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ABSTRACT: Ferroelectric and antiferroelectric materials play a critical role in electrical,
optical, and thermal devices due to their electric field-controlled polarization switching
capability. Controlling phase formation during thin film growth is essential for the design
of these devices. In this study, we separately stabilized pure ferroelectric rhombohedral (N
phase) and pure antiferroelectric orthorhombic (P phase) structures by precisely
controlling the growth conditions of 70 nm-thick NaNbO; (NNO) thin films on (111)-
oriented Nb-doped SrTiOj; substrates. Through reciprocal space mappings and quarter-
order diffraction measurements, a twinning structure within the NNO P-phase film is
resolved. An antiferroelectric-to-ferroelectric phase transition, accompanied by a
substantial enhancement in the electromechanical coupling response, is observed in the
NNO P-phase film. Importantly, a phase diagram is constructed to delineate the growth
window for each phase. This work provides a framework for synthesizing NNO thin films
with controlled phases and offers a strategy for designing functional ferroelectric and
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antiferroelectric devices.
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B INTRODUCTION

Polarization switchable materials, like ferroelectric (FE) and
antiferroelectric (AFE) materials, have been extensively
investigated due to their promising applications in electronic
transistor devices,"? switching devices,”> microelectromechan-
ical systems (MEMS),"* and energy storage.”® Among them,
lead-free perovskite oxide, NaNbO; (NNO), has recently
attracted an increasing amount of attention due to its
environmentally friendly nature and outstanding electro-
mechanical coupling properties.”* NNO goes through a
paraelectric (PE) (space group Pm3m) — PE (P4/mbm) —
PE (Ccmm) — PE (Pnmm) — AFE (Pmnm) — AFE (Pbcm)
— FE (R3c) phase transition from high to low temperatures.’
Bulk NNO has a rhombohedral phase (N phase, R3c) when
the temperature is below —100 °C and a lattice constant of a, =
3.90(8) A and @, = 89.2(2)° (the subscript ¢ represents the
pseudocubic notification) at —150 °C (Figure la, top
panel).'”"" In N-phase NNO, the switchable spontaneous
polarization along (111) is indicative of its FE properties. With
an increase in temperature, bulk NNO will undergo a first-
order phase transition and change to orthorhombic phase (P
phase, Pbcm) with lattice parameters a, = 5.50(1) A, b, =
5.56(2) A, and ¢, = 15.53(7) A (the subscript o represents the
orthorhombic notification) at room temperature (Figure la,
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bottom panel).'” Different from N-phase NNO, the P phase
has an antipolar structure,'” showing AFE properties.
Interestingly, the NNO P phase usually shows an irreversible
ferroelectric polarization loop rather than a double polarization
loop at room temperature due to the small energy difference
between the AFE P and FE Q (space group, Pmc2,)
phases."*'® The field-induced orthorhombic FE phase is a
metastable state, which might change back to the AFE P phase
after application of a short electric pulse of opposite polarity.'®
Furthermore, NNO shows a multiphase competitive ground
state as demonstrated in an electric field (E)—temperature (T)
phase diagram, which depicts a region in which the P, N, and
Q phases coexist.'® This may be because the NNO FE N phase
also has a small energy difference compared to the AFE P
phase.”’

NNO-based bulk single crystals and ceramics have been
investigated and applied for more than 50 years."® NNO thin
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Figure 1. X-ray diffraction (XRD) characterization of the 70 nm-thick N-phase and P-phase NNO films. (a) Schematic crystal structure of the
NNO ferroelectric N phase (top panel, space group R3c) and antiferroelectric P phase (bottom panel, space group Pbcm). (b) X-ray diffraction
(XRD) patterns of the N-phase NNO film. (c) Synchrotron X-ray H/K/L scans of the N-phase film. (d) X-ray diffraction (XRD) patterns of the P-
phase films. (e) Synchrotron X-ray H/K/L scans of the P-phase film. The solid blue and orange lines represent the 20 degrees of the N-phase and
P-phase NNO (222) peaks, calculated using the bulk lattice parameters for the N phase and P phase, respectively.

films are more attractive for microelectronic devices like
MEMS and nonvolatile random-access memories.”'” To
achieve these applications, sol—gel”’ and pulsed laser
deposition (PLD)”' methods were developed to fabricate
NNO thin films. However, these films usually show a
polycrystalline nature”® or an impurity phase.”' This impurity
phase is generally regarded as the Na;NbO, phase resulting
from a sodium-rich target or growth conditions.”> Apart from
the impurity phase, the Na:Nb ratio also plays an important
role in manipulating the structural properties.7’22 Therefore,
fabrication of high-quality NNO films with different phases
and modulation of their properties have not yet been fully
investigated. In particular, a pure NNO N phase stabilized at
room temperature has not yet been reported, to the best of our
knowledge.

Strain engineering is one of the most effective methods for
controlling the crystal structures and properties of functional
thin films. For example, the polarization in NNO thin films
switches from the out-of-plane to in-plane direction upon
application of epitaxial strain from compressive to tensile,
accompanied by a change from antiferroelectric to ferroelectric
phase.”” A change from a single vertical FE domain to mixed
multiple domains was observed in ultrathin NNO films with a
strain from compressive to tensile.”* In addition, an anisotropic
in-plane strain could give rise to the monoclinic distortion of
NNO thin films.”® Perovskite oxide SrTiO; (STO) shows
small lattice mismatches of approximately 0.08% and —0.05%
for the NNO N phase and P phase, respectively, indicating that
the lattice distortion energy has an insignificant influence on
the total free energy. The fact that the Gibbs free energy of the
NNO N phase is slightly higher than that of the P phase'’
suggests that controlling the growth kinetics might be needed
to obtain a single NNO N phase. Substrate orientational
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engineering plays an important role in controlling the crystal
orientation, and even the symmetry of the epitaxial perovskite
oxide thin films, upon application of strain and induction of
oxygen octahedral rotation.”*”’ Such a strategy demonstrated
that the crystallographic orientation is the critical determinant
of the structural and multiferroic properties of perovskite oxide
thin films.”® For instance, a previous study suggests that the
domain structure and dielectric properties of the NNO films
are related to their orientation direction.”’ Since the NNO N
phase has a rhombohedral structure, (111)-oriented STO
substrates were applied here to induce symmetry constraints to
stabilize the N phase.

Here, the 70 nm-thick NNO thin films with a distinct
ferroelectric rhombohedral N phase and an antiferroelectric
orthorhombic P phase were epitaxially grown on a (111)-
oriented Nb-doped STO (Nb:STO) substrate by PLD. A
twinning structure in the NNO P-phase film was resolved by
reciprocal space mapping and quarter-order diffraction
measurements. A phase diagram delineating the growth
conditions for the N-phase and P-phase NNO films has been
established. Specifically, the modified growth conditions
include controlling the air pressure and cooling rate during
the growth process. An irreversible phase transition from the
AFE to FE phase, accompanied by a significant enhancement
of the electromechanical coupling response, was observed by
combining piezoresponse force microscopy (PFM) and laser
Doppler vibrometer (LDV) measurements.

B RESULTS AND DISCUSSION

Structure of the N-Phase and P-Phase NNO Films

To understand the crystal structure of these NNO films, high-
resolution X-ray diffraction (XRD) measurements were
performed. The low-angle X-ray reflectivity (XRR) patterns

https://doi.org/10.1021/acsami.5c21649
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Figure 2. X-ray reciprocal space mapping (RSM) measurements of NNO films. N-phase film: (a) (222), (b) (114), and (c) (402) reflections. The
reflection peaks of the NNO N-phase film are marked by green stars. (d) Schematic illustration of the NNO N- and P-phase matching with the
(111)-oriented Nb:STO substrate. P-phase film: (e) (222), (f) (114), and (g) (402) reflections. (h) Schematic illustration of domain arrangements

in P-phase NNO films.

of the N-phase and P-phase NNO films indicate a thickness of
approximately 70 nm; additionally, the well-defined reflectance
fringes demonstrate both the high crystalline quality of the
NNO films and the good smoothness of their surfaces and
interfaces (Figure Sla). Only (111) and (222) diffraction
peaks from both the Nb:STO substrate and NNO films are
observed in the XRD 60—-260 scans, confirming single-
orientation epitaxial growth without impurity phases (Figure
S1b). Here, cubic indices are used throughout unless stated
otherwise. Figure 1b presents finer XRD 6—26 scans around
the (222) diffraction peak of the N-phase NNO films. The out-
of-plane lattice parameter derived from the (222) reflection of
the N-phase NNO film is ~1.125 A, indicating that the N-
phase NNO film exhibits a substantial discrepancy between its
film lattice d-spacing and bulk value (blue line). Note that the
lattice parameters of the pure bulk NNO N phase were
measured at —150 °C.'" Thus, these lattice parameters,
including bond length and angle, may change when the
NNO N phase is stabilized at room temperature, leading to a
significant difference in (222) d-spacing. Figure lc shows the
quarter-order diffraction scans of the N-phase NNO film. No
quarter-order diffractions were observed, excluding the
existence of the AFE structure, which is consistent with the
R3¢ structure.

In contrast, the out-of-plane lattice parameter (d) derived
from the (222) reflection of the P-phase NNO film is 1.131 A,
which is slightly smaller than that of the bulk NNO P-phase
(048), d-spacing value (orange line) (Figure 1d), suggesting a
Pbcm structure of the P-phase film under a small in-plane
tensile strain. The observation of pronounced thickness fringes
(Laue oscillations) adjacent to the NNO diffraction peaks
signifies coherent lattice ordering, a high degree of crystalline
perfection, and an atomically smooth interface. Furthermore,
quarter-order diffractions along H/K/L scans reveal the AFE
structure and possible twin arrangement in the P-phase NNO
film (Figure le). This also implies that the slight tensile strain
imposed by the substrate constraint may have a negligible
effect on the antiferroelectric structure of the P-phase film,
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while potentially promoting the formation of a preferential
twin domain configuration.

To further analyze the crystal structure of the NNO films,
reciprocal space mapping (RSMs) measurements were
performed. Panels a—c of Figure 2 show the RSMs of the
NNO N phase along the (222), (114), and (402) substrate
reflections, respectively. The reflection peaks of the corre-
sponding thin film closely overlap with those of the substrate,
even using the synchrotron X-ray line scan (Figure S2), making
it difficult to precisely determine its lattice constant. However,
since the diffraction peaks are well aligned at the same Q,
height (indicated by the black dashed line in Figure 2a—c), it
can be inferred that the thin film adopts the rhombohedral R3¢
structure among the various phases of NNO, i.e., the N phase.
Based on the above, the approximate lattice constants of the N-
phase NNO film are a, = 3.90(4) A, b, = 3.90(4) A, ¢, =
3.90(4) A, and a, = B. = y. = 90.1° in pseudocubic notation.
Furthermore, the RSM at the (114) reflection reveals that the
diffraction peak of the N-phase thin film shows a small shift
with that of the substrate in the in-plane direction (Q,),
indicating the presence of lattice strain relaxation in the film.
Figure 2d shows that the NNO N phase has a more compatible
lattice structure with the Nb:STO (111) substrate compared to
that of the NNO P phase. Due to this slight structural
mismatch between the NNO P phase and Nb:STO substrate,
the P-phase film may tend to form a twin structure to
compensate for the interface distortion energy, for instance, the
formation of twins in BiFeOj thin films with monoclinic M or
M, phases.””** Here, the P-phase NNO film forms a 3-fold
twin structure to minimize the potential structural distortion
between the epitaxial film and the substrate. In this case, the P-
phase NNO thin film can remain a coherently epitaxially
strained thin film without exhibiting lattice relaxation, as
evidenced by the same in-plane lattice (Q, and Q,) as that of
the Nb:STO substrate at nonspecular reflections (Figure 2d—
f). These twins with an orthorhombic crystal structure
contribute to the splitting of diffraction peaks in the (114)
and (402) RSMs. The real indices of all reflections from

https://doi.org/10.1021/acsami.5c21649
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Figure 4. PFM measurements of the NNO films: (a) topography, (b) PFM amplitude, and (c) PFM-phase image of the N-phase NNO film and
(d) topography, (e) PEM amplitude, and (f) PEM-phase image of the P-phase NNO film. AC drive of 0.8 V.

different twins are given in the corresponding RSMs. Using
these indices, the pseudocubic lattice parameters of the NNO
P-phase film could be calculated by the RSV method®* and are
as follows: a, = 3.922 A, b, = 3.922 A, ¢, = 3.885 A, a, = 90°, 3,
=90° and 7, = 89.5°. The lattice constants of the NNO bulk N
phase, P phase, and 70 nm-thick films are summarized in Table
S1. The converted orthorhombic lattice parameters of the
NNO P-phase film are as follows: a, = 5.523 A, b, = 5.570 A,
and ¢, = 15.540 A. These are also indicative of a slight tensile
strain due to substrate constraint.

To better understand the relationship between the twin
structure and the RSM results, a structural model is shown in
Figure 2h. Here, it is assumed that three variants of orthogonal
twin grains are distributed on a (111)-oriented Nb:STO
substrate, exhibiting 3-fold symmetry based on the clamping
properties of the (111)-oriented substrate. These variants are
distinguished and labeled with the numerals 1—-3 using three
circles. The [001], directions of NNO twins 1—3 align well
with the [001], [100], and [010] directions of the substrate
lattice, respectively. In this case, the (048), planes of all twins
are parallel to the (222) plane of the substrate, leading to the
single reflection peak of the NNO film in the (222) RSM
(Figure S3a). For the (114) RSM, the in-plane direction is
along [—1-12] (Q,), where NNO twin 2 and NNO twin 3
have the same contributions to the reflection but are different
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from NNO twin 1. This means that the (114) reflection peak
splits into two reflections. The upper peak is fully generated by
NNO twin 1, and another is contributed by twins 2 and 3 as
demonstrated in the schematic (Figure S3b). Similarly, the in-
plane direction was changed to [1-10] (Q,) to perform (402)
RSM. The (402) reflection of the NNO P-phase film splits into
three reflections due to the contribution from different twin
components (Figure S3c). In general, we conclude that the
RSM patterns in our measurements were caused by the
orthorhombic unit cells forming a 3-fold symmetric arrange-
ment.

Based on the structural analysis, the phase of the NNO films
could be estimated using the out-of-plane lattice d-spacing.
The N-phase NNO film was stabilized at room temperature
rather than at the P phase as the cooling rate increased (Figure
3a). However, with an increase in the gas pressure, the NNO
film is stable at the P phase, even with an accelerated rate of
cooling of the samples (Figure 3b). Here, a phase diagram for
growing the pure NNO N or P phase using PLD is shown in
Figure 3c. This phase diagram reveals that the NNO N phase is
a metastable phase at room temperature whereas the NNO P
phase tends to be stabilized through the formation of twin
structures due to its small but non-negligible lattice parameter
mismatch with Nb:STO. The P phase is thermodynamically
more stable than the N phase at room temperature.
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Figure S. Electromechanical coupling and dielectric characterization of NNO films. Samll signal strain and effective piezoelectric coefficient of (a)
N-phase and (b) P-phase NNO films as a function of DC voltage under a 100 kHz, 1 V,, AC drive. Capacitance and dielectric permittivity vs DC
voltage of (c) N-phase and (d) P-phase NNO films. The inset of panel c shows a close-up with DC bias from 0 to 600 kV/cm.

Consequently, growth conditions that approach thermody-
namic equilibrium favor the formation of the P phase. For
example, the NNO film has the P-phase structure at a cooling
rate of 5 °C/min, even under low-oxygen pressure conditions.
In contrast, when this equilibrium process is broken, such as by
excessive atomic kinetic energy during deposition, the
formation of twin structures is inhibited, leading to the
stabilization of the N phase. A fast cooling rate further helps
this kinetic stabilization. Controlling the kinetic energy by
tuning the gas pressure has been proven to be an effective
method in PVD.>>™"" Consequently, during the preparation
process, the introduction of any nonequilibrium factors, such
as rapid cooling rates or an increased plasma particle kinetic
energy (which can be achieved by reducing the oxygen
pressure), can facilitate the formation of the metastable NNO
N phase. In addition, previous studies have indicated that
variations in the A-site Na content have little influence on the
phase structure within a certain compositional range (Na/Nb
= 0.9-12)."*"* Our attempts to control the Na and O
stoichiometry also confirmed this conclusion (Figure S4),
which further supports the idea that the phase-selective growth
of NNO is controlled by the kinetic process.

Ferroelectric and Electromechanical Coupling Properties

The natural ferroelectric domains of the N-phase and P-phase
NNO films were scanned by using PFM (Figure 4). The
surface topography images reveal a smooth surface topography
with root-mean-square (RMS) roughness values of ~950 and
~230 pm for the N-phase (Figure 4a) and P-phase films
(Figure 4d), respectively, consistent with our XRR results,
further confirming the good quality of the NNO films. The
amplitude and phase images show that the N-phase film has
ferroelectric domains with domain sizes of less than 100 nm
(Figure 4a). Besides, according to the nature of the R3c
structure and the growth orientation, these ferroelectric
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domains are 180° domains with the polarization direction up
or down. On the contrary, the P-phase NNO thin film has an
AFE structure, which reveals the absence of a ferroelectric
domain-like amplitude and phase contrast in PFM scanning, as
demonstrated in Figure 4d—f. However, when a larger AC
drive (2.4 V,,) is applied in the PFM measurement,
ferroelectric domain features become discernible in the
amplitude and phase images (Figure SS). This phenomenon
may originate from the irreversible AFE-to-FE phase
transitions triggered by the localized electric field underneath
the PFM tip.

The electromechanical coupling and dielectric properties of
the NNO films were studied using an integrated LDV and
impedance analyzer system, in which the electromechanical
strain and capacitance can be measured simultaneously. First,
the ferroelectric strain—electric field (S—E) and capacitance—
electric field (C—E) loop measurements have been imple-
mented to confirm the FE and AFE nature of the NNO
films.*'™** In these electrical characterizations, NNO films
were fabricated into 200 pm-diameter Pt/NNO/Nb:STO
parallel-plate capacitor devices, and a constant small AC drive
(1.0 V,,, 100 kHz) superposed with a varying DC bias was
applied to the device; then the surface strain and device
capacitance were simultaneously obtained by demodulating the
Doppler frequency shift and AC signals (Figure S6).

Figure Sa shows the ferroelectric S—E loop of the N-phase
NNO film, where a butterfly-shaped loop can be observed,
indicating the ferroelectricity of this N phase. With an increase
in the DC bias, d*;;¢ is gradually saturated at ~14 pm/V,
corresponding to a saturated strain of ~0.01%. Similar results
can be obtained from other devices under different AC drive
frequencies (Figure S7). Note that the S—E loop exhibits an
obvious shift toward the positive field direction, which is
typically attributed to a strong imprint effect in the ferroelectric
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film.*>*° In contrast, the P-phase NNO film shows a significant
increase in d*3; s and strain at a voltage of ~200 kV/cm (Figure
5b), which is attributed to an electric field-driven reconfigura-
tion of antipolar dipoles into a polar ferroelectric state during
the AFE-to-FE phase transition. Due to this phase transition,
the maximum d*;3¢ can be ~14 pm V™' with a strain of
~0.01%. Besides, the P-phase film shows a remnant strain of
~0.003% when the electric field is back to null, confirming the
existence of an irreversible AFE-to-FE phase transition. The
NNO N phase and P phase both show a hysteresis behavior,
suggesting that the domain wall and phase boundary motion
also contribute to the strain and d*;;; Ferroelectric polar-
ization switching results in dielectric permittivity and
capacitance peaks or anomalies with respect to the DC bias.
Here, the C—E curve of the N-phase film also shows a shifted
butterfly shape feature due to the ferroelectric switching with
an imprint effect (Figure Sc). However, the double butterfly
loop associated with the AFE-to-FE phase transition of the P-
phase film retains only the portion corresponding to positive
bias (Figure Sd). The phase transition at negative bias may be
inhibited due to the Schottky barrier formed at the Pt/NNO
interface. This is consistent with our DC I-V testing results, in
which the P-phase films show an obvious Schottky rectification
behavior (Figure S8).

B CONCLUSION

In summary, epitaxial NNO antiferroelectric P-phase and
ferroelectric N-phase thin films were successfully grown on
(111)-oriented Nb:STO substrates through the precise control
of PLD parameters. RSM measurements confirm that the
metastable ferroelectric N phase (R3¢ structure) forms under
nonequilibrium growth conditions, while the antiferroelectric P
phase (Pbcm structure) is stabilized via a 3-fold twin structure
to minimize the interfacial energy with the Nb:STO substrate.
PFM measurements demonstrate that the N phase exhibits
nanoscale ferroelectric domains, whereas the P phase shows
field-induced AFE-to-FE transitions, leading to enhanced
piezoelectric coefficients. This work demonstrated that the
NNO-phase composition is strongly correlated with the crystal
structure, ferroelectric properties, and electromechanical
responses, providing a path for tailoring NNO thin films
toward functional device applications.

B EXPERIMENTAL SECTION

Thin Film Preparation

NNO ceramic targets for PLD growth were synthesized via
conventional solid-state reaction methods using Na,CO; (99.0%)
and Nb,O; (99.9%) powders as the raw materials. NNO films with a
thickness of 70 nm were epitaxially grown on single-crystal Nb:STO
(111) substrates (Hefei Kejing, China) by ablating the NNO ceramic
target with a 248 nm KrF excimer laser (COMPex 205, Coherent).
Nb:STO substrates were sequentially cleaned in acetone, ethanol, and
deionized water for S min each prior to PLD growth. NNO thin films
were grown at 800 °C under oxygen partial pressures of 22 and 54 Pa.
The laser energy density was maintained at approximately 2 J/cm?
with a repetition rate of 10 Hz. Film deposition was always performed
in an on-axis geometry with a target—substrate distance of 6.5 cm.
After film deposition, the samples were cooled to room temperature at
varying cooling rates (S, 7.5, and 10 °C/min) under an oxygen partial
pressure of 10 kPa.

Characterization

NNO crystal structure models in panels a and b of Figure 1 were
generated by using VESTA 3." High-resolution X-ray diffraction
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(XRD) and low-angle X-ray reflectivity (XRR) (SmartLab, Rigaku)
with Cu Ka radiation (4 = 1.5405 A) were used to characterize the
crystal structure. The lattice parameters of the NNO P phase were
calculated based on the reciprocal space vector (RSV) method.>*
Half-order and quarter-order reflection measurements were con-
ducted at the XDD beamline of the Singapore Synchrotron Light
Source using X-rays with a wavelength of 1.5400 A. Ferroelectric
domains were imaged in the PFM mode using a Pt-coated conductive
probe (240AC-PP, OPUS). Circular Pt top electrodes with a diameter
of 200 ym and a thickness of 100 nm were fabricated by UV
lithography and e-beam evaporation deposition. An integrated LDV
(OFV-5000, Polytec) and impedance analyzer (MFIA, Zurich
Instruments) system has been utilized to simultaneously measure
the surface vibration amplitude and capacitance of the Pt/NNO/
Nb:STO devices under varying DC biases. DC I—V measurements
were performed by using a sourcemeter (Keithley 2450, Tektronix).
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