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Abstract

Vertically aligned TiO, nanotubes have been fabricated on the indium-doped tin oxide (ITO) by a simple and versatile technique using the
electrochemically deposited ZnO nanorods, oriented along the c-axis, as a template in the spin-on based sol—gel reaction of a Ti precursor. The
diameter, length, and shape of TiO, nanotubes were controlled by changing the initial ZnO nanorod template and the spin conditions during sol-gel
process of a Ti precursor. Scanning electron microscopy (SEM), energy-dispersive X-ray (EDX) analysis, and X-ray diffraction (XRD) were used
to confirm the successful formation of TiO, nanotubes and characterize their structure and morphology. Furthermore, as an application of the TiO,
nanotubes, hybrid solar cells based on TiO, and poly[2-methoxy,5-(2'-ethyl-hexyloxy)1,4-phenylenevinylene] (MEH-PPV) were successfully

fabricated.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Since the introduction of carbon nanotubes by Iijima in 1991
[1], various nanotubes and tubular nanostructures continue to
attract attention due to a high surface-to-volume ratio, struc-
tural control capabilities, and a geometry that functions as a
current-carrying component in various devices. They also have
remarkable optical, electrical, magnetic, and chemical proper-
ties that are distinctive from conventional bulk materials and
zero-dimensional nanoparticles [2—4]. For more than a decade,
investigations on the synthesis and characterization of many
kinds of nanotubes, such as boron nitride and carbide, metal
dichalcogenide, SiO,, SnO;, GaN, ZnO, TiO;, ZrO,, and vana-
dium oxides, have been reported [2—8]. In particular, among the
various inorganic nanotubes, the TiO,-based nanotube has been
intensively studied for potential nanoscale electronics, optoelec-
tronics and biochemical-sensing applications due to its high
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refractive index, chemical stability, and superior photocatalytic
activity [9-12].

Up to now, much effort has been devoted to forming TiO, nan-
otubes by using hydrothermal synthesis [13,14], deposition on
template [15-19], seeded-growth [20], and anodization of tita-
nium [9,21]. Specially, in the case of the anodic TiO; nanotubes,
a precise control of the TiO, tube dimensions and the feasibil-
ity of TiO, nanotubes to be formed on Si substrate have been
reported for their practical applications [22,23]. Although each
of the above-mentioned methods has advantages, none of them
provide all the desired aspects: precise control of the nanotube
configuration, dense arrays of vertical or parallel-aligned TiO,
nanotubes, low cost, a high throughput process, and feasibility
of their use in a large area as well as on widely used substrates
such as glass, silicon, and transparent conducting oxide (TCO).
Therefore, the pursuit of novel fabrication methods for nan-
otubes continues to be driven by an ever-increasing world of
practical device applications.

Among various methods for fabricating TiO, nanotubes, few
efforts have been made on the study of use of ZnO nanorods
as a template. Very recently, Qiu et al. [18,19] successfully
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fabricated aligned TiO, nanotube arrays by using an aqueous
solution synthesized ZnO rod as a template. However, the
formation of ZnO nanorod array by an aqueous solution
synthesis requires long time (~5h) and the fabrication of pure
TiO, tubes vertically aligned on a substrate is difficult due to
the existence of the ZnO seed layer, which also can be etched
by acidic solution when removing ZnO rod templates, leading
to the collapse of TiO, tubes.

For this study, a simple and controllable fabrication method
is described for vertically aligned TiO; nanotubes having well-
controlled dimensions directly on indium-doped tin oxide (ITO)
substrates, which are transparent electrodes widely used in opto-
electronics such as solar cells and light emitting diodes. We used
electrodeposited ZnO nanorods as a template for the fabrica-
tion of TiO; nanotubes, because growing of one-dimensional
ZnO nanorods by electrodeposition is a simple, fast, and low-
temperature method with easy control of density, diameter, and
height over large areas [24,25] in contrast with vacuum and
high temperature processes. As is well known, the diameters
and heights of electrodeposited ZnO nanorods can be deter-
mined by experimental conditions such as the concentration of
the Zn precursor, the electrodeposition time, the temperature,
and the applied voltage [26,27]. In addition, we take advantage
of the spin-on based sol—gel reaction of a Ti precursor, leading to
the formation of a well-aligned, discrete, and freestanding TiO»
nanotube array by controlling the rate of hydrolysis of the Ti iso-
propoxide, based on the conditions used in the previous reports
by our group [28,29]. In contrast with any vaccum techniques,
the sol—gel process provides low cost and high throughput, which
are the most significant factors for practical use.

Organic-based solar cells [30,31] are attracting enormous
attention as a low-cost, lightweight, and scalable source of
renewable energy. For the realization of commercialized organic
solar cells, most of the work on organic-based solar cells to date
has focused on fundamental problems such as relatively low
efficiency and poor stability that must be overcome [32-38].
For example, in hybrid solar cells, various approaches including
the application of an ordered nanostructure [32], the substi-
tution of magnesium into a ZnO acceptor [34], and an effort
to understand polymer degradation [37] have been studied
to improve cell efficiency and stability. Herein, we investi-
gated the application of TiO; nanotubes to hybrid solar cells
based on TiO; and poly[2-methoxy,5-(2'-ethyl-hexyloxy)1,4-
phenylenevinylene] (MEH-PPV). An improved performance of
hybrid solar cells can be expected by using the TiO, nanotube
array on the ITO substrate, resulting from an extended interfacial
area for charge separation and a straight pathway for electron
transport to the ITO electrode.

2. Experimental

All the chemicals were purchased from Aldrich. The process
we used to create TiO, nanotubes on ITO substrates involved
three main steps (Fig. 1): first, ITO (Samsung Corning Co., Ltd.)
coated glass substrates were cleaned in ultrasonic bath with ace-
tone and isopropyl alcohol successively for 20 min followed
by drying in a nitrogen stream. The ZnO nanorods were then
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Fig. 1. Schematic process flow for the fabrication of the TiO, nanotubes.

electrodeposited on ITO substrates at —0.9 V versus Ag/AgCl
electrode from an aqueous solution composed of 5 x 107> M
ZnCl, and 0.1 M KClI supporting electrolyte in ultra-pure water
(~18 MQcm), saturated with bubbling oxygen at 80 °C [39] with
an Autolab PGSTAT30 Potentiostat/Galvanostat. Here, an ITO
substrate, a Pt wire, and an Ag/AgCl were used as the working,
the counter, and the reference electrodes, respectively. The over-
all deposition reaction in the presence of zinc ions and dissolved
oxygen is Zn** +0.50, +2e~ — ZnO.

Second, the process for the formation of TiO,-covered ZnO
nanorod arrays on ITO substrates was performed via spin-on
based sol—gel reaction at room temperature with the Ti-precursor
composed of 2ml Ti isopropoxide in 150 ml 2-propanol solu-
tion containing 0.75 ml HCI. To fabricate TiO;-covered ZnO
nanostructures, the Ti-precursor solution was dropped on the
ITO substrates with freestanding ZnO nanorods and then spun
at room temperature, followed by heat treatment at 450 °C for
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30min in a furnace to form the TiO, crystalline structures.
Here, the ratio of each component was optimized to control the
rate of hydrolysis of Ti isopropoxide and prevent the unneces-
sary wet-etch of ZnO nanorods during the spin coating process,
resulting in well-defined and vertically aligned TiO;-covered
ZnO nanorod arrays [28,40—41].

Third, after heat treatment, the ITO substrates with TiO;-
covered ZnO nanorods were immersed into an aqueous solution
of 0.75M HCI to remove the ZnO nanorod template. After the
immersion in HCI solution for 5 min at room temperature, all
ZnO was etched out and only the TiO, nanotubes remained,
due to selective wet etching in the acidic conditions. After all
processes, the formation and structure of TiO, nanotubes were
confirmed by SEM (Hitachi S-4700), EDX analysis, and XRD.

For an application of fabricated TiO; nanotubes, hybrid
solar cells were fabricated according to the following proce-
dure. Two types of TiO; covered ITO substrates were prepared
by a spin-on based sol-gel reaction without and with ZnO
nanorod templates. For hybrid solar cells, MEH-PPV (1 wt%) in
chlorobenzene, which generates exitons under illumination, was
spin-cast on the flat TiO, film with thickness of ~100 nm and
TiO, nanotube arrays at 500 rpm in a Ny glove box. Poly(3,4-
ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS,
Baytron P CH 8000) was then spin-cast with a thickness of
~50nm from an aqueous solution on the substrates, after pass-
ing through a 0.45 pum filter and mixing for 1h. After drying
for 10 min at 120 °C in air, an Au top electrode was evaporated
thermally in a vacuum in the order of 107 Torr. The optical
properties of MEH-PPV and TiO» nanotubes coated with MEH-
PPV were studied via UV—vis absorption spectra and PL spectra
measurements. Cell performance was measured under 1 sun
using a xenon light source and an air mass (AM) 1.5 global filter.
Photocurrent—voltage measurements were performed by using
a Keithley 4200 instrument. A calibrated silicon reference solar
cell certificated by the National Renewable Energy Laboratory
(NREL) was used to confirm the measurement conditions.

3. Results and discussion

The preparation of initial ZnO nanorods as templates and
successful formation of TiO, nanotubes on ITO were observed
by scanning electron microscopy (SEM) images and the element
signatures of Zn, Ti, and O in the energy-dispersive X-ray (EDX)
spectra of the ZnO nanorods and TiO; nanotubes. Fig. 2(a)
shows SEM images of the starting ZnO nanorod array templates.
These nanorods have uniform lengths of ~600 nm and diame-
ters of 170 &= 20 nm, which can be determined by concentration
of the Zn precursor, applied voltage, and time during electrode-
position. Here, the applied voltage, time, and temperature were
controlled to —0.9 'V, 30 min, and 80 °C, respectively.

After the formation of TiO», the heat treatment, and template
removal by the wet etching, the overall morphology of the initial
ZnO nanorod arrays was maintained and the heights and diam-
eters of the resulting TiO, nanotubes were similar to those of
the ZnO nanorods as shown in Fig. 2(a), (¢), and (e). Indeed, the
cross-sectional images in the insets of Fig. 2(a) and (e) indicate
that the vertically aligned TiOy nanotubes on ITO were rela-

tively well defined along ZnO nanorod templates. At this point,
for the formation of denser and better-defined TiO; nanotubes
on ITO substrates, the concentration of the Ti-precursor and the
spin conditions, as well as initial conditions of the ZnO nanorod
templates, should be carefully considered and optimized.

Interestingly, either top-closed or top-opened TiO; nanotubes
were observed according to the spin rate (slow (1000 rpm) or fast
(3000 rpm)) during the spin-on based sol-gel process as shown
in Fig. 2(c) and (e) and the insets of Fig. 2(c) and (f), respectively.
It may be attributed to the fact that the amount of remaining Ti-
precursor on the top of the ZnO nanorod template was inversely
dependent on the spin rate because the Ti-precursor solution
would be forced to move in the lateral direction during the spin
coating process [42], which resulted in the top-opened TiO2
nanotubes.

Fig. 2(b), (d), and (f) shows the EDX spectra before and after
the formation of TiO; nanotubes. The EDX spectra revealed
the successful formation of TiO, nanotubes and the complete
elimination of the ZnO nanorods as a template, confirmed by
the absence of a peak at ~1keV corresponding to the Zn in
the EDX spectra obtained from the sample area shown in the
insets of Fig. 2(d) and (f). The formation of TiO; can also be
confirmed by the measurement of X-ray diffraction (XRD) pat-
terns. Fig. 3 shows the XRD patterns obtained from the TiO»
nanotube arrays on the ITO substrate. After calcination at 450 °C
in air and removal of ZnO rod templates, all peaks apparently
corresponded to anatase TiO, (JCPDS Card no. 21-1272) and
ITO (JCPDS Card no. 32-0458), indicating that the ZnO rod
templates were completely removed by the wet etching and the
TiO, nanotubes were successfully fabricated.

Taken together, the above SEM, EDX, and XRD mea-
surements show that we have successfully prepared vertically
well-aligned TiO; nanotubes on ITO substrates by using all solu-
tion processes, including the formation of the electrodeposited
ZnO nanorod from an aqueous solution, the formation of TiO»
nanotubes by spin-on based sol—gel reaction of a Ti-precursor,
and the removal of a ZnO template by immersion in an acidic
solution environment, instead of using any vacuum processes,
such as atomic layer deposition or chemical vapor deposition,
etc.

Furthermore, to demonstrate practical application of the TiO2
nanotubes, hybrid solar cells based on TiO; nanotubes and
MEH-PPV were prepared. Typically, the TiO;, one of the most
widely exploited inorganic materials due to its low cost, chem-
ical stability, electron accepting ability, and proper band gap, is
prepared on a TCO substrate by a casting or sol-gel method fol-
lowed by infiltration with a conjugate polymer [43—48]. In early
studies, the incomplete polymer infiltration into nanoporous
TiO; and poor charge transport, resulting from the randomly
networked TiO; nanoporous film, could be main factors caus-
ing the poor performance of hybrid solar cells. To overcome
these problems, various approaches including the application
of an ordered nanostructure have been intensively investigated
to achieve a large interfacial area and straight carrier paths to
the electrodes as well as an easy polymer infiltration [49-51].
Therefore, with its vertical array, standing on ITO substrates,
the TiOy nanotube is a good candidate for use as an electron
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Fig. 2. FESEM images and EDX spectra: (a) and (b) ZnO nanorods on ITO substrates before the formation of TiO, nanotubes; (c)—(f) corresponding images and
spectra after the formation of TiO; nanotubes with different spin coating rate via the spin-on based sol—gel reaction of Ti-precursor solution followed by heat treatment
and removal of ZnO nanorods by wet etching; (c) and (d) top-closed TiO, nanotubes with low spin rate (1000 rpm); (e) and (f) top-opened TiO, nanotubes with
high spin rate (3000 rpm) (insets: (a) the cross-sectional image of ZnO nanorods; (¢) top view image of top-closed TiO; nanotubes (one fractured tube was captured,
clearly showing “tube” structure); (e) the cross-sectional image of top-opened TiO, nanotubes; insets of (b), (d), and (f): corresponding images for EDX analysis).

acceptor structure for hybrid metal-oxide/polymer photovoltaic
devices.

Before the fabrication of hybrid solar cells, optical prop-
erties were observed to understand the nature of the charge
transfer between MEH-PPV and TiO, nanotubes. Fig. 4(a)
shows the typical UV—vis absorption spectra of MEH-PPV,
TiO; nanotubes, and TiO, nanotubes coated with MEH-PPV.
The absorption spectrum of MEH-PPV in Fig. 4(a) exhibits the
absorption band peak at ~500 nm resulting from the m— 7"
transition of the MEH-PPV. Compared with the absorption spec-
trum of MEH-PPYV, in the case of the TiO, nanotubes/MEH-PPYV,
absorbance was increased without noticeable wavelength shift,
caused by the two component contributions. This indicates that
the ground-state charge transfer at the interfaces is negligible
[52]. Fig. 4(b) shows that the PL emission peak of MEH-
PPV appears at ~600-700 nm wavelength, resulting from the

excitation of the MEH-PPV at ~500nm wavelength. Here, a
significant quenching of emission intensity observed in Fig. 4(b)
indicates the charge transfer from MEH-PPV to the TiO; nan-
otubes, showing the possibility of an efficient charge separation
at the interface between the TiO; nanotubes and the MEH-PPV,
which ultimately would result in the production of electricity
under the illumination of light [53].

Fig. 5 shows the current density—voltage (J-V) curves of the
hybrid solar cells based on the TiO, nanotube in combination
with MEH-PPV. For a better comparative study, two types of
TiO, electron acceptors, with and without TiO; nanotubes, were
prepared. The reference cell with the flat TiO» film was prepared
by using identical conditions and processes with that of TiO»
nanotube arrays only except for the electrodepositon process to
form ZnO nanorod templates. The inset of Fig. 5 shows the cross-
sectional image of the TiO, nanotubes, standing perpendicular
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Fig. 3. XRD spectrum of TiO; nanotubes on the ITO substrate after heat treat-
ment and removal of ZnO nanorod templates by wet etching.

to the ITO substrate, having diameters of ~100 nm and heights
~300nm. The ZnO nanorod template for high efficiency of
hybrid solar cells was determined by varying the concentration
of the Zn precursor and the electrodeposition time. When the
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Fig. 4. (a) UV/vis absorption spectra of MEH-PPV, TiO, nanotube, and TiO»
nanotube/MEH-PPV films. (b) PL spectra of MEH-PPV and TiO,/MEH-PPV
films.
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Fig. 5. J-V curves of hybrid solar cells with the flat TiO; film and the TiO, nan-
otube as electron acceptor layers, respectively (inset: the cross-sectional image
of the TiO; nanotube).

applied electrodeposition time was too long or the concentra-
tion of the Zn precursor was too small, the cells showed all
poor performance. A maximum efficiency was obtained at the
applied time of 15 min and the concentration of the Zn precur-
sor of 5 x 107* M ZnCl,. The PEDOT:PSS layer was deposited
on the MEH-PPV incorporated TiO, to reduce surface rough-
ness by filling the voids in the composite films, resulting in the
reduction of shunt losses. As demonstrated by the J-V curves
in Fig. 5, an open circuit voltage (V) of 0.62V, a short cir-
cuit current (Ji.) of 0.88 mA/cm?, a fill-factor (FF) of 37.2%,
and a power conversion efficiency (17,) of 0.20% were obtained
for the TiO, nanotubes and the MEH-PPV hybrid solar cell
under 1 sun with air mass 1.5 Global illumination without any
optimization of the processes such as a metal electrode or an
annealing process. On the other hand, the cell with the flat TiO,
film exhibited V. of 0.64 V, Js. of 0.34 mA/cm?2, FF of 31.5%,
and 7, of 0.068%, respectively. The increased efficiency of the
cell using well-aligned TiO, nanotubes as an electron accep-
tor can be attributed to the increased interfacial area for the
charge separation and efficient charge transport compared to the
flat TiO; film. Even though the 5, of the cell with TiO; tubes
is about three times higher compared with the flat TiO, film,
the present cell performance is similar to the previous reports
of TiO, nanoparticle/MEH-PPV hybrid solar cells [54,55]. The
insufficient performance of our cell is attributed to the large
diameter and relatively low density of the TiO, tubes employed
in this study, resulting in a lower surface area and the relatively
inefficient charge separation, compared with the nanoparticles
used in those reports. To achieve higher efficiency in a solar cell,
the diameter and height of the tubes should be optimized with
consideration for the following three factors: (1) The polymer
exciton diffusion length is ~10-20 nm, wherein the photogener-
ated excitons will be more likely to recombine before reaching to
the polymer/TiO, tube interface for dissociation [54]. (2) A hole
mobility would be enhanced with pore diameters in the range of
50-75nm [56]. (3) As the height of the tube increases, so do the
shunt losses of the cell through direct contact between the TiO;
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tubes and the metal top electrode [57]. However, compared to
the limited charge transport in the electron accepting network,
which is formed by randomly interspersing TiO, nanoparticles,
a more efficient charge separation and charge transport would
be expected when an optimized geometrical arrangement of the
electron accepting TiO; tubes is achieved [49-51,58].

4. Conclusions

In summary, this study successfully demonstrated high-
density arrays of vertically well-aligned TiO, nanotubes on ITO
substrates by a simple and controllable fabrication method via
the electrodeposition of ZnO nanorod templates and the spin-
on based sol—gel reaction of Ti-precursor. This novel method
possesses several advantages: it is a simple, fast, and low cost
process; there is enhanced flexibility for control of the shape,
width, heights, and density of TiO; nanotubes; it is feasible to
apply them directly on widely used ITO substrates; and they
are capable of a large-area fabrication with good uniformity
(typically 2 cm x 2 cm under our conditions). The potential for
useful applications of the TiO; nanotubes was studied by fabri-
cating the hybrid solar cells based on the TiOo/MEH-PPV. The
power conversion efficiency of the cell with TiO, tubes was
enhanced compared to that of the cell with flat TiO; film due to
the extension of the interfacial area available for photo-induced
charge separation and charge transport. This method for fabri-
cation of well-aligned TiO; nanotube arrays can provide us with
new features and applications in opto- and electronic devices.
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