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Size-Induced Ferroelectricity in Antiferroelectric

Oxide Membranes

Ruijuan Xu,* Kevin J. Crust, Varun Harbola, Rémi Arras, Kinnary Y. Patel,

Sergey Prosandeev, Hui Cao, Yu-Tsun Shao, Piush Behera, Lucas Caretta, Woo Jin Kim,
Aarushi Khandelwal, Megha Acharya, Melody M. Wang, Yin Liu, Edward S. Barnard,
Archana Raja, Lane W. Martin, X. Wendy Gu, Hua Zhou, Ramamoorthy Ramesh,

David A. Muller, Laurent Bellaiche, and Harold Y. Hwang

Despite extensive studies on size effects in ferroelectrics, how structures and
properties evolve in antiferroelectrics with reduced dimensions still remains
elusive. Given the enormous potential of utilizing antiferroelectrics for high-
energy-density storage applications, understanding their size effects will
provide key information for optimizing device performances at small scales.
Here, the fundamental intrinsic size dependence of antiferroelectricity in lead-
free NaNbO; membranes is investigated. Via a wide range of experimental
and theoretical approaches, an intriguing antiferroelectric-to-ferroelectric tran-
sition upon reducing membrane thickness is probed. This size effect leads

to a ferroelectric single-phase below 40 nm, as well as a mixed-phase state
with ferroelectric and antiferroelectric orders coexisting above this critical
thickness. Furthermore, it is shown that the antiferroelectric and ferroelectric
orders are electrically switchable. First-principle calculations further reveal
that the observed transition is driven by the structural distortion arising from

1. Introduction

Size effects, which study the change
in properties with decreasing physical
dimensions, have received considerable
attention due to increasing demand for
enhanced functionalities in miniatur-
ized electronics. Extensive studies about
size effects have been performed in func-
tional materials such as ferroelectrics
for over five decades.'™ It is generally
accepted that ferroelectricity persists above
a certain critical thickness that relates
to an intrinsic limit,®! the electrical and
mechanical boundary conditions,® as
well as extrinsic factors related to pro-
cessing.' Recent work has also shown a

the membrane surface. This work provides direct experimental evidence for
intrinsic size-driven scaling in antiferroelectrics and demonstrates enormous
potential of utilizing size effects to drive emergent properties in environmen-

tally benign lead-free oxides with the membrane platform.

giant polarization in freestanding BiFeO;
films when approaching the 2D limit."!
As an important energy storage mate-
rial, antiferroelectrics hold great promise
for high-energy density capacitors,
high-strain actuators, and electrocaloric
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cooling 2131 As compared to ferroelectrics, however, consider-
ably less work pertaining to size effects has been performed
in antiferroelectrics. First-principle calculations predict an
intrinsic size-driven scaling behavior in antiferroelectric mate-
rials, with a critical thickness below which an antiferroelec-
tric-to-ferroelectric transition occurs due to the intrinsic sur-
face contribution.™ This size effect, however, has not been
verified experimentally. This is primarily due to the challenge
to completely decouple the effects of strain, which becomes
predominant in thin films in the ultrathin limit. Thus, the
strain-induced antiferroelectric-to-ferroelectric transition over-
rides the intrinsic size-driven transition, making it difficult
to probe intrinsic scaling. Completely decoupling the strain
effects in antiferroelectric thin-film heterostructures, however,
is not trivial due to the lattice mismatch between antiferroelec-
tric films and commercially available substrates, thus limiting
the direct experimental probe of the intrinsic size effects in
antiferroelectrics.

The ability to create crystalline oxide membranes enables new
opportunities to probe the intrinsic size effects in antiferroelec-
trics.115-20] By releasing epitaxial films from substrates, strain
exerted by the substrate can be minimized in oxide membranes.
Therefore, by varying the membrane thickness, the intrinsic
size-driven scaling behavior can be directly probed. Here, we
focus on NaNbO; which is known as a promising lead-free alter-
native to replace lead-based antiferroelectrics and as one of the
most complex perovskites exhibiting a rich spectrum of ground
states and temperature-dependent phase transition.?"?% So far,
the majority of experimental work on NaNbOj; has been focused
on its bulk antiferroelectric phase at room temperature. It is
possible to tweak the phase stability from an antiferroelectric
to a ferroelectric phase in bulk NaNbO; with temperature, 2324
chemical substitution,?”! electric field,1?l and particle size.[?’:%8l
In addition, recent work has also demonstrated epitaxial growth
of NaNbO; films on single crystalline substrates.[?%37

Here, in order to probe the intrinsic size effects in antifer-
roelectric films, we synthesized high crystalline quality NaNbO,
freestanding membranes with varying thickness using thin-
film epitaxy and epitaxial lift-off techniques. Utilizing scan-
ning probe microscopy and optical measurements, we probe

www.advmat.de

an intriguing size-driven antiferroelectric-to-ferroelectric phase
transition upon reducing thickness, with the presence of a fer-
roelectric phase for thicknesses below 40 nm and the coexist-
ence of ferroelectric and antiferroelectric phases above 40 nm.
Furthermore, we note that the antiferroelectric and ferroelec-
tric phases are electrically switchable. This emergent phase
transition also impacts the nanomechanical properties of the
NaNbO; membranes, giving rise to a non-monotonic thickness
dependence of the Young’s modulus.

2. Results and Discussion

2.1. Synthesis of NaNbO; Membranes and Thickness-
Dependent Structural Evolution

Epitaxial heterostructures of NaNbOj thin films with thickness
(t) ranging from 9 to 164 nm were prepared on single-crystal-
line SrTiO; (001) substrates with a 20 nm La,,Sry3;MnO; sac-
rificial buffer layer synthesized via pulsed laser deposition
(PLD). We dissolved Lag;Sry3MnO; in a hydrochloric acid
(HCl) and potassium iodide (KI) mixed solution to release
NaNbO; films from the substrate and transferred these free-
standing membranes onto 200 nm-thick SiN, membranes
with arrays of holes in a diameter of 2-10 um, creating circular
drumheads (Experimental Section; Figure 1a,b and Figure S1,
Supporting Information). To examine the crystalline quality of
the lifted-off NaNbO; membranes, we performed high-angle
annular dark-field scanning transmission electron microscopy
(STEM) imaging on these plan-view samples. The atomic-scale
STEM images obtained for the 13 and 65 nm-thick membranes
reveal high crystalline quality (Figure 1lc,d and Figure S2,
Supporting Information). We carried out 6-26 X-ray diffrac-
tion (XRD) studies about the NaNbO; 002-diffraction condi-
tion to characterize the structure and strain conditions of
these membranes. For t < 40 nm, these films remain as a
single phase, whereas for t > 40 nm, another peak emerges at
a higher 26 angle indicating the presence of another structural
phase (Figure 1e). In contrast, the as-grown films on SrTiO,
substrates remain as a single phase throughout the entire
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Figure 1. Structural characterization of freestanding NaNbO; membranes. a) Schematics illustrating the lift-off process for NaNbO; membranes. By
dissolving Lag;Srg3MnQO; in a mixed Kl and HCl solution, NaNbO; are released and transferred onto 200 nm-thick SiN, membranes with arrays of
holes in a diameter of 2-10 um. b) Scanning electron microscopy images showing the NaNbO3 laminated on the holes of SiN, membranes to create
freestanding circular drumheads. ¢,d) High-angle annular dark-field scanning transmission electron microscopy images obtained for the 13 nm (c) and
65 nm (d) NaNbO; membranes, revealing high crystalline quality. €) 6-260 X-ray diffraction about the NaNbO; 002-diffraction condition as a function
of thickness showing a single-phase state for membranes below 40 nm and phase coexistence for membranes above 40 nm. f) Synchrotron-based
3D reciprocal space maps about the NaNbO; 002-diffraction condition for 65 nm membranes, showing a clear phase segregation with fundamentally
different structural characteristics in these phases, g,h) illustrated in the slices of H-L (g) and H-K (h) reciprocal planes. The H-K map was sliced
perpendicular to the L axis at L = 2.02. The map sliced from the K-L reciprocal plane is similar to the results from the H-L plane, which is not shown
here. i) The 002-line scan cut along the L axis of the 3D RSM in (f).

thickness range, suggesting that the mixed-phase state only  the H-L reciprocal plane, exhibiting fundamentally different
exists in membranes that are released from the substrates  structural characteristics (Figure 1f-h). In particular, the phase
(Figure S3, Supporting Information). The out-of-plane lattice ~ with the lower L value also shows four satellite peaks in the
parameters extracted for these two phases show small varia-  H-K reciprocal plane, reminiscent of the results generated by
tions with thickness, indicating these freestanding NaNbO;  periodic domain structures in ferroelectrics.

membranes have similar strain conditions regardless of film

thickness (Figure S4, Supporting Information). We also per-

formed 2D XRD reciprocal space maps (RSMs) as a func-  2.2. Piezoresponse Force Microscopy Measurements Probing
tion of thickness about the NaNbO; 103-diffraction condition,  the Emergence of Ferroelectricity

which reveal small variations in the in-plane lattice parame-

ters of each phase, confirming that the NaNbO; membranes  Intrigued by these observations, we performed piezoresponse
possess similar amount of strain (Figure S5, Supporting Infor-  force microscopy (PFM) to explore the possible presence of
mation). Note that the lattice parameters extracted for these  polar order in the NaNbO; membranes. Since NaNbO; is anti-
two phases are very different, indicating they indeed originate  ferroelectric in bulk, we would expect similar properties to occur
from different structural phases rather than different orienta- in these strain-free membranes. Instead of measuring weak
tions of one structural phase. In order to explore more struc- PFM response, which is expected for antiferroelectric mate-
tural details for these two structural phases, we measured 3D  rials, we probed strong irregular lateral domain patterns for t <
RSMs about the NaNbO; 002-diffraction condition in 65 nm- 13 nm, indicating that the membranes possess in-plane polar-
thick membranes using synchrotron XRD (Figure 1f). First, ized domains with no out-of-plane component at this thickness
the clear Laue oscillations present in the synchrotron XRD  (Figure 2a,b and Figures S6 and S7, Supporting Information).
002-line scan confirm the high crystalline quality of the mem-  With increasing thickness, the out-of-plane component emerges
branes (Figure 1i). In addition, the obtained results reveal two  resulting in a stripe domain pattern with both lateral and vertical
phases segregating along the L axis with different L values in =~ PFM response for thickness between 13 and 40 nm (Figure 2c,d
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Figure 2. PFM images of emergent ferroelectricity and phase coexistence in NaNbO3; membranes. a—f) Lateral and vertical PFM phase images obtained
for 13 nm-thick (a,b), 40 nm-thick (c,d), and 100 nm-thick (e,f) membranes, respectively. g) Schematic phase diagram summarizing the observed ferroic
orders in three thickness regimes of NaNbO3; membranes probed by PFM. h,i) Vertical phase (h) and amplitude (i) PFM images measured near the

mixed phase region in the 100 nm-thick membranes after applying a tip bias of 0, —4, —6, and -8 V.

and Figures S6 and S7, Supporting Information). This thickness-
dependent domain structure evolution is likely a result of the
depolarization effect. Since the out-of-plane depolarization field
increases with decreasing film thickness, the membrane adopts
pure in-plane polarization to minimize the increased out-of-plane
depolarization field in thinner membranes when t < 13 nm.

Adv. Mater. 2023, 35, 2210562 2210562 (4 of 12)

Moreover, for thickness above 40 nm we note that the stripe
domains are also accompanied by some non-polar regions with
diminished PFM response (Figure 2e,f and Figure S8, Supporting
Information). These polar and non-polar phases coexist on the
micrometer lateral scale, which is consistent with the observed
phase coexistence from XRD. Such a thickness-dependent

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Probing space group symmetry of ferroelectric and antiferroelectric phases. a) Raman spectra obtained for both the ferroelectric and antifer-
roelectric phases in 164 nm-thick NaNbQOj3, corresponding to Pmc2, and Pbem space groups, respectively. b) Optical images revealing the phase coex-
istence with distinct optical contrast. c) 2D Raman mapping by integrating the Raman intensity near 178 cm™' showing a similar pattern as observed
optically. d) Schematics illustrating the unit cells for Pbcm and Pmc2, space groups. €) Representative X-ray half-order Bragg diffraction patterns for

NaNbO; membranes. Note that a background powder ring peak appears in the (2 1L) scan near L =0.75. Quarter-integer Bragg peaks arising from
the quadruple lattice of the Pbcm phase are marked by asterisks. f) 2D SHG mapping on the mixed phase region with bright intensity generated by
the non-centrosymmetric ferroelectric phase and dark intensity generated by the centrosymmetric antiferroelectric phase. g,h) SHG polar plots meas-
ured from the ferroelectric phase as a function of incident beam polarization with the emitted signal either vertically (g) or horizontally (h) polarized.

structural evolution is summarized in Figure 2g, showing three
thickness regimes with different domain structures. As to the
thickness at which the polar phase completely vanishes, we
cannot experimentally probe it at this time due to difficulties
releasing very thick intact membranes. Instead, we extrapolated
this thickness from the X-ray 6-26 line scans by performing
Gaussian fits to extract the relative intensities of the peaks for the
two phases (Figure S9, Supporting Information). The extrapo-
lated thickness is found to be 268 nm, above which the NaNbO;
membrane will likely become completely non-polar.

Adv. Mater. 2023, 35, 2210562 2210562 (5 of 12)

We further performed local switching experiments to
understand how these polar and non-polar phases respond
to an external bias. By applying an electrical bias of —4 V to
106 nm-thick membranes, only the polar phases are electri-
cally switched (Figure 2h,i and Figure S10, Supporting Infor-
mation). The non-polar phase, although unswitchable at —4 V,
can be switched into a polar phase partially at -6 V and com-
pletely at —8 V, and remains polar when the field is removed.
Likewise, reversing the sign of the applied bias also shows
similar switching behaviors but with a flipped domain contrast

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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(Figure S11, Supporting Information). These results indicate
that these polar phases are ferroelectric, whereas the non-polar
phase can also transform into a polar phase upon application
of high electric field.

2.3. Optical Measurements Revealing Structural Nature of the
Phase Transition

2.3.1. Raman Spectroscopy

In order to elucidate the structural nature of the polar and non-
polar phases, we studied the space group symmetry of these
phases using a combination of Raman spectroscopy, X-ray half-
order diffraction, and second-harmonic generation (SHG) meas-
urements. We began by obtaining Raman spectra of both the
polar and non-polar phases of NaNbOj; for a 164 nm-thick mem-
brane across a wavenumber range of 30-1000 cm™ (Figure 3a).
Comparing the general spectral features with previous results for
powder samples,?-3 the space group symmetry of both phases
can be identified, from which we obtain a non-centrosymmetric
space group Pmc2, for the ferroelectric phase and a centrosym-
metric space group Pbcm for the non-polar phase (Figures S12
and S13 and Table S1, Supporting Information). Since Pbcm is
consistent with antipolar ordering, these results indicate that the
observed non-polar phase is antiferroelectric in nature. Further
measurements were performed on samples across the entire
thickness range to ensure that the Raman peak locations for
the ferroelectric phase remain relatively constant as a function
of thickness (Figure S14, Supporting Information). Such a coex-
istence of ferroelectric and antiferroelectric phases can even be
recognized optically through their distinct optical contrast (see
Figure 3b for the result at t = 164 nm and Figure S15, Supporting
Information, for results above 40 nm). To ensure that the optical
contrast corresponds to these two phases, Raman spectral
mapping was performed across a 20 um X 20 um region on a
164 nm-thick membrane transferred onto an Al,O; substrate,
which provides minimal Raman spectral background across the
region of interest (100-300 cm™) and allows for a larger map-
ping area than can be achieved with the drumheads on SiN,
membranes (Figure 3c). By integrating the Raman intensity
near 178 cm™ at which the antiferroelectric phase shows a much
higher peak intensity than the ferroelectric phase, we probed a
similar pattern in the Raman mapping as observed by optical
microscopy. These results indicate that the antiferroelectric and
ferroelectric phases are distributed on the micrometer scale and
remain homogeneous within each phase region.

2.3.2. Half-Order X-ray Diffraction Studies

We also performed synchrotron-based half-order XRD studies
to further verify the structural characteristics of these two
phases in terms of lattice periodicity and octahedral rota-
tion. For instance, Pmc2, exhibits a rotation pattern of a~a ¢+
leading to a +/2a, x~/2a, x 2a, supercell (a, is the lattice para-
meter of cubic perovskite subcell), whereas Pbcm exhibits

a complicated rotation pattern of a ac’/a a"c giving rise
to a ~2a,x+2a, x4a, supercell (Figure 3d and Figure S16,

Adv. Mater. 2023, 35, 2210562 2210562 (6 of 12)
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Supporting Information). This distinct octahedral rotation pat-
tern can be detected via half-order XRD. Given the structural
complexity, we only discuss the octahedral rotation patterns
qualitatively without quantifying the value of rotation angles.
Here a series of half-integer Bragg peaks at (%%%) were
measured with h, k, and [ being odd integers except those that
satisfy h = k = | which are forbidden. In addition, the half-
integer Bragg peaks with one of the h, k, and | being an even
integer were also measured (Figure 3e and Figure S17, Sup-
porting Information). Following Glazer’s extinction rules,*¥ we
can determine the following possible rotation patterns in the
NaNbO; membranes: a*b ¢, a b*c, and a b c*. These results
are consistent with the rotation pattern generated by the Pmc2;
structural domains with the long axis of the supercell lying
either in-plane or out-of-plane (see Note S1 and Table S2, Sup-
porting Information). Moreover, we measured a set of quarter-

integer Bragg peaks at (% 1 %), an indication of a four-layer

s

lattice periodicity along the out-of-plane direction, which is con-
sistent with the quadruple lattice of Pbcm in the presence of
complicated rotation patterns a*bc /a b ¢, a’b'c’/ab ¢, and
a'bc"/a b c (Figure 3e). Therefore, the half-order XRD peaks
were further used to probe the structural characteristics that

pertain to the Pmc2, and Pbcm space groups, respectively.

2.3.3. Second-Harmonic Generation Measurements

The coexistence of ferroelectric and antiferroelectric phases also
results in a dramatic spatial variation of the non-linear optical
response, which can be probed by SHG measurements with a
transverse-polarized fundamental beam in a normal incidence
geometry to probe the in-plane symmetry breaking. A SHG
map measured on a 160 nm-thick NaNbO; membrane shows an
intensity variation arising from the coexistence of phases with
distinct symmetry, in which the bright intensity is produced by
the non-centrosymmetric ferroelectric phase whereas the dark
intensity is generated by the centrosymmetric antiferroelectric
phase (see Experimental Section and Figure 3d). Furthermore,
to elucidate the point group symmetry of the ferroelectric
phase, polar plots were measured from the ferroelectric phase
as a function of incident beam polarization (Figure 3g,h). The
emitted vertically (Figure 3g) and horizontally (Figure 3h) polar-
ized SHG signals can be fitted using the symmetry-based SHG
tensor, for which we obtain fitting results consistent with the
orthorhombic mm2 point group symmetry (see Experimental
Section).’! Since the space group Pmc2, is a subclass of mm2,
the SHG measurements further verified the orthorhombic struc-
tural nature of the ferroelectric phase in NaNbO3; membranes.

2.4. Nanomechanical Measurements Showing a Non-Monotonic
Thickness Dependence of Young’s Modulus

We also studied how this size-dependent structural evolu-
tion impacts the elastic properties of the NaNbO; mem-
branes. We probed the elastic response using an atomic force
microscopy (AFM)-based method, in which an AFM tip was

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. AFM-based nanomechanical measurements on NaNbO; membranes as a function of thickness. a) Schematic diagrams illustrating the
drumhead deformation upon local bending by an AFM tip. b) Representative force-deflection curves showing the linear response for t > 25 nm and
the presence of both the linear and non-linear response for t < 25 nm. c) Young's modulus extracted from the linear response showing a highly non-
monotonic thickness dependence, which is governed by strain gradient and surface elasticity in the single-phase regime below 40 nm and dominated
by contributions from the phase boundaries in the mixed-phase regime. The dashed line shows the trend of approaching the Young’s modulus of bulk
NaNbO; above 120 nm. The error bars were generated by including an estimated 10% uncertainty in the spring constant calibration and the standard

error of the mean.

utilized to measure the force (F)-displacement () response
by deflecting the freestanding oxide drumhead formed over
the holes of the SiN, membrane (Figure 4a). For ¢t > 25 nm, a
linear F-§ response was observed, whereas for t < 25 nm, an
additional non-linear F-§ response was seen at higher deflec-
tion (Figure 4b). The linear and non-linear responses can be
attributed to a bending and stretching dominated deformation
of the membrane, respectively. By analyzing these two deforma-
tion regimes, the Young’s modulus including the bending stift-
ness Ey, and stretching stiffness E;, can be extracted from the
linear and the non-linear response, respectively, as a function
of film thickness (see Experimental Section and Figures S18
and S19, Supporting Information). A highly non-monotonic
thickness dependence of Ej, was observed in the NaNbO;
membranes (Figure 4c). For t < 20 nm, the measured Young’s
modulus increases sharply to 100 GPa with reducing thick-
ness, whereas for 20 nm < t < 40 nm, E;, shows an opposite
trend which decreases with reducing thickness. Such a thick-
ness dependence of Young’s modulus resembles the trend
observed in SrTiO; membranes,3% in which a strain gradient
elastic contribution causes an upturn in Ey, for t < 20 nm (i.e.,
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AEy, < 1/t*), while a surface elasticity contribution results in a
decrease in Ey, with reducing thickness for 20 nm < ¢t < 40 nm
(i.e., AEy, o«<—1/t). Therefore, up to 40 nm thickness, the trend
can be well understood using a single-phase model.

Following such a single-phase model, Ej, should ultimately
approach the bulk Young’s modulus of NaNbO; (dashed line,
Figure 4c). Instead of increasing further toward the bulk
value, however, Ej;, starts decreasing at t > 40 nm. This thick-
ness regime coincides with the emergence of a mixture of
ferroelectric and antiferroelectric phase in NaNbO; mem-
branes. Such a reduced Young's modulus is likely due to the
presence of geometrical phase boundaries in the mixed phase
state, which allow for greater deformation upon loading, and
thus leading to a lower Young’'s modulus. Similar phenomena
have been demonstrated in polycrystalline materials where
the atoms at the grain boundaries show higher compliance
due to their higher mobility, and thereby giving rise to a lower
overall Young’s modulus.’”! Similarly, our result wherein F,
decreases with thickness is also a possible result of increasing
contributions from the phase boundaries as the volume frac-
tion of the Pbcm phase increases with thickness. In addition,
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since the AFM-based method only allows for the measure-
ment up to =100 nm (i.e., the compliance of membranes at
t > 100 nm approaches the value of SiN, membrane which
makes the analysis difficult), we also performed nanoindenta-
tion tests to verify the trend beyond this thickness range (see
Experimental Section and Figure S20 and Note S2, Supporting
Information). Overall, these results indicate that the non-mono-
tonic thickness dependence of Young’s modulus is coupled to
the emergent phase transition in NaNbO; membranes, which
is governed by the strain gradient and surface elasticity in the
single-phase regime, and dominated by contributions from the
phase boundaries in the mixed-phase regime.

In addition, we also obtained the value of pre-strain from
the nanomechanical analysis performed in the linear response
regime of the suspended membranes.*® Figure S21, Sup-
porting Information, shows a very small amount of pre-strain
(<0.1%) for all NaNbO; membranes, regardless of thickness.
These results again indicate that the effects of strain are negli-
gible on the lifted-off membranes.

2.5. First-Principle Calculations Unveiling the
Transition Mechanism

So, what drives this emergent antiferroelectric-to-ferroelectric
transition in NaNbO; membranes? First-principle calculations
based on density functional theory (DFT) were performed
to understand the mechanism. Since apparently the surface
contribution increases with reducing film thickness, we consid-
ered the surface effects by calculating symmetric NaNbO; (001)
slabs with defective NaO surfaces as a function of thickness (see
Experimental Section). For the largest studied thickness of 9 for-
mula units (f.u.), we found that the antiferroelectric-like phase is
more stable, with an energy difference AE = —-16.62 meV (with
AE = Eppon — Epmea,), consistent with the case for the unstrained
bulk NaNbO; (Note S2, Supporting Information). By reducing
the thickness to 7 f.u., AE increases such that the Pmc2; phase
becomes more stable over the Pbcm phase, with AE =+6.96 meV
(Figure 5). Such a thickness-dependent structural evolution
is qualitatively consistent with the experimental observations.
Note that the calculated c/a ratio (0.995) for the Pmc2; phase
is very close to the experimental results ((¢/a)eq = 0.993-0.997)
measured for a membrane thickness from 20 to 40 nm (Figure
S4, Supporting Information). In addition, it was noted from
the experiment that the c¢/a ratio for the Pbcm phase is lower
than the Pmc2, phase, which are 0.986 and 0.998 respectively,
measured for 65 nm-thick membranes (Figure S4, Supporting
Information). Given our numerical results showing that the c/a
ratio increases with reduced film thickness, it is possible that
the higher tetragonality, resulting from the structural relaxation
induced by the surface, helps stabilize the Pmc2; phase, whereas
when the thickness increases, some volume fraction of the
membrane relaxes to a lower c/a ratio, which induces the emer-
gence of the Pbcm phase. Therefore, the DFT calculations reveal
that the experimentally observed emergence of the Pmc2; phase
is a possible result of the structural distortions induced by the
surface. Note, however, that many factors were not taken into
account in the calculations, which may explain that the agree-
ment between experiments and theory is qualitative rather than
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Figure 5. First-principle calculations on NaNbO; membranes. Energy
difference (AE = Epy.m — Epmez) calculated between the antiferroelectric
Pbcm and ferroelectric Pmc2, phases for a 2 x 2 x N slab with a Na,O3
terminated surface. The slab energy differences AE were normalized and
are not directly comparable with bulk values because the slabs are not
stoichiometric.

quantitative (the predicted critical thickness from a Pmc2, to a
Pbcm phase is =2.7 nm, which is lower than the experimentally
observed critical thickness of 40 nm). Examples of such factors
are the presence of structural defects, inhomogeneities, surfaces
having other reconstructions and terminations, and thickness
commensurability/incommensurability with the Pbcm-phase
period (Note S3, Supporting Information).

In addition, we cannot neglect the possibility that the ferro-
electricity measured in NaNbO; membranes is a result of the
frozen ferroelectricity in their initial as-grown state. Note that
the Pbem antiferroelectric phase is more stable than the ferro-
electric Pmc2; phase when NaNDbOj; is unstrained. Therefore,
the ferroelectric phase is favored in the as-grown NaNbO; on
SrTiO;. The relaxation from the strained ferroelectric phase
to the unstrained antiferroelectric phase would require over-
coming an energy barrier =33 meV fu.”}, calculated using
the nudged elastic band method,*2#} which is two orders of
magnitude higher than the energy difference between the two
phases at equilibrium. If such an energy barrier increases in
thin membranes due to dimensionality or surface effects, the
thin membranes could remain frozen in their initial ferroelec-
tric state during the lift-off process.

3. Conclusions

Our work demonstrates the intrinsic scaling of NaNbO; mem-
branes driven by the structural distortion arising from the
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surface, leading to an intriguing antiferroelectric-to-ferroelectric
transition with reducing thickness. Specifically, we probe a single
ferroelectric phase state below 40 nm and a mixed-phase state
above this critical thickness with the coexistence of ferroelectric
and antiferroelectric orders. The observed coexisting ferroelec-
tric and antiferroelectric phases are also electrically switchable.
Detailed optical characterizations further reveal the structural
nature of these two phases, which are Pmc2; and Pbcm space
group symmetries for the ferroelectric and antiferroelectric
phase, respectively. Our work demonstrates enormous potential
of utilizing size effects to drive emergent properties in environ-
mentally benign oxide materials with the membrane platform.

4. Experimental Section

Thin-Film Growth: The epitaxial heterostructures of 9-164 nm-thick
NaNbO; and 20 nm-thick Lag;SrgsMnO; were synthesized on
(00T)-oriented  single-crystalline SrTiO; substrates via PLD. The
Lag7Sro3MnO; sacrificial layer was grown first at a growth temperature
of 700 °C, an oxygen pressure of 1.9-2.1x 107" Torr, an imaged laser spot
size of 5.86 mm?, a laser fluence of 1.50 | cm™, and a repetition rate of
3 Hz. The NaNbO; layer was then synthesized in the same chamber at a
growth temperature of 600 °C, an oxygen pressure of 2.0-2.4 x 107" Torr,
an imaged laser spot size of 5.86 mm?, a laser fluence of 1.60 | cm™,
and a repetition rate of 2 Hz. Following growth, the chamber was cooled
down to room temperature in 1.5 torr O, at a cooling rate of 5 °C min~.

Piezoresponse Force Microscopy: The PFM measurements were taken
with a Cypher AFM (Asylum Research) using Ir/Pt-coated conductive
tips with a force constant of =2.8 N m™ (Nanosensor, PPP-EFM). Vector
PFM mode was used to allow for simultaneous measurement of both
the in-plane and out-of-plane polarization domain structure.

NaNbO;  Membrane Transferr A 600 nm-thick poly(methyl
methacrylate) (PMMA) support layer was first spin coated on top of
the heterostructure and baked at 135 °C. The heterostructure was then
placed in a solution of 5 g KI + 0.5 mL 6 m HCl + 50 mL deionized
water at room temperature for 4-6 days until the Lag;Srg3MnO; had
been fully dissolved. The PMMA-coated NaNbO; film was then released
from the SrTiO; substrate and transferred onto 200 nm-thick perforated
SiN, membranes with circular holes in diameter of 2, 5, or 10 um,
supported by 200 um Si frame (Norcada Inc.). The PMMA support layer
was then removed by dissolving in acetone at 60 °C and then washing in
isopropanol, leaving just the freestanding NaNbO; membrane.

Raman Spectroscopy: The Raman spectroscopy measurements were
conducted using a Horiba LabRAM HR Evolution spectrometer with a
100x SWD objective. A HeNe gas laser was used to produce a linear
polarized incident light with a wavelength of 633 nm, an average power
of 8 mW, and a spot size of 448 nm. The Raman spectra were measured
on the suspended NaNbO; drumheads on SiN, membranes in a
range of 30-1000 cm™ with an ultralow frequency filter at a cut-off of
=5 cm™. The 2D Raman mapping was measured in a spectral window
of 85-410 cm™ on a 164 nm-thick NaNbO; membrane transferred onto
an Al,O; substrate, which had a minimal Raman signal for the peaks of
interest around 180 cm™.

Second-Harmonic Generation: SHG measurements were carried out
in a normal-incidence, reflection-geometry. A Ti/sapphire oscillator was
used for light excitation with =100 fs pulses and center wavelength of
900 nm, a 78 MHz repetition rate, and an average power of <1 mW.
To arbitrarily control the polarization of the incoming light, a Glan—
Thompson polarizer was used and subsequently the light was sent
through a half-waveplate. The polarized light was then sent through
a short-pass dichroic mirror and focused on the sample using a 100x
(NA = 0.95) objective. The back-scattered SHG signal was sent through
a short-pass filter and detected using a spectrometer (SpectraPro 500i,
Acton Research Instruments) with a charge-coupled device camera
(Andor iXon CCD). A linear polarizer on the back-end optics was used
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to select emitted light polarization for detection. Diffraction-limited
confocal scanning microscopy was used to create SHG intensity maps.
A commercial Thorlabs polarimeter was used at the sample location
to confirm the incoming light polarization incident on the sample, as
well as the light polarization entering the detector. All SHG maps shown
throughout the manuscript were performed using [100],-polarized
incident light with no polarizer on the back-end optics.

The analysis of SHG polar plots was conducted using a non-linear
tensor for the orthorhombic system. First, the non-linear polarization
of each domain variant could be described using an mm?2 point group
tensor:

E?

E}
P 0 0 0 0 dis O £2
P, =] 0 0 O 4,, 0 O m
P; 31 d3 diz 0 0

2EFs

2E.E,

where P; (i =1, 2, 3) and E; (i =1, 2, 3) were defined in the local
coordinate system for each domain variant (X;, X5, X3) with X; parallel to
the polarization direction in each domain. In order to analyze the polar
plots which were measured with respect to the reference frame of (x, x,,
x3), Wherein xj, x,, x3 were parallel to the pseudocubic crystal axes [100],
[010], and [001], the non-linear response needed to be converted from
the local coordinate system (X;, X3, X3) to the global coordinate system
(x, Xz, X3).

For example, for the domain variant 2, the electric field (E;, E,, E3) in
the local coordinate system could be converted into (E,, E, E,) in the
global coordinate system, using the following transformation matrix:

N2, 2
2 2
0 1 0 )
V2o, 2
2 2
Therefore, the following relation could be obtained:
2 2
E, :—%(Ex +E,), E,=E,, E; :%(Ex -E,) 3)

Since the normal incidence beam produced electrical components
E?(¢) = (Egsing, Eqcosg, 0), where @ was the azimuthal angle of the
fundamental light polarization, the electric field components could be
further written as:

E1=—§Eosin¢, E;=Eqgcosg, Efgfosm‘l’ “)

Using Equation (1), the following relation for the non-linear
polarization in the domain variant 2 was derived,

P = —Egdw SinZ(P,
P, =E2d24sin2(p,

V2
P = E%(%sinz(p+d32 cosz(p)

Transforming Equation (5) back to the reference frame of (x;, x,, x3),
the following was obtained:
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P, :-%(E%(id”;d“ sinz(p+d3zcosz(p)+E§d1ssin2q)) (6)
P, =292 giny )
y Oﬁ ®

P, :—%(E?’(—d“;d” sinZ g +ds, cosz(p]— Eddss sinz(p) (8)

Similar conversions could also be carried out for other domain
variants. Taking account of the contributions from all possible domain
variants, the angular dependence of the total SHG intensity was found as

IJZ-”’:K1vj(cosqu+K2'jsinzq))2+K3'jsin22(p ©)
+K4,j(cosz(p+K2,J- sinz(p)sinZ(p

which could well fit the experimental polar plots.

X-Ray Diffraction: XRD symmetric 6-26 line scans were performed
using a Bruker D8 Discover with a monochromated Cu Ky (4 =
1.5406 A) source. Synchrotron XRD measurements including 3D RSM
and detailed half-order super-reflections were carried out on a five-
circle Huber diffractometer with Chi geometry using an X-ray energy of
20 keV (wavelength A = 0.6199 A) at the beamline sector 12-ID-D in the
Advanced Photon Source (APS) at the Argonne National Laboratory. A Si
(111) double crystal monochromator with a resolution AE/E =1x 10~ was
used to manipulate and set X-ray energy. The X-ray beam had a total flux
of 2 x 10" photons/s at 20 KeV, and the beam was vertically de-magnified
by a 1D focusing compound refractive lenses. An X-ray beam profile of
50 um (V) x 500 um (H) was used in the measurement. The scattering
signals were captured by a Pilatus 100K 2D area detector, and the 2D
images were used to perform the data processing. Geometric corrections
were applied for all 3D RSM and half-order super-reflection data. RSM
data were processed by the RSMap3D software developed by APS.

Nanomechanical ~Measurements via Atomic  Force  Microscopy:
The AFM measurements were taken with a Cypher AFM (Asylum
Research) using BudgetSensors Multi75DLC carbon-coated tips,
which had a force constant of =3 N m™, a tip radius of =15 nm, and
a free-space resonance frequency of =75 kHz. NaNbO; thicknesses
were determined by averaging step heights at several locations at the
edge of the freestanding membranes. To acquire the force—deflection
curves, the AFM tip contacted the NaNbO; membranes at 32 x 32
positions across an entire freely suspended drumhead as well as some
of the surrounding region supported by SiN,. A maximum force of
=100 nN was applied to the freestanding membranes. For the thinner
membranes, this caused both a linear (bending dominated) and non-
linear (stretching dominated) force-deflection response whereas only a
linear response could be measured in the thicker membranes. To extract
Young's modulus from the linear response force—deflection curves (E;;,),
a fit to the experimental compliance map was performed. Compliance
was calculated by extracting the slope of the linear force-deflection at
each of the 32 x 32 positions of the force map. The fit was performed
by numerically solving the bending equation with clamped boundary
conditions using the finite element solver FeNICS.

Elint3 V4”(r)_TV2u(r)=p(r) (]0)

[12(1-0?)]

where t is the membrane thickness, v is the Poisson ratio (0.25 typical
for perovskite oxides), T is the uniform pretension of the membrane,
and Ej, is the Young’s modulus extracted from the bending response.
These could be used to fully describe mechanical deformation u(r) under
a loading pressure p(r) with the general biharmonic equation (with r
describing the in-plane position).

For the non-linear force-deflection response Young’s modulus (which
was dominated by a stretching response), only the curve at the center of
the drumhead was used and the response was fit to a cubic polynomial
of the form
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F=A5+B5? (11)

where 9§ is the deflection of the membrane from its neutral position
and the coefficient B is proportional to the Young's modulus (E,;) to
be inferred from the non-linear response. Further details on both the
measurement and analysis were described previously in the work by
Harbola et al. and were adapted for this measurement.

Nanoindentation Tests: Nanoindentation tests were performed
using the iMicro nanoindenter (Nanomechanics, Inc.) and a diamond
Berkovich tip (Synton-MDP) to obtain the elastic modulus of the thin
film. Samples with a top layer of 160 nm-thick NaNbO; membrane, an
intermediate layer of 300 nm-thick SiO,, and a Si substrate layer were
indented with a continuous stiffness measurement method to a target
depth of 100 nm, strain rate of 0.2 s7', target frequency of 110 s, and
target dynamic displacement (amplitude of oscillation) of 2 nm to
measure elastic modulus as a function of depth.

First-Principle Calculations: ~First-principle calculations based on
the DFT were performed by employing the projector augmented-wave
method,™l as implemented in the Vienna Ab initio Simulation Package
code®! and using the generalized gradient approximation, within the
Perdew—Burke—Ernzerhof functional for solids.[®l A plane-wave basis set
with a kinetic energy cut-off of 550 eV was used. The valence states used
for the calculations were 2p®3s! for Na, 4s24p®4d*5s! for Nb, and 2s22p*
for O, respectively.

Slabs were built symmetrically, with two identical (001) surfaces,
starting from the Pbcm or Pmc2, optimized bulk structure. The
slab resulting space groups might be different due to the reduced
symmetries imposed by the presence of the surfaces, but it was
verified that the same ferroelectric or antiferroelectric ordering as in the
bulk was preserved. The slab thicknesses were =2.7 or 3.5 nm, which
corresponded to 7-9 f.u. of NaNbO; plus an additional atomic layer.
A vacuum thickness of more than 20 A was added to avoid spurious
interactions between the two surfaces. Considering that the films were
free-standing and quite thin, a structural optimization was performed
to release the in-plane strain and to calculate optimum in-plane and
out-of-plane lattice parameters. Optimized structures were obtained
with Hellmann—Feynman forces on each atom converged to less than
0.005 eV A", Perfect (001) surfaces could either have a NaO or a NbO,
termination. The discussion was focused on the NaO surfaces as it was
found that they displayed calculated average c/a =0.995 ratios which
show the best match with the measurements. Results obtained with
the other surface terminations are described in Note S3 and Figure S22,
Supporting Information. Because (001) NaO and NbO, atomic layers
were charged, (2 x 2) NaO surfaces were studied including an oxygen
vacancy to preserve the insulating behavior of the film. The new surface
termination was thus made of Na,Os, but for the sake of simplicity it
was decided to simply continue to name it NaO.

Supporting Information

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