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Titania-based ultrathin films were fabricated by layer-by-layer (LbL) assembly of titanium (IV) bis
(ammonium lactato) dihydroxide (TALH) and polyelectrolytes. The thickness of the titania monolayer in
the LbL films was 4–5 nm, which was consistent with the particle size of TALH in water. The conductivity and
the electronmobility of the LbL films reached 10−8 S cm−1 and 10−5 cm2 V−1 s−1, respectively. These results
suggest that there exist percolation paths for the electron transport in the LbL film. Furthermore, it is
demonstrated that photovoltaic properties of the LbL film can serve as an effective electron-transporting and
accepting layer.
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1. Introduction

Titanium oxide, titania, has drawn attention because of its
attractive optical and electronic characteristics. Various applications
have been reported, such as optical filters, photocatalysts, and
electronic devices [1–4]. Titania thin films have been fabricated not
only by dry processes such as thermal deposition, sputtering, and
chemical vapor deposition [1,3,5] but also by the sol–gel method and
other solution processes [6–8]. The solution processes are suitable for
large-area and low-temperature fabrication, and are also applicable to
the fabrication of organic–inorganic hybrid materials. Titanium
alkoxides have been widely used as a precursor of titania. However,
it is difficult to control the particle size precisely because of the rapid
reaction of alkoxides in water. Thus, chemical additives are needed to
control hydrolysis and condensation moderately [9]. Recently, bis
(ammonium lactato)titanium dihydroxide (TALH) has been devel-
oped as a useful starting material of titania synthesis from an aqueous
solution, because TALH is stable even inwater at ambient temperature
in contrast to titanium alkoxides. The hydrolysis and conversion of
TALH into titania have been studied by Möckel and his co-workers in
detail. They reported that titania converted from TALH is composed of
monodisperse nanoparticles [10]. Furthermore, TALH serves as a
negatively-charged ion in water, and is therefore applicable as an
adsorbate in the layer-by-layer (LbL) deposition technique. Conse-
quently, various nanostructures of titania such as core–shell nano-
particle [11], nanotube [12], and three-dimensional porous films
[13,14] have been reported so far.

The LbL deposition technique, which was developed by Decher, is
based on electrostatic self-assembly of oppositely-charged species,
and is now widely employed as a simple and versatile method for
fabricating multilayered nanostructures [15–18]. As mentioned
previously, there are several reports on titania thin films developed
by the LbL assembly of TALH. Caruso and his co-workers fabricated
multilayered thin films of TALH and some polyelectrolytes by the LbL
deposition technique [19]. Kim and his co-workers applied titania-
based LbL thin films converted from TALH to transparent photo-
catalyst [20] and anti-reflection film [21]. On the other hand, titania
has beenwidely used as an excellent electron-transportingmaterial in
photovoltaic cells. For example, titania nanoporous thin layers are
employed as an electron-transporting material in dye-sensitized solar
cells [22], and titania nanoparticles are blended as an electron-
accepting material with a conjugated donor polymer in organic–
inorganic hybrid solar cells [23]. Thus, titania-based LbL thin films are
a promising material in multilayered photovoltaic cells. However,
there are no reports on the conductive properties of titania-based LbL
thin films.

In this paper, we fabricated titania-based LbL films from TALH,
characterized the conductive properties, and demonstrated their
application to photovoltaic cells. The dispersion state of TALH in
water was analyzed by the dynamic light scattering measurement to
discuss the deposition of TALH in the LbL assembly. The layered
structure of the films was revealed by absorption and atomic force
microscopy (AFM) measurements. The conductivity and electron
mobility of the titania-based LbL films were evaluated quantitatively,
suggesting that the titania-based LbL films can serve as an efficient
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Fig. 1. Chemical structures materials used in this study.
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electron-transporting material. Finally, photovoltaic properties were
also demonstrated with multilayered solar cells designed by LbL
assembly of TALH/poly(diallyldimethylammonium chloride) (PDDA)
and poly(p-phenylenevinylene) (PPV)/poly(sodium4-styrenesulfonate)
(PSS).

2. Experimental

2.1. Materials

For the LbL deposition, water was purified by deionization,
distillation, and passing through a filtration system (Barnstead
Nanopure II). An aqueous solution of titanium(IV) bis(ammonium
lactato)dihydroxide (TALH; Aldrich, 50 wt.% in water), which is a
precursor of titania, was diluted to 5 wt.% aqueous solution with water.
An aqueous solution of poly(diallyldimethylammonium chloride)
(PDDA; Aldrich, 20 wt.% in water, Mw=100,000–200,000 g mol−1)
was diluted to 1 mg mL−1 with 0.5 M NaCl aqueous solution. Poly
(p-xylene tetrahydrothiopheniumchloride) (pre-PPV; Aldrich, 0.25 wt.%
in water), which is a precursor of poly(p-phenylenevinylene) (PPV),
was diluted to 1 mMwithwater. Poly(sodium 4-styrenesulfonate) (PSS;
Aldrich,Mw=70,000 g mol−1) was dissolved at 10 mMwithwater. The
pre-PPV solution was adjusted to pH 8–9 with an NaOH aqueous
solution. An aqueous solution of poly(3,4-ethylenedioxythiophene):poly
(4-styrenesulfonate) (PEDOT:PSS; Aldrich, 1.3 wt.% dispersion in water,
conductive grade) was diluted to 10 mM with water. These solutions
were employed as polyelectrolyte solutions for the LbL deposition. An
aqueous solution of anatase TiO2 nanoparticleswith a diameter of 20 nm
(Solaronix SA) was used for the fabrication of a nanoporous (np)-TiO2

film. Fig. 1 shows the chemical structures of materials employed in this
study.

2.2. Fabrication of LbL films

For UV–visible absorption and sheet-resistance measurements,
quartz substrates were employed for the LbL deposition. These quartz
substrates were cleaned by ultrasonication in toluene, acetone, and
ethanol for 15 min each, then dried with a N2 flow, and treated with a
UV–O3 cleaner for 1 h. The substrates were immersed in a cationic
solution of PDDA for 15 min, and rinsed in water twice for 2 min and
1 min each. Subsequently, they were immersed in an anionic solution
of TALH for 15 min, and rinsed in water for 3 min. This cycle gives one
bilayer of PDDA/TALH. The LbL filmswith n bilayers of PDDA and TALH
are abbreviated as (PDDA/TALH)n. Note that PDDA/TALH LbL films
were not dried after each immersion and rinsing. The PDDA/TALH LbL
films were annealed in air to convert to PDDA/TiOx LbL films. The LbL
films were annealed first at 65 °C for 3 h, and then at different
temperatures from 70 to 220 °C for 24 h. Similarly, pre-PPV/TALH LbL
films were fabricated as described in Ref. [24] and PPV/TiOx LbL films
were obtained by annealing at 220 °C for 12 h under vacuum.

For the electron-mobility measurement, the indium–tin-oxide
(ITO)-coated glass substrates (10 Ω square−1) were employed for the
LbL deposition. The substrates were cleaned and treated as described
previously. First, a buffer layer was prepared by the LbL deposition of
PEDOT:PSS and PDDA as reported previously [25]. The thickness was
100 nm. Second, PDDA/TALH LbL films were fabricated on the buffer
layer. Third, the LbL film was annealed as described previously.
Finally, Al was thermally deposited at 3.3×10−4 Pa on top of the LbL
film. The thickness of Al was 100 nm. The layered structure is
abbreviated as ITO|(PEDOT:PSS/PDDA)20|(PDDA/TiOx)30|Al. For com-
parison, np-TiO2 films were prepared by spin-coating followed by
sintering at 150 °C in air for the sheet-resistance and electron-
mobility measurements.

Photovoltaic cells with a planar heterojunction structure were
fabricated by the LbL deposition technique. First, an acceptor layer
was fabricated by the LbL assembly of TALH and PDDA on a cleaned
ITO substrate as described previously. Second, a donor layer was
fabricated by the LbL assembly of pre-PPV and PSS as reported
previously [24]. Third, a buffer layer of PEDOT:PSS was prepared by
spincoating, followed by annealing at 100 °C for 24 h under vacuum.
Finally, Au was thermally deposited. The thickness was 80 nm for the
PEDOT:PSS layer and 100 nm for the Au electrode. The layered
structure shown in Fig. 2 is abbreviated as ITO|(PDDA/TiOx)5/PDDA|
(PPV/PSS)5/PPV|PEDOT:PSS|Au. For comparison, dense TiO2 (d-TiO2)
films were prepared by the sol–gel method as reported previously
[26].

2.3. Measurements

UV–visible absorption spectra of PDDA/TALH LbL films were
measured before and after thermal annealing with a spectrophotom-
eter (Hitachi, U-3500). The thickness and surface morphology of LbL
films were measured with an atomic force microscope (Shimadzu,
SPM-9500J) in contact mode. The particle size of TALH in water was
evaluated by the dynamic light scattering measurement (DLS, Otsuka
Electronics, ELS-Z2). The dynamic light scattering data were analyzed
by the cumulant approach. The surface resistivity of LbL films and a
np-TiO2 film was measured with a ring probe (Mitsubishi Chemical
Analytech, UR-SS) connected to a digital electrometer (Advantest,



Fig. 2. Layered structure and energy diagram of the photovoltaic cell with TiOx LbL film.

Fig. 3. Absorption spectra of PDDA/TALH LbL films (2, 4, 6, 8 deposition cycles) before
(broken lines) and after (solid lines) thermal annealing. The inset shows the
absorbance at 250 nm plotted against the number of deposition cycles.
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R8252). The conductivity σ is obtained from an inverse of the volume
resistivity, which is given by the product of the surface resistivity and
the film thickness. The current density–voltage (J–V) characteristics of
devices were measured with a DC voltage current source/monitor
(Advantest, R6243). The electron mobility μe was evaluated from the
space-charge limited current, which is described by

J =
9
8
ε0εrμe

V−VBI−VRSð Þ2
d3

ð1Þ

where ε0 is the permittivity of free space and εr is the relative dielectric
constant. The effective εr of multicomponent filmswas estimated as the
volume average of each component where εr (TiO2) and εr (PDDA)
were set at 45 [27] and 1.8 [28], respectively. The value of VRS is the
voltage drop, whichwas given by the product of the series resistance rs,
the device area, and the current density J. The built-in-voltage VBI and rs
were treated as fitting parameters [29]. The J–V characteristics of
photovoltaic cells were measured with the DC voltage current source/
monitor in the dark and under AM1.5 G simulated solar illumination at
100 mW cm−2. The external quantum efficiency spectra were mea-
sured with the digital electrometer under monochromatic light
illumination from a 500-W Xe lamp (Thermo Oriel, Model 66921)
with a monochromator (Thermo Oriel, UV–visible Conerstone) and
several optical cut-filters. All measurements were performed in air at
room temperature.

3. Results and discussion

3.1. TALH dispersion in water

To clarify the deposition state of TALH in water, we measured the
dynamic light scattering of an aqueous solution of TALH. The average
particle size of TALH was estimated to be 5.7 nm with a narrow
polydispersity index of b0.01 by the cumulant approach. The particle
size remained the same even after several hours, suggesting that TALH
is stable and does not form larger aggregates (oligomer or cluster) in
water. These results are consistent with previous studies on TiOx

nanoparticles thermally converted from TALH at b100 °C, inwhich the
size of the TiOx nanoparticles was reported to be 3–5 nm [30,31]. Thus,
the stability of TALH against both hydrolysis and condensation to TiOx

is probably due to two bulky ligands in TALH, which is a chelate
compound of a titanium ion coordinated by two ammonium lactates.
We therefore conclude that TALH is dispersed in water as small
aggregates with a diameter of ~6 nm, which can be deposited on a
substrate as described later.
3.2. Fabrication of TiOx LbL films

Fig. 3 shows absorption spectra of PDDA/TALH LbL films on quartz
substrates after various numbers of deposition cycles (n=2, 4, 6, 8).
The broken and solid lines represent the absorption spectra before
and after thermal annealing at 95 °C for 24 h, respectively. The
absorption at ~250 nm is ascribed to TiOx because PDDA has no
absorption in this wavelength range and TALH has slightly different
absorption. This absorption slightly increased after thermal annealing
at 95 °C, as shown in the figure, but remained the same after
additional thermal annealing at 220 °C for 12 h (data not shown).
These results indicate that TALH is partially converted into TiOx

because of drying during the LbL deposition, and completely
converted into TiOx after thermal annealing at 95 °C. As shown in
the inset of the figure, the absorbance at 250 nm increased in
proportion to the number of deposition cycles. This linear growth
indicates that TALH nanoparticles are quantitatively deposited in an
LbL fashion. Fig. 4 shows an AFM image of an LbL film of (PDDA/TiOx)6
on a quartz substrate. The LbL film was pinhole-free with a surface
roughness of b10 nm, which is indicative of homogeneous deposition
of TALH nanoparticles. The bright area on the right side is the surface
of the LbL film and the dark area on the left side is the surface of quartz
substrate where the LbL film is scratched out. From the difference in
height between these levels, the total thickness of the LbL film was
evaluated to be 32 nm. As shown in the inset of Fig. 4, the thickness of
PDDA/TALH LbL films after thermal annealing increased in proportion
to the number of deposition cycles. This is consistent with the linear
growth in the absorbance mentioned previously, suggesting again
that TALH nanoparticles are quantitatively deposited in the LbL
fashion. From the slope in the inset, the thickness of PDDA/TiOx

bilayer was estimated to be 6.2±0.1 nm.
To evaluate themonolayer thickness of TiOx and PDDA in LbL films,

we estimate the absorption coefficient of TiOx layer as follows. First,
PPV/TiOx LbL films were prepared by thermal conversion of pre-PPV/
TALH LbL films. The thickness of the PPV monolayer can be evaluated
using the absorption coefficient 330,000 cm−1 at 400 nm [32]. Next,
the total thickness of PPV/TiOx LbL films can be evaluated by the AFM
measurement as described previously. Thus, the thickness and the
absorption coefficient of the TiOx monolayer can be estimated from
the difference. Fig. 5 shows absorption spectra of PPV/TiOx LbL films
with various numbers of bilayers (n=2, 4, 6) on quartz substrates.
The absorption increased in proportion to the number of PPV/TiOx

bilayers as shown by the solid line in the inset. From the slope of the
solid line, the monolayer thickness of PPV in PPV/TiOx LbL films was
estimated to be 0.9±0.1 nm. On the other hand, as shown by the
broken line in the inset, the total thickness of PPV/TiOx LbL films also

image of Fig.�2
image of Fig.�3


Fig. 4. AFM image of a PDDA/TiOx LbL filmwith 6 bilayers (after annealing). The left side
of the film was scratched out. The inset shows the thickness of PDDA/TiOx LbL films
plotted against the number of bilayers.
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increased in proportion to the number of PPV/TiOx bilayers. From the
slope of the broken line, the bilayer thickness of PPV/TiOx LbL films
was estimated to be 5.7±0.1 nm. Therefore, the monolayer thickness
of TiOx in PPV/TiOx LbL films was estimated to be 4.8±0.2 nm and the
absorption coefficient of the TiOx layer was evaluated to be
300,000 cm−1 at 250 nm [33]. On the basis of the absorption
coefficient, the monolayer thickness of PDDA/TiOx LbL films was
estimated to be 2.2 nm for PDDA and 4 nm for TiOx [33]. Interestingly,
the monolayer thickness of TiOx is 4–5 nm independently of counter
polycations, which is consistent with that evaluated by othermethods
such as ellipsometry and quartz crystal microgravimetry [19].
Furthermore, it is in good agreement with the particle size of TALH
in water. Thus, this finding also indicates that TALH nanoparticles are
stably dispersed in water and quantitatively adsorbed on a substrate
during the LbL deposition.
Fig. 5. Absorption spectra of PPV/TiOx LbL films (2, 4, 6 bilayers). The inset shows the
absorbance at 400 nm (circles, solid line) and the thickness (triangles, broken line)
plotted against the number of bilayers.
3.3. Conductive properties of TiOx LbL films

To discuss the conductive properties of PDDA/TiOx LbL films, we
measured the conductivity σ and the electron mobility μe. For
comparison, np-TiO2 films were prepared by sintering of TiO2

nanoparticles at 150 °C. Fig. 6 shows the conductivity σ of PDDA/
TiOx LbLfilms at room temperature after thermal annealing at different
temperatures (open circles) and that of a np-TiO2 film (closed circle).
The conductivity σ of PDDA/TiOx LbL films was almost constant after
thermal annealing in the range of 1–3×10−9 S cm−1 below 150 °C. It
increased steeply after thermal annealing above 180 °C and reached
4×10−8 S cm−1 at 220 °C, which is rather comparable to that of the
np-TiO2 film (2×10−7 S cm−1). These high conductivities σ of PDDA/
TiOx LbL films are indicative of semiconductors although the insulating
polymer PDDA is involved in thefilm. Thisfinding shows that there are
conductive carriers and pathways in the LbL film due to percolation
paths of TiOx in the direction normal to the substrate. Higher
conductivities σ of PDDA/TiOx LbL films annealed above 180 °C are
probably attributed to decomposition of insulating PDDA at higher
temperatures [34].

To prove the presence of the electron-transporting networks, we
evaluated the electronmobility μe of PDDA/TiOx LbL films. Fig. 7 shows
semi-logarithmic plots of J–V characteristics of PDDA/TiOx LbL films
(circles) and a np-TiO2 film (squares) against V−VBI−VRS. The solid
lines represent fitting curves for the J–V characteristics by using
Eq. (1). The dielectric constant εr of PDDA/TiOx LbLfilmswas estimated
to be 30 considering the volume fraction of TiOx in the LbL film (0.65).
The dielectric constant εr of the np-TiO2 film was set to be 34
considering the volume fraction of TiO2 in the np-TiO2 film (0.74)
estimated from the assumption of the closest packing. As a result, the
electron mobility μe of the PDDA/TiOx LbL film was evaluated to be
6×10−5 cm2 V−1 s−1. This is comparable to 2×10−4 cm2 V−1 s−1

evaluated for the np-TiO2 film, suggesting higher conversion of x in
TiOx even at a low temperature [35]. The high electronmobility shows
that there are effective percolation paths of TiOx in the film. This is
mainly due to the high volume fraction of TiOx as mentioned
previously and also due to the interpenetrating characteristics of LbL
films as reported previously [25]. Table 1 summarizes σ and μe of the
PDDA/TiOx LbL films and the np-TiO2 film. We therefore conclude that
the PDDA/TiOx LbL films converted from TALH can serve as an efficient
electron-transporting material.

3.4. Photovoltaic performance

Finally, we demonstrate the application of TiOx LbL films to
photovoltaic cells. Fig. 8 shows J–V characteristics of photovoltaic cells
Fig. 6. Plots of the conductivity of PDDA/TiOx LbL films (open circles) and a np-TiO2 film
(closed circle) against annealing temperatures. The thicknesses of the PDDA/TiOx LbL
film and the np-TiO2 film were 130 nm and 160 nm, respectively.
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Fig. 7. Double-logarithmic plots of the J–V characteristics of PDDA/TiOx LbL (circles)
films and the np-TiO2 film (squares) against V−VBI−VRS. The solid lines represent
fitting curves using the Eq. (1) with the following parameters: the PDDA/TiOx LbL films;
film thickness d=180 nm, VBI=0 V, rs=10 Ω, μe=7×10−5 cm2 V−1 s−1 and the
np-TiO2 film; d=160 nm, VBI=0 V, rs=10 Ω, μe=2×10−4 cm2 V−1 s−1 at εr=24.

Fig. 8. J–V characteristics of photovoltaic cells with layered structures of ITO|(PDDA/
TALH)6 (40 nm)|(PPV/PSS)5/PPV (12 nm)|PEDOT:PSS (80 nm)|Au (solid line) and ITO|
d-TiO2 (60 nm)|(PPV/PSS)5/PPV (12 nm)|PEDOT:PSS (80 nm)|Au (broken line).
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of ITO|(PDDA/TiOx)6|(PPV/PSS)5/PPV|PEDOT:PSS|Au (TiOx LbL-based
cells, solid line) and of ITO|d-TiO2|(PPV/PSS)5/PPV|PEDOT:PSS|Au
(d-TiO2-based cells, broken line) under AM1.5 G-simulated solar illu-
mination at 100 mW cm−2. Device performance of TiOx LbL-based cells
was as follows: the short-circuit current density JSC=0.14 mA cm−2,
the open-circuit voltage VOC=0.77 V, the fillfactor FF=0.27, and the
power conversion efficiency PCE=0.03%. On the other hand, device
performance of d-TiO2-based cells was as follows: JSC=0.08 mA cm−2,
VOC=0.60 V, FF=0.17, andPCE=0.01%. In otherwords, TiOx LbL-based
cells exhibited higher performances in all device parameters than those
of d-TiO2-based cells. Fig. 9 shows external quantum efficiency (EQE) of
the two photovoltaic cells. Both cells should have the same absorption
efficiency because of the same thickness of PPV LbL films. Thus, the
larger EQE of TiOx LbL-based cells suggests that the interfacial area
would be larger in TiOx LbL-based cells than in d-TiO2-based cells. As
shown in Fig. 4, the PDDA/TiOx LbL film was pin-hole free but had a
surface roughness of b10 nm. This is probably due to TiOx nanoparticles
being as small as 6 nm. Considering the particle size of TiOx, the surface
area of TiOx LbL films is roughly estimated to be 1.5 times compared to
that of d-TiO2 films. We therefore attribute the increase in JSC to the
larger interface area inTiOx LbLfilms. The interpenetrationbetweenTiOx

and PPV layers at the interface also contributes to the increase in JSC.
Thus, we conclude that the TiOx LbL film can be employed as an effective
electron-transporting layer and an acceptor layer in photovoltaic cells.

4. Conclusions

We fabricated titania-based ultrathin films by the LbL assembly of
TALHand PDDAor PPVwhere TALHwas completely converted into TiOx

in the LbL films by thermal annealing at 95 °C for 24 h. The thickness of
ultrathin filmswas precisely controlled by the LbL deposition on a scale
of nanometers. From the absorption and AFM measurements, the
monolayer thickness of each layer was estimated to be 2.2 nm for PDDA
and 4 nm for TiOx in PDDA/TiOx LbLfilms and 0.9 nm for PPV and 4.8 nm
Table 1
The conductivity σ and the electron mobility μe of TiOx-based LbL films and a np-TiO2

film.

Structures Annealing temperature/°C σ/S cm−1 μe/cm2 V−1 s−1

TiOx LbL 95 2.6±0.3×10−9 6×10−5

np-TiO2 150 2.1±0.2×10−7 2×10−4
for TiOx in PPV/TiOx LbL films. Consequently, the volume fractionwas as
high as ~65% for PDDA/TiOx LbL films and ~85% for PPV/TiOx LbL films.
Themonolayer thickness of TiOx (4–5 nm) is consistentwith theparticle
size (~6 nm) of TALH inwater evaluated by the dynamic light scattering
measurement. We therefore conclude that TALH is stably dispersed in
water as monodisperse nanoparticles with a diameter of ~6 nm and
quantitatively adsorbed on a substrate during the LbL deposition. The
conductivity σ of PDDA/TiOx LbL films was 1–3×10−9 S cm−1 at
annealing temperatures below 150 °C, increased steeply above 180 °C,
and then reached 4×10−8 S cm−1 at 220 °C, which is indicative of
semiconductors. The electron mobility μe of PDDA/TiOx LbL film was
evaluated to be 6×10−5 cm2 V−1 s−1, which is comparable to that of a
np-TiO2 film. We therefore conclude that there exist effective
percolation paths of TiOx in the direction normal to the substrate in
the LbLfilms. This ismainly due to thehigh volume fractionof TiOx in the
film. Furthermore,wedemonstratedplanarheterojunctionphotovoltaic
cells with PPV-based LbL films as an electron-donating layer and TiOx-
based LbL films as an electron-accepting layer. The photovoltaic cell
exhibited a higher device performance than the reference cell with a d-
TiO2 layer because of the larger interface area due to TiOx nanoparticles.
We thus conclude that the TiOx-based LbL films can serve not only as an
electron-transporting but also as an electron-accepting material.
Fig. 9. EQE spectra of photovoltaic cells of ITO|(PDDA/TALH)6 (40 nm)|(PPV/PSS)5/PPV
(12 nm)|PEDOT:PSS (80 nm)|Au (open circles) and ITO|d-TiO2 (60 nm)|(PPV/PSS)5/PPV
(12 nm)|PEDOT:PSS (80 nm)|Au (closed circles). The solid line denotes the absorption
spectrum of a PPV LbL film annealed at 100 °C for 2 h.
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