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T
he ever-increasing requirements on
miniaturization and efficiency of
electronic components result in ef-

forts to incorporate new nanomaterials into

microelectronics, in order to overcome the

physical limits of current materials. In the

case of a specific class of materials, high-�

dielectric oxides, this challenge is particu-

larly topical. High-� oxides find various ap-

plications in a remarkably broad spectrum

of advanced electronic components such as

dynamic random access memories, embed-

ded capacitors, tunable devices, energy

storage, gate dielectrics, etc.1�4 In this con-

text, the most recent International Technol-

ogy Roadmap for Semiconductors (ITRS)

predicts the implementation of high-� ul-

trathin films (�10 nm) in future applica-

tions.5

Capacitor components based on dielec-

tric thin films are the largest elements in in-

tegrated circuits, and reducing their size

and increasing their speed is an important

step in the advancement of electronics.

Central to these researches is the design

and integration of new high-� oxides that

afford robust high-� properties even at sev-

eral nanometer thicknesses, allowing high

capacitances with acceptably low leakage

currents.4,6 Extensive efforts have thus been

directed at reducing their size through the

use of perovskite oxides such as SrTiO3 and

(Ba1-xSrx)TiO3. However, perovskite thin films

often yield reduced dielectric constants

that are 1 order of magnitude smaller than

bulk values.7�13 This so-called “size effect” is

a long-standing conundrum in perovskites,

which severely limits their device

performance.14�17

The size effect is often discussed in terms

of a low-� interfacial dead layer.18�21 At

present, two models have been used to de-

scribe the dead layer, namely of extrinsic
and intrinsic origins. The extrinsic origins
claimed in literature are the degradation of
a film/electrode interface and the strains im-
posed by electrodes.13 The incomplete
screening of dipole charges by electrodes
is rather regarded as the intrinsic
origin.12,18,19,21 However, the situation is
even more complicated in actual systems.
Current film growth techniques require
complex deposition processes with high-
temperature postannealing (�600 °C), pro-
ducing large extrinsic effects arising from
growth-induced defects and thermal strain.
Thus, a key challenge in this field is the pro-
duction of dead-layer-free nanofilms by en-
gineering the dielectric/electrode interface
at the atomic scale, which may realize the
full potential of high-� perovskites.

Herein, we demonstrate the experimen-
tal realization of such an ideal nanofilm, in
which we control the dielectric/electrode
interface by solution-based room-
temperature fabrication using perovskite
nanosheet (Ca2Nb3O10) as a building block.
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ABSTRACT Size-induced suppression of permittivity in perovskite thin films is a fundamental problem that

has remained unresolved for decades. This size-effect issue becomes increasingly important due to the integration

of perovskite nanofilms into high-� capacitors, as well as concerns that intrinsic size effects may limit their device

performance. Here, we report a new approach to produce robust high-� nanodielectrics using perovskite

nanosheet (Ca2Nb3O10), a new class of nanomaterials that is derived from layered compounds by exfoliation. By a

solution-based bottom-up approach using perovskite nanosheets, we have successfully fabricated multilayer

nanofilms directly on SrRuO3 or Pt substrates without any interfacial dead layers. These nanofilms exhibit high

dielectric constant (>200), the largest value seen so far in perovskite films with a thickness down to 10 nm.

Furthermore, the superior high-� properties are a size-effect-free characteristic with low leakage current density

(<10�7 A cm�2). Our work provides a key for understanding the size effect and also represents a step toward a

bottom-up paradigm for future high-� devices.

KEYWORDS: perovskite nanosheets · layer-by-layer assembly · high-� dielectrics ·
size effect

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 9 ▪ 5225–5232 ▪ 2010 5225



Perovskite nanosheets investigated here are a new

class of nanomaterials that are derived from layered

perovskites by exfoliation (Figure 1).22,23 The exfoliated

nanosheets are characterized by a two-dimensional

(2D) single crystal with a molecular thickness; the thick-

ness is only �1.4 nm, corresponding to three NbO6 oc-

tahedral nanoblocks. These nanosheets consist only of

NbO6 octahedral nanoblocks susceptible to a large mo-

lecular polarizability, which makes the nanosheet an

ideal base for high-� dielectrics with the critical thick-

ness. The molecular polarizability (�), in particular the

dipole polarizability that arises from the structure, is a

key parameter for the permittivity (�) of a material;

these two quantities are linked through the

Clausius�Mossotti relation [� � (1 � 8	�m/3Vm)/(1 �

4	�m/3Vm)] where Vm is the molar volume.24 In bulk sys-

tems such as perovskite oxides, a variety of strategies

has been put forth for designing new high-� dielectrics

through the substitution of more polarizable ions into

the lattice. Such a materials design in low-dimensional

nanomaterials is a challenge, but a large increase in �

could be achieved by increasing dipole polarizability

and decreasing molar volumes of nanosheets. We here

show that such a materials design can be achieved by

perovskite nanosheets. The layer-by-layer assembled

multilayer films on SrRuO3 or Pt substrates enhance the

permittivity (�200) and simultaneously stabilize its di-

electric response in the ultrathin form (�10 nm), con-

trasting to typical perovskite films.

RESULTS AND DISCUSSION
A colloidal suspension of perovskite nanosheet

(Ca2Nb3O10) with the lateral dimension of ca. 3�10 
m

was prepared by delaminating layered perovskite

(KCa2Nb3O10) according to previously described

procedures.22,23 We approached the preparation of

multilayered nanodielectrics by a layer-by-layer assem-

bly using the Langmuir�Blodgett (LB) process (Figure

2a, see Methods).25,26 This LB approach with the use of

an atomically flat SrRuO3 substrate is effective for the

fabrication of an atomically uniform monolayer film

with a highly dense characteristic. Repeated LB deposi-

tion of the monolayer could yield multilayer

(Ca2Nb3O10)n nanofilms (Figures 2a,b). The as-deposited

(Ca2Nb3O10)n films were irradiated by ultraviolet light

(UV) in order to decompose tetrabutylammonium

(TBA�) ions used in the exfoliation process. The final

product was identified as an inorganic multilayer as-

sembly accommodating NH4
� ions as a consequence

of total photocatalytic removal of TBA� ions.

We fabricated multilayer (Ca2Nb3O10)n nanofilms

with film thicknesses ranging between 4.5 and 22.5

nm. Here, the film thickness was calibrated using the in-

tersheet spacing (1.5 nm) determined by high-

resolution transmission electron microscopy (HRTEM)

and X-ray diffraction (XRD). An atomic force microscopy

(AFM) image (Figure 2c) revealed that (Ca2Nb3O10)n

(n � 3) film appeared flat on the atomic scale and uni-

form over a large area; the roughness (root-mean-

square) was �0.3 nm. These nearly perfect characteris-

tics persist in monolayer and thicker films, indicating

that the high-quality monolayer could be repeatedly

deposited to yield a well-ordered lamellar structure in

multilayer films. Cross-sectional TEM image of the

(Ca2Nb3O10)n (n � 3) film (Figure 2d) revealed that the

substrate surface is covered with the multilayer film,

and the coverage and film thickness are homogeneous

in a wide area.

Figure 3 depicts the XRD pattern for the (Ca2Nb3O10)n

(n � 10) film fabricated on the quartz glass. The film

showed the 00l basal reflections up to the eighth or-

der line, indicating high structural order. The basal se-

ries can be ascribed to the stacked structure of the

nanosheets with an interlayer distance of 1.50 nm.

Figure 1. A process flow of perovskite nanosheets. (a) Structure of the starting layered perovskite KCa2Nb3O10. The layered
host material undergoes exfoliation upon interacting with TBA� ions, and a colloidal suspension of unilamellar perovskite
nanosheets is thus obtained. (b) Structure of Ca2Nb3O10 perovskite nanosheet. The nanosheet consists only of NbO6 octahe-
dra, a key building block of perovskite dielectrics. (c) Typical AFM image of individual Ca2Nb3O10 nanosheet deposited onto
a Si substrate. Its thickness is �1.8 � 0.1 nm, being comparable to the crystallographic thickness (1.44 nm) of the host layer
in the starting material (KCa2Nb3O10).
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Cross-sectional HRTEM observations provide direct in-
formation on the multilayer structure. Figure 4 shows
higher magnification HRTEM images of the (Ca2Nb3O10)n

(n � 3, 5, 10) films. The regular growth structure com-
posed of Ca2Nb3O10 layers is clearly seen. The thick-
nesses of the constituent layers were approximately
1.5 nm, which are in good agreement with the crystal-
lographic thicknesses (1.44 nm) of Ca2Nb3O10

nanosheets and the interlayer distance (1.50 nm) in
XRD data. In addition, there are no detectable stacking
defects in the film. These results clearly indicate that the
well-ordered lamellar structure of Ca2Nb3O10

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 5). Simultaneously recorded O-K and Ca-L
edge spectra show a compositional abruptness be-
tween SrRuO3 substrate and subsequently deposited
nanosheets; a comparison with reference O-K edge
spectra from KCa2Nb3O10 and SrRuO3 indicates that the
lamellar parts (points 1�4) are composed of Ca2Nb3O10.
At the interface (Point 5), the main features in the O-K
spectrum closely match those of SrRuO3. We note that
there are no detectable interdiffusion and strains at the
interface, suggesting the production of a dead-layer-
free perovskite nanofilms directly assembled on the

SrRuO3 substrate. Such a superior interface property is
not specific to the materials choice and interface geom-
etry; the multilayer films of a similar quality were
achieved in (Ca2Nb3O10)n with different stackings (n)
and different substrates such as Pt or SrTiO3:Nb (Figure
4, Figure S1, Supporting Information). Therefore, we
may conclude that the exact control of interface atomic
stackings can be realized in the self-assembled
nanofilms.

Such well-organized multilayer films lead to remark-
able dielectric properties even for thicknesses as small
as 5 nm. Leakage current and dielectric properties were
investigated by making Au/(Ca2Nb3O10)n/SrRuO3 capaci-
tors. Figure 6 shows leakage current density versus volt-

Figure 2. (a) Fabrication procedure for multilayer films using the LB method. (b) Schematic representation of layer-by-layer
assembly of perovskite nanosheets. (c) AFM image of a (Ca2Nb3O10)n (n � 3) film on a SrRuO3 substrate. This image clearly vi-
sualizes the adsorbed nanosheets, which give an efficient surface coverage (�100%) on the substrate surface as a conse-
quence of the controlled packing density in the LB process. (d) Cross-sectional HRTEM image of a (Ca2Nb3O10)n (n � 3) film
on a SrRuO3 substrate.

Figure 3. XRD pattern for the (Ca2Nb3O10)n (n � 10) film fab-
ricated on a quartz glass.
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age (J�V) curves of multilayer (Ca2Nb3O10)n films with
different thicknesses. A 4.5-nm-thick (Ca2Nb3O10)n film
(n � 3) shows excellent insulating characteristics, giv-
ing a leakage current density of �10�7 A cm�2 at �1 V.
Even lower J values are obtained for thicker films com-
posed of 5-, 10-, and 15-layered nanosheets. These J val-
ues are much lower, at least 2 orders of magnitude
lower than the performance of comparable films of
(Ba1-xSrx)TiO3.7 These (Ca2Nb3O10)n films also exhibit
strong dielectric endurance in a high electrical field; di-
electric breakdown occurs at �3.4 MV cm�1 in the 4.5-
nm-thick film.

In Figure 7, we show the frequency dependence of
the relative dielectric constant (�r) in a 7.5-nm-thick
(Ca2Nb3O10)n (n � 5) film together with the data of bulk
KCa2Nb3O10. The observed �r values (�210) of
Ca2Nb3O10 nanosheets are high even in the ultrathin ge-
ometry (�10 nm), which attains the bulk �r value (�230
at 100 kHz) of KCa2Nb3O10. The �r values exhibit a rather
flat frequency dispersion within 5% in the regime of 1
kHz�10 MHz, contrasting to that of bulk KCa2Nb3O10

and HCa2Nb3O10 ceramics27,28 where high-frequency �r

values are depleted possibly due to the charge separa-
tion and/or the dielectric relaxation of included water.

In addition, these superior insulating and dielectric
properties are independent of the probe area and elec-
trode sizes. To check the possible effects of the lateral
size and nanosheet edges on dielectrics properties, we
also carried out experiments on various capacitors (with
different size electrodes of 10 � 10, 50 � 50, and 100
� 100 
m2), and obtained almost identical results (with
the standard deviations of 
5%) even using the differ-
ent size electrodes. These results again indicate good
homogeneity of the multilayer films, and there is no sig-
nificant effect of the lateral size and nanosheet edges
in our nanosheet capacitors.

Figure 8a shows the variation of �r in the multilayer
(Ca2Nb3O10)n films as a function of the film thickness.
The �r values of these films keep a constant level of
�210 irrespective of the film thickness where the di-
electric loss tan � is around 2�5%. Figure 8b is the
thickness dependence of the reciprocal capacitance
1/C for the (Ca2Nb3O10)n films. In (Ba1-xSrx)TiO3, there ex-
ists a nonzero 1/C intercept, due to the presence of a
certain interfacial low-� dead layer.9,12 In contrast, the
(Ca2Nb3O10)n films show a linear relationship across the
zero. The estimated �r from the 1/C slope is �210, com-
patible with the measured �r value in Figure 8a. These
results indicate the absence of an interfacial dead layer
inside the films.

Such a superior dielectric property is not specific to
Ca2Nb3O10 nanosheet; a simultaneous improvement of
�r and size-effect-free characteristic are also achieved in

Figure 4. High magnification HRTEM images of the (Ca2Nb3O10)n (n � 3, 5, 10) films on SrRuO3 substrate. The lines are a guide
for the layer stackings.

Figure 5. (a) HRTEM image, (b) O-K edge EELS profile, and (c) integrated in-
tensity profile of the Ca-L edge EELS across a (Ca2Nb3O10)n/SrRuO3 (n � 3)
film. The electron beam position for these data is denoted by circles in the
HRTEM image as well as numbers in the O-K edge spectra. In the HRTEM im-
age, the three equidistant dark fringes in Ca2Nb3O10 represent elementary
units of NbO6 octahedral layers. Figure 6. J�V curves of Au/(Ca2Nb3O10)n/SrRuO3.
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A- and B-site modified nanosheets (Sr2Nb3O10,

Ca2Ta3O10, and Sr2Ta3O10) (Figure 9a). It is noted that

the optimized �r value in a 9-nm-thick Sr2Nb3O10 film

reaches �240, which is 10 times larger than that of

(Ba1-xSrx)TiO3 films with the same thickness. In this con-

text, we investigated electronic permittivity by first-

principles calculations using the CASTEP package

within the density-functional theory (see Methods).29,30

We find that perovskite nanosheets exhibit high elec-

tronic permittivity, and the calculated electronic permit-

tivity scales well with the observed �r values (inset in

Figure 9a). This relationship in perovskite nanosheets

is a peculiar feature related to their large molecular po-

larizability, and the high-� properties are materials

properties inherent to perovskite nanosheets. In Figure

9b, we summarize the maximum values of �r for perov-

skite nanosheets as well as various perovskite thin

films7�12,31�33 for comparison. In the ultrathin region

(�20 nm), the �r values of Nb-based perovskite

nanosheets are larger than those of the other perov-

skites. The high �r values of perovskite nanosheets per-

sist even in the �10 nm region, which is in sharp con-

trast to a size-induced dielectric collapse in

(Ba1-xSrx)TiO3.7�12 These results suggest that perovskite

nanosheets are a very promising candidate for high-

density capacitor applications.

A clear benefit of our approach is the experimental

realization of the atomically sharp interface between

high-� perovskites and electrodes. One of the most per-

plexing aspects of perovskite thin films is the origin of

the interfacial low-� dead layer. Current film growth

techniques inevitably cause competing effects includ-

ing incomplete screening at the electrode (intrinsic ef-

fects) and processing issues such as defects and strains

(extrinsic effects); the dead-layer effect complicates the

behavior. In our case, the multilayer nanosheets are a

rather clean system without degradation of the inter-

face and thermal strain, which could eliminate the ex-

trinsic origin arising from the electrodes.

We can now gain further insight into the dead-layer
effects by separating the intrinsic and extrinsic contri-
butions. Recent ab initio studies15 on high-� capacitors
suggest the incomplete screening at the electrode as
the main cause of the intrinsic dead-layer effect; im-
proved screening properties (using Pt electrodes with
shorter electronic screening length) are crucial to reduc-
ing the dead layer. To check this conjecture, we car-
ried out experiments using Pt/(Ca2Nb3O10)n/Pt capaci-
tors, and obtained �r � 210 � 224, similar to the Au/
(Ca2Nb3O10)n/SrRuO3 case (Figures S1, S2, Supporting
Information). It is interesting to note that many experi-
ments on (Ba1-xSrx)TiO3 thin films have reported a differ-
ent trend, that is, the pronounced dead-layer-induced
reduction in the �r value observed in Pt compared to
that in SrRuO3.12 These results suggest that the extrin-
sic effects arising from growth-induced defects and
strains have a dominant role in determining the ob-
served dielectric properties of (Ba1-xSrx)TiO3/Pt devices,
while in our nanosheet capacitors the superior interface
quality brings improved screening properties, yielding a
measured � close to the bulk value. We also note that the
size-free high-� characteristic observed in our nanosheets
is not specific to material choice and interface geometry.
Recent experiments on Ti0.87O2 nanosheet show a size-

Figure 7. Frequency dependence of �r in a 7.5-nm-thick
(Ca2Nb3O10)n (n � 5) film and KCa2Nb3O10 bulk ceramic.

Figure 8. (a) Variation of �r and tan � in multilayer (Ca2Nb3O10)n

films as a function of film thickness. Dielectric measurement was
performed at 100 kHz. (b) Thickness dependence of the recipro-
cal capacitance 1/C in multilayer (Ca2Nb3O10)n films.
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effect-free high-� characteristic (�r � �120) on a SrRuO3

electrode,34 in qualitative agreement with perovskite

nanosheets. We thus conclude that in our nanosheets,

the incomplete screening at the electrode has a minor

role even in the SrRuO3 case. The highly polarizable na-

ture of perovskite nanosheets might compensate for the

relatively inefficient electronic screening capabilities in Sr-

RuO3, and thus possibly eliminate any dead-layer effect

at the interface.

These results are of major technological impor-

tance to achieve key nanoscale capacitor components

in high-� devices. In real capacitors, the overall dielec-

tric performance is determined by both the permittiv-

ity and the leakage current. A useful figure of merit

(FOM) can be defined as the product of these param-

eters, that is, FOM � CVbr/S, where Vbr is the maximum

working voltage and S is the area of electrodes.35 As C �

�0�rS/d and Vbr � Ebrd, where d is the dielectric thick-

ness, �0 is the permittivty of free space, and Ebr is the
breakdown field, FOM can also be defined as FOM �

�rEbr that corresponds to the maximum charge storage
on a capacitor. Figure 10 summarizes the FOM values
for perovskie nanosheets as well as various high-� thin
films. Clearly, perovskite nanosheets afford high capaci-
tances with a dependence on high-� values and mo-
lecularly thin thickness d, thus allowing for efficient
charge storage and meanwhile reducing leakage cur-
rents. It should be also noted that perovskite
nanosheets are of a paraelectric ground, thus yielding
a very small temperature coefficient (�) of the capaci-
tance (�150 to �80 ppm/°C) between �50 and 200 °C.
The simultaneous improvements of �r, �, and J proper-
ties in the ultrathin forms of single-phase materials are
desirable for many applications, and the outstanding
properties of the self-assembled dielectrics may open
the way to new and improved devices far beyond the
conventional top-down processes.

CONCLUSIONS
We have demonstrated a rational approach for

building high-� nanodielectrics using the bottom-up
assembly of perovskite nanosheets. The success of
growth of nanofilms with a good interface quality en-
abled us to realize full potential high-� dielectric prop-
erties of perovskite nanosheets, while eliminating the
size effect encountered in current film-growth tech-
niques. The nanofilms of (Ca,Sr)2Nb3O10 nanosheets ex-
hibit high dielectric constant (�200), the largest value
seen so far in perovskite films with the thickness down
to 10 nm. Furthermore, the superior high-� properties
are a size-effect-free characteristic with low leakage cur-
rent density (�10�7 A cm�2). These results are of ma-
jor technological importance to achieve key nanoscale
capacitor components in high-� devices. In capacitor
components, high-� and low tan � are important crite-

Figure 9. (a) Variation of �r in multilayer films of perovskite
nanosheets. (Inset) Relationship between the observed �r

and calculated electronic permittivity in perovskite
nanosheets. Electronic permittivity was also investigated by
first-principles calculations within the density-functional
theory. (b) Maximum values of �r for perovskite nanosheets,
as well as various perovskite thin films. Circles and triangles
show perovskite nanosheets in the present study [Ca2Nb3O10

(�), Sr2Nb3O10 (Œ), Ca2Ta3O10 (Œ), and Sr2Ta3O10 (�)]. Data
for Ba0.7Sr0.3TiO3 (ref 8) ({), Ba0.5Sr0.5TiO3 (refs 9�12) (}),
SrTiO3 (ref 31) (9), SrBi4Ti4O15 (ref 32) (▫), SrBi2Ta2O9 (ref 32)
(m), and BaHfO3 (ref 33) ( 	) are also included for
comparison.

Figure 10. Figure-of-merit values for perovskite nanosheets
as well as various high-� thin films. Data for
Zr0.15Sn0.3Ti0.55O2-d (ref 35), TiO2 (ref 36), Ta2O5 (ref 37), (Ba1-

xSrx)TiO3 (ref 7), and SrBi4Ti4O15 (ref 32) are also included for
comparison. The dotted line is a guide for the eye.
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ria for designing miniaturized and elegant devices, but
it is no less important that the manufactured compo-
nents exhibit constant fidelity over a wide range of op-
erational conditions (such as frequency and tempera-
ture) with low leakage current density. In this context,
perovskite nanosheets afford robust high-� responses
in molecularly thin thicknesses, thus allowing for effi-
cient charge storage and meanwhile reducing leakage
currents. Furthermore, the simultaneous improvements

of �r, �, and J properties in the ultrathin forms of single-
phase materials are desirable for practical high-� de-
vices. The solution-based room-temperature process
using nanosheets as building blocks opens multiple
possibilities for deployment of high-� dielectrics in inte-
grated circuit technology, gate insulators in organic
field-effect transistors, energy storage devices, and also
future materials technologies, such as multiferroics
and future flexible electronics.

METHODS
Synthesis of Nanosheet. Perovskite nanosheets were prepared

by delaminating layered perovskites according to previously de-
scribed procedures.22,23 The starting material KCa2Nb3O10, pre-
pared by a solid-state reaction, was converted into a protonic
form, HCa2Nb3O10 · 1.5H2O, in HNO3 solution. A colloidal suspen-
sion of Ca2Nb3O10 nanosheets was synthesized by delaminating
HCa2Nb3O10 · 1.5H2O, with tetrabutylammonium hydroxide solu-
tion (TBAOH). Sr2Nb3O10, Ca2Ta3O10, and Sr2Ta3O10 nanosheets
were also synthesized by delaminating layered perovskites
(KSr2Nb3O10, KCa2Ta3O10, and KSr2Ta3O10).

Film Fabricaion. The multilayered films were fabricated by layer-
by-layer assembly using the LB process. An atomically flat con-
ducting SrRuO3 substrate, consisting of a 50-nm-thick (001)-
oriented epitaxial SrRuO3 film on a (001) SrTiO3 single crystal,
was used as a substrate. Before the film deposition, the sub-
strate (1 � 1 cm2) was photochemically cleaned using UV light ir-
radiation in ozone. Highly organized monolayer films were then
fabricated by the LB process, as described in detail elsewhere
(refs 25 and 26). A diluted colloidal suspension (ca. 0.032 g dm�3)
of the nanosheets was used as a subphase to form LB films with-
out amphiphilic molecules. During LB deposition, the packing
density of the nanosheets in the film could be controlled by the
surface pressure of the air�water interface. The procedure for
the LB depositions was repeated an appropriate number of times
to synthesize a multilayer assembly composed of n layers. These
films were irradiated by UV white light from a Xe lamp (1 mW
cm�2) for 24 h in order to decompose TBA� ions used in the ex-
foliation process.

Characterization. The film quality of the multilayer nanofilms
was characterized by HRTEM, AFM, and XRD. Cross-sectional
HRTEM was carried out using a Hitachi H-9000 microscope oper-
ating at 200 kV, which has a point resolution of 0.1 nm. Film sur-
face morphology was analyzed using an SII Nanotechnology
E-Sweep AFM. XRD patterns were collected by a Rigaku RINT
2200 diffractometer using monochromatized Cu K� radiation (�
� 0.15405 nm).

Electrical Characterization. Electrical measurement was carried
out by forming Au/(nanosheet)n/SrRuO3 capacitors. Au top-
electrodes (50-nm-thick, 100 
m diameter) were deposited us-
ing the vacuum evaporation method. Different capacitors (with
size electrodes of 10 � 10, 50 � 50, and 100 � 100 
m2) were
also investigated to check the possible effects of the lateral size
and edges on dielectrics properties. Capacitance and dielectric
loss tan � were measured using a precision impedance analyzer
(Agilent Technologies 4294A) in the range of 50 Hz�10 MHz.
Leakage current properties were measured using a semiconduc-
tor parameter analyzer (Keithley 4200-SCS). Complementally
data were obtained from Pt/(nanosheet)n/Pt capacitors where a
25-nm-thick Pt film on a (001) SrTiO3 single crystal was used as a
substrate (Supporting Information, Figures S1, S2).

First-Principles Calculations. Electronic permittivity was investi-
gated by first-principles calculations using the CASTEP package
within the density-functional theory.29,30 We used norm-
conserving pseudopotentials. Oxygen 2s and 2p electrons, Ca
3s, 3p, and 4s electrons, Sr 4s, 4p, and 5s electrons, Nb 4s, 4p, and
5s electrons, and Ta 5d and 6s electrons were treated as va-
lence states. The wave function was expanded in plane waves
up to a kinetic energy cutoff of 500 eV. The Brillouin-zone sam-

pling was performed by using a Monkhorst�Pack grid with a
(3,6,1) grid of k points for a single-layered nanosheet. Structural
optimizations were converged to a displacement of less than
0.0001 nm and an energy difference of less than 1 � 10�5 eV/
atom. Dielectric functions were calculated within the electric-
dipole approximation.
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