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he development of advanced meth-

ods for a layer-by-layer growth of

multicomponent perovskite super-
lattices has generated excitement,' 3 both
because of the intriguing physical phenom-
ena that are not observable in bulk materi-
als and because of potential applications in
nonvolatile ferroelectric memories, piezoac-
tuators, sensors, and magnetoelectric de-
vices. These perovskite superlattices allow
the tuning of physical properties while
maintaining a perfect crystal structure, in
practice, by forming a periodic sequence of
ultrathin layers of different compounds, to
observe emerging physical properties that
are not necessarily a simple combination of
those found in the constituent
materials."*~® Underlying these studies is
the technical prerequisite of the thin-film
growth with single-unit-cell control and
atomically sharp interfaces.>'® This has been
usually achieved by laser molecular-beam
expitaxy. However, current film-growth
techniques require complex deposition pro-
cesses with high-temperature postanneal-
ing, producing large extrinsic effects arising
from growth-induced defects and/or ther-
mal strain."” Thus, a key challenge in this
field is the production of perovskite super-
lattices by engineering the interface at the
atomic scale, which may realize the full po-
tential of perovskite superlattices.

Recent advances in two-dimensional
(2D) oxide nanosheets offer a new opportu-
nity for room-temperature fabrication of ox-
ide thin films.'?7'® Oxide nanosheets ob-
tained via exfoliation of layered compounds
possess a high 2D anisotropy with a molec-
ular thickness (typically ~1 nm) and, there-
fore, can be regarded as the thinnest self-
standing 2D nanostructures having
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ABSTRACT Combining different materials into desired superlattice structures can produce new electronic

states at the interface and the opportunity to create artificial materials with novel properties. Here we introduce

a new, rather unexpected, and yet simple way to such a superlattice assembly of perovskite oxides: in the

Dion—Jacobson phase, a model system of layered perovskites, high-quality bicolor perovskite superlattices

(LaNb;05),,(Ca;Nb3010),¢ are successfully fabricated by a layer-by-layer assembly using two different perovskite

nanosheets (LaNb,0; and Ca,Nb;0) as a building block. The artificially fabricated (LaNb,0,/Ca,Nb30+()
superlattices are structurally unique, which is not feasible to create in the bulk form. By such an artificial

structuring, we found that (LaNb,0,/Ca,Nb;0,,) superlattices possess a new form of interface coupling, which

gives rise to ferroelectricity.

KEYWORDS: perovskite nanosheets - layer-by-layer assembly - artificial
superlattice - ferroelectricity

functionalities inherent from the parent
compounds.'? In addition, because of their
polyelectrolytic nature, they can be em-
ployed as a building block for the electro-
static layer-by-layer self-assembly.'® Re-
search in such exotic 2D systems has
recently intensified as a result of the emerg-
ing progress in graphene'” as well as the
successful exfoliation of transition-metal ox-
ides including Ti;50,'®"° Mn0O,,%° and per-
ovskite oxides.'*?' In the perovskite case,
the exfoliation of layered perovskites has
been reported for Dion—Jacobson
phases'*?'?2 including LaNb,0;,
(Ca,Sr);Nb30;, CaLaNb,TiO;q, La;Ti,NbO;,
and for some others with
Ruddlesden—Popper'? (SrLaTi,TaOq,
Ca,Ta,TiO;g) and Aurivillius (SrBi,Ta,0o,
Bi;Ti;01,) phases.?*?* An important aspect
is that these nanosheets consist of perov-
skite building blocks of TiOs, NbOg, or TaOg
octahedra. These features make the
nanosheet an ideal base for high-k dielec-
trics and ferroelectrics with a critical
thickness.?>?° Therefore, the layer-by-layer
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Figure 1. Structures and AFM images (10 X 10 pm?) of LaNb,0; (a,c) and Ca,;NbsO;, (b,d) nanosheets. A tapping-mode AFM
in vacuum condition was used to evaluate the morphology of the nanosheets on Si substrate. Height profiles are shown in

the bottom panels.

approach for perovskite nanosheets could be useful
for fabricating perovskite superlattices, but such possi-
bilities have hardly been explored.

Here, we report on the fabrication and properties
of high-quality bicolor perovskite superlattices, com-
posed of two different perovskite nanosheets (LaNb,0;,
CayNbs0;). These perovskite nanosheets are
Dion—Jacobson phases with different perovskite-like
layers (m octahedral thick). Natural superlattice struc-
tures with different m numbers do not exist in bulk
form, and thus our superlattices with (m = 2/m = 3)
nanosheets should be an intriguing type of artificial in-
terface structure based on layered perovskites.

RESULTS AND DISCUSSION

Perovskite nanosheets (LaNb,0;, Ca,Nb30,,) were
prepared by delaminating layered perovskites accord-
ing to previously described procedures.?'?? The starting
materials (KLaNb,0;, KCa,Nb30,) prepared by a solid-
state reaction, were converted into their protonic forms
(HLaNb,0; - nH,0, HCa,;Nb30;4 - 1.5H,0) in HNO; solu-
tion. Colloidal suspensions of perovskite nanosheets
(LaNb,0O7, Ca;Nb304¢) were synthesized by delaminat-
ing these protonic forms with a tetrabutylammonium
(TBA) hydroxide solution. This exfoliation process pro-
duced the colloidal suspension of monodispersed and
unilamellar perovskite nanosheets, which are appropri-
ate for the layer-by-layer self-assembly. Sectional analy-
sis of atomic force microscopy (AFM) images (Figure 1)

ACINANCO) voL.a = No.11 = LIET AL

revealed a sheet-like morphology (with an average lat-
eral dimension of a few um), which is inherent to the
host layer in the parent compounds. The average thick-
nesses were 1.47 = 0.10 nm for LaNb,O, and 1.85 =
0.10 nm for Ca,Nbs0;, respectively. The values ob-
tained are nearly comparable to the crystallographic
thickness of the host layer in the corresponding parent
compounds, supporting the formation of unilamellar
nanosheets.

We approached the preparation of superlattice films
by the layer-by-layer assembly involving the
Langmuir—Blodgett (LB) process?” (Figure 2a). The LB
isotherms for the colloidal suspensions showed a rise
in the surface pressure without spreading amphiphilic
additives (Figure 2b). This behavior was commonly ob-
served in other nanosheets such as Ti;;O, and
Cs4W110362”% and can be ascribed to the moderate am-
phiphilic nature of TBA ions used as a delaminating
agent. By controlling the surface pressure, surface cov-
erage of perovskite nanosheets was manipulated to
give a uniform deposition (Supporting Information, Fig-
ures S1 and S2). In LaNb,0O; and Ca,Nb;0;, cases, the
best results were obtained for LB transfer at the surface
pressure of 15 mN m~', yielding 95% coverage with
only occasional overlaps and gaps. Below 15 mN m™',
the nanosheets were loosely packed with noticeable
gaps between them. In contrast, when exceeding 15
1, overlapped patches of nanosheets started to
form, suggesting the collapsed texture of the films. On

mNm~
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Figure 2. (a) Fabrication procedure for superlattice films using the LB method. (b) Pressure—area (mw—A) isotherms for nanosheet
suspensions (LaNb,0, and Ca,Nbs0;) at 25 °C. For the horizontal axis, the percentage of surface area relative to the area before com-
pression is used. (¢, d) AFM images (25 X 25 pm?) of Ca,Nb30,, monolayer film and (LaNb,0,/Ca,Nb30,), superlattice on SrRuOs sub-

strate. A selected nanosheet is outlined for clarity.

the basis of the results, the surface pressure of 15 mN
m~" was selected as the optimal condition for the well-
organized LB films.

The procedure for the LB depositions involving two
or more different nanosheets was repeated an appro-
priate number of times to synthesize the superlattice
assembly. The use of an atomically flat SrRuOs substrate
is effective for the fabrication of an atomically uniform
superlattice film with a highly dense characteristic. Fig-
ure 2a illustrates such an example in (LaNb,O;/
CayNb30;(), superlattice on a SrRuOs substrate. An
AFM image (Figure 2c) revealed that the Ca;Nb;04
monolayer film appeared flat at the atomic scale and
uniform over a large area; the roughness (root-mean-
square) was ~0.3 nm. Repeated LB transfer of the
monolayer could yield superlattice films; the nearly per-
fect characteristics persist in thicker films (Figure 2d), in-
dicating that the high-quality monolayer could be re-
peatedly deposited to yield a well-ordered lamellar
structure in superlattice films. The as-deposited films
were irradiated by ultraviolet (UV) light in order to de-
compose TBA ions used in the exfoliation process. Infra-
red absorption data revealed that the UV-treated films
were successfully analyzed based on a multilayer-
assembly model composed of nanosheets and charge-
balancing cations such as NH, ™" ions.

The layer-by-layer assembly process of nanosheets
could be monitored by the UV—visible absorption spec-
tra. Figure 3 panels a—d show the data when LaNb,0;,
and Ca,;Nbs;0;y nanosheets were deposited in four dif-
ferent sequences. The absorption peaks noticeable at
206 and 232 nm are attributable to LaNb,O, and
Ca;Nb304 nanosheets, respectively, as is clear from
the data for the multilayer films composed of each
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nanosheet (Figures 3e/f). In the superlattice films, each
deposition cycle causes progressive enhancements for
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Figure 3. UV—visible absorption spectra in the multilayer
buildup process. (a) (LaNb,0;/Ca;Nb30,0)s, (b)
(CazNb3040)3(LaNb,07)4(Ca;Nb3040)s, (c)
(LaNb,0;),(Ca;Nb3040)3(LaNb,0),(Ca;Nb304)s, (d)
(LaNb,0;)s(Ca;Nb3010)s, (€) (LaNb,O7)1o, (f) (CazNb3040)10. In-
sets show schematic illustrations of superlattice structures
where the purple and green blocks correspond to LaNb,0;
and Ca,Nb;0,, nanosheets, respectively.
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Figure 4. XRD pattern for (LaNb,0,/Ca,Nb30+¢)s superlattice
in comparison with those for multilayer films of (LaNb,0;)1o
and (casz301o)10.

the superlattice-type buildup, and the spectral profile
observed can be understood in terms of the superimpo-
sition of the profile of each nanosheet in the designed
sequences.

Successful deposition of the superlattices was also
confirmed by X-ray diffraction (XRD) (Figure 4). In the
(LaNb,0,/Ca;Nbs010)s superlattice, the XRD data exhib-
ited a Bragg peak centered at 26 = 6.2°. The d spacing
of 1.4 nm for this peak is clearly different from the mul-
tilayer repeat distance for the films of each component
of LaNb,O; (d = 1.2 nm) and Ca,;Nbs;0;, (d = 1.6 nm)
nanosheets. Because the obtained value of d = 1.4 nm
is close to half of the repeating unit of LaNb,O;/
CayNb3Oig (d = 2.8 nm = 1.2 + 1.6 nm), the reflection
observed for the superlattice may be interpreted as the
second-order line for the superlattice. The apparent ab-
sence of the first-order peak may be explained by fairly
similar scattering amplitudes of LaNb,0; and Ca,Nb;01¢
nanosheets in the film. The intensity ratio of the first-
and second-order lines was calculated as 100, 1 and

a)

o Supetilattice
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Calog
SrRuO3 Intensity (a.u.)

100, 10 for the multilayer films of (LaNb,0;);o and
(CazNb3040)10, respectively, whereas the values of 0,
100 were obtained for the (LaNb,0,/Ca;Nb;0,0)s super-
lattice, which is in agreement with the observed profile.

Cross-sectional high-resolution transmission elec-
tron microscopy (HRTEM) observations (Figure 5) pro-
vide direct information on the superlattice formation.
An image of the (LaNb,0;/Ca,Nb30;); superlattice (Fig-
ure 5a) revealed that the substrate surface is covered
with the superlattice nanofilm, and the coverage and
film thickness are homogeneous in a wide area. At a
higher magnification (Figure 5b), the regular growth
structure composed of Ca;,Nb;0,o and LaNb,0O; layers
is clearly seen. The thickness of the constituent layers
was approximately 1.6 and 1.2 nm, which are in good
agreement with the crystallographic thickness of 1.44
nm for Ca,Nbs0;0 and 1.06 nm for LaNb,0O, nanosheets,
respectively. In addition, there are no detectable stack-
ing defects in the superlattice. These results clearly indi-
cate that the alternating superlattice stacking of
Ca,;Nbs0; and LaNb,O; nanosheets is maintained not
only in nanometer scale but also in a wider-ranging
area.

Electron energy-loss spectroscopy (EELS) in TEM
was used to probe compositional changes at the inter-
face (Figure 5c,d). Simultaneously recorded La-N,3 and
Ca-L,3 edge spectra show a compositional abruptness
between SrRuO;s substrate and subsequently deposited
nanosheets; a comparison with reference spectra from
LaNb,0; and Ca,Nb;0,, (Supporting Information, Fig-
ure S3) indicates that the lamellar parts (points 3—7) are
the heterostructure composed of LaNb,0O, and
Ca;Nbs01. The integrated intensity profiles of the La-
N,3 and Ca-L,3 edges (Figure 5c) clearly resolve a com-
positional modulation in the lamellar parts (points
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Figure 5. (a) HRTEM image and (b) higher magnification image of (LaNb,0,/Ca,;Nb30+,); superlattice on SrRuO; substrate.
The dotted lines in the panels a and b are a guide for superlattice stackings. (c) The integrated intensity profiles of the La-
N,; and Ca-L,3; edges and (d) EELS spectra of the (LaNb,0,/Ca,Nb30,); superlattice. The electron beam position for these

data is denoted by circles in panel b.
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3—7); the Ca-L,3 and La-N,; peaks alternately appeared
at 1.6- and 1.2-nm steps. A clear benefit of our ap-
proach is the experimental realization of the atomically
sharp interface between perovskite nanosheets and
substrate. We note that there are no detectable interdif-
fusion and strains at the interface, suggesting the pro-
duction of a dead-layer-free perovskite superlattice di-
rectly assembled on the SrRuO; substrate. Such a
superior interface property is not specific to the super-
lattice geometry; the superlattice films of a similar qual-
ity were achieved in (LaNb,0;),,(Ca;Nb301¢)nc with dif-
ferent stacking sequences (n,/nc) and different
substrates such as SrTiO3:Nb or Pt, even by combining
with other nanosheets (see Supporting Information,
Figure S4). Therefore, our superlattice approach is quite
general, and the exact control of interface atomic stack-
ings can be realized in the self-assembled superlattices.

It is also noteworthy that the (LaNb,0;/Ca,Nb30;)
superlattices are unique structures from the viewpoint
of crystal chemistry. In Ruddlesden—Popper and Auriv-
illius phases, various intergrowth structures and natural
superlattices (such as Sty 1TimOsm+1,
BisTi301,—SrBisTisO15, and BisTiNbOy—Bi,Tiz0;,) have
been reported.?~3' In Dion—Jacobson phases, how-
ever, the intergrowth structure with different m num-
bers does not naturally exist in the bulk form. Therefore,
the (LaNb,0;/Ca;Nb304) superlattices should be an in-
triguing type of artificial structure, where the different
m structures of Dion—Jacobson phases are precisely as-
sembled in the layer-by-layer fashion.

Now, questions rise whether modification of proper-
ties can be induced in such a self-assembled perov-
skite superlattice. This issue must be considered as im-
portant factors in the rational design of superlattices
with engineered physical properties using nanosheets.
In the case of typical superlattices, in which the in-plane
lattice parameter of all the constituents is constrained
to that of the underlying substrate, the primary interac-
tion that determines the overall properties of the super-
lattice seems to be elastic; the principal consideration
is the minimization of polarization mismatch between
layers, any mismatch giving rise to very high electro-
static energy penalties. Thus, the elastic constraint im-
posed by the substrate is an important factor in deter-
mining the orientation of the polarization in the
superlattice layers and thus has a dramatic effect on
the properties of the superlattice.

In our case, the nanosheet superlattices are a unique
system, in which the soft-chemical layer-by-layer ap-
proach does not restrict the elastic constraint imposed
by the substrate, allowing an extraordinary opportunity
for the exploration of the fundamentals of ferroelectric-
ity. A possible indication comes from piezoelectric force
microscopy (PFM), a powerful tool to characterize local
ferroelectric properties in nanofilms and individual na-
nomaterials.>? Figure 6 shows the PFM responses of
three different superlattices as well as multilayer films
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Figure 6. (a) PFM responses measured from different super-
lattices: (LaNb207/Casz301o)5 [(L/C)5],
(LaNb,0;),(Ca;Nb3010)3(LaNb,0),(Ca;Nb304); [L,C5L,Csl,
and (LaNb,0;)5(Ca;Nbs0;)s [LsCs]. (b) PFM responses mea-
sured from multilayer films of (LaNb,0;): [L10] and
(CazNbs040)10 [Ciol. In panels a and b, the designed stacked
structures are also indicated. (c) Relationship between the
amplitude piezoresponse (at +1 V) and the number of the
LaNb,0,/Ca;Nb;0;, interfaces in the
(LaNb,05),.(Ca;Nb301(),c superlattices.

of (LaNb,0O;)o and (Ca;Nb304¢)1o. The (LaNb,O;/
CayNb304)s superlattice shows a clear hysteresis behav-
ior inherent to ferroelectricity, whereas multilayer films
of (LaNb,057):0 and (Ca;Nbs0;)1o reveal a paraelectric
behavior. This observation points to a potential impact
of the heterointerface on polarization properties in the
superlattices.

Such an interfacial effect is also supported by the
stacking dependence of the PFM response in the
(LaNb,07),.(Ca;Nb3O1)nc superlattices (Figure 6a,c).
Clearly, the PFM response shows a strong dependence
on the number of the (LaNb,0,/Ca,;Nb;0,) heterointer-
faces in the superlattces; a sufficient number of the
(LaNb,0,/Ca,Nbs0;,) heterointerfaces can modulate
the PFM response, which is favorable for a stronger fer-
roelectricity. Thus, the ferroelectric response in Figure
6a is an intrinsic signature due to the interfacial effect
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and not a consequence of the leakage current; the
(LaNb,0;/Ca;Nb30,0)s superlattice exhibits a highly in-
sulating nature with leakage current density of <1077 A

cm~2 (Figure 7a).

Further evidence of the interfacial effect comes

from the dielectric response in the (LaNb,O;/

Ca,Nb30;)s superlattice. Figure 7b shows the frequency
dependence of the relative dielectric constant (e,) in
the (LaNb,0,/Ca;Nb;0,0)s superlattice together with
the multilayer films of (LaNb,05);o and (Ca;Nb30;0)10. In
the (LaNb,0;,/Ca;Nbs0;)s superlattice, the €, values ex-
hibited a small frequency dispersion in the regime of
100 Hz - 10 MHz, a behavior being similar to those ob-
served in (LaNb,05);9 and (Ca;Nb30;0);0. We note that
the (LaNb,0,/Ca;Nbs044)s shows an anomalously large
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Figure 8. Schematic model of the (LaNb,0,/Ca;Nb30;,) interface and

motions associated to different energy lowering distortions.
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€, response (~110) different from that of ordinary di-
electrics. In the ordinary cases, the dielectric response
in two component materials can be expressed by a se-
ries of the parallel capacitor model, and the €, value of
the (LaNb,0,/Ca;Nb3044)s superlattice can be ac-
counted for by

t
€

t t
superlattice _LaNb,0, Ca,Nb;0,,

€LaNb,0,

superlattice ECaZNbsom

where t is the thickness of the dielectric component.
The estimated &, value is 89, which is much smaller than
the observed ¢, value (Figure 7b). This deviation in &,
implies the possible existence of the interfacial effect
on polarization properties in the (LaNb,0,/Ca;Nb3O4¢)s
superlattice, in which the residual dipoles at the inter-
face cause the enhanced polarization in the
superlattice.

In bulk compounds KLaNb,0; and KCa,;NbsO;, that
are precursors of LaNb,0; and Ca,Nb;0;, nanosheets,
not only a polar zone-center distortion responsible for
the ferroelectric ground state but also a zone-boundary
distortion involving tilts of the oxygen octahedra are
unstable. However, since LaNb,0; and Ca;Nb30;q
nanosheets are composed entirely of surface atoms ar-
ranged two-dimensionally, a zone-boundary distortion
involving tilts of the oxygen octahedra can exist at the
surface. In the multilayer cases, the polarization is nearly
homogeneous across the whole film, which is electro-
statically required to avoid large depolarizing fields. In
the superlattice case, however, the asymmetric environ-
ment of the interfaces breaks the inversion symmetry,
causing a polar zone-center distortion responsible for
the ferroelectric state. Owing to the negatively charged
character of nanosheets, neighboring nanosheets form
a virtual dipole array, and the resultant depolarizing
fields can further stabilize a polar zone-center distor-
tion. Furthermore, the weak bonding of the adjoined
nanosheets can facilitate a zone-boundary distortion in-
volving tilts of the oxygen octahedra at the interface.
In such a case, the ferroelectric/antiferrodistortive cou-
pling is very strong at the interface, and such an inter-
face effect produces a net coupling between the ferro-
electric motion and the oxygen in-plane
antiferrodistortive motion (Figure 8), a situation similar
to the improper ferroelectricity observed in ferroelec-
tric/paraelectric superlattices.>® Although full under-
standing on ferroelectric character awaits further stud-
ies, our superlattice approach will offer an
unprecedented opportunity for the realization of new
interface states due to the “soft” interface coupling of
electrostatic interaction, which cannot be found in cur-
rent perovskite superlattices.

CONCLUSIONS

We successfully fabricated m-modulated bicolor su-
perlattices through the LB process using two different
perovskite nanosheets (m = 2 LaNb,O;, m = 3
Ca,Nb30;) as a building block. The formation of super-
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lattice assemblies was confirmed by UV-vis absorption
spectra, XRD, and HRTEM data. The artificially fabricated
(LaNb,0;/Ca,Nb30;0) superlattices are structurally
unique and have a macroscopically homogeneous
phase, which is not feasible to create in the bulk form.
Another benefit of our approach is the experimental re-
alization of the atomically sharp interface between per-
ovskite nanosheet and substrate. The success of growth
of such well-controlled superlattices with a good inter-
face quality enabled us to explore new properties of
perovskite superlattices, while eliminating interfacial
degradation encountered in current film-growth tech-

METHODS

Sample Preparation. Colloidal suspensions of perovskite
nanosheets (LaNb,0;, Ca;Nb;0O;,) were prepared by delaminat-
ing layered perovskites (KLaNb,O;, KCa;,Nb300) according to
previously described procedures (refs 21 and 22). An atomically
flat conducting SrRuOjs substrate, consisting of a 50-nm-thick
(001)-oriented epitaxial SrRuOs film on a (001) SrTiO; single crys-
tal, was used as a substrate. Before the film deposition, the sub-
strate (1 X 1 cm?) was photochemically cleaned using ultraviolet
(UV) light irradiation in ozone. LB depositions of superlattice
films were carried out using a USI FSD-3-777 double barrier LB
trough equipped with a Wilhelmy-type balance for surface pres-
sure measurement. The colloidal suspension of perovskite
nanosheets was diluted with ultrapure water to concentrations
of 0.03 g dm~3 (LaNb,05) and 0.032 g dm 3 (Ca,Nbs0;), and was
placed in the LB trough at a regulated temperature of 25 *= 0.5
°C. After 30 min, the surface of the suspension started to com-
press at a rate of 0.5 mm s~ until the surface pressure reached
15 mN m~". After maintaining a constant pressure for 30 min, the
film at the interface was transferred onto the substrate through
the vertical lifting of the substrate immersed in the LB trough at
a transfer rate of 1.0 mm min~". After each LB deposition cycle,
the film was dried at 110 °C for 20 min, and exposed to UV white
light from a Xe lamp (1 mW c¢m™2) for 30 min. The as-deposited
films were irradiated by UV light for 24 h in order to totally de-
compose TBA ions used in the exfoliation process. We also fabri-
cated reference films on Si and quartz glass substrates for sample
characterization.

Characterization. The film quality of superlattice films was char-
acterized by XRD, UV —visible absorption spectroscopy, AFM,
and HRTEM. XRD patterns were collected by a Rigaku RINT 2200
powder diffractometer with monochromatized Cu Ka radiation
(N = 0.15405 nm). UV—visible absorption spectra were recorded
in a transmission mode on a Hitachi U-4100 spectrophotome-
ter. Film surface morphology was analyzed using an Sl Nano-
technology E-sweep AFM. Cross-sectional HRTEM was carried out
using a Hitachi H-9000 microscope operating at 200 kV, which
has a point resolution of 0.1 nm.

XRD Analysis. X-ray diffraction patterns were calculated accord-
ing to the following equation:

,sin%(27TNd sin 0/))
sin?(27td sin 0/))

_ 1+ cos? 20
sin? 0 cos B

FO) = 2 f o222 sin 0/2)
J

1(0)

where F is the structure factor, N is the number of the stacked
unit structure, f; is atomic scattering factor, d is the repeat dis-
tance, z; is the atomic position along the sheet normal, and 6 and
\ are the diffraction angle and X-ray wavelength (=0.15405
nm). The intensity distribution was obtained using N = 10 for
the multilayer assemblies, (LaNb,0;);o and (Ca;Nb30+¢)10, and N
= 5 for the superlattice film, (LaNb,0,/Ca;Nb30;4)s. Atomic pa-
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niques. By artificial structuring, we found that, in con-
trast to the paraelectric nature of LaNb,0; and
Ca;Nb301, the (LaNb,0,/Ca;Nbs04p) superlattice pos-
sesses a new form of interface coupling, which gives
rise to ferroelectricity. The solution-based assembly of
ferroelectric superlattices has a great potential for the
rational design and construction of complex nanode-
vices and multiferroics, for example, by combining with
ferromagnetic nanosheets.>*3* Our work will open new
opportunities for producing multiple superlattices by
employing soft-chemical nanoarchitectonics based on
2D nanosheets.

rameters for each nanosheet were from previous reports (refs
21 and 22).

Electrical Characterization. PFM response was measured with a
conducting tip (Rh-coated Si cantilever, k ~ 1.6 N m~") by an SlI
Nanotechnology E-sweep AFM. PFM responses were measured
as a function of V. with a small ac voltage (0.5 V at 20 kHz) ap-
plied to the bottom electrode in the contact mode, and the re-
sulting piezoelectric deformations transmitted to the cantilever
were detected from the global deflection signal using a lock-in
amplifier.

Electrical measurement was carried out by forming Au/
(nanosheet),/SrRuO3 capacitors. Au top electrodes (50-nm-thick,
100 wmdo) were deposited using the vacuum evaporation
method. Leakage current and dielectric properties were mea-
sured using a dielectric test system consisted of a semiconduc-
tor parameter analyzer (Keithley 4200-SCS) and a precision im-
pedance analyzer (Agilent Technologies 4294A).
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