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One preferred lead-free ferroelectric, (K,Na)NbOs, offers prominent features
of environmentally benign and excellent piezoelectricity, but suffers from
poor ferroelectricity. Mn-doping has improved its electrical properties, yet its
site occupancy remained unclear. In this study, Mn-atomic-layered antiphase
boundaries were created in (K,Na)NbOs-based films, revealing Mn occupying
the A-site position. These boundaries stabilized ferroelectricity in these (K,Na)
NbOs;-based films with a large twice remnant polarization (-72.5 pC/cm?) across
a wide frequency range (20 Hz-10 kHz). High-resolution imaging shows den-
sely arranged antiphase boundaries are grown along three crystal axes. These
boundaries are Mn-atomic-enriched at a nanoscale width of a single unit cell,
equilibrating the interfacial charges and clamp the interfacial strain, resulting
in the highly squared hysteresis loops and high Curie temperature of ~400 °C
in the films. Our results may provide a paradigm for designing high-
performance lead-free ferroelectric films, unleashing their application poten-
tial for expelling lead-containing counterparts.

Many lead-free ferroelectric systems are being investigated for repla-
cing Pb(Zr,Ti)O3 due to the toxic lead to the environment and human
health', One preferred alternative (K,Na)NbO; (KNN) is non-toxic and
has previously achieved giant piezoelectric response in its both cera-
mic and film forms*”. But its ferroelectricity is poor, the polarization of
complex chemically modified-KNN film [twice remnant polarization
(2P,) ~ 64.91 uC/cm?] ever reported is still far inferior to the values
of other perovskite lead-free ferroelectric films, e.g., BaTiO;
(2P, ~200 nC/cm? and BiFeO; (2P, ~260 puC/cm?)°®. As known, the
information storage depends on the switching and movement of fer-
roelectric domain wall, which is associated with the structural defect

and polarization behavior’. For example, the reorientation of mobile
defects inside BiFeO; films can decay the domain written time'®, and
the charged defects inside Pb(Zrq ¢Tig.4)O5 determine the evolution of
domain wall pinning process'. The structurally and chemically coex-
isted defects in ferroelectric materials, which can be regarded as phase
boundary, can tune the polarization switching and induce diverse
switching behaviors™ ™,

The antiphase boundary, which is characterized by mismatch
between adjacent domains at half unit cell dimension. Due to the
partial lattice mismatch and associated electronic structure change,
these antiphase boundaries could induce some exotic performance
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that differ from its constituent phase. Currently, the exploration of
phase boundaries in diverse oxide functional materials encompasses a
multitude of phenomena, including but not limited to, enhanced
multiferroicity, magnetic interactions, and superconductivity”".
These studies delve into the intricate interplay between structural
transitions and the emergence of physical properties, offering pro-
found insights into the fundamental mechanisms governing these
materials. In perovskite ferro/piezo-electric oxides, the partial lattice
mismatch induced local strain and chemical interface along vertical
direction can effectively tune the polar behavior'®?°. In oxide ferro/
piezo-electric materials, the antiphase boundary encompasses various
structural aspects, such as atomic arrangement, translational vector,
and habit plane’%. Previously, extensive researches have been con-
ducted on the interplay between interface chemistry and the ordering
of charged boundary polarity in ferroelectric materials, which sig-
nificantly influences their overall properties and functionalities*. In
lead-free NaNbO; films, a giant and ultrahigh electromechanical
response has been achieved via constructing phase boundaries*?,
However, the unavoidable leakage current will still deteriorate the
ferroelectric performance of KNN-based materials, despite significant
breakthroughs in the piezoelectric properties®®. Whether this struc-
tural and chemical antiphase boundary has an optimization effect on
the ferroelectric and leakage behavior of KNN-based films is a topic
worthy of further investigating. Although there are many studies on
the structural characteristic, formation mechanism and strain dis-
tribution of antiphase boundary in oxide ferroelectrics?*®, the detailed
understanding of its effects on the micro ferroelectric domain
switching dynamics and macro ferroelectricity is still elusive.

Herein, the epitaxial 2wt% MnO,-modified (Ko.49Nag 49Lio.02)
(TagNbg g)O3 (KNNLT-M) ferroelectric films are fabricated on trans-
parent (Lag 03Sro.97)SN05 (LSSO)-coated SrTiO5 (STO) (001) substrates.
It is demonstrated that these films exhibit stable ferroelectricity with a
large 2P, value of ~72.5 uC/cm? and high degree of squareness of ~85%
at a broad frequency range from 20 Hz to 10 kHz. The atomically

resolved scanning transmission electron microscopy (STEM) images
reveal that densely arranged antiphase boundaries are formed
throughout the entire thickness of KNNLT-M films. These boundaries
are grown along three crystal axes by half unit cell lattice mismatch.
They are Mn-atomic enriched with A-site alkali ions deficiency at a
nanoscale width of a single unit cell. The interfacial strain-polarization
coupling along the antiphase boundary could contribute to its stable
ferroelectricity with large polarization value and enhance its phase
transition temperatures. Our results will help to the design of a high-
performance KNN-based lead-free ferroelectric films, thus holding
enormous application potential for eliminating toxic lead in the next-
generation electronic devices.

Results and discussion

Electrical properties and optical transmittance measurements
Figure 1a shows the room temperature polarization-electric field (P-F)
hysteresis loops of KNNLT-M films grown on the LSSO-coated STO
(001) substrates, where squared shapes with a large polarization value
are obtained. Accordingly, the P-E hysteresis loops of studied KNNLT-
M films measured at 1 kHz shows a high degree of squareness [remnant
polarization (P;)/saturate polarization (Pyax)], although not com-
pletely saturated, of ~85% with a large 2P, value of 72.5 pC/cm? at
500 kV/cm. Based on the statistical analysis of the 2P, values for both
pure and doped KNN presented in Supplementary Fig. 1, the present
polarization of studied KNNLT-M film surpasses that of the majority of
state-of-the-art KNN-based films previously reported in the literature
(see details in Supplementary Fig. 1). This is of great significance in
KNN ferroelectric family, despite inferior to that in BiFeO3, BaTiO3 and
PbTiO;"%%. Strikingly, this polarization value can be maintained at a
large frequency range as low as 20 Hz, and up to 10 kHz (Figs. 1d, 2a-i
and Supplementary Fig. 2a, b). It is well known that Mn-doping is a
common and effective method to suppress the leakage current in KNN
system, improving its ferroelectric nature. The gaussian fitting in the
high-resolution Mn 2p XPS spectra in Supplementary Fig. 3g indicate
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Fig. 1| Electrical properties and optical transmittance of the KNNLT-M films.
a, b Room temperature P-£ hysteresis loops and corresponding switching current
curves measured at 1kHz under various applied electric fields, ¢ /-E curves,

d frequency-dependent P-E hysteresis loops from 20 Hz to 10 kHz, e dielectric

constant and loss from 1kHz to 100 kHz, f and optical transmission spectrum at a
wavelength range from 200 nm to 2000 nm of KNNLT-M films grown on the LSSO-
coated STO (001) substrates.
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Fig. 2 | Frequency-dependent ferroelectricity of the KNNLT-M films. a-i The detailed P-£ hysteresis loops measured from 20 Hz to 10 kHz of KNNLT-M films grown on

the LSSO-coated STO (001) substrates under various applied electric fields.

that Mn is at 2+ and 3+ state with Mn** dominantly exists over Mn*"
inside our KNNLT-M films. Here, the additional electron absorption by
Mn*" from MnO, via reducing its valence to Mn*'/Mn*" can effectively
suppress the leakage current (Fig. 1c) and contribute the ferroelec-
tricity of our KNNLT film. The high crystalline quality of KNNLT-M film,
as identified by the small full width at half maximum (FWHM) of -0.42°
in Supplementary Fig. 4c, is also beneficial to optimize its leakage
characteristics. We have further conducted measurements of leakage
current curves for both pure and MnO,-doped KNNLT films (Supple-
mentary Fig. 5) to verify the role of MnO, in reducing leakage current.
It is evident from the results that the magnitude of the leakage current
decreases substantially with increasing MnO, doping levels from 0.0 to
2.0 wt%. Meanwhile, the low deposition temperature and high growth
oxygen pressure can inhibit the A-site element (K, Na, Li here) volati-
lization, which can also reduce the leakage current of our KNN-based
film. In Fig. 1b, the acuter I-E peaks in the corresponding switching
current curves indicate the fast ferroelectric domain switching with
electric field excitation of the KNNLT-M film. Figure 1d shows the
frequency-dependent P-E hysteresis loops of KNNLT-M films measured
from 20 Hz to 10 kHz at a relatively high electric field it can endure,
where it can be seen that the KNNLT-M film shows large 2P, of ~72.5 uC/
cm? and 2P, of ~80.0 uC/cm? at a wide frequency range as low as
20 Hz, and up to 10 kHz. Due to the short domain reverse time and
domain movement resistance at higher test frequencies, the ferro-
electric film needs a larger electrical field for achieving approximately
the same domain reversal, thus resulting in the increased coercive
electric field in Fig. 1d and Supplementary Fig. 2c. The frequency-
dependent dielectric properties in Fig. 1e show that our KNNLT-M film
has a high dielectric constant of 1200 at 1kHz. This may be derived
from the unanimous growth direction and good crystalline quality, as
reflected by the low dielectric loss of ~0.1 at 1kHz in Fig. 1e and small
FWHM in Supplementary Fig. 4c. However, the irregular ferroelectric/
electrode interfaces, the vacancies inside KNNLT-M film and time-
dependent domain reversal process lead to a remarkable decrease of
dielectric constant to the high frequency range. We have measured the
frequency-dependent dielectric constant and loss of KNNLT-M films at
an even lower test frequency of 40 Hz, as depicted in Supplementary
Fig. 6. More encouragingly, the highly optical transmittance of ~75%
from 400 nm to 2000 nm in Fig. 1f, approximately approaching to that

of the Pb(Zr, Ti)O; films and other lead-free ferroelectric films,
endowing them with unlimited potential for applications in the opto-
electronic devices.

Detailed frequency-dependent P-E hysteresis loop
measurements

Figure 2a-i present the detailed frequency-dependent P-E hysteresis
loops of studied KNNLT-M films grown on the LSSO-coated STO
(001) substrates under various applied electric fields. As seen, our
KNNLT-M films show stable ferroelectricity at a wide test frequency
range from 20 Hz to 10 kHz. The saturated shapes and 2P, - and 2P,;,ax
- E curves extracted from Fig. 2 in Supplementary Fig. 2a, b can also
demonstrate this situation, where both 2P, and 2P,,,.x values tend to
be a constant at this test frequency range. Among the measured
frequencies, we compare the P-E hysteresis loops (Supplementary
Fig. 7a-i) and corresponding switching current curves (Supplemen-
tary Fig. 7j-r) at the same electrical field of 200 kV/cm. The enlarged
view of the comparative loops in Supplementary Fig. 7s show that the
coercive electric field increase with increasing test frequency, which
then again results in the reduced P, and P,a values. This is in good
agreement with the theoretically calculation and consist with
reported data in other ferroelectric families, examples included the
perovskite ferroelectric Pb(Zrg,Tig.g)05°°, molecular ferroelectric
HQReO,”, and multiferroic h-ErMnO3*. Accordingly, the pure
domain wall motion is a time-dependent process, the time-
dependent kinetics of the domain wall determine the frequency-
dependent polarization reversal at higher frequencies. Meanwhile,
the domain movement usually suffers a certain resistance in ferro-
electric materials. Such resistance increases with increasing the test
frequency. On the other hand, some defects, such as oxygen vacan-
cies and free charges, move well with applied electric field at low
frequencies, but not at high frequencies, thus resulting in the
reduced polarization. The slope reduction of the hysteresis loops
(Supplementary Fig. 7a-i) and switching current curves (Supple-
mentary Fig. 7j-r) with increasing test frequency can also demon-
strate the slowing down of the domain reverse. Additionally, all the
P-E hysteresis loops show slightly asymmetry along x-axis, indicating
an internal bias field exist across KNNLT-M film. This phenomenon
originates from the different work functions of the top (metal/oxide)
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KNNLT-M

Fig. 3 | Atomic structure of antiphase boundaries in the KNNLT-M films. a The
low-magnification cross-sectional STEM image, b the enlarged view of the out-of-
plane nanostructure region, ¢ in-plane surface topography, d and normal per-
ovskite structure of KNNLT-M films grown on the LSSO-coated STO (001)

out-of plne

substrates. bl, b2 The corresponding high-magnification out-of-plane, c1 and in-
plane atomically resolved images enlarged from (b, c). The proposed schematic
structural diagrams of the antiphase boundary formation along both the (bll, b12
and b21) out-of-plane and (cl1) in-plane directions.

and bottom (oxide/oxide) interfaces. Therefore, the stable ferroe-
lectricity with large polarization in the wide frequency range suggest
that KNN has great application potential in ferroelectric film devices,
and provides experimental basis for replacing the lead-based ones.

Microstructure and area elemental analysis

For epitaxial ferroelectric films, their properties are closely related to the
nanostructure and internal strain. Previous studies have demonstrated
that the isotropic tensile strain theoretically increases tetragonality (out-
of-plane lattice constant/in-plane lattice constant) of perovskite
oxides®™. A large tetragonality is usually associated with a large dipolar
moment in perovskite ferroelectric oxides, resulting in high polarization
value**. The out-of-plane (in-plane) lattice constants of perovskite
oxides can be calculated using the Bragg equation as A/sin6 or through
reciprocal space mapping (RSM) results as 3A/2Q,(103) [-A/2Q,(103)].
From the X-Ray diffraction results in Supplementary Fig. 4, we deduced
that the KNNLT-M films exhibit normal broken-symmetry with a tetra-
gonality of ~-1.04. The perovskite structure of KNNLT-M films in Fig. 3d
further confirms this tetragonality value. This moderate tetragonality is
insufficient to induce substantial broken-symmetry or promote such
large polarization obtained in our KNNLT-M films in Fig. 2. Therefore, we
further characterized the microstructure of our KNNLT-M films. From
the low-magnification cross-sectional STEM image in Fig. 3a, we found
many vertically aligned nanostructures with a relatively smooth surface

in the cross-sectional view of KNNLT-M films. In the enlarged view of the
nanostructure region (Fig. 3b), as indicated by the red rectangle in
Fig. 3a, we observed many extended vertical aligned nanostructures
with flat nanostructure/matrix interfaces across KNNLT-M films.
Remarkably, a misregistry offset occurs across the nanostructure
regions, the lattice is shifted by absolutely half of a unit cell along out-of-
plane direction. This situation can be more clearly distinguished from
the locally enlarged image from the cyan rectangle in Fig. 3b, as iden-
tified by yellow and magenta dash lines in the atomically resolved ima-
ges in Fig. 3bl and b2. Meanwhile, we have also characterized the in-
plane surface topography and atom arrangement of our films, where
chessboard-like surface is detected in Fig. 3c. The in-plane atomically
resolved image also shows the half unit cell misregistry offset along the
in-plane [100] and [001] directions, as highlighted by yellow and
magenta dash lines in Fig. 3cl. The detailed topography and atom
arrangement along the in-plane direction on the surface of KNNLT-M
films are shown in Supplementary Fig. 8a-d. Hence, the misregistry
between the nanostructure regions and matrix inside KNNLT-M films
can be seen as the special case of three-dimensional antiphase
boundary?®. The displacement vector in our KNNLT-M films can be
described to be <a/2, ¢/2, b/2>, where a, ¢ and b are the unit vectors
along both the in-plane and out-of-plane directions. The antiphase
boundary between the nanostructure regions and normal perovskite
matrix can usually induce local structural and polar heterogeneity.
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Fig. 4 | The EDS maps of Mn, K and Na elements along the out-of-plane and in-
plane directions of KNNLT-M films. a-d The high-resolution out-of-plane cross-
sectional testing areas and corresponding EDS maps of Mn, K and Na elements.

e-h The high-resolution in-plane testing areas and corresponding EDS maps of Mn,
K and Na elements.

Between two neighboring antiphase domains, the lattice translation
symmetry will be broken across each domain wall by shifting a vector of
1/2 unit cell. This lattice mismatch around the antiphase regions will
facilitate the polarization rotation and domain wall motion under
applied electric field, thus substantially improving ferroelectric polar-
ization in our KNNLT-M films, as supported by experimental results in
Fig. 2. Meanwhile, there will be epitaxial strain along the antiphase
boundary in studied KNNLT-M films. The densely arranged nanos-
tructure along the out-of-plane direction in our films can yield the
clamped vertical stress. The strain-polarization coupling along the ver-
tical antiphase boundary can vertically strain the KNNLT-M matrix, thus
improving its polarization value. In 2020, Yao et al. have reported an in-
plane antiphase boundary <a/2, b/2> and out-of-plane normal phase
<8.> perovskite Na-deficient NaNbO3 nanostructure films (8. is an out-
of-plane partial vector), achieving a giant piezoelectricity of 1098 pm/V*,
On the basis of the above structural analysis and atomically resolved
images in Fig. 3bl, b2 and cl, we constructed the schematic structural
diagrams along both the out-of-plane and in-plane directions (Fig. 3bll,
bl2, b21 and cl1). From Fig. 3cll, it can be seen that the formation and
growth of in-plane antiphase boundary are strictly along the a- and c-axis
(wine arrows). The schematic structural diagrams in Fig. 3bll, b12 and
b21 illustrate the formation and growth of antiphase boundary along
three crystal axes by half unit cell lattice mismatch, resulting in the atom
overlapping in Fig. b1, and clear atom image in Fig. b2.

To identify the structural and chemical state along the antiphase
boundary, the EDS was conducted along the out-of-plane and in-plane
directions of the nanostructured KNNLT-M films, as the test areas were
shown in Fig. 4a, e. The corresponding EDS maps of Mn, K, Na are
displayed in Fig. 4b-d and f-h, respectively. From the EDS results, it
can be seen that a distinct element separation occurs in our KNNLT-M
films, in which almost all Mn elements are concentrated along the
antiphase boundary region (Fig. 4b, f). In Mn-doped KNN-based films,
the function and occupancy (A- or B- site) of Mn have long been
debated. Previous studies have demonstrated that the Mn-doping can
effectively suppress the leakage current and improve the ferroelectric
nature of KNN-based materials’®, which has also been discussed in Fig. 1

and Supplementary Fig. 5. However, the occupancy of Mn in KNN-
based film has always been controversial. Here, from the EDS maps of
A-site elements of K and Na along the out-of-plane (Fig. 4c, d) and in-
plane directions (Fig. 4g, h), it is found that the Mn-enriched areas are
usually accompanied by K and Na element depletions. The distribution
of Na element is much diffused along the antiphase boundary, which
can be attributed to the different thermodynamics and kinetics of K
and Na in KNN-based materials®. Therefore, it can be speculated that
the Mn element plays a crucial role in forming the antiphase boundary,
and occupy the A-site positions in our KNNLT-M films. These Mn*/
Mn*"-enriched and densely arranged antiphase boundaries can equili-
brate the charges induced by the A-site alkali ions deficiency. As a
result, the lattice mismatch (strain) and element segregation (charge
equilibration) along the antiphase boundary could induce local
structural and polar heterogeneity, and suppress the leakage current
of KNNLT-M films. Previously, the in-plane antiphase boundary was
also found in Na-deficient NaNbOj3 nanopillar films, where nanoscale
domains with local structural and polar heterogeneity are formed and
obtained a giant piezoelectric coefficient of 1098 pm/V*. These results
indicate that the Na element also promotes the antiphase boundary
formation, which will facilitate the polarization rotation and domain
wall motion, thus promoting its stable ferroelectricity and large
polarization in our KNNLT-M films. The XPS characterization of Nb 3 d
and Ta 4 fin Supplementary Fig. 3d, e indicate that both elements are
at valance state of 5+ and occupy the B-site in our KNNLT-M films*’*%,
According to the EDS maps of Nb, Ta and O in Supplementary
Fig. 9b-d and 9f-h, no obvious morphological correlation between the
B-site element distribution and the antiphase boundary. Combined
with the structural characterization in Fig. 3 and element distribution
analysis in Fig. 4, the nanostructures inside KNNLT-M films can be
inferred as three-dimensional nano-grids. The width of the antiphase
boundary is usually around the nanoscale of a single unit cell. The
antiphase boundary is flat and clear, and strictly extends along the
three crystal axes of [100], [001] and [010], forming the Mn-enriched
three-dimensional nano-grids through the entire thickness of the
KNNLT-M films as thick as 350 nm.
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Fig. 5 | Comparison of P-E hysteresis loops and Mn analysis for KNNLT-M films
with different ferroelectricity properties. a-c The P-£ hysteresis loops of KNNLT-
M film sample with large ferroelectricity (Sg: deposited at 660 °C) and two other
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samples with normal and leakage ferroelectricity (Sn: deposited at 680 °C, and S;:
deposited at 700 °C) at 1 kHz. d-f The analysis of the corresponding Mn element in
the above three samples.

To investigate the relationship between ferroelectricity and the
scale and distribution of antiphase boundaries, we fabricate two
additional groups of KNNLT-M films exhibiting significant differences
in ferroelectric properties, achieved by growing them at higher tem-
peratures. As illustrated in Fig. 5a-c, sample R corresponds to the
researching KNNLT-M films with large polarization, which were grown
at 660 °C. In contrast, sample N and sample L represent the KNNLT-M
films growing at higher temperatures of 680 °C and 700 °C, respec-
tively. These two groups of KNNLT-M films exhibit normal and leaky
P-E hysteresis loops, as seen in Fig. 5b, c. The corresponding EDS maps
of Mn element are provided below each P-E hysteresis loop. From
Fig. 5a-f, it is evident that the ferroelectric properties of the KNNLT-M
films are strongly influenced by the scale and distribution of the anti-
phase boundary. As observed in Fig. 5d-f, the sample R exhibit slight
separation of the Mn element along the antiphase boundary. In con-
trast, the Mn element within both sample N and sample L demonstrates
a more dispersed distribution along the antiphase boundary. These
results demonstrate that the scale and distribution of the antiphase
boundary plays a critical role in determining the ferroelectric perfor-
mance of our KNNLT-M films.

Phase transition behavior

To identify the phase stability of KNNLT-M film, temperature-
dependent dielectric constant and XRD were collected and summar-
ized in Fig. 6a, b. Based on the phase transformation analysis in our
previous works**°, the abnormal peak of -300 °C in Fig. 6a represents
the ferroelectric orthorhombic and tetragonal (O + T) mixed phases to
ferroelectric T phase transition temperature Tyyx.1. The broad Tyyx.t
peak here indicate the gradual transition process of our KNNLT-M
films, which was induced by the structural inhomogeneity above room
temperature, or the diffusive O and T phase coexistence caused by
three-dimensional epitaxial strain. At this measured temperature
range, stable ferroelectric phase of KNNLT-M can be maintained up to
400 °C, and no other transition peak was detected in Fig. 6a, especially
the Curie temperature (T¢). Then we conduct the high-temperature
XRD to determine the actual T, with a test temperature up to 600 °C,

as shown in Fig. 6b. For clarify, only the XRD results around KNNLT-M
(020) and STO (002) diffraction region are shown. From the symmetry
and intensity ratio of KNNLT-M (020) peaks, we can deduce that the
O-phase is dominantly exist over the T phase from 25°C to 300 °C.
Then the KNNLT-M (002) peaks become symmetry with a sharp and
narrow single (002) diffraction peaks. Notably, between 300 °C and
400 °C, the 260 shifts to the higher diffraction angle with raising tem-
perature, while no change of 20 from 400 °C on. We then calculated
the out-of-plane lattice constants of KNNLT-M and STO change as a
function temperature in Fig. 6¢, d. Two abnormal points around
300 °C and 400 °C are detected in Fig. 6¢, which are denoted by Tyyx.1
and T, respectively. Thus, the ferroelectric to ferroelectric structure
transition Ty x.t in Fig. 6b, c sufficiently coincides with the variation of
the temperature-dependent dielectric constant in Fig. 6a. The calcu-
lated out-of-plane lattice constants of STO change with temperature in
Fig. 6d provide a basis for the accuracy of the lattice evolution of
KNNLT-M, which is consistent with previously reported results®*. For
KNNLT-M bulk ceramic in our previous work, the O to T phase tran-
sition temperature is observed at ~65 °C with a T¢ of 320 °C*. Here, the
densely arranged antiphase boundaries will stabilize the KNNLT-M
matrix by introducing the interfacial stress along three axes, forcing it
to maintain the ferroelectric O and T phase to an even higher tem-
perature, thus resulting in the highly elevated Tyyx.t of 300 °C and a
higher T¢ of 400 °C.

In summary, the Mn-atomic-layered antiphase boundary induced
stable ferroelectricity with large polarization is achieved in KNNLT-M
ferroelectric films. These films show large 2P, value of ~72.5 puC/cm? and
high degree of squareness of -85% at a large frequency range as low as
20 Hz, and up to 10 kHz. These antiphase boundaries are Mn-atomic
enriched with both A-site alkali ions deficiency at a nanoscale width of
a single unit cell and grown along three crystal axes by half unit cell
lattice mismatch throughout the entire thickness of the films. By
equilibrating the interfacial charges and clamping the interfacial strain,
these boundaries could facilitate the polarization rotation and domain
wall motion, thus contributing to the stable ferroelectricity with alarge
polarization value (2P,-72.5pC/cm? and enhancing its phase
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Fig. 6 | Phase transition behavior of the KNNLT-M Films. a Temperature-
dependent relative dielectric constant measured at 1kHz, b and the high-
temperature XRD linear scans around STO (002) of KNNLT-M film grown on LSSO-

coated STO (001) substrates. ¢, d Temperature-dependent out-of-plane lattice
constants calculated from (b) of KNNLT-M and STO, respectively.

transition temperature (7¢ ~400 °C). Our results will help to design a
high-performance KNN-based lead-free ferroelectric films, showing its
application potential for eliminating the toxic lead in the next-
generation electronic devices.

Methods

The ceramic target fabrication and film growth

The ferroelectric KNNLT-M target was prepared via conventional
ceramic processing technology*. The starting oxides, namely Li,COs3,
Na,COj3;, K,CO3, Nb,Os, TayOs, and MnO, powders, were mixed in
accordance with a stoichiometric ratio corresponding to the desired
nominal composition. The resulting mixture was initially milled in
ethanol for 24 hours to ensure homogeneity. Subsequently, the mix-
ture was calcined at 900 °C for 4 hours and re-milled for another
24 hours to achieve optimal particle distribution. The synthesized
powders were then compacted into disks with a diameter of ~20 mm
under a pressure of 300 MPa via cold isostatic pressing. Finally, the
compacts were sintered in air at 1100 °C for 2 hours to obtain the final
ceramic target. The structural characterization of (002)/(200) peak
splitting and intensity ratio of ~2:1 by X-ray diffraction in Supplemen-
tary Fig. 10 demonstrate the O-phase of this target*’. The polycrystal-
line LSSO target was fabricated via a standard solid-state reaction**.
The precursor oxide, namely La,05, SrCOs, and SnO, powders, were
mixed in stoichiometric proportions and subjected to thorough
grinding. Subsequently, the mixture was reacted in air at temperatures
ranging from 1250 to 1400 °C for 48 hours, with intermediate grinding
steps performed twice. The resulting powders were then uniaxially
pressed into disc-shaped targets with a diameter of ~ 20 mm under a
pressure of 30 MPa and sintered in air at 1450 °C for 24 hours. Utilizing
a custom-designed pulsed laser deposition (PLD) system equipped
with a KrF excimer laser (248 nm), operating at a repetition rate of
10Hz and an energy density of 1.5J/cm?, KNNLT-M films were

deposited onto LSSO-coated STO (001) substrates. Throughout the
deposition process, the target-substrate distance was maintained at
5.5cm. To achieve optimal growth conditions, the LSSO buffer layer
(60 nm) was deposited onto the STO (001) substrate under a substrate
temperature of 740 °C and oxygen pressure of 15 Pa. Subsequently, the
KNNLT-M layer (350 nm) was epitaxially grown above the LSSO layer at
a substrate temperature of 660°C and oxygen pressure of 40 Pa.
Following in situ annealing for 15 min, the system was allowed to cool
down to room temperature automatically. For electrical characteriza-
tion, a circular Pt top electrode (¢ =200 um, 30 nm thick) was fabri-
cated on the surface of the KNNLT-M film via PLD under high-vacuum
conditions (~10*Pa) at room temperature.

Structural and electrical characterization

The film heterostructure was structurally characterized using X-ray
diffraction (XRD, X Pert, PANalytical, Netherlands, Cu-Ky; radiation),
including the 20-w linear scan, rocking curve and off-specular RSM.
The optical transmittance spectra of the films were measured using a
UV-visible spectrophotometer (Lambda 950, PerkinElmer, USA). The
electrical performance of studied KNNLT-M film was conducted using
radiant precision premier LC ferroelectric measurement system
(Radiant Technologies Inc, USA), semiconductor characteristic analy-
zer system (Keithley, 4200 SCS, USA) and impedance analyzer (Agilent
4294 A, Agilent Technologies, Inc. USA). The microstructure and area
elemental analysis of the film was carried out by STEM (JEM-AMR200F)
with energy-dispersive X-ray spectroscopy (EDS). The chemical state of
elements contained in KNNLT-M film were analyzed by X-ray photo-
electron spectra (XPS, Axis Supra +, Kratos, Japan).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

All data are available within the main text, the Supplementary Infor-
mation file, and the Source Data files. Source data are provided with
this paper.
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