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T
he capacitor is a widely used electric
storage device indispensable in elec-
tric and electronic applications. Be-

cause capacitors are the largest elements
in current electronic devices, increasing
their capacitance in smaller areas/volumes
is an important step in the advancement
of electronics.1,2 Significant downsizing of
capacitors has been successfully accom-
plished through improvements in various
factors, e.g., adoption of high dielectric con-
stant (high-k) materials, thinning of the di-
electric layer, andmultilayer implementation
ofmetal�insulator�metal (MIM) units. How-
ever, this technology has almost reached
saturation in both materials and processing,
making it difficult to achieve further perfor-
mance upgrades.
For example, in multilayer ceramic capa-

citors (MLCCs), indispensable electronic

components for advanced electronic tech-
nology, relentless advances inmicroelectro-
nic packaging, and communication tech-
nologies require the miniaturization and
integration of the MLCCs.3�5 Barium tita-
nate (BaTiO3: BT) is one of the most impor-
tant dielectric materials widely used for
MLCCs. The continuing demand to further
miniaturize MLCCs has led to the down-
sizing of BT ceramics to a nanometer scale.
State-of-the-art technology enables the fab-
rication of the multilayer structure with a
thin BT ceramic layer of around 0.5 μm
using ∼100 nm size BT particles, and the
commercialization of the smallest size
MLCCs (0.4 � 0.2 mm2) has recently been
realized byMurataManufacturing Co.6 Keen
demand for continuing miniaturization of
MLCCs requires the fabrication of thinner
dielectric layers, but this presents more
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ABSTRACT All-nanosheet ultrathin capacitors of Ru0.95O2
0.2�/Ca2Nb3O10

�/

Ru0.95O2
0.2� were successfully assembled through facile room-temperature

solution-based processes. As a bottom electrode, conductive Ru0.95O2
0.2� nano-

sheets were first assembled on a quartz glass substrate through a sequential

adsorption process with polycations. On top of the Ru0.95O2
0.2� nanosheet film,

Ca2Nb3O10
� nanosheets were deposited by the Langmuir�Blodgett technique to

serve as a dielectric layer. Deposition parameters were optimized for each process

to construct a densely packed multilayer structure. The multilayer buildup process was monitored by various characterizations such as atomic force

microscopy (AFM), ultraviolet�visible absorption spectra, and X-ray diffraction data, which provided compelling evidence for regular growth of

Ru0.95O2
0.2� and Ca2Nb3O10

� nanosheet films with the designed multilayer structures. Finally, an array of circular films (50 μm φ) of Ru0.95O2
0.2�

nanosheets was fabricated as top electrodes on the as-deposited nanosheet films by combining the standard photolithography and sequential adsorption

processes. Microscopic observations by AFM and cross-sectional transmission electron microscopy, as well as nanoscopic elemental analysis, visualized the

sandwich metal�insulator�metal structure of Ru0.95O2
0.2�/Ca2Nb3O10

�/Ru0.95O2
0.2� with a total thickness less than 30 nm. Electrical measurements

indicate that the system really works as an ultrathin capacitor, achieving a capacitance density of ∼27.5 μF cm�2, which is far superior to currently

available commercial capacitor devices. This work demonstrates the great potential of functional oxide nanosheets as components for nanoelectronics, thus

contributing to the development of next-generation high-performance electronic devices.
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significant issues. As the size of BT particles decreases
to below 100 nm, the formidable challenge lies in a
gradual decline in the dielectricity (the so-called size
effect), which impedes the progress of MLCC technol-
ogy. Thus, a novel solution has been eagerly antici-
pated in this field.
Such materials and processing issues are clearly

exposed also in thin-film-based nanocapacitors. The
nanocapacitors based on SrTiO3 and (Ba,Sr)TiO3 yield
reduced relative permittivity (εr) values that are a
few orders of magnitude smaller than bulk ones. The
situation is even more complicated in actual systems.
Due to their rather complex compositional and struc-
tural aspects, uniformity and homogeneity of compo-
sition and crystal structure, crucial to high-k dielectric
thin layers, are difficult to control over a large area
by current methods7�11 such as CVD,12,13 ALD,14�17

MOCVD,18�20 and the sol�gel process.21 Furthermore,
these techniques generally require high-temperature
and elaborate deposition processes, often producing
undesirable interface reactions and/or thermal strain
between the high-k layers and electrodes. This so-
called “dead-layer” problem results in greatly de-
graded εr of the sensitive high-k thin films.22�24

As a means of overcoming these issues in current
capacitors, nanocrystal technology is an emerging
research area, with the goal of using nanomaterials
as core device components. A unique strategy invol-
ving layer-by-layer deposition of metal oxide nano-
sheets has opened up a novel route for this challenge.
The oxide nanosheets derived from aprecursor layered
compound via exfoliation are molecularly thin
two-dimensional (2D) crystals, holding a fixed stoichio-
metric composition and a 2D crystalline lattice inher-
ited from the parent compounds. They have amaterial-
dependent unique thickness of 0.5�3 nm. On the
other hand, the lateral dimension is typically in a
micrometer range, primarily determined by the size
of the starting layered compound and mechanical
shear applied in the delamination process. We have
reported the synthesis of a range of oxide nanosheets
including dielectric nanosheets, such as Ti0.87O2

0.52�,25

Ca2Nb3O10
�,26 Ti2NbO7

�,27 and metallic conductive
Ru0.95O2

0.2� nanosheets.28,29 Among various dielectric
oxide nanosheets, perovskite-type Ca2Nb3O10

� nano-
sheets exhibit a remarkably high permittivity of εr >
200 even in the ultrathin region (5�20 nm), which is
more than 10 times larger than that of (Ba1�xSrx)TiO3

films at the same thickness.30 The high εr value remains
virtually constant (size-effect free). These features in-
dicate that this nanosheet can be an effective dielectric
component in high-density and ultrathin capacitor
applications. Moreover, high electrical conductivity of
Ru0.95O2

0.2� nanosheets has been demonstrated,28

suggesting that it has promising potential as an ideal
building block in constructing electrodes of ultrathin
capacitors.

These oxide nanosheets can be assembled via room-
temperature solution-based processes into ultrathin
films, which is another important advantage. On the
basis of their polyanionic colloidal nature, a sequential
adsorption process and the Langmuir�Blodgett (LB)
technique can be applied to deposit them layer-by-
layer into precisely organized lamellar nanostructures.
We have fabricated multilayer films of Ca2Nb3O10

�

nanosheets on a SrRuO3 single-crystal substrate via

this process and then deposited Au top electrodes by a
conventional sputtering technique to construct a MIM
device, which was proved to work as a capacitor with
superior high-k performance.26,30,31

Considering these promising aspects, the sequential
organization of Ru0.95O2

0.2� and Ca2Nb3O10
� nano-

sheet films into a sandwich structure would be a
powerful approach to construct high-performance
ultrathin capacitors. Manufacturing such a MIM device
by solution-based processes throughout without em-
ploying a vacuum-based technique is important from
a practical viewpoint. Furthermore, interface reac-
tion between the dielectric layer and the electrodes,
which is fatally harmful to the performance of ultrathin
capacitors, is expected to be suppressed via this
approach involving soft-chemical processes, which
can be conducted under mild conditions. Well-defined
stoichiometric composition and highly crystalline 2D
structure of nanosheets will guarantee the composi-
tional and structural uniformity across such nano-
sheet films. An ideal interface matching between
Ru0.95O2

0.2� and Ca2Nb3O10
� nanosheets, which is also

important for the performance of capacitors, would be
attained thanks to the intrinsic angstrom-level flatness
of the nanosheets. In addition, other techniques such
as photolithography can be incorporated to achieve
patterning of the nanosheet films. It is therefore ex-
pected that this strategy has great potential for build-
ing high-performance ultrathin capacitors.

RESULTS AND DISCUSSION

Designed Structure of All-Nanosheet Capacitors. Figure 1
illustrates the schematic MIM structure of Ru0.95O2

0.2�/
Ca2Nb3O10

�/Ru0.95O2
0.2� designed as the all-nanosheet

ultrathin capacitor onquartzglass substrates. Amultilayer
film of Ru0.95O2

0.2� nanosheets was employed as a
bottom electrode. A previous study reported that the
film had a substantially high electrical conductivity

Figure 1. Schematic illustration of the all-nanosheet ultra-
thin capacitor of Ru0.95O2

0.2�/Ca2Nb3O10
�/Ru0.95O2

0.2�.
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(∼1 kΩ sq�1), which was compatible with use as an
electrode.28 The conductivity was found to be en-
hanced as the layer number of Ru0.95O2

0.2� nanosheets
increased, which was accounted for by the develop-
ment of lateral conduction paths via percolation. On
the other hand, a thicker film tends to be rougher on
the surface, whichwill prevent the deposition of a well-
organized film of dielectric nanosheets on top of the
Ru0.95O2

0.2� nanosheet film. It is known that a high film
quality, e.g., highly dense and lamellar packing of the
nanosheets, is crucially important to fully attain the
superior dielectric performance inherent to the oxide
nanosheets.25,30 Such film quality is sensitively depen-
dent on the roughness of the substrates. As a compro-
mise in the pursuit of these two contradictory factors,
we selected a two- to five-layer film of Ru0.95O2

0.2�

nanosheets as the underlying bottom electrodes. The
dielectric layer is composed of a ten-layer Ca2Nb3O10

�

nanosheet film, for which high dielectric and insulating
performance has been demonstrated. For the top elec-
trode, the multilayer film of Ru0.95O2

0.2� nanosheets
was also employed, but it was fabricated into an array
of circular films with a diameter of 50 μm φ for the
convenience of electrical property measurements.

Fabrication of Multilayer Films of Ru0.95O2
0.2� Nanosheets as

a Bottom Electrode. Ru0.95O2
0.2� nanosheets were se-

quentially adsorbed with polycationic copolymer on
Si and quartz glass substrates. Figure 2a depicts the
surface topography for a monolayer film of the nano-
sheets deposited on a Si substrate under optimized
conditions. A similar high-quality film could also be
fabricated on aquartz glass plate. The substrate surface
is densely covered with Ru0.95O2

0.2� nanosheets with a
thickness of ∼1.1 nm (Figure S1a and S1b). The height
histogram analysis revealed a high surface coverage of
>90% with an overlapped portion of <10%. A previous
study reported that a coverage of >70% can yield good
electrical conductivity, developing substantial con-
duction paths via percolation through bridges of over-
lapped nanosheets.28 Thus the attained surface cover-
age of >90% (Figure 2a) is considered to be high
enough. In practice, we repeated the deposition leading

to two- and five-layer films to enhance the conductivity
and mechanical strength (Figure S1c and S1d). The
deposition process can be conveniently monitored by
UV�visible absorption spectra. The Ru0.95O2

0.2� nano-
sheets show optical absorption in a wide wavelength
range associated with its metallic nature. The absor-
bance was progressively enhancedwith the number of
deposition cycles, indicating the regular repetition of
the above-mentioned deposition of nanosheets to
produce a multilayer nanostructured film.

The films were masked and coated with Au electro-
des in order to measure the sheet resistance. The two-
layer and five-layer films on quartz glass substrates
afforded a highly conducting nature with room-
temperature sheet resistances of ∼4.1 and ∼0.9 kΩ sq�1,
respectively, in accordance with the previous study.28

The films were flat enough to serve as the bottom
electrodes. The surface roughness (Ra) was ∼1.0 and
∼1.4 nm for the two-layer and five-layer films, respec-
tively, as revealed by AFM analysis. This flat surface
attained can be ascribed to the 2D anisotropic struc-
ture of the nanosheets with atomically flat terraces. We
note that resistances of our films are comparable to
those of rutile RuO2 thin films epitaxially grown by a
sophisticated vacuum-deposition technique. RuO2 is
agreed to be themost promising electrodematerial for
high-k materials thanks to its high conductivity, high
thermal stability, and high work function.32�35 The flat
and highly conducting nature of Ru0.95O2

0.2� nano-
sheet films, which compares favorably with epitaxial
RuO2 thin films, ensures that they can serve as
the bottom electrodes for the LB deposition of
Ca2Nb3O10

� nanosheet films in the next step.

Deposition of Multilayer Films of Ca2Nb3O10
� Nanosheets as a

Dielectric Layer. The dielectric layers of high-k Ca2Nb3O10
�

nanosheetswere sequentially deposited on topof the as-
prepared Ru0.95O2

0.2� bottom electrodes by means of
the LB process, which was effective in building up high-
quality nanosheet films. The Ca2Nb3O10

� nanosheets
are ∼1.4 nm in thickness and 2�6 μm in lateral size
(Figure S2). The large lateral size is favorable to the
production of a highly insulating film without substantial

Figure 2. (a) AFM imageof amonolayerfilmof Ru0.95O2
0.2� nanosheets on a Si substrate. (b) UV�visible absorption spectra of

Ru0.95O2
0.2� nanosheet films deposited on both sides of a quartz glass substrate from one to five layers. The inset shows the

absorbance at 220 nm as a function of cycle numbers.
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leakage paths. When the suspension of Ca2Nb3O10
�

nanosheets was placed in the LB trough, nanosheets
floated at the air/water interface due to the moderate
amphiphilic role of tetrabutylammonium (TBA) ions,
which were used as a delaminating agent.36 Then they
were gathered and packed together by moving two
barriers inward and subsequently transferred onto the
substrate surface by a lifting-up process. With optimized
deposition parameters, a monolayer film of neatly tiled
Ca2Nb3O10

� nanosheets was produced through this
process. A fairly uniform and homogeneous texture, i.e.,
atomically flat film (Ra ∼0.3 nm) was attained across the
substrate surface (Figure 3a). This LB transfer was re-
peated 10 times to produce a ten-layer nanosheet film.
AFM images shown in Figure S3 indicate that the
obtained ten-layer films are still flat. UV�visible absorp-
tion spectra monitoring the deposition process show the
progressive enhancement of absorption due to the
Ca2Nb3O10

� nanosheets, which was superimposed onto
the features derived from the Ru0.95O2

0.2� nanosheet
film. The nearly linear increment in absorbance (inset of
Figure 3b) indicates the successful layer-by-layer deposi-
tion of Ca2Nb3O10

� nanosheets. The nanosheets were
assembled into a multilayer film accommodating TBA
ions in their galleries. Note that TBA ions aredecomposed
into small inorganic cations such as Hþ and NH4

þ via the
photocatalytic action of the Ca2Nb3O10

� nanosheet acti-
vated by UV illumination during the deposition process.37

Figure 4 depicts X-ray diffraction (XRD) data of
the fabricated films of (Ru0.95O2

0.2�)n/(Ca2Nb3O10
�)10

(n = 2, 5). Control data for a film directly deposited on
the quartz glass substrate without the prime coat layer
of Ru0.95O2

0.2� nanosheets showed five peaks at 5.48�,
11.05�, 22.33�, 40.18�, and 45.85� in 2θ, which are attri-
butable to 001, 002, 004, 007, and 008 reflections, respec-
tively, from the multilayer structure of (Ca2Nb3O10

�)10.
The multilayer spacing of 1.6�1.7 nm is comparable to
those obtained in our previous study for the film on an
atomically flat SrRuO3 substrate. Observation of the high-
er-order basal peaks suggests a well-organized lamellar
structure composed of stacked nanosheets. The XRD
pattern for the samplewith a two-layerfilmofRu0.95O2

0.2�

nanosheets was similar to that for the control data ex-
cept for the lower intensity of the peaks. As a result, a halo
hump from the glass substrate was relatively noticeable.
However, 004, 007, and 008 peaks were still barely
detectable. These weak reflections may be due to the
fact that the film was deposited onto the underlying
Ru0.95O2

0.2�nanosheetfilms,which inevitablyhada larger
surface roughness. This effect became further enhanced
for the sample with a five-layer film of Ru0.95O2

0.2�

nanosheets. The 001 and 002 peaks broadened signifi-
cantly, and theother peakswerenearly unobservable. On
the other hand, diffraction features from Ru0.95O2

0.2�

nanosheet films were not clearly detected. The limited
number of stacked layers of rather flexible Ru0.95O2

0.2�

nanosheets may be responsible for this absence.
Fabrication of Patterned Films of Ru0.95O2

0.2� Nanosheets as
a Top Electrode. We have developed the following pro-
cedures to design an array of circular electrodes
composed of Ru0.95O2

0.2� nanosheets. As illustrated
in Figure 5, the process involves photolithography

Figure 3. (a) AFM imageof amonolayerfilmof Ca2Nb3O10
�nanosheets on a Si substrate. (b) UV�visible absorption spectra of

multilayer films of Ca2Nb3O10
� nanosheets (red lines) on a two-layer film of Ru0.95O2

0.2� nanosheets (black line). The inset
shows the absorbance at 250 nm as a function of cycle numbers.

Figure 4. XRDpatterns of nanosheet films of (Ca2Nb3O10
�)10

fabricated on a quartz glass substrate covered with a (a)
two- and (b) five-layer film of Ru0.95O2

0.2� nanosheets,
respectively. Trace (c) is control data from a bare quartz
glass substrate. A broad hump at 15�30� in 2θ is due to the
amorphous halo from the quartz glass substrate. The inset
corresponds to 10-fold patterns of (a), (b), and (c) between
35� and 50�.
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combined with the deposition technique via sequen-
tial adsorption (for details, refer to Materials and
Methods). The feasibility of the process was first de-
monstrated on a bare Si substrate. The substrate was
completely covered with the photoresist by a spin-
coating process. Then the hollow columnar patterns
were formed on the resist layer via photolithography
and developing processes. In the following step,
Ru0.95O2

0.2� nanosheets were deposited layer-by-
layer, typically two and five times, into the hollow
columns via sequential adsorption with copolymer.
After removing the photoresist layer in the final

step, a well-organized array of the circular films of
Ru0.95O2

0.2� nanosheets appeared as depicted in
Figure 6. Circular nanosheet films with a diameter of
50 μmwere regularly arranged to form a square lattice
pattern with a repeating distance of 250 μm, thus
substantiating the feasibility of such a combination.

Prior to application of this technique to the de-
signed film of (Ru0.95O2

0.2�)n/(Ca2Nb3O10
�)10 (n = 2, 5),

an assessment was made about whether the photo-
lithography process would damage the nanosheet
films. UV�visible absorption spectra were used to
monitor possible changes in the nanosheet films, for
example, peeling off or chemical modification, by
utilizing its high sensitivity to the nanosheet. There
was almost no detectable difference in absorbance from
the nanosheet films after the treatments (Figure S4),
indicating that Ca2Nb3O10

� and Ru0.95O2
0.2� nanosheet

films remained intact during the process. Then all-
nanosheet MIM assemblies were completed by deposit-
ing the patterned circular films (50 μm φ) of Ru0.95O2

0.2�

nanosheets on top of the film of (Ru0.95O2
0.2�)n/

(Ca2Nb3O10
�)10.

Characterization of the Fabricated MIM Structure. The all-
nanosheet MIM devices constructed on quartz glass
substrates (12 � 50 mm2) were visibly transparent,
as shown in a typical example of (Ru0.95O2

0.2�)5/
(Ca2Nb3O10

�)10/(Ru0.95O2
0.2�)5 in Figure 7a. This can

be ascribed to the ultrathin thickness and weak or
negligible absorption of Ru0.95O2

0.2� and Ca2Nb3O10
�

nanosheets in the visible light range. Observations
by scanning electron microscopy (SEM) and optical
microscopy clearly indicate that the circular films of
Ru0.95O2

0.2� nanosheets were deposited on the surface
as designed (Figure 7b and Figure S5). More detailed
morphology of the circular film was visualized by AFM
analysis, which gave its height as ∼6 nm (Figure 7c).
This value is compatible with a thickness of five-layer
stacks of Ru0.95O2

0.2� nanosheets. Note that the thick-
ness of the monolayer Ru0.95O2

0.2� nanosheets was
estimated as∼1.1 nm (Figure S1). Cross-sectional high-
resolution transmission electron microscopy (HRTEM)
provides direct information about the nanoscopic

Figure 5. Schematic diagram for the fabrication process of
an array pattern of circular films of Ru0.95O2

0.2� nano-
sheets. Step 1: As-prepared nanosheet film of Ru0.95O2

0.2�/
Ca2Nb3O10

�. Step 2: Complete coverage of the film surface
with photoresist by spin-coating. Step 3: Formation of
hollow columnar patterns onto the photoresist layer via
photolithography and a developing process. Step 4: De-
position of Ru0.95O2

0.2� nanosheets by a sequential adsorp-
tion process. Step 5: Removal of the photoresist layer.

Figure 6. SEM images of an array pattern of circular films of Ru0.95O2
0.2� nanosheets fabricated on the Si substrate by

photolithography and sequential adsorption processes. The diameter of the circles is 50 μm.
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structure of the MIM device. The image confirms the
homogeneous film architecture with a total thickness
of ∼28 nm over a wide range, clearly showing the
sandwich structure of (Ru0.95O2

0.2�)5/(Ca2Nb3O10
�)10/

(Ru0.95O2
0.2�)5 (Figure 7d). Ca2Nb3O10

� nanosheets
stacked in ten layers are resolved, and the distance
between neighboring sheets is 1.6 nm, which is in
good agreement with XRD results. Each nanosheet
layer is imaged as three parallel dark fringes corre-
sponding to a 2D array of apex-sharing NbO6 octahe-
dra. On the other hand, an expected lamellar feature is
not evident for the Ru0.95O2

0.2� nanosheet films, prob-
ably due to their thinner and more flexible structure,
and also possible beam sensitivity. Their thickness of
5�6 nm is, however, again consistent with that for the
five-layer film of this nanosheets. Energy dispersive
X-ray spectrometry (EDS) analysis (Figure 7e) was used
to probe the compositional distribution across the
section of the MIM structure. The profiles of Ru-L and
Nb-L (or Ca-K) edge spectra clearly discriminate the
electrodes of Ru0.95O2

0.2� and the dielectric layer of
Ca2Nb3O10

�.
One important aspect of the sandwich structure

is a clean and sharp interface between Ru0.95O2
0.2�

and Ca2Nb3O10
� nanosheets. There was no detectable

interdiffusion and disorder at the interface, suggesting
a good matching between the films of Ru0.95O2

0.2�

and Ca2Nb3O10
� nanosheets. This sharp interface is an

important prerequisite for realizing high performance
of the capacitors. The successful construction of the
MIM device, which meets such prerequisites, owes to

the advantages of the nanosheet assembly processes,
which can be conducted at mild and room-tempera-
ture conditions.

Electrical Properties of the All-Nanosheet Capacitor. The
capacitance density (C) was measured as a function of
frequency for the device composed of (Ru0.95O2

0.2�)2/
(Ca2Nb3O10

�)10/(Ru0.95O2
0.2�)2. The results are plotted

in Figure 8a. The device shows a stable capacitance
density of ∼27.5 μF cm�2 (∼28 nm in thickness) at
the high-frequency region from 10 kHz to 1 MHz. The
capacitance normalized by the thickness is nearly
10 times that of state-of-the-art HfO2-based ultrathin
capacitors (∼0.89 μF cm�2/10 nm)38 and approxi-
mately 2000 times higher than that of commercial
capacitors (∼20 μF cm�2/5 � 104 nm).39 A parallel-
plate capacitor model is generally employed to extract
the dielectric response of the capacitor, using the equa-
tion εr = Cd/Sε0, where εr denotes the relative permit-
tivity, C is the capacitance, d is the thickness of
dielectric layers, S is the area of the capacitor, and ε0
is vacuum permittivity. The dielectric constant εr con-
verted is also shown in Figure 8a. The response may be
understood by a universal dielectric relaxation process
of dielectricmaterials. The drop in dielectric constant at
low-frequency regions (<1 kHz) implies a finite and
reversible storage of charge in Ca2Nb3O10

� nanosheet
films or at the interface, which is known as low-fre-
quency dispersion (LFD).40 At high frequencies (1 kHz to
1 MHz), the dielectric performance is nearly constant,
showing a gradual but small decline from 150 to 130.
This behavior may be described as relatively “shallow”

Figure 7. (a) Photograph of the all-nanosheet capacitor of (Ru0.95O2
0.2�)5/(Ca2Nb3O10

�)10/(Ru0.95O2
0.2�)5 fabricated on a

quartz substrate. (b) SEM image of an array of circular films of Ru0.95O2
0.2� nanosheets on the surface. (c) Three-dimensional

AFM image of a top electrode of Ru0.95O2
0.2� and the corresponding height profile. (d) Cross-sectional HRTEM image of the

MIM capacitor. (e) EDS analysis of the cross section.
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fractional power laws, which is due to the polarization
of dipoles within Ca2Nb3O10

� nanosheet films.40 The
observed dielectric constant of 130�150 is much high-
er than those of other high-k materials such as HfO2

and Ta2O5 at a comparable thickness.38,41�43 On the
other hand, the value is somewhat lower than 210
attained for the same dielectric layer in a previous
device of Au dot (50 μm φ)/(Ca2Nb3O10

�)10/SrRuO3.
26

In the previous case, the dielectric layer was deposited
by the same LB procedure but on a SrRuO3 single-
crystal substrate. The atomically flat surface likely leads
to a film of more densely packed nanosheets, which
may account for the superior dielectric performance.
The dielectric loss (tan δ) is also shown in Figure 8a,
which gradually decreases from 5.0% to 3.6%when the
frequency increases from 1 kHz to 1 MHz.

Leakage current density vs bias voltage (J�V) mea-
surements of the capacitor were conducted by biasing
the top electrode of Ru0.95O2

0.2� nanosheets from 0 to
2 V (Figure 8b). The leakage current density is ∼3.5 �
10�6 A cm�2 at a bias voltage of 1.0 V, showing good
insulating properties. Nevertheless, this value is to
some extent larger when compared with the data
(<10�7 A cm�2) on the system fabricated on the
atomically flat SrRuO3 substrate. This difference may
be again related to the substrate effect for dielectric
layers; a slightly larger roughness of the (Ru0.95O2

0.2�)2
electrodes likely leads to both leakage current and
contact resistance effects, which may account for a
slightly higher J and tan δ, compared to the ideal case
of Au dot (50 μm φ)/(Ca2Nb3O10

�)10/SrRuO3.
26 There is

a slight inflection point at 0.8 V, suggesting a different
carrier transport mechanismworking below and above
this threshold. The experimental J�V profiles were
fitted based on models involving Schottky emission
and Poole�Frenkel effects (see Supporting Informa-
tion, Figure S6).43�45 At a low bias voltage (0�0.8 V),
the leakage current may pass through the Schottky
barrier between (Ru0.95O2

0.2�)2/(Ca2Nb3O10
�)10, whereas

at a high voltage (0.8�2 V), the Poole�Frenkel effect,
which is associated with field-enhanced thermal ex-
citation, may dominate the leakage current. For the
latter, Ru0.95O2

0.2� electrodes may become a good

electron donor under a high electronic field due to
surface defects or contaminants. In this regard, fabri-
cation parameters of Ru0.95O2

0.2� electrodes may be
further optimized to attain a cleaner and flatter sur-
face. Furthermore, the work function of Ru0.95O2

0.2�

may be adjusted by grafting organic molecules on its
surface, which is similar to the Au or semiconductor
surface.46 Such a modification may help to further
reduce leakage currents.

CONCLUSIONS

In summary, all-nanosheet MIM capacitors have
been successfully assembled by the solution-based
processes using two types of oxide nanosheets as
building blocks. One is Ru0.95O2

0.2� for top and bottom
electrodes, and the other is Ca2Nb3O10

� for the di-
electric layer. The device consists of a sandwich struc-
ture of Ru0.95O2

0.2�/Ca2Nb3O10
�/Ru0.95O2

0.2� with a
total thickness less than 30 nm. The capacitance
density is measured to be as high as ∼27.5 μF cm�2,
which is approximately 2000 times higher than those
of currently available commercial products. Thanks to
its compatibility with mild solution-based processes at
room temperature, there are no strict limitations on the
dimensions, shapes, and materials of the substrate,
which indicates great advantages when developing
large-scale manufacturing processes. The fabrication
process involving layer-by-layer assembly of the nano-
sheets without costly fabrication lines and special
annealing processes for metal electrode layers is an-
other big benefit particularly in practical applications
for MLCCs. Furthermore, the all-nanosheet capacitors
may be readily assembled on plastic or flexible sub-
strates through this approach. The ultrathin all-
nanosheet capacitor arrays have the potential to be
used as embedded capacitors in printed circuit boards
(PCB) and in future high-density dynamic random
access memory (DRAM) devices.
We should emphasize that all-nanosheet devices are

not specific to material choice and interface geometry;
similar interface features and dielectric properties have
been observed in the MIM structures with different
thickness and/or with other dielectric nanosheets such

Figure 8. (a) Frequency dependence of dielectric constant εr, corresponding capacitance density C, and dielectric loss (tan δ).
(b) Leakage current vs bias voltage (J�V) profiles of the (Ru0.95O2

0.2�)2/(Ca2Nb3O10
�)10/(Ru0.95O2

0.2�)2 device.
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as Ti0.87O2
0.52�. Also, the virtually infinite varieties

of oxide nanosheets, which can be used to assemble
various nanosheet architectures, suggest that 2D

heterointerfaces will offer an unprecedented versatility
for the realization of new 2D states and molecularly
thin film devices even beyond graphene.

MATERIALS AND METHODS
Preparation of Ru0.95O2

0.2� and Ca2Nb3O10
� Nanosheets. Ru0.95O2

0.2�

and Ca2Nb3O10
‑ nanosheets were prepared by delaminating

corresponding layered compounds according to procedures
reported previously.28,26 Starting layered compounds of
K0.2RuO2.1 3 nH2O and KCa2Nb3O10 were synthesized by a solid-
state calcination of a mixture of K2CO3/RuO2 and K2CO3/CaCO3/
Nb2O5 at 850 and 1200 �C, respectively. The obtained samples
were subsequently converted into their protonic forms,
H0.2RuO2.1 3 0.9H2O and HCa2Nb3O10 3 1.5H2O, by acid-exchange
reaction. These protonated oxides were reacted with aqueous
solutions of TBAOH at appropriate concentrations corresponding
to equivalent dosingwith respect to exchangeable protons in the
oxides. The former mixture was shaken vigorously by a mechan-
ical shaker for a week, producing a colloidal suspension with a
brownish-black color. The suspension contained unilamellar
Ru0.95O2

0.2� nanosheets with an average lateral size of ∼1 μm.
On the other hand, mild agitation (occasional manual shaking)
was applied to the sample of the HCa2Nb3O10 3 1.5H2O/TBAOH to
obtain large-sized nanosheets, given the fact that using such
large sheets was essential to attain superior dielectric and
insulating performance in a multilayer film form. One-month
shaking yielded an opalescent suspension, which contained
Ca2Nb3O10

� nanosheets with a lateral size of 2�6 μm.
Deposition of Ru0.95O2

0.2� Nanosheet Films as a Bottom Electrode.
Colloidal Ru0.95O2

0.2� nanosheets were assembled into multi-
layer films on a quartz glass substrate through a sequential
adsorption process. In a typical process, the substrate was
cleaned by treatment with (1:1) CH3OH/HCl and concentrated
H2SO4 for 30 min each. The cleaned substrate was primed by
immersion in an aqueous solution (1 wt %) of copolymer C-601
(PVAm/PVA = 15 mol %) for 5 min to make its surface positively
charged. The resulting substrate was dipped in a diluted
suspension of Ru0.95O2

0.2� nanosheets (0.2 g dm�3, no pH
adjustment). After 2 min, the substrate was taken out, rinsed
meticulously with ultrapure water, and dried under a N2 gas
stream. Deposition of the C-601/Ru0.95O2

0.2� nanosheet bilayer
was repeated n times to fabricate a (C-601/Ru0.95O2

0.2�)n film.
Assembly of Ca2Nb3O10

� Nanosheet Films as a Dielectric Layer. Multi-
layer Ca2Nb3O10

� nanosheet film was fabricated by the LB
method according to procedures previously reported.31 In a
typical process, 0.25 dm3 of a Ca2Nb3O10

� nanosheet suspen-
sion (0.032 g dm�3) was gently poured into an LB trough (USI
FSD-3-777) equipped with double barriers and a Wilhelmy-type
balance for surface pressure measurement. After waiting for
3 min, two barriers were moved inward from both ends of the
trough at a rate of 0.25 mm s�1 until the surface pressure
reached 13 mN m�1. After maintaining a constant pressure for
20 min, the film at the solution/air 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�1.
After each LB deposition cycle, the film was dried at 110 �C for
20min and exposed to UV light from a Xe lamp (1mW cm�2) for
10 min on either side. The LB process was repeated 10 times to
obtain a ten-layer film.

Fabrication of Patterned Films of Ru0.95O2
0.2� Nanosheets as a Top

Electrode. An array of circular top electrodes of Ru0.95O2
0.2�

nanosheets was fabricated by combined procedures involving
photolithography and sequential adsorption. In a typical pro-
cess, photoresist (AZ-5214E) was deposited on the surface of
the ten-layer Ca2Nb3O10

� nanosheet films by spin-coating at a
speed of 3000 rpm for 60 s. After prebaking at 90 �C for 180 s, the
sample covered with the photoresist was exposed to UV light
(18 mW cm�2) for 4 s through a photomask. Then a reversal
bake at 120 �C for 30 s and a flood exposure of 6 s were carried
out. The samplewas subsequently developed by NMD-3 for 60 s
and rinsed with ultrapure water for 60 s. As a result, hollow

columns corresponding to the photomask pattern were formed
on the surface of the Ca2Nb3O10

� nanosheet film. Next,
Ru0.95O2

0.2� nanosheets were assembled onto the film by the
sequential adsorption process mentioned above. The sample
was then immersed into Remover PG for more than 3 h to
remove the remaining photoresist and rinsed with isopropyl
alcohol and ultrapure water twice. Finally, the sample was
exposed to UV light for 24 h to completely decompose organic
moieties in the nanosheet galleries.

Characterization. XRD data were collected by a Rigaku RINT
2200 powder diffractometer with monochromatized Cu KR
radiation (λ = 0.15405 nm). UV�visible absorption spectra were
recorded on a Hitachi U-4100 spectrophotometer. An SII Nano-
technology AFM was employed to examine the surface topo-
graphy of the nanosheet films. Cross-sectional HRTEM images
were taken using a Hitachi H-9000 microscope operating at
200 kV. An Olympus BX 51-P optical microscope and Keyence
VE-8800 SEM were employed to observe the surface textures of
samples, particularly the patterned circular films of Ru0.95O2

0.2�

nanosheets. Sheet resistances of Ru0.95O2
0.2� nanosheets were

characterized using films with Au electrodes. Au contacts were
evaporated over the film through a metal mask. Sheet resis-
tance wasmeasured using a semiconductor parameter analyzer
(Keithley 4200-SCS). Leakage currents and dielectric properties
of the ultrathin capacitors were measured using a dielectric test
system consisting of a semiconductor parameter analyzer
(Keithley 4200-SCS) and a precision impedance analyzer
(Agilent Technologies 4294A).
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