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Layer control of Sr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5) perovskite
nanosheets: dielectric to ferroelectric transition of film
deposited by Langmuir Blodgett method
So-Yeon Yoo1,2,5, Haena Yim1,5, Ahrom Ryu1,2, Chansoo Yoon3, Bae Ho Park 3, Sahn Nahm2 and Ji-Won Choi 1,4✉

Solution-based processable high-k 2-dimensional (2D) ferroelectrics have attracted significant interest for use in next-generation
nanoelectronics. Although few studies on potential 2D ferroelectric nanosheets in local areas have been conducted, reports on the
thin-film characteristics applicable to the device are insufficient. In this study, we successfully synthesize high-k 2D
Sr1.8Bi0.2Nan-3NbnO3n+1 (octahedral units, n= 3–5) nanosheets by the engineering of the n of NbO6 octahedral layers with A-site
modification, and realized ferroelectric characteristics in ultrathin films (below 10 nm). The nanosheets are synthesized by a
solution-based cation exchange process and deposited using the Langmuir-Blodgett (LB) method. As increasing the NbO6

octahedral layer, the thickness of the nanosheets increased and the band gaps are tuned to 3.80 eV (n= 3), 3.76 eV (n= 4), and
3.70 eV (n= 5). In addition, the dielectric permittivity of the 5-layer stacked nanofilm increase to 26 (n= 3), 33 (n= 4), and 62
(n= 5). In particular, the increased perovskite layer exhibits large distortions due to the size mismatch of Sr/Bi/Na ions at the A-site
and promotes local ferroelectric instability due to its spontaneous polarization along the c-axis caused by an odd n number. We
investigate the stable ferroelectricity in Pt/ 5-layer Sr1.8Bi0.2Na2Nb5O16 / Nb:STO capacitor by polarization-electric field (P-E)
hysteresis; the coercive electric field (Ec) was 338 kV cm−1 and the remnant polarization (Pr) 2.36 μC cm−2. The ferroelectric
properties of ultrathin 2D materials could drive interesting innovations in next-generation electronics.
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INTRODUCTION
Over the last decade, nanoelectronic devices based on
2-dimensional (2D) materials have become an emerging platform
for overcoming the limitations of the continuous scaling down of
conventional electronic devices1,2. Among the various strategies
for investigating 2D materials, a solution-based liquid-phase
exfoliation process has been considered a promising route for
industrial-scale mass production and enablement for application
in next-generation flexible electronics3–5. In particular, layered
perovskite structure materials have strong in-plane covalent or
ionic bonding within the layer and weak van der Waals bonding at
the interlayer; therefore, these compounds can be easily exfoliated
by simple cation exchange reactions. Moreover, its properties can
be tuned using an exchangeable interlayer metal cation. There-
fore, they have received considerable attention owing to their
diverse properties, such as ferroelectric6. dielectric7. magnetic8.
and photocatalytic activities9.
Layered perovskites consist of three different structures: Dion-

Jacobson (DJ) with the structure of A'[An-1BnO3n+1], Ruddlesden-
Popper (RP) with the structure of A'2[An-1BnO3n+1], and Aurivilius
(AU) with the structure of Bi2O2[An-1BnO3n+1], where A'= alkali
metal, A= rare earth, alkaline-earth, alkali metal, B= transition
metal, and n= number of perovskite layers. Among them, DJ-
phase compounds incorporating d0 cations such as Nb5+ and Ta5+

are wide-bandgap semiconductors or insulators, so they can be
utilized as high-k dielectrics10. Moreover, their characteristics can
be easily tuned by controlling the composition of the [An-1BnO3n+1]
layers and the number of octahedral units (n).

For example, the dielectric permittivity of Ca2Nb3O10 can be
improved by A-site modification with Sr ions, which have a higher
polarizability. In addition, the leakage current density can be
improved by B-site modification with Ta ions, which are less
electronegative11,12. In addition, Li et al. successfully demonstrated
the ferroelectric behavior of Ca2Na2Nb5O16 nanosheet flakes
through piezoelectric force microscopy (PFM) experiments by
increasing the number of perovskite layers of Ca2Nb3O10. The
increased NbO6 unit cell promoted local ferroelectric instability
and caused large distortions in the [An-1BnO3n+1] perovskite layer,
thereby implementing ferroelectric properties13. With the dis-
covery of these 2D oxide ferroelectrics, it is expected that the
possibility of developing 2D stacked ferroelectric devices that
show low energy consumption and high operating speed is
approaching14 The thickness of these exfoliated nanosheets is
only ~1 nm; therefore, it is possible to design new building blocks
using various neatly packed nanosheets. However, to stack the 2D
nanosheet ferroelectric thin film with other 2D materials such as
MoS2 channels to become electronic devices, it is necessary to
verify characteristics such as P-E hysteresis of a large area rather
than nanoscale characteristics such as PFM. In addition, only a few
studies on liquid-exfoliated 2D ferroelectric oxides, including
Ca2Na2Nb5O16 and ZnO, have been reported13,15.
In this study, we propose a strategy to obtain 2D

Sr1.8Bi0.2Nan-3NbnO3n+1 (octahedral units, n= 3–5) dielectric and
ferroelectric nanosheets by simultaneously applying A-site sub-
stitution by increasing the number of NbO6 octahedra. We
previously reported Bi-substituted Sr2Nb3O10, Sr1.8Bi0.2Nb3O10
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(polarizability of Bi3+= 6.12 Å and Sr2+= 4.24 Å) nanosheets,
which exhibit high dielectric permittivity due to high-valent and
more polarizable Bi ions in the perovskite lattice16. To identify the
optimal Bi3+ substitution level, the chemical formula of KSr2(1-
x)Bi2xNb3O10 was varied by changing the value of x from x= 0.1 to
x= 0.3. Subsequently, we focused our research on the composi-
tion with x= 0.1, which exhibited excellent solution stability and
high film yield after performing a soft chemical method. To induce
ferroelectric characteristics while maintaining a high-k dielectric in
the Sr1.8Bi0.2Nb3O10 nanosheet, we controlled the number of NbO6

unit cells of Sr1.8Bi0.2Nb3O10 nanosheets by introducing NaNbO3

into KSr1.8Bi0.2Nb3O10 parent material. KSr1.8Bi0.2Nan-3NbnO3n+1

(n= 3–5) was synthesized via a solid-state reaction, and each
perovskite layer was exfoliated using a soft chemical method.
There are various methods available for depositing nanosheets,
such as spin-coating17, layer-by-layer18, Electrophoretic deposition
(EPD)19 and Langmuir-Blodgett (LB) deposition7. LB deposition
enables facile and precise control of film thickness with no dead
layer20. Thus, the successfully synthesized nanosheets were
deposited on a Si wafer substrate using LB deposition.
We explored the dielectric properties and P-E hysteresis loops of

Sr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5) nanosheet thin films according
to their frequency. Consequently, we obtained ferroelectric
characteristics in Sr1.8Bi0.2Na2Nb5O16 thin films, which shows
higher polarizability and local ferroelectric instability due to
increased NbO6 octahedra in the lattices.

RESULTS AND DISCUSSION
Structural and dielectric properties of nKSBNNO (n= 3–5)
KSr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5) ceramics were synthesized by a
conventional solid-state reaction and the SEM images of the
ceramics with structural schematic diagrams are presented in
Fig. 1a. The structure of KSr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5) contains
an edge-shared NbO6 octahedra with large cations occupying 12

coordinates located at the center of each cube, as seen in the
conventional perovskite structure21. As shown in the schematic
diagrams, the K+ layer and (Sr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5))-

perovskite layers were repeatedly stacked. All the samples have
sufficient particle sizes to be exfoliated and compact plate-like
lamellar structure shown as SEM images in Fig. 1a. As shown
in Fig. 1b, XRD analysis shows the x-ray patterns of
KSr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5) and all peaks are well indexed
with the Dion-Jacobson structure layered perovskite material. As
increased the number of perovskite unit cells (n), the (00 l) peaks
gradually appeared and shifted to lower angle. This indicates that
the thickness of the perovskite layers increased with the addition
of the NbO6 layer22.
Figure 1c shows the Raman spectrum of KSr1.8Bi0.2Nan-3NbnO3n+1

(n= 3–5) at room temperature in the wavenumber range of
50–1100 cm−1. The Raman band peaks between 800 and 900 cm −1

indicate a highly distorted NbO6 octahedra at the layer boundary
assigned to the vibrational mode. In addition, the stretching of the
internal and slightly distorted NbO6 octahedra band peaks were
observed between the 400 and 800 cm−1 bands. The vibration and
bending modes of the NbO6 octahedra are related to the
200–450 cm−1 band. A low phonon energy transition band exists
below 200 cm−123. A gradual shift of the Raman band from ~730 to
~810 cm−1 presents that the number of NbO6 octahedral layers
increased from three to five24. It is known that the behavior of the
lowest-frequency mode is most affected by dielectric characteristics
because the polarizability of perovskite materials is characterized by
a delicate balance between the ionic bonding and covalent
bonding between the metal ions and oxygen atoms in the NbO6

octahedra22. In the case of the KSr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5)
ceramics, the intercalated K+ layers separate (Sr1.8Bi0.2Nan-3NbnO3n+1

(n= 3–5))- layers. Therefore, as the octahedral units (n) decrease,
the Nb-O-Nb chain is divided into smaller units, which affects the
frequency of the phonon mode to a higher energy, hardening the
soft-mode vibrations, and decreasing the overall dielectric

Fig. 1 Structural analysis and dielectric properties of the composition of nKSBNNO (n= 3–5). a Schematic diagram and SEM image of
KSr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5) (nKSBNNO, n= number of NbO6 layer) sintered at 1250 °C. b XRD patterns of sintered nKSBNNO. c Raman
Spectra of nKSBNNO. d Dielectric constant and dielectric loss of nKSBNNO according to the frequency.
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permittivity22,25. The Raman spectra in the low-frequency band
shifted from 96 to 81 cm−1 with increasing NbO6 octahedra
(96 cm−1 for n= 3, 82 cm−1 for n= 4, and 81 cm−1 for n= 3).
These results were expected to exhibit improved dielectric proper-
ties when n= 5.
The dielectric properties at 10 kHz to ~10MHz of

KSr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5) pellets are shown in Fig. 1d.
As expected, the dielectric permittivity increased in proportion to
the n value because the dipole moment of the specimen
increased as the number of NbO6 octahedral layers between the
K+ layers22,25. Increased octahedral layers lead to higher polariz-
ability and enhanced dielectric permittivity, as indicated by the
lowest-frequency mode of the Raman data. These phenomena can
also be found not only in the same DJ structure but also in the AU
and RP structures26,27. In addition, the distortion, which enhances
the dielectric permittivity, may increase owing to the increasing
number of Sr, Bi, and Na cations located at the A site as the n value
increases16.

Structural properties of nSBNNO (n= 3–5) nanosheets
After investigating the bulk properties, Sr1.8Bi0.2Nan-3NbnO3n+1

(n= 3–5) nanosheets were obtained by a 2-step cation exchange
process using KSr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5) sintered materi-
als, as shown in Fig. 2a K+ ions were exchanged for the H+ and
TBA+ layers. Bulky TBA+ ions were intercalated between the
perovskite layers, and each layer was naturally exfoliated. The XRD
and SEM results before and after acid substitution of
HSr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5) are shown in Supplementary
Figure 1. K form powder is converted into H form powder through
acid exchange, leading to swelling due to the difference in ion
sizes. The increased interlayer distance in the perovskite structure
can be observed by the XRD peaks shifting to lower angles as

shown in Supplementary Figure 1a ~ c. SEM analysis confirms the
well-preserved layered structure at the edges of the fully acid-
exchanged H form powder as indicated in Supplementary Figure
1d ~ f. It can be seen that there was no change in the structure
arising from the acid exchange process. The stability of the
colloidal suspension after the TBA+ exchange process was
investigated using the Tyndall effect and zeta potential, as shown
in Supplementary Figure 2. The clear Tyndall effect images
confirm the presence of a large amount of dispersed nanosheets
in the solution and their stable colloidal nature28. The zeta
potentials of the Sr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5) were measured
as −38.81 mV (n= 3), −37.33 mV (n= 4), and −36.06 mV (n= 5),
and the absolute value of zeta potential beyond 30mV is generally
well known as stable colloidal suspension29.
Figure 2b shows a schematic diagram of the unit cell of the

Sr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5) nanosheets with AFM images.
The thickness of Sr1.8Bi0.2Nb3O10, Sr1.8Bi0.2NaNb4O13, and Sr1.8Bi0.2-
Na2Nb5O16 nanosheets is 1.8 nm, 2.2 nm, and 2.6 nm, respectively.
As the number of octahedral units (n) increased, the thickness also
increased by 0.4 nm, indicating the addition of one NbO6

octahedra30. This value is slightly larger than the crystallographic
thickness (Sr2Nb3O10= 1.44 nm), but it is due to the adsorption of
residual molecules such as water or organic molecules on the
nanosheet surface31,32. Additionally, the lateral size of nanosheets
can also be confirmed in Fig. 2b. After the exfoliation process, the
lateral size of nanosheets is reduced to a few micrometers due to
the mechanical shaking for well dispersion in colloidal solution.
UV–visible measurements of the Sr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5)
nanosheet solution are shown in Fig. 2c. The spectrum for all
nanosheet solutions exhibited broad absorption below 300 nm.
The indirect bandgap can be identified from the UV-vis analysis
using the Tauc plot formula: (αhν)1/2, where α is the absorption

Fig. 2 Structural and morphological analysis of nSBNNO (n= 3–5) nanosheets. a Schematic diagram of the cation exchange process.
b Schematic diagram of the thickness controlled Sr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5) (nSBNNO, n number of NbO6 layer) perovskite nanosheets
with its AFM images. c UV-vis Optical absorbance and Tauc-plot of nSBNNO. d XRD pattern of 5-layer stacked nSBNNO nanosheets films.
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coefficient and hν is the energy of the light. The calculated band
gaps of Sr1.8Bi0.2Nb3O10, Sr1.8Bi0.2NaNb4O13, and Sr1.8Bi0.2-
Na2Nb5O16 are 3.80 eV, 3.76 eV, and 3.70 eV, respectively (Fig. 2c
inset). As a result, we confirmed that the bandgap energy
decreased as the number of NbO6 layers increased because of the
reduced quantum confinement owing to the broadening of the
electronic band33.
These three types of Sr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5)

nanosheets were stacked into five layers using the LB process.
The colloidal solution was spread on the surface of the DI water in
the LB trough, and the movable barrier controlled the surface
pressure by compressing the nanosheets on both sides, as
illustrated in Supplementary Fig. 3a. The surface pressure
increased as the barrier gradually compressed the nanosheets
and this tendency is expressed as an isotherm graph (Supple-
mentary Fig. 3b). It was confirmed that all samples showed similar
saturation values; therefore, three types of Sr1.8Bi0.2Nan-3NbnO3n+1

(n= 3–5) nanosheets were deposited at 15 mN m−1 before the
saturation value to prevent overlapping areas.
Successful deposition of the nanosheet thin films was

confirmed by the UV–visible absorption spectra (Supplementary
Fig. 3c). The absorption peaks around 250–300 nm was attributed
to the Sr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5) nanosheets. The continu-
ously increased intensity of the absorption indicates the successful
deposition of homologous perovskite nanosheets. After 5 layers of
deposition, XRD measurements were performed to confirm that
each layer was densely stacked (Fig. 2d). The calculated d spacing
from (002) peak of Sr1.8Bi0.2Nb3O10 (3SBNO), Sr1.8Bi0.2NaNb4O13

(4SBNNO), and Sr1.8Bi0.2Na2Nb5O16 (5SBNNO) is 1.6 nm, 2.0 nm,
and 2.4 nm, respectively. Therefore, each film was uniformly and
densely deposited as a thin film.
The crystal structure and thickness of 5-layer deposited

Sr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5) thin films were investigated
using TEM images. Figure 3a shows the top-view and selected
area electron diffraction (SAED) patterns of the nanosheets on the
holey carbon film-coated TEM grid. The lateral size of the
nanosheets was identified in the TEM images as approximately
1 μm. The SAED patterns exhibited the 0.38 nm interplanar
distance in the two vertical directions and were indexed to the
(100) and (010) planes, indicating the high quality of its single-

crystal nature. Figure 3b shows cross-sectional TEM images of the
Sr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5) thin films on the Nb:STO
substrate. All images presented successfully assembled multilayer
thin films as lamellar structures with clean interfaces. In addition,
we confirm that the thickness of each nanosheet increased with
an increasing value of n, which corresponds to the thickness of the
NbO6 octahedral unit.

Electrical properties of nSBNNO (n= 3-5) nanosheet film
The electrical properties of Sr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5) thin
films are shown in Fig. 4. To characterize the electrical properties,
we deposited 50 μm radius Pt top electrodes on nanosheet films
to realize Pt/5-layer Sr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5)/Nb:STO
nanocapacitors. First, the leakage current properties of the
nanocapacitors were investigated, as shown in Fig. 4a. All
5-layer stacked nanofilms (~8 nm for Sr1.8Bi0.2Nb3O10, ~10 nm for
Sr1.8Bi0.2NaNb4O13, and ~12 nm for Sr1.8Bi0.2Na2Nb5O16) exhibited
highly insulating characteristics below ~10–11A at a high break-
down electric field of 400 kV cm−1. Above 400 kV cm−1, the
leakage current gradually increased, and the breakdown voltage
increased as the n of NbO6 layers decreased. This tendency can be
explained by the quantum-confinement effect26,34. It is well
known that a large bandgap ensures high breakdown strength35.
The confinement energy of the conduction band edge decreased
with an increase in the n value, which decreased the bandgap
energy. These reduced bandgap energies decrease the break-
down of the electric field.
The dielectric permittivity and dielectric loss of the 5 layers films

were investigated. As mentioned in the explanation of Fig. 1d, the
dielectric permittivity is apparently related to their structural
features. The increased NbO6 octahedra leads to higher polariz-
ability and enhanced dielectric permittivity. The dielectric
permittivity of the nanosheet films exhibited low dispersion
according to the frequency, and the values at 1 kHz increased with
an increase in the number of n layers to 26 (Sr1.8Bi0.2Nb3O10), 33
(Sr1.8Bi0.2NaNb4O13), and 62 (Sr1.8Bi0.2Na2Nb5O16) (Fig. 4b), show-
ing the same trend as KSr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5). In
addition, all the thin films showed a low dielectric loss value below
5% in the frequency range of 100 Hz to 1 MHz.

Fig. 3 TEM analysis of nSBNNO (n= 3–5) nanosheet and nanosheet film. a Bright-field TEM image and SAED pattern of
Sr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5) (nSBNNO, n number of NbO6 layer) monolayer nanosheet b HRTEM image of 5-layer stacked nSBNNO
nanosheet films on Nb:STO substrate.
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Figure 4c shows the P-E characteristics at various applied peak
voltages with a field frequency of 1000 Hz, and the remnant
polarization (Pr) and coercive field (Ec) are shown in Fig. 4d. The
hysteresis loop indicates the presence of ferroelectricity in
5SBNNO, in contrast to the other samples. The Sr1.8Bi0.2Nb3O10

and Sr1.8Bi0.2NaNb4O13 nanosheet films exhibited P-E loops close
to paraelectricity, and only small spontaneous polarizations were
observed. Therefore, it can be concluded that the Sr1.8Bi0.2Nb3O10

and Sr1.8Bi0.2NaNb4O13 films have paraelectric properties with the
Ec at 83 kV cm−1 (Pr value was 0.16 μC cm−2) and 115 kV/cm (Pr
value was 0.23 μC cm−2), respectively7,18,36. In contrast, the
Sr1.8Bi0.2Na2Nb5O16 nanosheet film showed a sophisticated
hysteresis response with an Ec of 386 kV cm−1 and Pr of 2.6 μC
cm−2. Piezoresponse force microscopy (PFM) is a reliable
technique for characterizing the ferroelectric properties of thin
films, as all ferroelectrics inherently exhibit piezoelectric beha-
vior37. The amplitude of PFM provides information about the local
piezoelectric response, indicating its absolute magnitude, while
the phase of PFM reveals the polarization direction within each
domain38. To investigate the effect of ferroelectric in a Pt-coated
tip/5SBNNO/Si, we measured ferroelectric switching induced by
DC voltage sweep as shown in Supplementary Fig. 4 The local
hysteresis loops for PFM were obtained using a commercial
atomic force microscopy (AFM) (SPA-300HV, Seiko) with a Pt/Ir
coated cantilever. Using a lock-in amplifier (SR830, Stanford
Research Systems), the AC probing voltage (f= 17 kHz) was
applied in the PFM mode with an amplitude of 1.0 V (peak to
peak). Supplementary Figure 4 demonstrates the local PFM
hysteresis loop. The coercive voltages of −0.6 and 0.8 V are
derived from the minima of the amplitude loop (bottom panel),
which correspond to the voltage at which abrupt phase changes
occur (top panel). Therefore, we can confirm the paraelectric-to-
ferroelectric transition at the octahedral unit (n)= 5, which is in
good agreement with the previously reported local response13.
This ferroelectric transition is known to be caused by the size

mismatch of the Sr (1.27 Å)/Na (0.98 Å) ions along with the NbO6

octahedra gradient and the slight Na deficiency in the A-site
which leads to the decentralization of the Nb5+ ions13. In addition,
the more polarizable Bi (1.20 Å) ions in Sr/Na sites, which were
added to increase the dielectric permittivity, can improve the size
mismatch due to their different ionic radii. In addition, the higher
distortion of octahedra compared with the parent materials can
be caused by surface relaxation during the exfoliation process13.
Therefore, as the number of NbO6 layers increases to n= 5,
sufficient distortion of octahedra is induced in a single-flake
nanosheet, which exhibits ferroelectric characteristics.
In summary, we synthesized DJ structure perovskite nanosheets

(Sr1.8Bi0.2Nan-3NbnO3n+1, n= 3–5) by exfoliation from the layered
perovskite KSr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5). As the number of
perovskite layers increased, the thickness of the nanosheets also
increased. The increased distance along the c-axis enhanced
polarizability in the lattice decreased the optical bandgap and
increased the dielectric permittivity. Several 2D materials with
ferroelectric characteristics have been proposed, but the P-E
characteristics at the device level other than the local area have
not been confirmed. Our studies show that the engineering of the
n of octahedral layers with A-site modification is a fascinating
strategy to construct ferroelectric materials with increased high-k
properties, showing applicability as next-generation two-dimen-
sional devices. For dielectric nanosheets, 3SBNO, have been
reported for applied the multilayer films as a gate dielectric in all-
2D field effect transistors (FETs)16. Additionally, the 5SBNNO
presented in this study can also be applied in various application
of 2D layered ferroelectric materials including Negative Capaci-
tance Field-Effect Transistors (NC-FETs)39, Direct Current Nano-
generator40, Nonvolatile Memories and Neuromorphic devices38.
Therefore, the 2D Sr1.8Bi0.2Nan-3NbnO3n+1 (octahedral units,
n= 3–5) nanosheets possess additional benefits, including the
ability to control atomic layer thickness, mechanical flexibility, and
the utilization of quantum size effects. These advantages play a
significant role in advancing the development of device designs
and functionalities in the future.

Fig. 4 Electrical properties of nSBNNO (n= 3–5) nanosheet film. a Leakage current. b Dielectric constant and dielectric loss c P-E hysteresis
loops and d Remnant polarization (Pr) and coercive field (Ec) of the Sr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5) (nSBNNO, n number of NbO6 layer)
nanosheet films at room temperature.
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METHODS
Synthesis and analysis of nK/HSBNNO (n= 3–5)
Perovskite KSr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5) was synthesized by
a conventional solid-state reaction. In a typical synthesis
procedure, stoichiometric amounts of K2CO3, SrCO3, Bi2O3, NaCO3,
and Nb2O5 (all reagents were purchased from Sigma Aldrich) were
mixed for 20 h in a polypropylene jar using zirconia balls. To
compensate for the evaporation of K2O during the sintering
process, an excess of 10 wt% K2CO3 was added. The mixed
powders were dried at 100 °C for 24 h, calcined at 1100 °C for 10 h,
and sintered at 1200 °C (n= 3) or 1250 °C (n= 4 and 5) for 10 h in
an air atmosphere. The microstructural properties of
KSr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5) were examined by XRD (DMAX
2500, Rigaku), SEM (Inspect F50, FEI), and Raman spectroscopy
(LabRAM ARAMIS IR2, HORIBA JOBIN YVON). The electrical
properties were measured using an impedance analyzer (4294 A,
Agilent Technologies) in the frequency range of 10 kHz to 10 MHz
at room temperature.
The obtained KSr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5) sintered pow-

der was acid-treated with a 7 M HNO3 solution for 7 days to
replace interlayer K+ ions with H+ ions. The acidic solution was
refreshed daily for complete proton replacement. After 7 days, the
acid-treated powder was washed several times with deionized (DI)
water via centrifugation at 5000 rpm for 10 min. Then,
HSr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5) powder was dried in an oven
at 65 °C for 24 h and added to tetrabutylammonium hydroxide
(TBA+OH-) aqueous solution in a flask. The concentration of
TBA+OH- was adjusted to set the molar ratio of TBA+/H+ to 1,
where H+ denotes the exchangeable protons in the solid. The
mixed solution was shaken by mechanical shaken for 14 days, and
H+ ions in the HSr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5) powder were
exchanged for bulky TBA+ ions. The intercalation of bulk TBA+

ions caused exfoliation of the Sr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5)
single-crystal nanosheets in the solution.

Deposition and analysis of nSBNNO (n= 3–5) nanosheets
using LB method
Using the LB method, colloidal nanosheets were deposited on
various substrates, including glass, Si wafer, and Nb:STO. The
packing density of the Sr1.8Bi0.2Nan-3NbnO3n+1 (n= 3–5)
nanosheets floating at the air/water interface was controlled by
adjusting the specific surface pressure via movable barriers. The
packed nanosheet was transferred from the water surface to the
substrate. This transfer process was repeated several times to
achieve the target dielectric film thickness. The nanosheet thin
films were irradiated with UV light (UV-ozone cleaning system,
Filgen Inc.) using a Xe lamp (4 mW cm−2) for 15 h to photo-
catalytically decompose the TBA+ ions20,41,42. That is because,
TBA+ still remained on the surface of the nanosheets even after
the exfoliation and deposition process is completed43. The
thickness of the monolayer nanosheet was confirmed using AFM
(XE7, Park System). The cross-sectional high-resolution transmis-
sion electron microscopy (HRTEM) image of the sample was
obtained using a Titan TM 80–300 on a crystal structure of the
nanosheets. The dielectric properties were measured using an
impedance analyzer (4294 A, Agilent Technology) in the frequency
range of 100 Hz to 1 MHz at room temperature, with a platinum
top electrode deposited by DC sputtering. Current–voltage (I–V)
measurements were performed to determine the leakage current
characteristics (4155 A, Agilent Technology). Polarization-Electric
field (P-E) curves were measured using a precise ferroelectric
tester system (Precision Premier II, Radiant Technologies) with a
microprobe system.

DATA AVAILABILITY
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