV cm ™))
and PbHf,  Ti O, (0.75 MV cm™1)?’! films. The result is 0.7%
strain at just 100 kV cm™! (1.2 V), 1.9% strain at 1000 kV cm™
(12 V), and the remarkable ability to apply fields as large as
10 MV cm™' (120 V) thereby producing colossal € ~ 4.8%. For
context, the maximum & reported in other polar, complex-oxide
material systems (both thin-film and bulk versions) is <2.5%
(Figure 1c), including that for parent PbHf, , Ti O, compositions.
What is extraordinary, is that the heterostructures do not have
effective piezoelectric coefficients that are record breaking, but
still give rise to large overall responses. For example, one can
consider three effective converse piezoelectric coefficients (d;,)
for the system: 1) an overall response (based on a linear fit to
the entire dataset) which results in values ~30-55 pm V!, 2) a
low-field response that encompasses the sharp step in response
which results in values #170.5 pm V~!, and 3) a high-field re-
sponse that encompasses the data after the sharp step which re-
sults in values #30-35 pm V. In all cases, the values are con-
sistent with values measured in thin-film systems; the ability to
apply such large fields, thus producing such large electromechan-
ical responses, are not. These observations highlight the poten-
tial of antiferroelectric-based multilayer heterostructures as con-
sequential candidates for superior electromechanical response.

2.1. Varying Chemistry in the Nanoscale-Multilayer
Heterostructures

To better understand the evolution of the colossal ¢, the chem-
istry (and, consequentially, the structure) and the periodicity of
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Figure 1. a) X-ray-diffraction measurements (6-26 line scan) and b) electromechanical strain (%) extracted from the surface displacement loops as a func-
tion of electric field (positive bias) at a frequency of 1 kHz for 120-nm-thick PbHfO; /PbHf; ;Tig 303, PbHfO;3 /PbHf ¢ Ti 4 O3, PbHfO3 /PbHfy s Tip 5 O3,
and PbHfO, /PbHf, 4Tig cO3 heterostructures, all with an interface density of 1.5 nm~". c) Summary of the maximum electromechanical strain values
observed for anti(ferroelectric), relaxor ferroelectric, and various oxide-based materials reported in the recent past. References are provided in Table S1

(Supporting Information).

the multilayers was explored systematically to see how these vari-
ables influence the evolution of the electromechanical response.
Starting with chemistry, it was already shown (Figure 1b) that
the PbHfO, /PbH{, (Ti,,O; (1.5 nm™') heterostructures exhibit
the fastest low-field increase and one of the highest overall elec-
tromechanical responses. To explain why this happens, it is illus-
trative to briefly explore the PbHf, , Ti, O, system wherein chang-
ing the chemistry results in a series of structural-phase transi-
tions such that the system goes from an orthorhombic (Pbam)
phase for x = 01% to a rhombohedral (R3c) phase for x = 0.1-
0.3 to a mixed-phase regime [i.e., a mixture of R3¢, monoclinic
(Cm), and tetragonal (P4mm) phases] in the range of x = 0.4-
0.55, before finally transitioning to a purely P4mm phase for x
= 0.6-1.1323%1 The same is reflected in polarization-electric field
hysteresis loops (Figure S5, Supporting Information) where the
coercive field and the magnitude of polarization increases with
x[?7] In the same spirit, considering the net composition is ex-
pected to be hafnium-rich (i.e., between PbH{ . Ti,,;sO; and
PbH{, ,(Ti, ;,05) in the various PbHfO,/PbHf, Ti O, (x = 0.3,
0.4, 0.5, 0.6) multilayers, there is an increasing likelihood for a
mixed-phase structure rich in the R3¢ phase with decreasing x.
This is confirmed by X-ray diffraction-based azimuthal (¢) scans
(Experimental Section) which reveal that the PbHf,  Ti O, lay-
ers for the PbHfO,/PbHf, Ti O, (1.5 nm™!) (x = 0.3, 0.4, 0.5,
0.6) multilayers are primarily R3¢ (x = 0.3), mixed-phase (i.e., a
mixture of R3¢, Cm, and P4mm phases; x = 0.4), Cm (x = 0.5),
and a mixture of Cm and P4mm (x = 0.6) (Figure 2a—d; Note
S1, Supporting Information). Thus, the strong low-field increase
of the electromechanical response in the PbH{O, /PbHf, (Ti, O,
(1.5 nm™!) heterostructures arises from the fact that the chem-
istry induces a mixed-phase structure wherein those phases are
nearly energetically degenerate and thus can be readily trans-
formed from one to another by an applied field. This manifests
as a lower field for the onset of the phase transition and initial
large increase in strain.

This observation is further supported by exploring the elec-
trical response (i.e., polarization- and switching-current-density-
electric field response) for the single- and multi-layer heterostruc-
tures. To visualize the onset of the field-induced phase transi-
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tion, primary focus is given to the current-density-electric field
response. Antiferroelectric PbHfO, exhibits a double bipolar hys-
teresis in the polarization-electric field response (Figure S1b,
Supporting Information) and is characterized by the presence of
four peaks at the threshold field values for the antiferroelectric-
to-ferroelectric structural phase transition under positive (Er;*,
Er,*) and negative (Ep,~, Ep,”) fields (Figure 2e; Figure S6a,
Supporting Information). Ferroelectric PbHf ;Ti, ,O;, however,
only exhibits two peaks (Ep;"and Ep,”) due to a single hys-
teresis (Figure S6b, Supporting Information). Consequently, the
PbHfO,/PbHf,  Ti. O, (1.5 nm™!) heterostructures exhibit an
amalgamation of responses from PbHfO, and PbHf, Ti O;.
For example, in PbHfO,/PbH{,,Ti; O, (1.5 nm™') heterostruc-
tures there are four peaks in the current-electric field response
(i-e., antiferroelectric-like) but this gradually transitions to two
peaks for PbHfO,/PbHf,,Ti;;O0; (1.5 nm™!) heterostructures
(i-e., ferroelectric-like) such that the threshold field (E;, and
E;,) is controlled by the composition of the PbHf,  Ti O, layers
(Figure 2f; Figure S6c, Supporting Information). Beyond setting
the overall composition of the multilayer heterostructures, the
tendency of the PbHfO, layers to undergo a field-induced struc-
tural phase transition to the ferroelectric R3m phasel® is likely
facilitated by the proximity of the hafnium-rich PbHf, Ti O,
layers (which are ferroelectric with R3¢ symmetry). This leads
to more ferroelectric-like behavior in PbHfO,/PbHf,Ti,,0,
heterostructures wherein E;, and E;, merge into just Ep
akin to that for a ferroelectric with a net composition of
PbHf, ¢ Ti;,505. In the same spirit, on the titanium-rich side
(i.e., PbHfO,/PbH{,,Ti, O, heterostructures), the system be-
haves primarily antiferroelectric-like with E, and Ep, being
distinct.

Such mutual interdependence of composition, symmetry, and
functional behavior within the multilayer heterostructures is also
instrumental in simultaneously manipulating the polarization-
field response (Figure 3; Figures S6d-g, Supporting Informa-
tion). The atypical electrical response of the studied heterostruc-
tures could raise the question about the effects of depolariz-
ing fields within the constituent layers. It is important to note
that antiferroelectric materials are fundamentally different from
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Figure 2. X-ray-diffraction measurements (azimuthal scans) about the R3¢ 118z-, Cm 202),-, and P4mm 112-diffraction conditions for the
PbHf,,Ti,O;3 system where the subscripts “R” and “M” represent rhombohedral and monoclinic indices, respectively, performed on 120-nm-thick
a) PbHfO; /PbHfy ; Tig 303, b) PbHfO3 /PbHf, ¢Tig 4O, c) PbHfO5/PbHf, s Tig 5O, and d) PbHfO, /PbHfy 4 Tig sO; (1.5 nm™") heterostructures. e) Cur-
rent density-electric field response for 100-nm-thick PbHfO; heterostructures. f) The threshold electric field (Ey) for the onset of the antiferroelectric-to-
ferroelectric phase transformation for various PbHfO5 /PbHf,, Ti,O; (1.5 nm™") heterostructures as a function of the composition (x) of the PbHf; , Ti, O

layer.

paraelectric or dielectric materials which possess zero intrinsic
polarization. Multiple experimental studies related to antiferro-
electric PbHfO, (2235381 point toward antipolar displacements of
Pb*? ions (akin to that in PbZrO,) as the reason for a net-zero po-
larization at zero applied bias even as thin films. As such, even
if there is an influence of depolarizing field at the interfaces of
the ferroelectric/antiferroelectric layers, it is less likely to be ob-
served in the measured response as the antipolar displacement of
the Pb*? ions would still result in a net-zero polarization at zero
applied bias in all cases. Additionally, the dependence of the E;
values on the chemistry of the multilayers would not be observed
(Figure 2f). This would be primarily because the effect of depolar-
izing field is strongly dependent on the thickness of the ferroelec-
tric material in the thin-film heterostructures. Considering, the
thickness of the PbHf,  Ti O, layers is fixed for the chemistry-
dependent studies, depolarizing fields (if applicable) would have
the same impact on all the multilayer heterostructures irrespec-
tive of the chemistry of the constituent PbHf,  Ti O, layers. As
such, a constant value would be observed for the E; values corre-
sponding to the various multilayer compositions of the studied
heterostructures, had there been an effect of depolarizing field at
the interfaces. Such evidence reinforces the assertion about the
composition and symmetry of the PbHf,  Ti O, layers, instead of
a significant effect from depolarization field, being influential in
manipulating the electrical response and hence the E; values in
the studied heterostructures.
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Circling back to the discussion about the electromechani-
cal response, from both the current-density- and polarization-
electric field response, the threshold field for the large jump
in electromechanical response is found to increase gradually
with x in the PbHfO,/PbHf, Ti O, multilayers. As such, the
best performing composition (i.e., PbHfO,/PbHf (Ti,,O,) was
found in the middle of both extremes, highlighting the impor-
tance of an antiferroelectric-ferroelectric composite-like struc-
tural (Figure 3a,c) and electrical (Figure 3f) behavior instead of
pure antiferroelectric- or ferroelectric-like properties for a low-
field onset to the field-induced phase transition for the het-
erostructures with a high . This observation can be corrob-
orated by density-functional-theory (DFT) calculations (Experi-
mental Section) on the PbHf,  Ti,O; system which show that
for the mixed-phase-based compositions like PbHf, (Ti, ,O;, the
constituent phases become quasi-degenerate in energy (Note S2,
Supporting Information).

2.2. Varying Interface Density in the Nanoscale-Multilayer
Heterostructures

As was discussed earlier, strong electromechanical response can
be achieved in thin films of antiferroelectrics and here the low-
field onset of the large jump in ¢ (related to the antiferroelectric-
to-ferroelectric phase transition) can be tuned with the
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Figure 3. Schematic showing a representation of the multiple crystallographic symmetries of the constituent crystal structures expected in the in-
dividual layers and polarization-electric field hysteresis loop for 120-nm-thick b,e) PbHfO;/PbHf,;Tig303, ¢,f) PbHfO;/PbHf;¢Tiy 403, and d,g)
PbHfO, /PbHfy 4 Tig O3 (1.5 nm™") heterostructures owing to field-induced structural phase transitions.

chemistry of the layers. This is, however, only part of the
story with these heterostructures. Tuning the periodicity could
also be key in controlling the magnitude of the responses. Thus
far, the interface density (i.e., periodicity or layer thickness) has
been held constant at 1.5 nm™, but for the best-performing
composition (i.e., PbHfO,/PbHf,,Ti,,0,), five different
interface densities (i.e., 0.008, 0.8, 1.5, 2.3, and 3.1 nm™;
Figure 4a) were explored (Experimental Section). The interface
density was controlled by fixing the overall heterostructure thick-
ness (120 nm) while changing the thickness and number of the
constituent layers. As was the case before, all heterostructures
were single-crystalline and fully (002, )-oriented and of high
quality, as indicated by the multiple satellite peaks in the X-ray
diffraction #-26 line scans (Figure 4b) and reciprocal space maps
(Figure S7, Supporting Information). Additional details on one
extreme, the PbHfO, /PbHf ;Ti,,0; (0.008 nm™') heterostruc-
tures, are also provided (Note S3; Figure S8, Supporting Informa-
tion). The € and Ej, values are strongly influenced by the interface
density. While all multilayers exhibited an enhancement of &
compared to the single-layer films, the range of maximum
responses (1.5-4.8%) was primarily dictated by the change in Ej
(Figure 4c; wherein heterostructures are driven to an equivalent
maximum field value based on their breakdown strength). For
example, the PbHfO,/PbH{, Ti,,O, (0.008, 0.8, 1.5, and 2.3
nm™') multilayers exhibited antiferroelectric-like behavior with a
significant change in the slope of the strain-field plot at electric-
field values close to the antiferroelectric-to-ferroelectric phase
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transition (i.e., 616, 830, 1215, and 930 kV cm™, respectively).
The PbHfO,/PbHf,(Ti,,O; (3.1 nm™') multilayers, however,
exhibited ferroelectric-like electromechanical response (i.e., it
increases effectively linearly with field). This is thought to be due
to the high interface density which makes the overall response of
the multilayer heterostructures closer to that of a solid solution
instead of retaining the individual material behaviors of the
constituent layers. Considering the maximum attainable & was
significantly controlled by the maximum applied field, studying
the evolution of Ej is important.

E; values for the different heterostructures were obtained
by measuring the polarization-field response while slowly in-
creasing the maximum applied field for 15 different capacitor
structures, from which a Weibull-distribution function was used
to extract a statistically meaningful E; (Experimental Section,
Figure 4d). Mirroring the trend in the E; for the electromechan-
ical switching, a maximum E; (6.89 + 0.5 MV cm™) was ob-
tained for the PbHfO,/PbHfTi,,0; (1.5 nm™!) multilayers;
nearly six- and nine-times that obtained for single-layer PbHfO,
(1.23 MV cm™1)?81 and PbH, ¢ Ti, ,O; (0.75 MV ecm™),[7 respec-
tively. Multiple interdependent parameters can affect the E; of
a capacitor, including the leakage-current density, dielectric con-
stant (e,), defect concentration, bandgap, etc.’?) and a good many
of these can be further influenced by the changing interface den-
sity. To some extent, because all heterostructures were produced
using the same process and starting materials, there is little ex-
pectation that many of these items (e.g., defect concentration)
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Figure 4. a) Schematic showing the cross-section of the various heterostructures with different interface density values and b) corresponding X-ray-
diffraction measurements (6-26 line scan) for those heterostructures. For in PbHfO5 /PbHf, ¢ Tig 4O; (0.8, 1.5, 2.3, and 3.1 nm™~") heterostructures, the
c) electromechanical strain extracted from the surface displacement loops as a function of electric field (positive bias) at a frequency of 1 kHz, and d)

Weibull analysis for determination of Eg where | on the y-axis represents In 1;.‘; inset shows the variation in Eg as a function of interface density at 10

kHz and 25-micron diameter capacitors.

will be different. Further, leakage-current-density measurements
(Experimental Section) reveal that the 1.5 nm™! heterostructures
also have the lowest overall leakage (i.e., are the most electri-
cally insulating), consistent with these same heterostructures ex-
hibiting the highest E;, (Figure S9, Supporting Information). The
e, for the multilayers, on the other hand, was not only lower
in magnitude than that for the single-layer parent compositions
(Figures S10a—d and S11, Supporting Information) but also was
found to decrease systematically with increasing interface density
(Figure S10e, Supporting Information), akin to similar studies
with other materials.[****2] Up to an interface density 2.3 nm™!,
the lower e, of the heterostructures as compared to that for the
parent compositions could be a governing reason for an en-
hanced Ej considering the latter is often found to be inversely
proportional to 4/e,.1’] This does not, however, hold true for the
PbHfO, /PbHf (Ti,,O; (3.1 nm™!) multilayers which exhibit a
lower Ep (2.2 MV cm™!), despite having a €, value lower than
that for the PbHfO,/PbHfTi,,0; (1.5 and 2.3 nm™') multi-
layers. This is likely explained by the prior assertion that the
high interface density drives such heterostructures to respond
more like a single-layer solid-solution instead of a multilayer.
In fact, for the PbHfO,/PbHf, (Ti;,O; (3.1 nm™!) heterostruc-
tures, which have a net composition of PbHf,;Ti,,0;, €, ~ 138
is very similar to that for the single-layer PbHf, s Ti;,;O; het-
erostructures (e, ~ 125; Figure S10e, Supporting Information).!”]
Additionally, DFT calculations (Experimental Section) demon-
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strated similar trends where increasing the interface densities
from 0.5 to 2.5 nm~! could increase the bandgap by 0.35-
0.52 eV for the PbHfO,/PbHf, Ti, O, heterostructures (Table
S2, Supporting Information). Such an observed enhancement
of Ey at an optimum interface density is also consistent with
past experimental studies wherein PbZrO,/PbZr, ;5 Tij 450514
and PDZrO;/Pbyq,La, 0521 65 Tig350;*! multilayers exhibited
notable improvement in E, as compared to single-layer het-
erostructures owing to similar interface effects.l*?) Finally, it is
contended that the observation of enhancement of properties
such as Ej; and ¢ at intermediate interfacial-density levels is con-
sistent with the interpretation that more interfaces help reduce
the effects of leakage, but there is a limitation set by the thick-
ness wherein the constituent materials transition from being an
assembly of individual entities to something more like a solid so-
lution, as seen in past studies.[2>*]

2.3. Validating the Electromechanical Performance and Exploring
Its Implications

Finally, considering that the heterostructures are being sub-
jected to both large applied electric fields and ¢ as high
as 4.8%, the electrical and mechanical integrity of the best-
performing heterostructures (i.e., PbHfO,/PbHf,  Ti,,O; (1.5
nm™') multilayers) were investigated using both cycling-based
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fatigue/endurance and temperature-dependent dielectric stud-
ies (Experimental Section). Heterostructures, when subjected to
2000 kV cm™! applied fields, exhibited only small (<15% degrada-
tion) in € values (2-2.5%) and consistent shape and magnitude of
the polarization-electric-field hysteresis loops even after 10 cy-
cles (Figure S12, Supporting Information). Measurements of the
dielectric constant and loss as a function of temperature (25-305
°C) revealed a peak at ~200 °C indicating a transition from the
(anti)ferroelectric to a non-polar paraelectric phase, slightly lower
in temperature than that same transition observed in single-layer
PbHfO, (255 °C) and PbHf (Ti;,O; (275 °C) heterostructures
(Figure S13, Supporting Information),?%¥”] while maintaining
a low loss (<0.1) across the entire frequency and temperature
ranges studied. These observations point to the robustness of
the effects and the absence of strain- and/or field-induced dele-
terious effects that could limit their use even after being driven
to electric fields as high as 6.89 MV cm™' and/or & values as
high as 4.8% with no evidence of mechanical failure (i.e., crack-
ing). Additionally, it is important to note that while the clamp-
ing from the geometry of the film on a semi-infinite substrate
could provide some added benefit to the response achieved from
the antiferroelectric-to-ferroelectric transition in the PbHfO, lay-
ers (as discussed in the Introduction section and ref. [22]), there
is no contribution to the measured ¢ values for the multilayer
heterostructures due to substrate bending; consistent with past
studies on films in similar geometries (Note S4, Supporting In-
formation). To further assuage concerns regarding any contri-
bution of substrate-induced bending, the origin of the response
(especially at high electrical field values) is revisited. First, ¢ val-
ues were measured both under positive and negative applied
electric fields and reveal symmetric response (Note S5, Support-
ing Information); akin to that seen in PbZrO, films in a simi-
lar sample geometry (Figure S14, Supporting Information). Sec-
ond, once the system has undergone the volume change asso-
ciated with the antiferroelectric-to-ferroelectric transition (typi-
cally done by ~1500 kV c¢cm™'), the data are linear in nature
suggesting that the response is not dominated by electrostric-
tion (which should have a quadratic evolution with field, Note
S5, Supporting Information) and further reinforcing the idea
that the electromechanical response is primarily piezoelectric
in nature.

Having validated the observed electromechanical response,
it is valuable to circle back to the rising need for MEMS- and
NEMS-based devices necessitating high-performance piezoelec-
tric thin-film heterostructures. While gauging the piezoelectric
performance of the synthesized heterostructures in a standard-
ized device configuration as that for a resonator, sensor, actua-
tor, transducer or a “piezotronic” transistor is beyond the scope
of this work, it is important to note that all of the aforemen-
tioned applications require materials’ parameters like high d.;,
low €, along with a high E; and £.>*] The values of d,;, €,, Ej,
and, € are 171 pm V-1, 240, 6.89 MV cm™!, and 4.8%, respec-
tively, for the best performing material in this work are quite
promising — a point made clear by comparing with the elec-
tromechanical performance of a 100-nm-thick PbZr,,Ti, .0,
film (morphotropic phase boundary composition, renowned for
its electromechanical response in the bulk). Using the field-
dependent ¢ plots for both cases, two key performance parame-
ters for NEMS-based devices (e.g., piezoelectric micromachined
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ultrasonic transducers, PMUT)[*?] are discussed: deflection sen-

sitivity (representative of d;,) and sensing/receiving sensitivity.
While a high magnitude for deflection sensitivity is sought for
most transducing applications, a low magnitude is desired for
sensing/receiving sensitivity.*®! It is important to note that such
performance parameters are not typically measured for clamped
thin films, but for films in diaphragm- or cantilever-based geome-
tries; nonetheless, they can be used here as a metric to gauge
the material's performance. It is evident that the studied het-
erostructures can demonstrate a higher deflection sensitivity (171
pm V1) and sensing/receiving sensitivity (5.46 V nm™') as com-
pared to that for PbZr 5, Ti; ,50; (43 pm V™! and 29.05 V nm™,
respectively) (Figure S15, Supporting Information) indicating a
superior electromechanical performance when implemented as
a transducer and comparing to materials in a similar geome-
try. As such, through appropriate engineering of the interfaces
across the studied antiferroelectric-based thin-film heterostruc-
tures one can enable the realization of extraordinary € values ac-
companied with a superior insulating behavior up to field values
as high as 6.89 MV cm™! with a potential of being implemented
as an electromechanically-active layer for sensor, actuator,
and transducer-based applications for emerging miniaturized
technologies.

3. Conclusion

In summary, the potential of antiferroelectric materials as mul-
tilayer heterostructures for next-generation electromechanical
applications has been demonstrated. Their performance well-
surpasses that of traditionally materials while being consider-
ably less affected by substrate-induced clamping. Specifically,
multilayer heterostructures based on MPB-based PbHf, Ti O,
and PbHfO,; manifest extraordinary possibilities in terms of
both electrical and electromechanical responses, exhibiting & =~
4.8% with E; ~ 6.89 MV cm~!. Composition-dependent stud-
ies for these PbHfO,/PbH{,  Ti, O, heterostructures for x = 0.3
and > 0.4 revealed ferroelectric- and antiferroelectric-like be-
havior, respectively, with the threshold for the antiferroelectric-
to-ferroelectric transition increasing with x while exhibiting
a high ¢ ~ 3-4.8%. Interface-density-dependent studies for
PbHfO,/PbHf, (Ti, ,O; (0.008-3.1 nm™!) heterostructures re-
vealed the importance of having an optimum interface density
which strongly effects and lowers the ¢, and, thereby, results
in ultrahigh Ej values in the multilayers that allow one to ap-
ply fields that produce colossal € ~ 4.8%. Cyclic testing also re-
veals robust fatigue/endurance behavior of the heterostructures
which exhibit <15% degradation in e values up to 10 cycles
without any evidence about induced mechanical failure in the
heterostructures. Additionally, if implemented as an active layer
in sensor, actuator, or transducer-based applications, the stud-
ied heterostructures are expected to demonstrate superior per-
formance as compared to other traditional systems as it per-
tains to deflection and sensing/receiving sensitivity. Overall, the
current work provides a systematic way of realizing and tailor-
ing antiferroelectric materials’ behavior in thin-film heterostruc-
tures for superior electromechanical response which are robust
against substrate clamping and arise from a combination of
effects.
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4. Experimental Section

Growth of Single-Layer Thin Films: 50-200-nm-thick PbHfO; and 120-
nm-thick PbHf;, Ti,O3 (x=0.3, 0.4, 0.5, and 0.6) thin-film heterostructures
were synthesized on 0.5-mm-thick SrTiO3 (001) substrates using pulsed-
laser deposition with 45-nm-thick SrRuOj; as both the top and bottom elec-
trodes. Growth was performed by ablating ceramic targets using a KrF ex-
cimer laser (248 nm, LPX 300, Coherent), in an on-axis geometry with the
target-to-substrate distance as 55 mm. In all cases, the SrRuO; bottom
(top) electrodes were grown at a laser fluence of 1.95 | cm~2, laser repe-
tition rate of 20 Hz, a heater temperature of 700 °C (650 °C), a dynamic
oxygen pressure of 100 mTorr, and using ceramic targets with composition
SrRuO;. Multiple growth conditions and target chemistries were explored
for synthesizing the PbHfO; and PbHf,,Ti,O3 systems. The best results
were obtained for PbHfO; [PbHf,,Ti,O; (x = 0.3, 0.4, 0.5, and 0.6)] het-
erostructures grown on SrTiO; (001) substrates at a laser fluence of 1.93
J cm™2, a laser repetition rate of 5 Hz, heater temperature of 600 °C (650
°C), a dynamic oxygen pressure of 100 mTorr, and using ceramic targets
with composition PbHfO; [Pb, ;Hf, Ti,O; (x = 0.3, 0.4, 0.5, and 0.6)].
For all the growth processes, the heterostructures were cooled from the
growth temperature to room temperature at 10 °C min~'. in a static oxy-
gen pressure of ~760 Torr.

Growth of Multilayer ~Thin-Film  Heterostructures: 120-nm-thick
PbHfO; /PbHf,,Ti,O5 (x = 0.3, 0.4, 0.5, and 0.6) multilayer heterostruc-
tures were synthesized on 0.5-mm-thick SrTiO3 (001) substrates using
pulsed-laser deposition with 45 nm-thick SrRuO; as the top and bottom
electrodes (using the conditions noted above). The multiple interfaces
between the two constituent layers PbHfO; and PbHf,, Ti,O; (x = 0.3,
0.4, 0.5, and 0.6) were created using alternate ablation from two parent
targets [i.e., PbHfO3 and Pb, Hf;,Ti,O3 (x=0.3,0.4, 0.5, and 0.6)] using
a programmable target rotator (Neocera, LLC) synced with the excimer
laser. In this approach, by alternating a fixed number of pulses from the
two different targets in the right proportions, any end composition and/or
interface density can be obtained. For the composition-dependent studies,
the interface density was fixed at 1.5 nm™", representative of the presence
of 180 interfaces or an average layer thickness of 0.66 nm. Further, for
one of the compositions (i.e., 120-nm-thick PbHfO;/PbHf; ¢Tiy 405
heterostructures) different interface density values (specifically 0.008,
0.8, 1.5, 2.3, and 3.1 nm~") were synthesized using the same growth
conditions and sample geometry as that for the composition-dependent
studies. The interface density (i.e., the number of interfaces in the multi-
layer heterostructure) was controlled by keeping the overall thickness of
the heterostructure fixed at 120 nm while changing the individual thick-
nesses (number of pulses for each layer) of the constituent layers. The
two constituent layers were first assembled as a bilayer heterostructure
where the overall thickness of the heterostructure was 120 nm with the
bottom 60 nm as PbHfO; and the top 60 nm as PbHfj¢Tiy4O; such
that the constituent layers should remain as individual entities while
being single-crystalline and epitaxial heterostructures in the out-of-plane
direction. The bilayer heterostructure contained a single interface between
the 60-nm-thick constituent layers, thus the interface density is noted to
be 1/120 nm or 0.008 nm~!. Other interface densities were created by
alternating growth as appropriate.

Structural Characterization Using X-Ray Diffraction: X-ray diffraction
studies were performed on the various PbHfO; and PbHf;, Ti,O; (x=10.3,
0.4,0.5, and 0.6) single-layer films, PbHfO; /PbHf; Ti,O; (x=0.3,0.4,0.5,
and 0.6; 1.5 nm™") heterostructures, and PbHfO, /PbHf, ¢ Tiy ,O; (0.008,
0.8, 1.5, 2.3, and 3.1 nm‘1) heterostructures with a high-resolution X-ray
diffractometer (Panalytical, X'Pert> MRD) using a copper source (filtered
for just K, radiation) with 1/2° and 1/16° slits for the incident optics and
a 0.275 mmi slit for the diffracted-beam optics with the PIXcel3D-Medipix3
detector. The out-of-plane structure of the heterostructures (perpendicu-
lar to the plane of the substrate) was probed using 6-20 line scans. The
crystalline quality of the heterostructures in the plane of the substrate was
assessed using X-ray rocking curves about the 002,,-diffraction condition
of all heterostructures. Further, (a)symmetric azimuthal scans were car-
ried out about the R3¢ 118g-, Cm 202,;-, and P4mm 112-diffraction con-
ditions corresponding to the rhombohedral, monoclinic, and tetragonal
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crystal structures, respectively, for the PbHf, Ti,O; material system. Ad-
ditionally, to determine the crystal structure and the lattice parameters for
all the synthesized multilayer heterostructures, X-ray diffraction reciprocal
space mapping (RSM) studies were performed about the SrTiO; 103- and
202-diffraction conditions, as required.

Electrical and Dielectric Characterization: All the electrical measure-
ments for PbHfO; and PbHf; Ti,O; (x=0.3, 0.4, 0.5, and 0.6) single-layer
films, PbHfO; /PbHf,Ti,O3 (x = 0.3, 0.4, 0.5, and 0.6) heterostructures
with a fixed interface density of 1.5 nm~', and PbHfO,/PbHfy ¢ Tiy ,O3
(0.008, 0.8, 1.5, 2.3, and 3.1 nm’1) heterostructures were conducted in-
side an acoustic enclosure (isolated with respect to ambient light and
noise) with the electric bias being applied to the capacitor heterostruc-
tures through the top electrode with the bottom electrode being grounded.
The measurements were performed with circular capacitors (diameter
25-50 um) patterned on the top electrode using photolithography, fol-
lowed by wet etching of the top SrRuO; layer using 0.1M NalO, solu-
tion. The polarization values were measured as a function of electric field
(10000 to 10000 kV cm~") at room temperature using a Precision Multi-
ferroic Tester (Radiant Technologies, Inc.). Additionally, using the same
tester, the leakage current-density measurements were performed for
PbHfO; /PbHfy ¢ Tig 4O (0.008, 0.8, 1.5, 2.3, and 3.1 nm™") heterostruc-
tures as a function of applied electric field (-2500 to 2500 kV cm™') at a
fixed frequency of 10 kHz, with 100 data points in total for the entire volt-
age sweep and a soak time of 0.1 s at each data point. Further, for cycling-
based fatigue/endurance studies, the heterostructures were excited with a
triangular waveform at a maximum electric field value of 2000 kV cm™!
at a frequency of 10 kHz in order to measure the polarization-electric-field
hysteresis loops as a function of increasing number of cycle number up
to 100 cycles. Dielectric and loss tangent measurements were also per-
formed as a function of frequency (1-100 kHz), DC electric field (—1000
to 1000 kV cm~"), and up to a maximum AC field strength value of 80
kV cm~" using an E4990A Impedance Analyzer (Keysight Technologies).
For the frequency-dependent DC bias measurements, an AC signal with
an excitation amplitude of 10 mV (0.83 kV cm~") was applied with the
frequency being varied between 1 and 100 kHz for a fixed applied back-
ground DC bias. For the temperature-dependent dielectric and loss tan-
gent measurements, an AC signal with an excitation amplitude 10 mV
(0.83 kV cm~") and frequency 10 kHz was applied for the temperature
range 25-305 °C.

For the determination of Eg, the polarization response was measured
(as described earlier) as a function of electric field for 15 different circular
capacitors (diameter 25 um) for the different PbHfO; /PbHf;, Ti, O3 mul-
tilayer heterostructures by driving each of them to the corresponding elec-
trical breakdown. The electrical field for all the measurements was applied
at a fixed frequency of 10 kHz. Further, the Weibull distribution was used
to provide a reliable estimate of Eg values, in each case. The statistically-
relevant Eg values can be determined by performing linear interpolation
for the 15 data points for 15 different capacitors in the plot, with In(Eg in
MV/cm) and In(In(l;.‘)) along the x- and y-axis, respectively.

Electromechanical CJPslaracterization with Laser Doppler Vibrometry:  The
capacitor heterostructures were electrically stimulated using a ferroelec-
tric tester (Precision Multiferroic Tester, Radiant Technologies, Inc.) at fre-
quency values 1, 10, and 100 kHz while being simultaneously exposed
to a 2-um-diameter HeNe laser beam (4 = 633 nm) incident on the sur-
face of the 25-um-diameter top electrode. The vertical electromechanical
surface displacement of the capacitor structures along the laser’s path
was detected using the principle of the Doppler effect. The magnitude of
the response was monitored using a laser Doppler vibrometer (PolyTech
GmbH) at a sensitivity setting of 5 nm V=, used in conjunction with the
ferroelectric tester. Further, for the cycling-based fatigue/endurance stud-
ies, the heterostructures were excited with a triangular waveform at a max-
imum electric field value of +2000 kV cm~" at a frequency of 10 kHz in or-
der to measure the electromechanical surface displacement as a function
of increasing number of cycles up to 10'0 cycles. The electromechanical
surface displacement value solely due to the layers of interest in the stud-
ied heterostructures was obtained by subtracting the contribution due to
the electrodes (i.e., SrRuO;) from the overall measured value based on
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previously developed methods!'?] followed by the calculation of & (in %)
by dividing the obtained surface displacement value by the thickness of
the layer of interest. As such, based on the electrical feedback received by
the sensors in the ferroelectric tester, the electromechanical surface dis-
placement and € values were determined as a function of electric field
as per the sensitivity of the measurement. In reference to the experimen-
tal setup, it is important to note that the heterostructures (i.e., the films
on substrates) were adhered first onto a glass slide which was further af-
fixed on a rigid multi-axes stage assembled using a combination of two
manual translation platforms meant for controlling the lateral (left-right)
and fore-aft motion followed by a dual-tilt platform (Radiant Technologies,
Inc.) which limits the scope for substrate-bending-based surface deflection
(if any).

First-Principles Calculations:  First-principles calculations were per-
formed using the Vienna Ab-initio Simulation Package (VASP),[4’] a DFT
code employing the projected-augmented wave (PAW) method in com-
bination with plane-wave basis sets. Interface densities from ~0.5 and
up to 2.5 nm~! (assuming a lattice constant of 4.0 A) were constructed
by sequentially stacking PbHfO; and PbHf; ,Ti,O; unit cells with P4mm
symmetry. Removing the symmetry constraint does not influence the
final conclusion. The effect of disorder at the titanium/hafnium sites
was modeled using the virtual crystal approximation (VCA) method.
The exchange-correlation potential was treated using the meta-GGA
r2SCANI*8] functional. To ensure the results were not sensitive to the
choice of exchange-correlation functional, the GGA exchange-functionals
PBE[“°l and PBEsoll®] was also tested without observing any significant
changes (Note S2, Supporting Information). The energy cutoff of the
plane-wave was set to 600 eV while the k-points space was sampled using
a gamma-centered grid with a reciprocal density of 200. This corresponds
toa9x9x4anda9x9x1gridforthe 1/1 and 5/5 heterostructures,
respectively. For the calculations of the electromechanical responses and
of the phase-stability evolution as a function of the composition, 6 x 4 x
3,6X6X%2,6%x6x8, 8x8x8, and 8 x 8 x 8 k-points grid was used for
the Pbam, R3¢, Cm, PAmm, and Pm3m structures, respectively. All struc-
tures were relaxed until all forces on atoms were lower than 0.001 eV A=,
Pymatgenl®>'l was used to manipulate the input and output files generated
by VASP.

Supporting Information

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