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Abstract For a working electrode in dye-sensitized solar
cells (DSSCs), an anatase TiO, electrode with a hollow
hemisphere structure (with diameters of 0.4, 1.5, and
5.0 um) was fabricated using colloidal templating and
RF-sputtering techniques. The experimental results of a
short-circuit current density of 1.96 mA/cm?®, an open-
circuit voltage of 0.73 V, and a power conversion efficiency
(AM 1.5) of 0.67% were obtained with a shell thickness of
300 nm, a hemisphere diameter of 0.4 um, and a 100 nm
thick blocking layer. The microstructural features, i.e.
hemisphere diameter and shell thickness, played an impor-
tant role in promoting the charge-collection ability.
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Dye-sensitized solar cells (DSSCs) based on a dye coupled
TiO, offer unique opportunities as renewable energy
sources due to their potential to replace Si-based solar
cells. In particular, DSSCs can provide several attractive
features including a low cost, environmental friendliness,
and large scale production [1, 2]. Thus far, DSSCs with a
power conversion efficiency (AM1.5) of ~11% have been
demonstrated using nanocrystalline TiO, powders followed
by a TiCly treatment, anti-reflecting coating, or inserted
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scattering-layer [3—5]. Although encouraging progress has
been made, the current achieved power conversion effi-
ciency is still below the theoretical value [6]. In randomly
packed TiO, nanocrystalline films, it is expected that
electron transport is limited largely by the residence time
of electrons in traps and by structural disorder at the contact
between two nanoparticles [7-10]. However, a strongly
interconnected architecture offers significantly superior
electron transportability [11-13]. It is important to note
that the electron diffusion coefficient for a dense TiO, thin
film is much higher than that of nanocrystalline TiO, [14].
However, the small surface-to-volume ratio of dense TiO,
thin film often limits the amount of adsorbed dye
molecules. Therefore, a strongly interconnected morpholo-
gy with a sufficient surface area is highly desirable for the
working electrode in DSSCs [11-13, 15-17]. To satisfy
these criteria, a new type of hollow TiO, hemisphere
structure that effectively absorbs the dye molecule and
achieves a high photocurrent has been reported recently
[18]. The present work targets a further elucidation of the
influence of dimensional factors, i.e. the hemisphere
diameter, shell thickness, and blocking layer on photovol-
taic properties.

For the blocking layer (BL), 100 nm thick TiO, thin film
was deposited on SnO,:F (FTO) coated glass substrates. An
aqueous colloidal solution of poly(methyl methacrylate)
(PMMA) microspheres with diameters of 0.4, 1.5, and
5.0 um (Soken Chemical & Engineering Co., Ltd.),
ultrasonically dispersed in deionized water and ethanol,
was spin coated at spin speeds of 600 to 1,000 rpm onto
BL/FTO/glass substrates and dried overnight in a desiccator
at room temperature. After that, a quasi-ordered colloidal
array was formed. Subsequently, 100 and 300 nm thick
TiO, films were deposited over the single layered PMMA
microsphere templates. The TiO, deposition was performed
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via RF-sputtering under the following conditions: a power
of 85 W, a working pressure of 10 mTorr, and an Ar flow of
10 sccm. No heating was applied to the substrates during
the film deposition to prevent the decomposition of PMMA
in the sputtering chamber. Following the TiO, film sputter
deposition, the samples were calcined in air at 450 °C for
30 min to induce the crystallinity of TiO, films, as well as
to decompose the PMMA templates. The PMMA template
decomposed during calcination [18]. X-ray diffraction
(XRD, D/MAX-2500, Rigaku), scanning electron micros-
copy (SEM, JSM-6330F, JEOL), and high resolution
transmittance electron microscopy (HR-TEM, Tecnai G2,
FEI Hong Kong Co. Ltd.) were used to examine the phase
composition and microstructure of the films. The TiO,
hollow hemisphere electrode was immersed overnight in an
ethanolic solution containing 3x10~* M of N3 ruthenium
dye (Solaronix). The electrode was rinsed with ethanol and
dried at room temperature. The liquid electrolyte consisted
of 0.6 M I-hexyl-2,3-dimethyl-imidazolium iodide
(C6DMIm), 0.05 M iodine (I;), 0.1 M lithium iodide
(Lil), and 0.5 M 4-tertbutylpyridine dissolved in 3-
methoxyacetonitrile. The Pt counter electrode was prepared
by spin-coating a H,PtClg solution (7 mM in isopropyl
alcohol) on the FTO glass and sintered at 450 °C for

Fig. 1 SEM images of the as-
prepared electrode; (a) a single
layered PMMA colloidal array
template, (b) top and (c) side
views of the TiO, hollow hemi-
sphere array electrode, (d) tilted
view of mechanically scraped
sample. All scale bars represent
1 wm

30 min. The typical active area of the DSSC was 0.16 cm?.
The photocurrent—voltage characteristics were measured
with a Keithley 2400 SMU under a global AMIL.S,
100 mW/cm?” irradiation.

Figure 1(a) shows a SEM micrograph of a single layered
PMMA colloidal array on the FTO/glass substrate prepared
using microspheres with a diameter of 1.5 um. This quasi-
ordered array was hexagonally close-packed. Figures 1(b)
and (c) are the SEM images of the top view and cross-
sectional view of the TiO, hollow hemispheres after
100 nm thick TiO, sputtering onto a PMMA colloidal
array at room temperature and calcination at 450 °C,
respectively. The diameter of the individual hemisphere
was commensurate with that of the original PMMA micro-
spheres. The hemisphere height was approximately 1 um as
shown in Fig. 1(c). Figure 1(d) emphasizes the hollow
shape of the TiO, hemisphere. This SEM image was taken
from a mechanically scraped sample. The shell thickness
was approximately 100 nm. One can see “burst holes”
positioned at the bottom of hemispheres, that were
produced as a result of PMMA decomposition during
calcinations. These open holes enable easy penetration of
N3 dyes and electrolytes into the inner space of hollow
structures [18]. This unique morphology is expected to
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Fig. 2 Microstructure of sample

obtained after calcination of
TiO, hollow hemisphere; (a)
bright-field TEM image of the
individual hemisphere (b) HR-
TEM image of the marked re-
gion in (a)
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Fig. 3 (a) Illustration of the device configuration, current flow, and the
direction of illumination. (b) Current-voltage characteristics of a DSSC

using TiO, hollow hemisphere with and without blocking layers
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increase the amount of adsorbed N3 dye due to the enhanced
surface area (outer and inner surfaces, plus the geometric
effect of the hemisphere). At the same time, the strongly
interconnected photoanode architecture offers potential to
improve electron transport. Both effects have a significant
influence on the overall efficiency of DSSCs.

In order to investigate the microstructure and composi-
tion of the hollow hemispheres, a HR-TEM analysis and
XRD measurement were performed. Figure 2(a) shows the
TEM micrographs of a single TiO, hemisphere. As shown
in Fig. 2(b), the HR-TEM image showed that the individual
TiO, hemispheres had a lattice spacing of 3.51 A consistent
with the [101] direction in anatase TiO,. The XRD analysis
confirmed that the TiO, films had a single-phase polycrys-
talline anatase structure with the preferred (101) direction
and evidence of (200) orientation (not shown here) [18].

Figure 3(a) illustrates the cross-sectional geometry of a
hollow hemisphere DSSC. In the liquid-type DSSC, the
photo-injected electrons from dye molecules can react with
the Iy /" in the electrolyte [19]. Thus, the use of an
additional blocking TiO, layer is essential to minimize
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Fig. 4 Current—voltage characteristics for different shell thicknesses
(100, 300 nm) and hemisphere diameters (0.4, 1.5, and 5.0 pum)
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current loss through recombination at the FTO/electrolyte
interface. The introduction of such a dense TiO, blocking
layer between the hollow hemisphere TiO, layer and FTO
electrode clearly enhanced the photocurrent and photo-
voltage output, as shown in Fig. 3(b). At 100% sun, the
TiO, electrode with a shell thickness of 300 nm, a
hemisphere diameter of 0.4 um, and a 100 nm thick
blocking layer, exhibited a short circuit current density (Js.)
of 1.96 mA/cm?, an open circuit voltage (Vo) of 0.73 V,
and a fill factor (FF) of 0.47, with an overall conversion
efficiency (Eff) of 0.67%. However, the sample without the
blocking layer exhibited a lower J, of 1.73 mA/cm?, ¥, of
0.64 V, FF of 0.36, and Eff of 0.39%. All DSSCs fabricated
on the blocking layer exhibited a greatly enhanced
performance compared with the cells without blocking
layers. It is apparent that the blocking layer deposited via
the sputtering method effectively blocked the backward
flow of electrons from the FTO to the electrolyte.

Figure 4 represents the structural dependence of the cell
performance as a function of shell thickness and hemisphere
diameter. (All samples in Fig. 4 have blocking layers.) The
DSSCs with 300 nm thick TiO, hollow electrodes regardless
of hemisphere sizes exhibited a higher Jg., V., and Eff
compared with the DSSCs using 100 nm thick TiO,
hemisphere electrodes. In general, during the sputtering
deposition, the surface morphology became rougher as the
thickness of the thin film increased [20]. The rougher surface
morphology could induce a higher adsorption of the N3 dye,
thus leading to an improved photon absorption and carrier
generation. Furthermore, the Jy. value of the DSSCs
increased as the hemisphere diameter decreased, leading to
an enhanced Eff up to 0.67%. This behavior is very
interesting compared with that of conventional TiO, nano-
crystalline films. In the nanocrystalline structure, a larger
quantity of dye can be adsorbed in thicker films due to the
larger surface area, leading to an improved photocurrent with
an increased film thickness (up to ~10 um) [4]. However, for
the hollow hemisphere structure, the calculated surface area
in the unit area is almost constant, regardless of the
hemispherical diameter. To calculate the surface/contact area
simply, it was assumed that all hollow hemispheres were
hexagonally packed and no diameter shrinkage occurred
after the heat treatment. On the other hand, the distance from
hemisphere bottom to apex became shorter as the hemi-
sphere diameter decreased. A shorter average electron-
travelling distance in hemispheres with smaller diameter
could reduce the current loss by minimizing the recombina-
tion probability while the injected electrons traverse along
the TiO, electrode. As a result, a higher charge collection
ability can be achieved by decreasing the hollow hemisphere
size although surface area remains constant.

In summary, DSSC working electrodes based on TiO,
hollow hemisphere arrays were fabricated by combining the

chemical and physical synthesis routes, i.e. using the
colloidal templating technique. The resultant TiO, hemi-
sphere films had a unique morphology that was simulta-
neously strongly interconnected and had a high surface
area. Inserting a compact TiO, blocking layer effectively
blocked the backward flow of electrons from the FTO to
the electrolyte, resulting in improved cell performance. The
experiments verified that the dimension of the hollow
hemisphere, i.e. shell thickness and hemisphere diameter,
were important parameters in DSSC performance. As the
shell thickness increased, the overall conversion efficiency
improved. In particular, compared with conventional TiO,
nanocrystalline films, most cell performances increased as
the hollow hemisphere size decreased. Although the overall
conversion efficiency was lower compared with the
conventional nanoparticle based DSSCs, it is expected that
the hollow hemisphere structure is a good model for further
systematic understanding of the structure correlations in the
DSSC properties for the fabrication of working electrodes.
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