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As electronics continue to decrease in size, new classes of materials are necessary to continue this downsizing trend. Of particular importance is
the development of high-performance capacitors based on dielectric films. Ultrathin high-k dielectrics are expected to be key to future applications.
Recently, we have developed new high-k nanodielectrics based on molecularly thin oxide nanosheets [Tig g70,, TiNbO7, (Ca,Sr),Nb3zO40]. Newly
developed nanosheets exhibited the highest permittivity (¢, > 100) ever realized in all known dielectrics in the ultrathin region (<10nm). In this
review, we present recent progress in dielectric nanosheets, highlighting emerging functionalities in capacitor applications.

© 2016 The Japan Society of Applied Physics

1. Introduction

Capacitors are ubiquitous in electronic devices and systems.
Because capacitors are the largest elements in current elec-
tronic devices, increasing their capacitance in smaller areas/
volumes is an important step for the relentless advances
in microelectronic technologies. So far, the miniaturization
of capacitor components has been accomplished through
new materials and fabrication technologies, e.g., adoption
of high-k materials, thinning of the dielectric layer, and
multilayer implementation in multilayer ceramic capacitors
(MLCCs).!™ BaTiO; (BT) is one of the most important
dielectric materials widely used for MLCCs. State-of-the-art
MLCC technology now enables the fabrication of the
multilayer structure with a thin BT ceramic layer (500 nm)
using ~100nm size particles. Future advances in MLCCs
require the integration of thinner dielectric layers, but the
formidable challenge lies in so-called size effects.>® As the
size of BT particles decreases to below 100 nm, BT particles
yield reduced &, values that are one order of magnitude
smaller than bulk values.”® This size-effect issue impedes the
progress of future MLCC technologies.

Such a problem is clearly observed in thin-film nano-
capacitors. The nanocapacitors based on BaTiO; and related
oxides yield reduced ¢, values that are 2-3 orders of mag-
nitude smaller than bulk values.®'¥ Owing to the rather
complex compositional and structural aspects of these high-k
materials, current methods such as chemical vapor deposi-
tion (CVD), atomic layer deposition (ALD), metal organic
chemical vapor deposition (MOCVD), and the sol—gel
process often suffer from the inhomogeneity of composition
and crystal structure, which is crucial to high-k dielectric thin
layers. Furthermore, these techniques generally require
elaborate deposition processes with high-temperature anneal-
ing, producing undesirable interface reactions and/or thermal
strain between the high-k layers and the electrodes.®'> This
“dead-layer” problem results in greatly degraded ¢, of high-k
thin films.'®

Toward overcoming these issues, nanocrystal technology
is an emerging research area with the goal of using nano-
materials as core device components. A unique strategy
involving layer-by-layer deposition of high-k oxide nano-
sheets has opened up a novel route for this challenge.'”
Oxide nanosheets are molecularly thin two-dimensional
(2D) crystals, derived from a layered compound via exfolia-
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tion.'®2% They have a material-dependent unique thickness
of 1-2nm; the chemical compositions and atomic arrange-
ments of host layers are preserved in the exfoliated nano-
sheets. Recently, we have developed high-k nanodielec-
trics based on metal-oxide nanosheets [Tiyg70,, Ti,NbO-,
(Ca,Sr);Nb;0].1721-23) Newly developed nanosheets ex-
hibited the highest permittivity (e, > 100) ever realized in
all known dielectrics in the ultrathin region (<10nm). The
main advantage of 2D nanosheets is their molecularly small
thickness, surpassing structures attainable by down-sizing
approaches. 2D nanosheets may therefore be suitable for the
miniaturization in capacitor devices.

Here, we review the progress made in dielectric nano-
sheets, highlighting emerging functionalities in capacitor
applications. We also present a perspective on the advantages
offered by this class of materials for capacitor applications.

2. 2D dielectric nanosheets

Recently, a variety of oxide nanosheets have been synthe-
sized by delaminating the precursors of layered oxides into
their elemental layers.?>» These oxide nanosheets have
distinct differences and advantages compared with graphene
and other 2D materials because of their potential use as
insulators, semiconductors, and even conductors, depending
on their chemical composition and structures of the parent
layered compounds.?> Oxide nanosheets thus present a
tantalizing prospect of scaling all electronic technology down
to a truly atomic scale.

Most oxide nanosheets synthesized so far are d° transition
metal oxides (with Ti**, Nb°*, Ta’*, and W°*) with insu-
lating and wide-gap semiconducting nature.!”?> Such d°
oxide nanosheets can thus be utilized as high-k nanodielec-
trics. Despite significant advances in graphene-like 2D nano-
sheets, it remains a challenge to explore high-k dielectric
counterparts, which have great potential in new 2D elec-
tronics. Oxide nanosheets may be the perfect solution as a
new era unfolds in 2D dielectrics.

Tigg70; is the first example of dielectric nanosheets that
represent a modification of nanometer-sized titanium oxide
prepared by delaminating a layered titanate into single sheets
(Fig. 1)."%19 Ti, 5,0, nanosheet is composed of only TiOg
octahedra, a key building block for Ti-based dielectrics, and
can thus be viewed as an ideal base for high-k dielectrics with
a critical thickness. Theoretical and experimental investiga-
tions have demonstrated that Tiyg;0O, nanosheet acts as a

© 2016 The Japan Society of Applied Physics
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Fig. 1. (Color online) High-k titania nanosheet. (a) Structure model of
Tip 70, nanosheet. The Ti atom is coordinated with six oxygen atoms and
the resulting TiOg octahedra are joined via edge-sharing to produce the 2D
lattice. Its thickness is ~0.75 nm, consisting of two edge-shared TiOg
octahedra. (b) AFM image of Tijg;0, nanosheet supported on a SiO,/Si
substrate. Adapted from Ref. 30.

high-k nanoblock, and its multilayer films exhibit both high
dielectric constant (e, = 125) and highly insulating properties
at thicknesses down to 10 nm.?!-2¢27 Such a highly insulating
nature is attributed to the wide-bandgap nature of Tijg;0,
nanosheets. 3% In bulk TiO,, anatase and rutile forms
possess much smaller bandgaps of 3.2 and 3.0eV, respec-
tively. Also, bulk TiO, often suffers from the well-known
problem of oxygen vacancies; the thin films in the anatase
and rutile forms have many oxygen vacancies, which
causes high leakage density. Tipg;0, nanosheets possess Ti
vacancies; oxygen vacancies are not expected in this system.
Also, owing to quantum confinement effects, 2D nanosheets
have an enlarged bandgap,®” which are favorable for
realizing a highly insulating nature.

Perovskite nanosheets form the basis of interesting
classes of dielectric materials.?® The exfoliation of layered
perovskites has been reported for Dion—Jacobson phases
including LaNb207, (Ca,Sr)sz3010, CaLaszTiOm, LazTiz-
NbO;(,*?>73> and for some other materials with Ruddlesden—
Popper (SrLaTi,TaOy, Ca,Ta,Ti00)*® and Aurivillius
(StBi,Ta,09, BisTiz0;,) phases.’>3” An important aspect is
that these nanosheets consist of perovskite building blocks
of TiOg, NbOg, or TaOg octahedra with a high molecular
polarizability.?>3® Ca,Nbs;O;, nanosheets have extensively
been investigated as high-k nanodielectrics [Fig. 2(a)]; their
multilayer films exhibited high permittivity (e, > 200) and
insulating properties even at a nanoscale thicknesses of
5-20nm.

Current research on these high-k nanosheets is directed
toward materials design with tailored composition and
structure, and improving their high-k performance. In bulk
high-k systems, various strategies have been developed for
designing new high-k dielectrics, either by doping more
polarizable ions into the lattice or tuning the structural
distortion. Such a site-engineering technique is indeed useful
for designing dielectric properties in perovskite nano-
sheets.?>**#D In this context, the composition of oxide
nanosheets can be intentionally modified by using designated
layered compounds; the chemical compositions and atomic
arrangements of the host layers are preserved in the exfoliated
nanosheets. In perovskite nanosheets (Ca,_,Sr,Nbs_,Ta,O1),
A- and B-site modifications may control the polarizability of
the octahedra, allowing for the tuning of dielectric responses
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Fig. 2. (Color online) High-k perovskite nanosheets. (a) A- and B-site
modifications in Ca;Nb3Oj( nanosheet. (b) Frequency dependence of ¢, for 5-
layer films of perovskite nanosheets (Ca;Nb3O1¢, Sr;Nb3zOy, Ca;Taz04, and
Sr;Ta;04p). Adapted from Ref. 17. © 2012 John Wiley & Sons, Inc.
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Fig. 3. (Color online) Titano-niobate nanosheets. (a) Structural

modification of titano-niobate nanosheets (Tigg70,, Ti;NbO7, and TiNbOs).
(b) Composition dependence of &, for 10-layer films of TiNbOs, Ti,NbOs,

TisNbOyy, Tipg70,, and Nb3Og nanosheets. Adapted from Ref. 23. © 2012
John Wiley & Sons, Inc.

[Fig. 2(b)].2>*Y In Ca,Nb3O;, nanosheets, for example,
A-site modification with Sr** ions increased e, whereas
B-site modification with Ta’* ions improved leakage
current characteristics and reduced ;. The optimum property
(¢, = 240) was obtained for Sr,Nb3;O;y nanosheets.

Even elegant materials design can be achieved in titano-
niobate nanosheets (TiNbOs, Ti,NbO-, TisNbO,) (Fig. 3).2¥
In these nanosheets, the octahedral distortion inherent to
site engineering by Nb incorporation resulted in a very high
molecular polarizability, and their multilayer nanofilms
exhibited high &, values (160-320) with low leakage current

© 2016 The Japan Society of Applied Physics
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Fig. 4. (Color online) (a) Fabrication procedure for the multilayer nanosheet films using the LB method. (b) AFM image of Ca,Nb;0;( nanosheets.
(c) Cross-sectional high-resolution TEM image of 5-layer films of Ca;Nb3;O;o nanosheets.

densities (<1077 A/cm?). The optimized property was
observed in Ti,NbO; [Nb/(Ti + Nb) = 0.33], in which ¢,
reached ~320, the highest value realized in all known
dielectrics in the ultrathin region (<10 nm).

3. Nanosheet-based capacitors

The unique features of 2D nanosheets make them important
and fascinating research targets for capacitor applications.
Considering the well-known relationship C = gpe,S/d, oxide
nanosheets are good capacitor materials, affording a high
capacitor density due to their high permittivity and molecular
thickness.

In the course of developing capacitor applications, current
research is now directed toward the assembly of high-k
nanosheets into nanostructured films.!” An important and
attractive aspect in this regard is that oxide nanosheets can be
obtained as negatively charged crystallites that are dispersed
in a colloidal suspension. Oxide nanosheets can be organized
into ultrathin films by applying solution-based layer-by-layer
assembly such as sequential adsorption deposition*>*> and
Langmuir-Blodgett (LB) deposition.**> LB deposition has
been proven to be the most effective approach for organiz-
ing 2D nanosheets (Fig. 4). In LB deposition, a floating
monolayer of nanosheets is formed on a water surface in a
LB trough followed by an appropriate level of compression;
the packing density of the nanosheets in the film could be
controlled via the surface pressure of the air-water interface.
The resulting monolayer films were characterized by well-
ordered arrangements of nanosheets with only occasional
overlaps and gaps. Nearly perfect mono- and multilayer
films have been achieved on the atomically flat conducting
substrates such as SrTiOs;:Nb, SrRuOs;, and Pt.!” An
advantage of this approach is the experimental realization
of the atomically sharp interface between the nanosheets and
the substrate. Figure 5 shows a cross-sectional high-reso-
lution TEM image of a typical perovskite nanocapacitor
[Au/(CayNb30yp),/StRu0;].*9 Clearly, there were no de-
tectable interdiffusion and strains at the interface, suggesting
the production of a dead-layer-free perovskite superlattice
directly assembled on the substrate.

Fig. 5. High-resolution TEM image of a Au/(Ca,Nb30),/SrRuO; nano-
capacitor (n = 10). Adapted from Ref. 46. © 2014 American Chemical
Society.

Reflecting its highly organized structure, the nanosheet
films show superior dielectric and insulating proper-
ties.!”?1"2) A common feature of the nanosheet films is
the size-effect-free characteristic of dielectric responses; the
multilayer films of Tiyg;0,, Ti;NbO7, and (Ca,Sr),Nb3Oy
nanosheets showed stable dielectric responses even down to a
thickness of 10nm. In the Ca,Nb3;Oj( case, the multilayer
films maintained a constant & value of ~210 irrespective
of the film thickness, where the dielectric loss (tan§) was
~2-5%.%2 These (Ca,Nb3O), films also exhibited excellent
insulating characteristics; the dielectric breakdown occurred at
3—-4MV /em. Figure 6 summarizes the €, values of perovskite
nanosheets and various perovskite thin films. In the ultrathin
region (<20 nm), the &, values of perovskite nanosheets were
higher than those of the other perovskites. In Sr,Nb3O;y and
Ca,Nb30y, & reached >200, which is 10 times larger than
that of (Ba;_,Sr,)TiOj3 films of the same thickness. The high &,
values of perovskite nanosheets persisted even in the <10 nm
region, which is in sharp contrast to the size-induced dielectric
collapse in (Ba;_Sry)TiO3.!"13!4 These results suggest
that perovskite nanosheets are very promising candidates for
high-density capacitor applications.

1102A3-3 © 2016 The Japan Society of Applied Physics
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Fig. 7. (Color online) (a) High-resolution TEM image and (b) dielectric
property of a (Rug9505)s5/(Ca;Nb3O10)10/(Rug9s0,)s nanosheet capacitor.
In (b), the dielectric property of BaTiOs is also included.

Considering these aspects, the sequential organization
of metallic and dielectric nanosheet films into a sandwich
structure would be a powerful approach to constructing all-
nanosheet ultrathin capacitors. This approach enables the
reduction in thickness in both the dielectric and electrode
layers, which provides an ultimate route for designing ultra-
thin capacitors. Recently, all-nanosheet capacitors have been
successfully fabricated by layer-by-layer assembly using two
types of oxide nanosheets (Fig. 7).#” One is Rug 50, for top
and bottom electrodes and the other is Ca,Nb3Oq, for the
dielectric layer. Even with the small thickness of 28 nm, the
system actually worked as an ultrathin capacitor, achieving
a high capacitance density (~30uF/cm?). The obtained
capacitance density is nearly 10 times that of state-of-the-art
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HfO,-based ultrathin capacitors (~0.89 uF/cm?/10 nm)*®
and approximately 2000 times higher than that of com-
mercial BaTiOs-based capacitors (~20puF/cm?/5 x 10*
nm).*” This prototype capacitor has a MIM structure (one
unit of MLCC), and the multilayer structuring becomes the
future challenge.

4. High-temperature applications

The development of high-temperature electronics has been a
significant challenge in recent years. For example, automo-
tive industries require electronic components operable at high
temperatures (>200 °C). In the capacitor components, how-
ever, the absence of suitable materials is one of the major
barriers to meeting this goal. BaTiO3 has been widely used
in capacitor applications for many years. However, BaTiO3
suffers from a low Curie temperature (7¢) of ~130°C; a
sharp decrease in & above 7T¢ intrinsically limits the use
of BaTiO3-based materials in high-temperature environments
>200°C. Various strategies have been developed for tailor-
ing the thermal stability of BaTiO; and related perovskites.
In BaTiO3, chemical modification by doping or using solid
solutions is an effective approach to obtaining a broadened
dielectric peak while maintaining a high & value.3>%>%
Another approach is the use of non-polar characteristic
of layered ferroelectric materials having high T¢ (e.g.,
CaBi4TisOy5 and SrBi;TisO;5).>*% In future electronics,
the requirements for capacitor devices generally tend towards
miniaturized dielectrics with higher e, lower loss, and
reduced leakage current. The development of new high-
temperature nanodielectrics to fulfill these requirements is an
important issue but most challenging.

Oxide nanosheets are a fascinating target for such high-
temperature applications. Most of the oxide nanosheets
[Tip870,, Ti,NbO7, (Ca,Sr),Nbs;Og] are paraelectric, thus
yielding a very small temperature coefficient (z), in contrast
to the large variation of ferroelectric materials. Another im-
portant aspect of oxide nanosheets is their thermal stability.
In Ca,Nb;0y, the 2D perovskite structure was stable up to
700 °C in a monolayer film with an extremely small thickness
of ~2nm.>® Various in situ characterizations revealed a
robust thermal stability of insulating behavior even in mono-
layer Ca;Nb3Oy films, and layer-by-layer assembled nano-
capacitors exhibited stable dielectric and insulating responses
up to 250°C (Fig. 8).%9 Perovskite nanosheets also offer a
unique opportunity for tailoring the temperature dependence
through doping and lattice engineering. Perovskite nano-
sheets yielded a very small temperature coefficient (z), which
is much smaller than those of typical high-k dielectrics
(>-1,000ppm/K for Ba;_Sr,TiO3). In Ca,_,Sr,Nbs_,.
Ta 019, the overall trend varied from negative values
(=210ppm/K) in Ca-based nanosheets (Ca,Taz;0y) to
positive values (+150, +180 ppm/K) in Sr-based nanosheets
(SroNb3Oq, SryTazOq) in the temperature range of —25 to
+150°C.224D The opposite signs of Ca- and Sr-based
nanosheets offer the tantalizing possibility that solid solutions
could be formed with high &, values and near-zero z. The
simultaneous improvements in the ¢, 7, and J properties
observed in the ultrathin forms of single-phase materials are
desirable for many capacitor applications,’” and perovskite
nanosheets have great potential for a rational design and
construction of high-temperature capacitor devices.

© 2016 The Japan Society of Applied Physics
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(Color online) (a) Frequency dependence of the & and tané of a Au/(Ca;Nb;0Oy),,/StRuO; (n = 10) nanocapacitor at 25, 100, 200, and 250 °C.

(b) &~V curves measured at 25 and 250 °C for the same nanocapacitor as in Fig. 3(a). The frequency was 10 kHz. The data of Bag 5SrysTiO3 (25 °C, t = 24 nm)
are also included for a comparison. (c¢) Temperature dependence of the capacitance change relative to RT value (AC/Cgrr) for Ca;Nb3;O;o nanosheets and
perovskite thin films. (d) Plot of the temperature coefficients (z) for Ca;Nb3O;( nanosheets and perovskite thin films. Adapted from Ref. 46. © 2014 American

Chemical Society.

5. Conclusion

We have reviewed the current status of research on 2D
dielectric nanosheets. Recently, a variety of oxide nanosheets
have been synthesized, and their unique dielectric properties
have been investigated. Newly developed nanosheets
[Ti0.3702, TiszO7, (Ca,Sr)sz3Olo] exhibited the highCSt
permittivity (e > 100) ever realized in all known dielectrics
in the ultrathin region (<10nm). The main advantage of 2D
nanosheets is their molecular-thin thickness, surpassing
structures attainable by down-sizing approaches. 2D nano-
sheet may therefore be suitable for the miniaturization of
capacitor devices. Nanosheet-based capacitors retained their
size-free high-¢; characteristic and high insulation resistance
with high breakdown voltages at high temperatures up
to 250°C. They also exhibited small z values, offering a
performance superior to current high-k materials. Since
Ca,Nb30j nanosheets possess a robust thermal stability up
to 700°C, the optimization of device structures would
facilitate their use at much higher temperatures (even at
500 °C). In addition, perovskite nanosheets are Pb-free and
RoHS compliant, which are a key issue for future electronics.

Although nanosheet technology has great potentials for
future electronics, there remain many issues to be solved for
the practical applications. The first issue is the choice of elec-
trodes. In our works, nanosheet capacitors have been tested
mostly on atomically flat substrates to highlight the best
performance. The test has not confirmed any critical aspect
on common, large-scale electrodes under downgraded con-

1102A3-5

ditions. The second issue is reliability. High-temperature
applications are specific for their harsh electrical and envi-
ronmental conditions together with requirements for high
overall reliability and long lifetime. Any electronic compo-
nents used in such applications play important roles to ensure
reliability and functionality. Furthermore, the absence of
reliable fabrication methods for large-scale devices of 3D
structures is one of the main hurdles. However, there are
promising signs that these problems will soon be overcome.
Concerning fabrication, a solution-based process at room
temperature has great advantages when developing large-
scale manufacturing processes. The fabrication process
involving layer-by-layer assembly of nanosheets without
costly fabrication lines and special annealing processes for
metal electrode layers is another great advantage particularly
in practical applications for various capacitors; there are
no strict limitations on the dimensions, shapes, and materials
of substrates. Furthermore, all-nanosheet capacitors may be
readily assembled on plastic or flexible substrates.

This review focused on capacitor applications. Oxide
nanosheets are also of technological importance for establish-
ing dielectrics on 2D materials, which have great potentials in
various electronic applications such as energy storages,!”
gate devices,”>® and ferroelectrics /multiferroics.”-6%
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