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Giant piezoelectricity in oxide thin films with

nanopillar structure
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High-performance piezoelectric materials are critical components for electromechanical sensors and
actuators. For more than 60 years, the main strategy for obtaining large piezoelectric response has been
to construct multiphase boundaries, where nanoscale domains with local structural and polar
heterogeneity are formed, by tuning complex chemical compositions. We used a different strategy to
emulate such local heterogeneity by forming nanopillar regions in perovskite oxide thin films. We
obtained a giant effective piezoelectric coefficient d;3_f of ~1098 picometers per volt with a high Curie
temperature of ~450°C. Our lead-free composition of sodium-deficient sodium niobate contains only three
elements (Na, Nb, and 0). The formation of local heterogeneity with nanopillars in the perovskite structure
could be the basis for a general approach to designing and optimizing various functional materials.

he well-established strategy for achiev-

ing high piezoelectric performance is

to construct multiphase boundaries by
tuning complex chemical compositions,

such as the morphotropic phase bound-

ary in lead zirconate titanate (PZT) (I) or the
polymorphic phase boundary in potassium
sodium niobate (KNN) (2). At these phase
boundaries, energy differences among the dis-
tinct crystalline phases are adequately small
with flattened thermodynamic energy profiles,
giving rise to low domain wall energy and
miniaturization of ferroelectric domains (3, ).
The local structural and chemical heterogene-
ity at the nanoscale is recognized to play a key
role in achieving ultrahigh piezoelectric co-
efficients (5-7). However, the strategy of
constructing composition-controlled phase
boundaries usually involves complex chemical
compositions, and these often have poor tem-
perature stability due to a substantially reduced
Curie temperature (7¢) from extensive doping.
Defects, such as dislocations and dopants,
are important for developing materials with
certain properties, such as the mechanical
properties of metals or the electronic properties
of semiconductors. An out-of-phase boundary
is a type of extended crystallographic defect
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characterized by a misregistry of a fraction of a
unit cell dimension in neighboring regions of
a crystal (8). When the offset of the misregistry
is a half of a unit cell dimension, it is the
special case known as the antiphase boundary
(8, 9). Although the origins of out-of-phase
boundaries and their influences on properties
have been well studied in metal alloys (0) and
semiconductor thin films (71), their investiga-
tion in complex oxides is rare (9) and their link
to functional properties remains elusive (8). We
show that the out-of-phase boundaries between
the nanopillar regions and regular perovskite
matrix induce local structural and polar heter-
ogeneity and emergent giant piezoelectric re-
sponse in lead-free, Na-deficient NaNbOj; thin
films. We used atomic-scale images to reveal
the formation of vertical nanopillars with size
of a few to tens of nanometers. The structural
distortions around nanopillar regions lower
the crystal symmetry from tetragonal to mono-
clinic structure, facilitating polarization rota-
tion and domain wall motion under electric
fields to substantially enhance piezoelectric
performance as supported by theoretical cal-
culations. We discovered a giant effective piezo-
electric coefficient dy, , of ~1098 pm/V at 1KHz
with an applied electric field of 125 kV/cm,
which is more than twice that of the best PZT
films (72) and four times that of the best KNN-
based films with extensive doping (13). We main-
tained a simple composition of three elements
(Na, Nb, and O) and a high 7. of ~450°C.

We grew epitaxial thin films of stoichiomet-
ric NaNbO3; (NNO) with regular perovskite
structure and Na-deficient NNO with nano-
pillar regions (NPR-NNO) on Nb-doped SrTiO5
(001) substrates by sputter deposition (14).
Our stoichiometric NNO film was homoge-
neous with a thickness of ~200 nm, which we
determined using a low-magnification annu-
lar bright field (ABF) image taken by scanning

transmission electron microscopy (STEM) (Fig.
1A). The Nb atoms are arranged in a typical
perovskite lattice (Fig. 1, B and C). In contrast,
we found vertically aligned nanopillars with
a smooth surface in the cross-sectional view of
NPR-NNO film (Fig. 1D). Those nanopillars
are embedded in the matrix of regular perov-
skite structure. Inside the nanopillar regions,
the Nb atoms occupy the original Na positions
along both in-plane directions (Fig. 1H), and
the Na atoms also occupy the original Nb posi-
tions along both in-plane directions (fig. S2B).
In the cross-sectional view (Fig. 1E), we ob-
served many extended columnar structures. By
changing the microscope focus, we confirm
that these columnar structures are nanoscale
in in-plane dimensions (fig. S1), fully consistent
with the nanoscale size of nanopillar regions
ranging from a few to tens of nanometers in the
plan-view image (Fig. 1G). Because the thick-
ness of the sample greatly exceeds the thickness
of the nanopillars, we actually see overlapping
of the nanopillar regions (marked by arrows
in Fig. 1E) and the matrix. The lattice in the
nanopillar regions (yellow box in Fig. 1, E and
H) is shifted slightly by 8¢ along the out-of-
plane direction and by approximately half of a
unit cell along both in-plane directions from
the lattice of the matrix (red box in Fig. 1, E
and H). Hence, the misregistry between the
nanopillar regions and matrix can be seen as
normal perovskite phase shifted by (a/2, b/2,
8c), where a and b are unit vectors along in-
plane directions and 8¢ is along the out-of-
plane direction with magnitude of a small
fraction of the unit cell length. This boundary
is an out-of-phase boundary, which is different
from an antiphase boundary where the dis-
placement vector would be (a/2, b/2, ¢/2).
On the basis of the above structure details,
we constructed a schematic structural model
(Fig. 1, F and I). At the out-of-phase boundary
between the nanopillar regions and the matrix,
the oxygen octahedra are edge-sharing instead
of the corner-sharing octahedra normally found
in perovskites. Analogous to the Ruddlesden-
Popper stacking faults in perovskite structures
of ABO3; with A-site excess (15), these out-of-
phase boundaries can accommodate more Nb
atoms than the stoichiometric perovskite (fig.
S2). The Na deficiency (fig. S3) in the NPR-
NNO film drives the formation of out-of-phase
boundaries with atoms sitting at in-plane anti-
site positions (Fig. 1, H and I). The interface
atomic structure between the NPR-NNO film
and the substrate (fig. S2G) shows that the
first layer of film appears to be a Nb-occupied
NaO layer, which largely determines the growth
pattern of the nanopillar structures in the
following layers. According to first-principles
calculations (74), when Na is deficient and Nb
is rich, the negative formation energy of anti-
site Nby, shows that it is energetically favorable
for excess Nb atoms to occupy Na vacancies.
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Fig. 1. Atomic structures of NNO and NPR-NNO thin films. (A to C) Cross-
sectional low-magnification STEM ABF image (A), atomically resolved HAADF
image (B), and schematic structural model (C) of NNO films on Nb-STO (001)
substrates. (D, E, G, and H) Cross-sectional low-magnification ABF image (D),
cross-sectional atomically resolved HAADF image (E), plan-view high-magnification
image (G), and plan-view atomically resolved HAADF image (H) of NPR-NNO
films on Nb-STO (001) substrates. (F and 1) Schematic structural models of

We used synchrotron x-ray diffraction
to investigate the crystal structures and
temperature-dependent phase transitions of
the NNO and NPR-NNO films. The thickness
fringes around the main diffraction (001) peak
of the NPR-NNO film (Fig. 2A) reflect the high
quality and smooth surface, whereas we ob-
served no thickness fringes for NNO films. We
found a single diffraction peak with the same
in-plane lattice parameter as the Nb-STO sub-
strate in the (103) reciprocal space mapping
(RSM) for the NNO film (Fig. 2B). This indi-
cates that the NNO film is coherently strained
even at a thickness of 200 nm, and the obser-
vation is consistent with a previous report (16).
This is probably due to the small lattice mis-
match of ~0.47% between the NNO bulk
structure and the Nb-STO substrate (fig. S4).
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Combined with other RSMs, we found that the
NNO film has a tetragonal symmetry. How-
ever, the (103) RSM for the NPR-NNO film
(Fig. 2C) shows peak splitting due to mono-
clinic symmetry (see fig. S4 for more RSMs
and lattice parameters). Oxygen octahedral
rotations in the perovskite structure give rise
to doubling of the unit cell along certain direc-
tions, which can be probed by the half-order
diffraction peaks (17) (Fig. 2D). The half-order
(0 0.5 1.5) diffraction peak is equivalent to
the (0.5 0 1.5) peak (fig. S4B) because of the
isotropic nature of the in-plane directions of
the Nb-STO substrate, thus suggesting that the
in-phase rotation exists along both in-plane
directions. According to Glazer’s notation (I18),
the rotation patterns for both films are a mix-
ture of @ b*c” and b ¢". However, the NPR-NNO
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NPR-NNO films in cross-sectional view (F) and plan view (l). The arrows in (E),
(F), (H), and (1) indicate the rows of Nb atoms in the nanopillar regions. They are
much weaker than the Nb atom columns in the normal crystal from cross-
sectional view [left side of (E)] because they are much shorter along the beam
direction. The yellow and red boxes in (E) and (H) represent the lattice of the
nanopillar region and the regular perovskite structure of the matrix, respectively.
The dashed lines in (H) show the nanopillar region.

film shows substantially lower peak intensity,
especially the (1.5 0.5 1.5) and (0.5 0.5 1.5)
peaks corresponding to out-of-phase rotations.
This is probably due to the distortion induced
by the nanopillar regions and the edge-sharing
octahedra at the out-of-phase boundary (Fig.
1, G to I) that breaks the long-range order of
rotation.

We conducted temperature-dependent x-ray
diffraction to study the phase transition (Fig.
2E). The out-of-plane lattice parameter ¢ shows
a change in slope at ~457°C for the NNO and
NPR-NNO films. The changes in the in-plane
lattice parameters a of both films are less ob-
vious as a result of the constraint by the sub-
strates. We also monitored the intensity of
the half-order (0 0.5 1.5) diffraction peak
(Fig. 2F). For both NNO and NPR-NNO films,
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Fig. 2. Crystal structure and phase transition of NNO and NPR-NNO thin films. (A) X-ray diffraction
patterns around the (001) peak for NNO and NPR-NNO films. (B and C) Reciprocal space mapping around
the (103) peak for the NNO film (B) and the NPR-NNO film (C), plotted in reciprocal lattice units of the
Nb-STO substrate. (D) Half-order diffraction peaks for the NNO and NPR-NNO films. (E) Lattice parameters
of the NNO and NPR-NNO films as a function of temperature. (F) Intensity of the half-order (0 0.5 1.5)
diffraction peaks as a function of temperature for the NNO and NPR-NNO films. (G) Dielectric constant
measured at 1 kHz as a function of temperature for the NPR-NNO film.

the diffraction peaks disappear and the in-
tensities decrease to the background level
at ~457°C. This observation suggests a phase
transition from the a* and b" tilt pattern to
nontilted a® and 8° of a higher symmetry
phase, with the likely space group being
P4/mbm above 457°C (19). Measuring the
temperature dependence of the dielectric con-
stant for the NPR-NNO film (Fig. 2G) shows a
peak at ~450°C, confirming the high 7¢. The
smaller peak at ~210°C could be related to a
ferroelectric-to-ferroelectric phase transition,
as we observed no obvious structural change
(Fig. 2, E and F). The hysteresis loops we
measured demonstrate the ferroelectric nature
of both films (fig. S5, A to C).

To investigate the macroscopic piezoelectric
properties of the films, we used a laser scan-
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ning vibrometer (20-22) with an ac unipolar
voltage of 2 V in magnitude at 1 kHz for
the NNO film (Fig. 3A). We determined the
effective piezoelectric coefficient dj,  to be
~22 pm/V based on the magnitude of the sur-
face displacement. The electric field depen-
dence of the piezoelectric coefficient and strain
for the NNO film exhibits the linear depen-
dence of strain on the electric field, as found
in typical piezoelectric materials (Fig. 3B).
We found no dependence of the piezoelec-
tric coefficient on the driving frequency of
the electric field for the NNO film (Fig. 3C),
which agrees with the impedance spectros-
copy results (fig. S5D). We measured the film
displacement of the NPR-NNO film under the
same conditions as the NNO film (Fig. 3D). We
determined the effective piezoelectric coefficient

regions.

We performed first-principles calculations
and phase-field simulations to better under-
stand the mechanism of the giant piezoelectric
response (14). We calculated the formation
energy of the antisite Nby, defect as a function
of chemical potential of Na under both Nb-
deficient and Nb-rich conditions (Fig. 4A). The
negative formation energy under Nb-rich and
Na-deficient conditions shows that excess Nb
atoms would occupy Na vacant positions to
form antisite Nby, defects when NNO is Na-
deficient. However, as a result of large dif-
ferences between the ionic radii and valences
of Na and Nb ions, antisite Nb atoms are not
stable at the original antisite position but show
substantial off-centering along the out-of-plane
¢ direction. This behavior is similar to Sr-
deficient SrTiO; thin films (25). First-principles
calculations predict the energies of antisite Nb
atoms at different positions (Fig. 4B), showing
that large off-centering displacement is ener-
getically favorable. The off-centering displace-
ment induces a large ferroelectric polarization
of ~16.2 uC/cm? along the out-of-plane ¢ di-
rection in the structure with antisite defects.
This polarization is greatly enhanced from
the polarization of ~1.2 uC/cm? in the regular
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Fig. 3. Piezoelectric properties of NNO and NPR-NNO thin films. (A and

D) 3D drawing of surface displacement of the NNO film (A) under ac unipolar
voltage of 2 V in magnitude at 1 kHz and the NPR-NNO film (D) under ac unipolar
voltage of 2.5 V in magnitude at 1 kHz. (B and E) Electric field dependence of

perovskite structure of NNO, according to
first-principles calculations. This large local
polarization distorts the surrounding lattice to
lower symmetry and gives rise to local polar
heterogeneity at the nanoscale. However, the
dss we calculated by first principles from the
piezoelectric stress tensor and elastic stiff-
ness (14) is ~17 pm/V for the structural model
with antisite defects and ~14 pm/V for the
structural model of normal perovskite. The
similar values indicate that the giant strain
we observed in the experiments likely originates
at a scale beyond the unit cells of the lattice.
We used phase-field simulations to study the
contributions by nanopillar regions and their
boundaries to the piezoelectric properties (74).
We simulated the ferroelectric domain struc-
ture of the NPR-NNO film (fig. S9, C and D).
The local stress developed around the bounda-
ries of nanopillar regions (fig. SOE) causes the
polarization directions to be rotated away
from the out-of-plane direction, thus forming
a multidomain structure with coexisting tetra-
gonal ¢ domains and nanoscale monoclinic
domains with rich and mixed orientations of
polarizations. We simulated the piezoelectric
strain response to a static electric field applied
along the out-of-plane direction (Fig. 4C). The
tetragonal domains (e.g., region III in Fig. 4C)
show a weak piezoelectric strain response,
whereas the monoclinic domains (e.g., region I)
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Electric Field (kV/cm)

NPR-NNO film (F).

show a much stronger response. The strongest
piezoelectric strain response appears around
the domain walls between tetragonal and
monoclinic domains (e.g,, region II). The motions
of these domain walls under the electric field
serve as substantial contributions to the piezo-
electric response, giving rise to a factor of
~15 enhancement of the piezoelectric coeffi-
cient ds3 ~ 290 pm/V for NPR-NNO film as
compared with ~20 pm/V for pure NNO film
from phase-field simulations. We simulated the
frequency dependence of piezoelectric strain
by applying an ac electric field at different
frequencies (Fig. 4D). The domain wall motion
is weakened upon increasing the frequency
for the NPR-NNO film (fig. S9, F to H). The
piezoelectric response of both the domain wall
regions and the monoclinic domains decreases,
while the piezoelectric response of the tetrag-
onal domains is almost unchanged. For the
NNO film with a single tetragonal domain, the
piezoelectric strain is almost independent of
frequency. Our simulation results suggest that
the giant piezoelectric response is likely to
originate from domain wall motion under
electric fields. The substantially reduced domain
wall response at high frequencies results in the
strong frequency dependence of the piezo-
electric property we observed.

Because the piezoelectric properties of ferro-

electric materials are lost when the temper-
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effective piezoelectric coefficient and strain of the NNO film (B) and the
NPR-NNO film (E) at frequency of 1 kHz. (C and F) Frequency dependence
of effective piezoelectric coefficient and strain of the NNO film (C) and the

ature exceeds T¢, a high T is preferred for
applications. We compared the piezoelectric
coefficient ds3 of several major lead-free piezo-
electric materials systems together with PZT
ceramics as a function of 7¢ (Fig. 4E and fig.
S10A). A common strategy to enhance the
piezoelectric coefficient in bulk ceramics is
to construct phase boundaries by chemically
tuning the composition. However, the complex
chemical composition at the phase boundaries
often reduces ¢ (Fig. 4E). Our design strategy
of constructing nanoscale structural and polar
heterogeneity intrinsic to the nanopillar struc-
ture in NPR-NNO thin films has the advantage
of improving the piezoelectric coefficient while
simultaneously maintaining a high 7, (Fig. 4E).
An additional advantage of the nanopillar
approach is the simple chemical composition
relative to other thin films (Fig. 4F and fig.
S10B). Complex chemical compositions make
phase boundary construction challenging be-
cause the dopant levels are only a few percent
and often involve highly volatile elements (Na,
K, Pb, and Bi). This presents an impediment to
obtaining reliable and reproducible synthesis
of bulk ceramics. Thin films are even more
problematic to reliably synthesize. The NPR-
NNO thin film contains only three elements,
so our design strategy shows great potential
for improving composition control to obtain
high-performance piezoelectric thin films.
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Fig. 4. Theoretical calculation and overview of piezoelectric properties.

(A) Antisite formation energy as a function of the chemical potential of Na
under Nb-rich and Nb-deficient conditions. (B) Energy curve of the

antisite Nb atom at different positions along the out-of-plane ¢ direction. The
structural model in the inset illustrates the off-centering displacement of the
antisite Nb atom (the blue sphere) in the lowest-energy position. Green spheres
are regular Nb atoms; red spheres are oxygen atoms. (C) Mapping of the
piezoelectric strain response of the NPR-NNO film under an applied electric
field of 1 MV/m from phase-field simulation. Region | corresponds to the
monoclinic domains, region Il the domain wall regions, and region Ill the

Furthermore, because the out-of-phase bound-
ary can be coupled to magnetic (26) and super-
conducting properties (27), the formation of
local heterogeneity through such nanopillar
structures in perovskite oxides (ABO3) with
A-site deficiency could enable other emergent
phenomena in functional materials.
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