
Construction of Highly Ordered
Lamellar Nanostructures through
Langmuir�Blodgett Deposition of
Molecularly Thin Titania Nanosheets
Tens of Micrometers Wide and Their
Excellent Dielectric Properties
Kosho Akatsuka,†,‡ Masa-aki Haga,§,* Yasuo Ebina,† Minoru Osada,† Katsutoshi Fukuda,† and
Takayoshi Sasaki†,‡,*
†International Center for Materials Nanoarchitectonics, National Institute for Materials Science, 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan, ‡Graduate School of Pure
and Applied Sciences, University of Tsukuba, 1-1-1 Tennodai, Tsukuba, Ibaraki 305-8571, Japan, and §Department of Applied Chemistry, Faculty of Science and
Engineering, Chuo University, 1-13-27 Kasuga, Bunkyo-ku, Tokyo 112-8551, Japan

T
he organization of nanoscale materi-
als as a building block has become
a very important topic because the

development of nanodevices with sophisti-

cated functions is expected through this

approach.1�6 Among a number of nanoma-

terials of various size, shape, and structure,

inorganic nanosheets derived from layered

host compounds via soft-chemical delami-

nation are one of the most suitable building

blocks for designing films with a well-

controlled nanostructure. The nanosheets

correspond to a single layer, or a fundamen-

tal unit of layered structure. Accordingly

their thickness is extremely small, 0.5�3

nm, being dependent on original layered

material.7�10 In contrast, the lateral dimen-

sions are much larger, generally over a

thousand times larger than the thickness,

resulting in very high two-dimensional (2D)

anisotropy. These structural features are

comparable to atomic layers manipulated

as a deposition unit in beam epitaxy

techniques.

Up until now, a range of layered materi-

als has been successfully delaminated to

produce a rich library of nanosheets.7�17

Furthermore, it has been clarified that these

nanosheets exhibit various physical proper-

ties, depending on their composition and

structure. For example, Ti or Nb-based ox-

ide nanosheets, Ti1-�O2 and Ca2Nb3O10 as

typical members, show excellent photo-

chemical and dielectric properties.18,19

Room-temperature ferromagnetic and
photoluminescent properties have been
attained by incorporating magnetic ele-
ments (Co or Fe) and lanthanide elements
(Eu, Tb · · · ),20�28 respectively, into these
2D nanosheet packages. In addition,
MnO2 and Cs4W11O36 nanosheets un-
dergo a reversible electrochemical redox
reaction and photochromic process,
respectively.29,30
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ABSTRACT Exfoliated unilamellar titania nanosheets of Ti0.87O2 with a lateral size of 10�30 �m were

deposited layer-by-layer onto various substrates by Langmuir�Blodgett procedure to produce a highly ordered

lamellar nanofilms. The nanosheets dispersed in an aqueous suspension containing quaternary ammonium ions

as a supporting electrolyte floated spontaneously at the air/liquid interface, and they were successfully transferred

onto the substrate after surface compression. Neat tiling of the nanosheets could be realized at an optimized

surface pressure. The film thus obtained was exposed to UV light to turn the substrate surface hydrophilic, which

was helpful for stable repetition of monolayer deposition. Layer-by-layer growth was confirmed by UV�visible

absorption spectra, which showed progressive enhancement of an absorption band due to the nanosheet. Cross-

sectional transmission electron microscopy images visualized the ultrathin film homogeneously deposited on the

substrate surface and a lamellar fringe of the layer-by-layer assembled nanosheets was clearly resolved at a higher

magnification. X-ray diffraction data on the films showed sharp basal reflections up to the seventh order, and

Williamson�Hall analysis of the pattern indicated that the film was coherent across the total thickness with

respect to X-ray and that the lattice strain was extremely small. In addition, the first basal reflection was

accompanied by small satellite peaks, which are accounted for by the Laue interference function. All these features

clearly indicate the formation of a highly ordered lamellar nanostructure of the titania nanosheets comparable

to artificial lattice films produced via modern vapor-phase deposition processes. The obtained films showed

superior dielectric and insulating properties as a reflection of the highly organized film nanoarchitecture.

KEYWORDS: nanosheet · Langmuir�Blodgett procedure · layer-by-layer
deposition · multilayer film · dielectric properties
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Several groups have demonstrated layer-by-layer
deposition of nanosheets into a multilayer system via
sequential adsorption through electrostatic self-
assembly with oppositely charged polyelectrolytes.31�37

Various useful functionalities, such as energy
conversion,38�42 magneto-optical response,20�22 and
molecular recognition,43 have been realized through
the design of multilayer films using nanosheets as a
functional module. Film architecture can be, in prin-
ciple, controlled at 1�2 nm steps, or the nanosheet
thickness, along the film normal. This controllability is
far superior to that of conventional wet-processes such
as the sol�gel method and is comparable to that of
modern vapor-phase deposition techniques. However,
the quality, or structural integrity, of the reported
nanosheet films was not satisfactory, being much
poorer compared with artificial lattice films constructed
by beam epitaxy techniques. This is not favorable for
some emerging applications of nanosheet films, for ex-
ample, as high-k nanofilms and as a seed layer for ori-
ented growth of functional crystal films.19,44 One of the
main reasons for this deteriorated quality is based on
random adsorption of 2D nanosheets with a finite lat-
eral size of several hundred nanometers onto the oppo-
sitely charged substrate surface.35,37 Most nanosheets
are generally in such lateral dimensions because they
are derived from the powder polycrystalline sample of
the starting layered compound. Overlaps and gaps be-
tween the nanosheets are inevitably formed at high
density in a single step of nanosheet deposition. Re-
peated deposition will intensify the disordered arrange-
ment, leading to a multilayer structure of poor quality.

The lateral size of nanosheets is dependent on the
crystal size of the starting layered compound and the
strength of mechanical shear applied in the delamina-
tion process. Accordingly large-sized nanosheets up to
several tens of micrometers can be obtained under fa-
vorable conditions.15,45 We have demonstrated that se-
quential adsorption of oversized titania nanosheet,
Ti0.87O2, and application of ultrasonic wave could yield
a fairly well-ordered multilayer film.46 Ultrasonication at
an optimized power removed overlapped patches to
produce a monolayer film in which nanosheets were
densely tiled having a nearly negligible overlap area be-
tween them. The mean surface roughness was sup-
pressed to around 0.3 nm in such film and sharp basal
X-ray diffraction (XRD) peaks evolved from the multi-
layer structure.

Langmuir�Blodgett (LB) deposition has been
proved effective as another approach for organizing
2D nanosheets.47�55 The pioneering work by two
groups demonstrated that clay organocomplexes could
be spread on aqueous phase and transferred to a
substrate.47,48 Subsequent studies showed that exfoli-
ated nanosheets of aluminosilicate (clay minerals),49 lay-
ered molybdenum disulfide,50 and layered titanate
could float by adhering to amphiphilic ammonium cat-

ions at the interface through electrostatic interaction,
and thus ordinary LB procedure was successfully ap-
plied to fabricate nanosheet films. The resulting films
are characterized by neat-tiling arrangements of
nanosheets without considerable gaps and overlaps.
Such high-quality film architecture is attained via com-
pression of the air/liquid interface prior to film transfer
to a substrate, which should promote the lateral pack-
ing of nanosheets. However, when repeating the LB
transfer to yield a multilayer structure, its stacking or-
der is not, in general, very high compared with artifi-
cial lattice films. The nanosheet size smaller than 1 �m
would be responsible for these unsatisfactory results.

We expect that LB deposition of nanosheets several
tens of micrometers wide dramatically improve the film
quality. Such large nanosheets have a lateral area
�10000 times larger than that of nanosheets used in
previous studies above,54 which means the occurrence
of sheet boundaries or defects should be suppressed to
a level of �1/10000 times smaller. Successful deposi-
tion could produce a lamellar lattice comparable to
films tailored by vapor-phase deposition, which will
open promising application fields of nanosheets. Layer-
by-layer assembly of such oversized nanosheets is,
however, a great challenge due to such anticipated dif-
ficulties as floating and laterally organizing large 2D en-
tities at the air/liquid interface as well as transferring
them intact onto a substrate. No work has been re-
ported because of these reasons and limited availabil-
ity of oversized nanosheets. In the present study, multi-
layer buildup of large titania nanosheets (10�30 �m)
via LB technique was examined. High structural order
was realized as demonstrated through analysis of XRD
data and transmission electron microscopy (TEM)
observation.

RESULTS AND DISCUSSION
Pressure�Area (��A) Isotherms of Ti0.87O2 Nanosheet

Floating at the Suspension Surface. Figure 1 shows ��A iso-
therms at 25 °C for colloidal suspensions at different

Figure 1. Pressure�area (��A) isotherms for Ti0.87O2

nanosheet suspension at a concentration of (a) 8, (b) 4, and
(c) 2 mg dm�3 at 25 °C. For the abscissa axis, the percentage
of surface area relative to the area before compression is
used instead of the molecular area, commonly employed,
because the nanosheets inevitably show size distribution in
the range of 10�30 �m.
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content of Ti0.87O2 nanosheet. A rise in
surface pressure was observed without
spreading amphiphilic additives as a
general practice in the LB procedure.
The same phenomenon was observed
for the colloidal suspension of a smaller
Ti0.91O2 nanosheet of �300 nm. This
behavior can be ascribed to the moder-
ate amphiphilic nature of tetrabutyl-
ammonium (hereafter TBA) ions used
as a delaminating agent.54 TBA ions
trapped at the air/liquid interface inter-
act with the negatively charged
nanosheets and cause them to float.
The present result is surprising in that
much heavier nanosheets (about
10000 times larger in lateral dimen-
sions and consequently 10000 times
heavier) can float at the air/liquid interface. We still rec-
ognized, however, that the oversized nanosheet at the
interface has a tendency to sink with time. In the LB
deposition process, some duration is needed to obtain
a saturated population of floating nanosheets after
placing the suspension in the LB trough.56 For the
smaller nanosheet of Ti0.91O2, the floating fraction be-
came larger with time and stayed nearly constant at 30
min and longer. In contrast, the number of floating
oversized nanosheets reached a maximum at 20 min
and declined afterward. Thus we employed a shorter
time of 20 min in the present LB deposition.

The lift-off area of ��A isotherms shifted to the
larger area side with increasing the Ti0.87O2 nanosheet
concentration from 2 to 8 mg dm�3. This tendency is re-
flected in the number of nanosheets floating at the sur-
face, which should be directly related to the nanosheet
concentration in the suspension. The isotherm curves
showed an inflection point at a surface pressure of �16
mN m�1. The pressure increased steeply up to the in-
flection point and a rather gradual slope region ap-
peared at the higher pressure. This behavior should be
related to how the floating nanosheets are organized at
the air/liquid interface, which can be examined by
atomic force microscope (AFM) observations of the
nanosheet films transferred onto a silicon wafer sub-
strate at various pressures. In the film transferred from
the suspension of 8 mg dm�3 at a low surface pressure
of �3 mN m�1, the nanosheets were loosely packed
with noticeable gaps between them (Figure 2a). A
height histogram from this image clearly indicates the
presence of the gap, giving a small peak at �1.3 nm.
Note that the prominent peak taken at 0 nm denotes
the nanosheets transferred onto the substrate in a
monolayer. The difference of 1.3 nm between the ma-
jor peak and the small one corresponds to the
nanosheet thickness (see Supporting Information S1).
Coverage is estimated as 85%. By increasing the pres-
sure to 10 mN m�1, the gap area was obviously dimin-

ished to yield 95% coverage (Figure 2b). The

nanosheets with a lateral size of several tens of

micrometers were densely packed, with their edges in

contact basically side-by-side. The overlap between

nanosheets was negligible at this pressure.57 The film

transferred at 15 mN m�1 showed a comparable neat

texture except for overlapped patches starting to form

in limited area (Supporting Information, Figure S2). In

contrast, when the compression exceeded the inflec-

tion point of 16 mN m�1, some nanosheets moved over

neighboring sheets, yielding considerable overlap (Fig-

ure 2c and Supporting Information S2). The histogram

shows a wider profile, reflecting the collapsed texture of

the film. These results are consistent with

compression�decompression behavior. The

compression�decompression profile was nearly revers-

ible when compression was set to achieve a pressure

below 10 mN m�1 (Supporting Information, Figure

S3a,b). Compression to a pressure of �16 mN m�1 re-

sulted in irreversible behavior, suggesting the collapse

of a monolayer of packed nanosheets. On the basis of

the results above, surface compression to 10 mN m�1

and nanosheet concentration of 8 mg dm�3 were se-

lected as the optimum condition for fabrication of well-

organized films of the oversized titania nanosheets in

this study.

Multilayer Buildup. Monolayer deposition involving

surface compression to 10 mN m�1 was repeated to

produce a multilayer film of the nanosheets. Exposure

of the film to UV light after each LB transfer was essen-

tial for stable layer-by-layer growth into a multilayer

structure. Without UV irradiation, film growth tended

to slow down and eventually fail at some layer num-

ber. TBA ions are likely to cover the as-deposited film

surface due to their interaction with the floating

nanosheets at the air/liquid interface. We speculate

that the hydrophobic nature of long alkyl chains is re-

sponsible for the failure of regular multilayer buildup.

Exposure to UV light should promote photocatalytic de-

Figure 2. AFM images of Ti0.87O2 nanosheet films transferred onto silicon wafer at a surface
pressure of (a) 3 mN m�1, (b) 10 mN m�1, and (c) 17 mN m�1. The nanosheet concentration
is 8 mg dm�3. A selected nanosheet is outlined for clarity.
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composition of TBA ions. Photocatalytic action was re-

ported for titania nanosheets of Ti0.87O2 as well as

Ti0.91O2.58,59 UV irradiation for 2 min was enough to

turn the surface hydrophilic.

Figure 3 displays UV�visible absorption spectra in

the construction process of the multilayer film on the

quartz glass substrate involving UV irradiation for 2 min

between LB transfers. Nearly identical spectral evolu-

tion was observed in the deposition using prolonged

UV-irradiation for 10 h, which was undertaken to ensure

complete decomposition of TBA ions. The absorption

band at 265 nm is attributable to Ti0.87O2 nanosheet,

and its absorbance linearly increased by repeated depo-

sition, indicating reproducible transfer of the well-

organized monolayer of nanosheets. The average en-

hancement of absorbance at 265 nm was 0.12 per

deposition of Ti0.87O2 monolayer on the both sides of

the substrate. This absorbance gain is comparable to

the previous data for multilayer films of titania

nanosheets of Ti0.91O2 and Ti0.87O2 fabricated via se-

quential adsorption with polycation, for which substan-

tial monolayer coverage in each deposition was

confirmed.35,46

Furthermore, the highly organized texture of the

film surface remained unchanged in the multilayer

deposition, as revealed by AFM images for 5- and 10-

layer films (Figure 4a,b), providing evidence for the re-

peated deposition of well-packed nanosheets in the

monolayer.

Figure 5a depicts XRD pattern for the 10-layer film

of Ti0.87O2 nanosheet fabricated on the quartz glass.

The film showed the 0k0 basal reflections up to the sev-

enth order line,60 indicating high structural order. The

basal series can be ascribed to the stacked structure of

the nanosheets. Figure 5b compares XRD data for 10-

layer films of Ti0.87O2 nanosheets fabricated using differ-

ent UV exposure time, 2 min and 10 h. The multilayer re-

peating distance was 1.14 and 0.94 nm, respectively,

depending on the UV exposure time. The restacked

structure of nanosheets accommodating TBA ions in

the intersheet gallery can be synthesized as a powder

form by freeze-drying the suspension.61,62 Such materi-

als have an interlayer distance of 1.75 nm, which is defi-

nitely larger than the values above. The shorter gallery

height of the films in this study strongly suggests pho-

tocatalytic decomposition of TBA ions upon exposure

to UV light in the deposition process, as expected. The

multilayer spacing of 0.94 nm is identical to that for the

UV-treated multilayer composite film of the smaller tita-

nia nanosheets, Ti0.91O2, and polycation, poly(diallyldim-

ethylammonium) ion, fabricated via their sequential ad-

sorption.63 Such as-prepared film had a multilayer

spacing of 1.5�1.7 nm.35 UV irradiation brought about

a gradual decrease in spacing to 0.94 nm. The final

product was identified as an inorganic multilayer as-

sembly accommodating NH4
�, H�, and H2O as a conse-

quence of total photocatalytic removal of organic poly-

cations.63 Since the oversized nanosheet of Ti0.87O2 in

this study shows similar photocatalytic activity,59 the

multilayer film obtained via UV treatment for 10 h

should be free from organic moieties. On the other

hand, the relatively larger gallery height of 1.14 nm for

the film prepared with 2 min of UV exposure may be

reasonably explained by the presence of some partially

decomposed product of TBA ions.

Figure 3. UV�visible absorption spectra in the layer-by-
layer deposition process of the nanosheets on quartz glass
substrate.

Figure 4. AFM images of Ti0.87O2 nanosheet films transferred
onto silicon wafer at a surface pressure of 10 mN m�1: (a)
5-layer, (b) 10-layer films.

Figure 5. (a) XRD patterns for the 10-layer film of Ti0.87O2

nanosheet fabricated on the quartz glass; (b) expanded pat-
terns. UV exposure time: 2 min (red), 10 h (blue).
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Fourier transform infrared (FT-IR) spectra on these

films confirm this explanation (Figure 6). The film fabri-

cated via UV irradiation for 2 min showed noticeable ab-

sorption bands at wavenumbers of 3000�2800 cm�1

and �1100 cm�1. The bands are attributable to stretch-

ing vibrations of CH3 and CH2 groups, and the C�N

bond, respectively, suggesting the presence of organic

moieties in the film. It is to be pointed out that the rela-

tive intensity of the former bands with respect to the

latter peak was much lower than that of the TBA ions,64

suggesting the partial loss of alkyl chains. On the other

hand, such bands were absent in the film fabricated via

UV irradiation of 10 h. These results provide support

for the partial and total decomposition of TBA ions for

each film, which are introduced into the films during LB

transfer.

Evaluation of Structural Order of the Films. One of the no-

ticeable features in the XRD patterns of the films is the

small satellite peaks around the 010 Bragg reflection

(Figure 7a). The satellite peaks were more clearly ob-

served for the film prepared via UV irradiation for 2

min. In the other film, they were poorly resolved and

smeared out into a continuous skirt. The reason for this

difference is not fully clear at the present stage. The

complete removal of organic species may introduce

slight structural disorder probably due to the direct

geometrical contact and proximity of adjacent

nanosheets. In this study, we focus
on the film showing clearer satellite
peaks.

Interestingly, these satellites were
present in films with a different num-
ber of LB cycles, and their relative po-
sition to the main peak was depend-
ent on it, as shown in Figure 7b�d.
These diffraction features suggest
that the satellite peaks arise from the
Laue interference function, which can

be confirmed by the following calcu-

lation. XRD profile for a lamellar system composed of

N stacked sheets can be given as

I(0k0) ) 1
N
·1 + cos2 2θ
sin2 θ ·cos θ

·|F(0k0)|2

·sin2(πNk)

sin2(πk)
(1)

where the second term is the Lorentz-polarization fac-

tor, the third is the structure factor, and the fourth is the

Laue interference function.65,66 The structure factor is

calculated on the basis of the atomic architecture of

Ti0.87O2 nanosheet (see Supporting Information S4).35

The simulated profiles basically match the observed

pattern (Figure 7 blue line). A slight deviation from the

ideal lattice may be responsible for the broader profile

and invisible higher order ripples. Similar diffraction fea-

tures arising from the interference function have been

reported in artificial lattice films tailored by layer-by-

layer construction involving vacuum deposition tech-

niques, such as PLD and MBE. On the other hand, the

appearance of Laue satellite peaks is very rare for films

fabricated by wet-process deposition, apart from excep-

tional cases for LB films of amphiphilic molecules hav-

ing long alkyl chains, such as stearic acids, which tend to

organize into a well-ordered paraffin-type structure.67,68

Evolution of Laue satellite ripples as well as sharp

basal peaks up to the seventh order definitely indicate

very high structural order in the present LB films of

Ti0.87O2 nanosheet. More explicitly, the number of

nanosheet layers deposited is constant throughout the

film, being identical to the number of LB transfers. Local

fluctuation of the number of nanosheet layers should

be negligible for the film size (in the order of centime-

ters). Cross-sectional TEM observations (Figure 8) pro-

vide direct information on the nanostructures. An im-

age of the 10-layer film of Ti0.87O2 nanosheet deposited

on the atomically flat substrate of SrRuO3 revealed that

the substrate surface is covered with the ultrathin film.

The coverage and film thickness were homogeneous in

a wide area. At a higher magnification, a lamellar fringe

corresponding to the stacked nanosheets was clearly

resolved.

As described above, XRD data indicate the forma-

tion of a highly ordered lamellar structure of the

nanosheet. Thus, the XRD patterns are analyzed using

Figure 6. FT-IR spectra for the 10-layer film of Ti0.87O2 nanosheet fabricated on
silicon wafer substrate. UV exposure time: 2 min (red), 10 h (blue).

Figure 7. Enlarged view of XRD profile around 010 reflec-
tion for multilayer films of Ti0.87O2 nanosheet showing satel-
lite peaks: (a) 10-, (b) 3-, (c) 5-, and (d) 7-layer films. Blue trace
represents a calculated profile using eq 1.
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the Williamson�Hall relationship,69 given by eq 2, to
quantitatively discuss the structural order.

� cos θ
λ

) 1
ε
+ 2ηsin θ

Kλ
(2)

where 	 is fwhm (full width at half maxima) in radians,

 is the diffraction angle, � is the crystallite size or coher-
ent length in nm, � is the lattice strain, K is a shape cor-
rection factor taken as 0.9, and  is the X-ray wave-
length of the source (Cu K� � 0.15405 nm). Here fwhm
is corrected for instrumental broadening by applying
the following equation.

FWHM ) (fwhmsample
2 - fwhmstandard

2 )1/2 (3)

where fwhmsample and fwhmstandard are a measured
width at half-maximum of the diffraction peaks from
the sample and the standard sample (1-tetradecanol
was employed), respectively.

Figure 9 shows a plot of 	 cos 
/ versus sin 
/ for
diffraction peaks from the 10-layer nanosheet film. The
coherent length and strain were deduced from the in-
tercept at the y-axis and the slope to be 11.8 nm and
0.08%, respectively. Because the multilayer repeated
spacing is 1.14 nm, the thickness of the 10-layer film is

expected to be 11.4 nm. The close similarity between

this nominal film thickness and the coherent length ob-

tained means that the X-ray is coherent for the whole

film, again indicating the nearly perfect one-

dimensional stacked structure of the nanosheets.70 Fur-

thermore, the extremely low value of lattice strain,

0.08%, should be noted as another measure for struc-

tural integrity. Artificial lattice films, such as GaAs, SiC,

and ZnO, constructed by vapor-phase beam epitaxy

techniques generally show lattice strain of

0.06�0.1%.71�75

As described in the first section, layer-by-layer as-

sembled films of titania nanosheets with different lat-

eral size were fabricated by sequential adsorption

method and LB technique.35,46,54 The film quality should

be primarily dependent on the fabrication method

and nanosheet size. Thus, it is of great interest to com-

pare the structural order of the films fabricated by these

two techniques using two different sizes of titania

nanosheets such as Ti0.87O2 and Ti0.91O2. The former

nanosheet, prepared from single crystals of

K0.8[Ti1.73Li0.27]O4, is several tens of micrometers in size,

and was used in the present study. On the other hand,

the latter sheet is from a polycrystalline sample of

Cs0.7[Ti1.825▫0.175]O4 (▫: vacancy) and is of

submicrometers.7,8 All the films showed basal diffrac-

tion peaks (Supporting Information S5) attributable to

the layer-by-layer assembled nanosheets, but the line

width reflecting the structural order differed for each

one. Their profiles were analyzed by Williamson�Hall

method and the results are summarized in Table 1. It is

evident that the lateral size of nanosheets and the

deposition procedure dominate the film quality. The

LB method tends to yield films of higher quality in com-

parison with the sequential adsorption method. Larger

nanosheets lead to higher structural order. Accordingly

the film in the present study shows, by far, the best

structural order among the four kinds of films.

Recently we found that well-organized films of tita-

nia nanosheets fabricated through sequential adsorp-

tion involving ultrasonic treatment exhibited excellent

dielectric and insulating properties.19,76 The 5�15 layer

films gave a relative dielectric constant of �125, which

is the highest among ultrathin films with a thickness of

10�20 nm of various high-k materials ((Ba,Sr)TiO3, HfO2,

Ta2O5) investigated extensively.77�81 The leakage cur-

rent density for the 10-layer film was as low as 3.7 �

10�9 A cm�2 at 1 V, again being much superior to the

Figure 8. Cross-sectional TEM images of the 10 layer film of
Ti0.87O2 nanosheet: (a) wide view; (b) magnified image.

Figure 9. Williamson�Hall plot for the 10-layer film of
Ti0.87O2 nanosheet.

TABLE 1. Crystallize-Size and Lattice Strain of Multilayer
Films Fabricated by Various Procedures

procedure sequential adsorption Langmuir�Blodgett

average nanosheet size 300 nm 10�30 �m 300 nm 10�30 �m
special treatment ultrasonication
strain (%) 10.96 0.62 4.20 0.08
crystallite size (nm) 3.3 8.5 6.9 11.8
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comparable films of other high-k materials. As de-

scribed above, we have four kinds of titania nanosheet

films in various quality. Thus, it is interesting to examine

how the film architecture affects the electric proper-

ties. As depicted in Figure 10, the films of small-sized

nanosheet of Ti0.91O2, either fabricated through sequen-
tial adsorption or LB method, did not show satisfactory
dielectric performance and insulating properties. Leak-
age current density of such films was higher by several
orders of magnitude than that for the other two films.
This poor insulating behavior should be due to the
rather disorganized film architecture having pinholes
and voids and is responsible for failure in realizing high
dielectric performance. On the other hand, the leakage
current density for the LB film of Ti0.87O2 nanosheet was
low enough to provide the dielectric performance in-
trinsic to the nanosheet. The obtained relative dielec-
tric constant of 125 was comparable to that attained
with the Ti0.87O2 nanosheet film by sequential adsorp-
tion and ultrasonication. Somewhat larger leakage cur-
rent may be associated with the fact that the LB film
tends to have a gap rather than an overlap while vice
versa for the film via sequential adsorption route.

CONCLUSIONS
We have demonstrated for the first time successful

fabrication of highly organized monolayer and multi-
layer films composed of large-sized titania nanosheets
by LB deposition procedure. The air/liquid interface
where nanosheets several tens of micrometers in size
spontaneously float was compressed to an optimized
surface pressure and the resulting film of nanosheets
was transferred onto the substrate. AFM observations
confirmed that the sheets were well-packed with negli-
gible overlapped patches and gaps. Repetition of this
monolayer deposition led to the highly ordered multi-
layer structure of the stacked nanosheets. The structural
integrity was comparable to that for films of artificial lat-
tice produced by advanced vacuum deposition
techniques.

EXPERIMENTAL SECTION
Reagents and Materials. Reagents such as TiO2, K2CO3, Li2CO3,

and MoO3 (Rare Metallic) were of �99.9% purity. Other chemi-
cals used were of analytical grade. Ultrapure water (�18 M� cm)
obtained with a Milli-Q filtration system was used throughout
the experiments. A colloidal suspension of Ti0.87O2 nanosheet
was synthesized according to a previously reported procedure.45

A single crystal of layered titanate of K0.8[Ti1.73Li0.27]O4 was pre-
pared by slowly cooling a flux melt of MoO3 containing a mix-
ture of TiO2, K2CO3, and Li2CO3 from 1200 to 950 °C at a rate of
4 °C h�1. The obtained single crystal was converted into a pro-
tonic oxide of H1.07Ti1.73O4 · H2O by repeated acid exchange us-
ing a 0.5 mol dm�3 HCl aqueous solution (24 h � 5). The protonic
oxide was washed with copious amounts of water, air-dried,
and then allowed to react with an aqueous solution of 2.4 mmol
dm�3 TBA hydroxide. The solution-to-solid ratio was 250 cm3

g�1 and the mixture was shaken gently for 3 weeks, which pro-
duced the colloidal suspension of monodispersed and unilamel-
lar Ti0.87O2 nanosheet. AFM observations indicated that the
sheets were 10�30 �m in lateral size and 1.2�1.3 nm in thick-
ness (Supporting Information S1).

Fabrication of Multilayer Films. Silicon wafer and quartz glass sub-
strates were cleaned by treatment with HCl/CH3OH solution
(HCl/CH3OH � 1:1 v/v) and then concentrated H2SO4 for 30 min
each, while SrRuO3 substrates with atomically flat surface were

photochemically cleaned by irradiation of UV light in ozone at-
mosphere. Film fabrication was carried out using a USI FSD-3-777
double barrier Langmuir trough (Teflon coating, active trough
surface area 34.4 � 10 cm2, trough volume 250 cm3) equipped
with a Wilhelmy-type balance for surface pressure measurement.
The typical procedure for LB deposition is as follows. The colloi-
dal suspension of Ti0.87O2 nanosheet was diluted with ultrapure
water to a concentration of 8 mg dm�3, and was placed in the LB
trough at a regulated temperature of 25 � 0.5 °C. After 20 min,
the surface of the suspension started to compress at a rate of 0.5
mm s�1 until the surface pressure reached 10 mN m�1. After
maintaining a constant pressure for 20 min, the film at the inter-
face was transferred onto the substrate using the vertical dip-
ping method at a transfer rate of 1.0 mm min�1. Then, the sub-
strate was dried at 110 °C for 20 min, and exposed to UV light
(�300 nm) with a light intensity of 1 mW cm�2 for 2 min. These
operations were repeated n times to synthesize a multilayer film
of Ti0.87O2 nanosheet.

Measurements. XRD patterns were collected by a powder dif-
fractometer (Rigaku Rint 2100) with monochromatized Cu K� ra-
diation ( � 0.15405 nm). UV�visible absorption spectra of the
multilayer films on quartz glass substrate were recorded on a Hi-
tachi U-4100 UV�visible spectrophotometer. FT-IR spectra of
the films on silicon wafer were acquired in transmission mode
using Varian 7000e FT-IR spectrophotometer. AFM images of the

Figure 10. (a) Frequency dependence of relative dielectric
constant �r and the dielectric loss tan �, and leakage cur-
rent density versus voltage (J�V) curves for the 10-layer
films of large-sized Ti0.87O2 and small-sized Ti0.91O2

nanosheets: (red) Ti0.87O2 by LB deposition; (blue) Ti0.87O2 by
sequential adsorption involving ultrasonication; (aqua)
Ti0.91O2 by LB deposition; (pink) Ti0.91O2 by sequential
adsorption.
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mono- and multilayer films were obtained with an SPA 400
(Seiko Instruments) system in tapping mode using silicon probes
with a force constant of 20 N m�1. All images were taken in am-
bient atmosphere. Cross-sectional TEM observations were car-
ried out using a Hitachi H-9000 microscope operating at 200 kV,
which has a point resolution of 0.1 nm. TEM specimens were pre-
pared by Ar ion milling after molding in epoxy glue. Electric mea-
surements were carried out for the films fabricated on SrRuO3

substrate as a bottom electrode by depositing Au top electrodes.
An Agilent Technologies 4294A precision impedance analyzer
was used to obtain capacitance and dielectric loss, and a Kei-
thley 4200-SCS semiconductor parameter analyzer was em-
ployed to measure leakage current densities.
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