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Dumbbell-shaped hexagonal and well-aligned ZnO nanorod arrays (NRAs) were fabricated by simple
and low temperature aqueous solution technique on ZnO-coated FTO substrate and in solution respec-
tively. Structural analysis revealed an excellent crystal quality and wurtzite hexagonal structure of ZnO
nanostructures. ZnO nanostructures were used as the wide band gap semiconducting photoelectrode in
dye-sensitized solar cells (DSSCs). Well-aligned ZnO NRAs were greatly enhances dye adsorption, leading
to improved light harvesting and overall efficiencies. Solar cells made from aligned ZnO NRAs showed
photocurrents of 2.08 mA/cm?, internal quantum efficiencies of 34.5%, and overall efficiencies of 0.32%.
However, DSSC made from the randomly formed dumbbell-shaped hexagonal ZnO nanorods showed
efficiency about 0.26%, with internal quantum efficiency of 31.5% respectively.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

One-dimensional (1D) metal-oxide nanostructures attracted
considerable attention due to their potential applications in present
and future nanodevices. Among them, zinc oxide (ZnO) with a
wurtzite crystal structure investigated broadly. ZnO 1D nanos-
tructures have received extensive interest in room-temperature
ultraviolet (UV) lasers, chemical sensors, electronic devices, pho-
todetectors and dye-sensitized solar cells (DSSCs), etc. [1-11].
The properties of ZnO nanostructures robustly depend on their
dimensions and morphologies. Various morphologies of ZnO
nanostructures such as belts, wires, rods, and tubes have been
synthesized by different approaches [12-17]. Consequently, an
exploration of ZnO nanostructures in aligned arrays is of substantial
value for the advancement of novel nanodevices.

For the fabrication of well-aligned ZnO nanostructures, high
temperatures methods are mainly used [18-20]. Even though these
methods can generate high-quality aligned ZnO nanostructures,
they require high temperature and metal catalyst particles to initi-
ate the aligned growth. As a result, such precincts enthused the
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research on wet chemical synthesis which offers a great poten-
tial for a low-cost and large-scale fabrication. The low-temperature
wet chemical synthesis methods are predominantly attractive due
to their low energy necessities, and environmentally pleasant in
nature. Presently large-scale of the research is focused on low tem-
perature methods of ZnO nanostructures due to their easy scale-up.
Earlier we reported the growth of well-aligned ZnO nanostructures
on patterned and unpatterned silicon substrates [4,15].

1D ZnO nanostructures, a wide-band-gap (3.37 eV) and a large
exciton binding energy of 60meV at room temperature, is a
proficient substitute semiconductor to the TiO,. There are few fas-
cinating reasons which focus the attention of researchers on ZnO
including the close band gap and the energetic position of the
valence band maximum and conduction band minimum to that
of TiO,. Wurtzite hexagonal structure of ZnO helps for the genera-
tion of well-aligned ZnO nanostructures. ZnO also presents superior
electron transport contrast with TiO, [21]. ZnO nanorod arrays
(NRAs) as the photoelectrodes shows a higher conversion efficiency
compared to those using the disorderedly nanostructured films
[22-26]. In particular, the directionality of transport of the injected
electron through the vertical nanorods is expected to be very high.
Herein, we demonstrated DSSCs performance of dumbbell-shaped
hexagonal nanorods and well-aligned ZnO NRAs. The NRAs were
synthesized by a two-step sequential seeding with ZnO thin film
and growth in aqueous solution.
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Table 1
Photovoltaic performances of and dumbbell-shaped hexagonal and well-aligned
ZnO NRAs.

Sample name Voc (mV) Jsc (mA/cm?) FF (%) n (%)

Dumbbell- 458 2.32 24.5 0.26
shaped

hexagonal ZnO

nanorods

Well-aligned 420 2.08 35.6 0.32
ZnO nanorod

arrays

2. Experimental details

Two types of ZnO nanostructured samples were prepared by simple procedure.
The ZnO seed layer was grown on the FTO substrate with a thickness of ~100 nm
by using the sputtering system. For preparing ZnO aligned NRAs, the zinc nitrate
hexahydrate and water-soluble hexamethylene tetramine (HMTA) were used as
reagents. In a typical reaction, 0.01 M aqueous solution of zinc nitrate hexahydrate
(Zn(NOs3),;-6H,0) and HMTA (CgH12N4) were transferred into pyrex glass bottle and
kept in laboratory oven. The FTO glass substrate is immersed upside down in the
pyrex glass bottle. The pH of the solution, measured with a portable pH meter (Orion
290A), was maintained at 7. The oven was heated to a temperature of 70 °C and fixed
during reaction period of 6 h. After the successful process, the system was cooled
to the room temperature. The removed substrates from the aqueous solution was
rinsed with distilled water and dried overnight at room temperature. In another
experiment similar amount of zinc nitrate hexahydrate and HMTA was placed inside
the pyrex bottle and the reaction was carried at 70 °C for 6 h. After the reaction, the
flask was cooled to the room temperature. Finally, the precipitates of ZnO were sep-
arated from the solution by centrifuging for 8 min with a rotation speed of 8000 rpm
and then washed using de-ionized water. The rinse process was repeated three times
in order to remove organic and inorganic ions adsorbed on the surface of ZnO com-
pletely. The final product in white grayish color was dried in an oven at 60°C for
24h.

The crystal structures of the ZnO nanostructures were analyzed by X-ray
diffractometer (XRD) with Cu Ka radiations. The morphology of as-grown ZnO
nanostructures arrays was examined using field emission scanning electron
microscopy (FESEM). Both types of ZnO nanostructured samples were sensitized
in dye [cis-di(thiocyanate)bis(2,20-bipyridyl-4,40-di-carboxylate) ruthenium (II)]
for 24h at room temperature. The DSSCs were fabricated by clamping the dye-
sensitized ZnO nanostructured film against carbon counter electrode and filling with
the capillary force by the electrolyte of 0.5 M KI/0.05 M 12/0.05 M 4-tert butylpridine
[27]. The active cell area was 0.25 cm?2. The intensity of light was 100 mW/cm?. The
photovoltaic performances of DSSCs were measured using a Keithley Model-2400
source measure unit and monochromator (SG-80, Yokogawa).

Fig. 1. XRD spectrum of (a) dumbbell-shaped hexagonal, (b) well-aligned ZnO NRAs
and (c) XRD spectrum of ZnO-coated FTO glass substrate.

3. Results and discussion

3.1. Crystal structure and surface morphology of ZnO
nanostructures

Fig. 1(a) and (b) shows the X-ray diffraction patterns for ZnO
nanostructures grown on ZnO-coated FTO substrate and solution
respectively. All the diffraction peaks can be indexed to the hexag-
onal wurtzite phase of ZnO. Fig. 1(a) demonstrates XRD pattern
for dumbbell-shaped hexagonal ZnO nanorods which showed var-
ious intense peaks related to good crystal quality. Fig. 1(b) shows
XRD pattern of ZnO NRAs where the intense peak is (000 2), indi-
cating an upstanding ZnO NRAs. The (000 2) peak is related to the
crystal plane of wurtzite ZnO while [00 0 1] is the growth direction.
Fig. 1(c) shows XRD spectrum of ZnO seed layer grown on FTO glass
substrate. It is found that the after the growth of NRAs on seeded
FTO substrate the peak intensity of (000 2) increased noticeably.

Fig. 2(a) shows low-magnification FESEM image of ZnO nanos-
tructures grown in the solution without any substrate. The
hexagonal nanorods with smooth surfaces can be very well seen
in Fig. 2(b). The centre of each nanorod has a narrow neck-like
structure which gives it dumbbell-like shape. Each nanorod has

Fig. 2. (a) and (b) Low- and high-magnification FESEM images of dumbbell-shaped hexagonal, (c) and (d) well-aligned ZnO NRAs.
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Fig. 3. Photovoltage-photocurrent characteristics of dumbbell-shaped hexagonal
and aligned ZnO NRAs based DSSCs.

a dumbbell-shape indicated by circle in Fig. 2(b). The diameter
and length of these nanorods are in between 150-200nm and
700nm to 1wm respectively. Fig. 2(c) and (d) shows low- and
high-magnification FESEM images of well-aligned ZnO NRAs grown
on ZnO-coated FTO substrate. The FESEM images reveal that the
nanorods formed are perpendicular to the surface and grown in a
very high-density over the entire surface of ZnO coated FTO sub-
strate. It is fascinating to note that all the grown nanorods possess
a perfect hexagonal surface throughout their lengths, which indi-
cates partially that the nanorods are hexagonal in crystal structure,
and preferentially grown along the c-axis direction. The typi-
cal average diameter and length of the as-grown nanorods are
100-200nm and 1-2 pm, respectively. The ZnO nanorods grown
in solution showed hexagonal dumbbell-like morphology as com-
pared to the aligned NRAs grown on ZnO-coated FTO substrate. The
aligned growth on ZnO-coated FTO substrate can be attributed to
the c-axis oriented nature of ZnO seed layer. The seed layer helps
the growth of NRAs perpendicular along the substrate as described
elsewhere [12-17]. Conversely in solution, anisotropic growth of
ZnO nanorods occurs randomly into the different directions due to
the absence of any template or seeded substrate. However, recently
we found that lithographic patterning can also help to tailor the
growth into quasi-aligned direction on cover glass substrate [28].

3.2. Dye sensitized solar cell applications of ZnO nanostructures

The current density-voltage (J-V) characteristics for a dye-
sensitized solar cell fabricated with the dumbbell-shaped hexag-
onal and ZnO NRAs are shown in Fig. 3. The solar cell conversion
efficiency () is given as n=(Jsc x Voc/Pin). Here Jsc is the short-
circuit current density, Voc is the open-circuit voltage, FF is the
fill-factor, and Py, is the incident light power. In case of dumbbell-
shaped hexagonal ZnO nanorods the Jsc, Voc, FF, and 1 (shown
in Table 1) were 2.32mA/cm?, 458 mV, 24.5 and 0.26% respec-
tively. For the ZnO NRAs DSSCs, the Jsc, Voc, FF, and 1 (shown in
Table 1) were 2.08 mA/cm?, 420 mV, 35.6 and 0.32% respectively.
A significant improvement in efficiency is achieved by chang-
ing the semiconductor nanostructures morphology from branched
dumbbell-shaped nanorods into oriented arrays. This improvement
in the overall efficiency can be attributed to the adsorption of dye.
The dumbbell-shaped nanorods have thicker layer and due to lack
of gaps between the nanorods the dye adsorption seems to be
minimal. Conversely the thickness of well-aligned ZnO NRAs was
smaller, however, they have small gaps between them as can be
seen in Fig. 2(d). These gaps might have ensured the maximum

Fig. 4. IPCE spectrum of dumbbell-shaped hexagonal and aligned ZnO NRAs based
DSSCs.

absorption of dye molecules which enhances overall efficiency of
NRAs device. Also the geometry of NRAs on substrate plays crucial
role for the device performance [2].

The incidence photon to current conversion efficiency (IPCE)
as a function of the wavelength of monochromatic irradiation is
shown in Fig. 4 [29]. The maximum IPCE of DSSCs was 31.2% for
dumbbell-shaped hexagonal and 34.5% for aligned ZnO NRAs. The
IPCE spectrum showed two peaks at 405 and 535 nm, which are
close to ruthenium based dye (N3-dye) absorption maximum as
indicated in Fig. 4.

4. Conclusion

In summary dumbbell-shaped hexagonal and well-aligned ZnO
NRAs were prepared by simple aqueous solution chemical syn-
thesis. The FESEM analysis showed excellent growth of aligned
and dumbbell-shaped ZnO nanorods. XRD spectrum showed that
ZnO nanostructures were wurtzite hexagonal crystal structure with
good crystal quality. The two different ZnO nanostructured films
were used to assemble the DSSCs. Solar cells made from well-
aligned ZnO NRAs showed photocurrents of 2.08 mA/cm?, fill-factor
34 internal quantum efficiencies of 34.5%, and overall efficiencies of
0.32%. Solar cells made from randomly oriented dumbbell-shaped
hexagonal ZnO nanorods show 0.26%, with internal quantum effi-
ciency of 31.5% respectively.
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