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Different ZnO nanostructures were synthesized by physical vapor deposition on glass-ITO substrates.
Nanowires and nanosheets were obtained by a single step process using gold nanoparticles and gold thin
ccepted 18 July 2010
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films as catalyst. 3D nanoarchitectures were obtained by a two-step modified process; the morphology
of these structures depends on the catalyst used for the second deposition: gold nanoparticles or zinc
acetate seeds. All the nanostructures were characterized by SEM and TEM analyses, which showed the
different morphology under same conditions of temperature, pressure, oxide precursor and deposition
time. Dye-sensitized solar cells based on these ZnO structures were successfully assembled, using N179
as sensitizer with efficiencies between 0.1% and 0.5%. In spite of the low efficiency of the cells, a novel

sent
SSC double PVD process is pre

. Introduction

Zinc oxide is a semiconductor material with very interesting
roperties, among them, high sensitivity for gas sensing, piezoelec-
ricity and photoconductivity [1–12]. It has an energy band-gap of
.37 eV and an exciton binding energy of approximately 60 meV,
haracteristics that make possible its use for different electronic
evices as diodes, field-effect transistors, conductometric sensors
nd dye-sensitized solar cells [11–16,1,8,9]. Nowadays, several
echniques are being used to synthesize different nanostructures
f this material; sol–gel and hydrothermal methods [7,1,6,4,9,5,17],
hemical vapor deposition [18–24] and physical vapor deposition
25,26,2]. The products of these processes include nanoparticles,
hin films, nanowires, nanorods and nanobelts.

Physical vapor deposition (PVD) has been used to produce
nO nanowires networks with a very good repeatability [11,10,3].
his process consists of the evaporation of the precursor (metal
xide), the subsequent transport and the final condensation onto
he substrate. The growth is catalyzed by metal nanoparticles. It
s a relatively simple process and the deposition is controlled by
emperature, pressure and carrier gas flow. The nanostructures
btained are tens of nanometers in diameter and several microm-

ters in length.

The use of different metal oxide nanowires represents a good
pportunity to improve the performance in conductometric gas
ensors and photovoltaic cells, since their one-dimensional mor-
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ed and its integration capability into solar cell devices has been proven.
© 2010 Elsevier B.V. All rights reserved.

phology can improve interaction with molecules in gas phase,
electronic transport and decrease the electron–hole recombina-
tion phenomena. Thavasi et al. [27], have presented the most
recent results and the possible improvements using titanium oxide
nanorods for dye-sensitized solar cells (DSSC) as well as other
effects on the electronic transport on 1D-structures. The use of ZnO
one-dimensional for DSSC has been also studied in several works
[28,7,29,30] and some improvements in the performance of these
devices are expected in the next years.

Other kinds of nanostructures, with different morphologies, can
present interesting effects and therefore deserve a proper investi-
gation. In order to produce new ZnO nanostructured networks, we
have introduced some variations to the typical deposition process.
These variations include a two steps growth process with second
deposition over an already existing nanostructures network. The
aim of this methodology is to grow branched structures on the
networks of single nanowires.

ZnO has been quite used for gas sensing [11,10,3] and it is a
very promising material for solar cells [14–16]. The exploitation
of nanowires in both applications have been investigated by the
authors [10,2,3], but in this manuscript we will focus on the results
for dye-sensitized solar cells using these new structures.

2. Experimental

2.1. Physical vapor deposition
Glass-ITO substrates (10 mm × 10 mm, 1.1 mm of thickness and 20 ± 5 � sq−1

of sheet resistance) were cleaned by acetone, isopropanol and water sonication
and then dried with nitrogen. The catalyst, a 10 nm gold colloidal suspension
in agar (BBInternational), was added dropwise onto the substrates and dried at
ambient pressure for at least three hours. In order to control the active area

dx.doi.org/10.1016/j.matchemphys.2010.07.035
http://www.sciencedirect.com/science/journal/02540584
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Fig. 1. Dye-sensitized solar cells.

Fig. 2. Nanostructures synthesized by PVD. (A) Nanowires, (B) nanosheets, (C) branched na
and (D) Zinc acetate seeds as catalyst for the second growth.

Fig. 3. (left) TEM panoramic view of hexagonal-ZnO nanostructures as obtained by modifi
axis from a hexagonal-ZnO nanowire.
try and Physics 124 (2010) 694–698 695

of DSSCs, the catalyst was deposited just in the centre of the substrates over a
25 mm2 area. For this, the edges of the substrates were protected using a trans-
parent film before the deposition of the catalyst; the film was removed after
drying and before the PVD process. In order to study the influence of the catalyst
on the growth, some substrates were prepared using a gold thin film deposited
by sputtering. The deposition of gold catalyst was performed by radio frequency
sputtering with 50 W applied power and 7 × 10−3 mbar Ar pressure at room tem-
perature. The deposition was 5 s long and produced separated clusters with an
equivalent thickness in the range of 5 nm. With this technique, a shadow mask
can be use to protect the surface of the substrates and to limit the active area for
PVD.
The growth of the nanowires was carried out in an alumina tubular reactor at
100 mbar for 20 min using zinc oxide powder (99.999% Sigma–Aldrich) as precur-
sor. The temperature of the precursor was 1370 ◦C while the temperature of the
substrates was approximately 350 ◦C. During the PVD the precursor is transported
from the crucible to the substrates with a flux of 75 sccm of argon (carrier gas). In
order to control the deposition time and to avoid the transport of the precursor to

nostructures synthesized by two steps growth PVD process using C. Au nanoparticles

ed PVD process; (right) The full electron diffraction pattern along the [0,0,0,1] zone
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controlled during the deposition of the catalyst.
The principal parameters of the solar cells (open circuit volt-

age, short circuit current, fill factor, cell efficiency) are reported in
Table 1.
96 G. Jimenez-Cadena et al. / Materials C

he substrates at lower temperatures, the flux is reversed (from substrates to the
rucible) during heating and cooling.

In order to grow branched nanostructures on the ZnO nanowires, a saturated
uspension of zinc acetate dihydrate (99.5% Fluka) in ethanol was added dropwise
nto the substrates with nanowires. At least three drops of this suspension were
eposited before the second PVD process; which was done using the same condi-
ions of temperature, pressure and time. A similar process was carried out using Au
anoparticles suspension onto ZnO nanowires before the second PVD process.

.2. Solar cell fabrication

The organic sensitizer or dye was adsorbed onto ZnO nanostructures by
mmersion of the substrates in a ethanol solution of cis-bis(isothiocyanato)bis(2,2′-
ipyridyl-4,4′-dicarboxylato)ruthenium (II) bis-tetrabutylammonium (dye –N719
olaronix) 0.005 M at room temperature for 16 h. Then, the substrates were washed
ith ethanol and dried with nitrogen. Glass-ITO substrates coated with a sput-

ered thin film of Platinum were used as counter electrodes. The two substrates
nanowires-dye and counter electrode) were sealed using a 60 �m thick sealing
heet (SX-1170 Solaronix) leaving one of the sides opened where the electrolyte
Iodolyte MPN-100 Solaronix) was injected to fill the space between the two sub-
trates. Finally, the cell was sealed using a wide strip of the sealing sheet. Fig. 1
hows a scheme of the solar cells.

.3. Characterization techniques

SEM images (LEO 1525 FEG-SEM) of the ZnO nanostructures were obtained in
econdary electrons imaging mode at an accelerating voltage of 3 kV. Transmission
lectron microscopy (TEM) was carried out with a Tecnai F200 microscope operated
t 200 keV. The current–voltage curves of the solar cells were obtained using a Solar
imulator Sun 2000 from Abet Technologies under 1.5AM G irradiation condition.

. Results and discussion

.1. Nanostructure

The nanostructures presented in this work contain a network of
anowires, nanosheets and branched structures as it is showed in
ig. 2.

Temperature, pressure, deposition time, precursor and gas car-
ier flux were similar to synthesize nanowires (1D-structures) and
anosheets (2D structures). However, the size of the catalyst was
ifferent for both structures. In order to get a one-dimensional
rowth, gold thin films or gold nanoparticles 2–5 nm of diameter;
ecently deposited; should be use. Films deposited by sputtering
re more stable in comparison with the nanoparticles deposited in
olution, which tend to aggregate. The agglomeration of the gold
anoparticles produces a bigger size of the catalyst and grows 2D
tructures, as the ones showed in Fig. 2B.

The structural properties of ZnO nanostructures were investi-
ated by TEM, Fig. 3. TEM shows both nanowires and flat platelets
f ZnO. The nanostructures have been removed from the substrate
hrough scratching with a sharp blade and released over a conven-
ional holey carbon film grid. The nanowires feature a considerable
ength-to-width ratio, and a uniform lateral size. The image also
hows very small nanowires, preserving their uniform aspect ratio.
he smooth dark contrast variations along the nanowires arise from
ending of the nanowire, an indication for a high degree of crys-
allinity. Indeed, the analysis of the electron diffraction pattern
eveals a single-crystal assembling for the nanowires. The diffrac-
ion pattern, acquired after tilting the nanostructure along a specific
rystallographic direction, resulted in an ordered series of system-
tic rows of sharp spots. The diffraction pattern fits the expected
ne for hexagonal phase of zinc oxide (Spatial Group 186 with
attice parameters a = 0.325 nm and c = 0.521 nm, see also pattern
91397 of PCPDF database). The flat structures of ZnO exhibit the
ame crystalline assembling of the nanowires. Their different and

onventional crystal habits result from the nucleation and growth
onditions, which allow formation of large crystalline domains.

For the second PVD just nanowires networks were used. The
ranched nanostructures obtained by two steps PVD growth, using
u nanoparticles as catalyst for the second deposition process, have
Fig. 4. I–V curves for solar cells based on a network of ZnO nanowires, ZnO
nanosheets, and ZnO branched structures obtained by two steps growth PVD using
Au nanoparticles and zinc acetate seed as catalyst (Branched Au and Branched Zn,
respectively).

showed a one-dimensional growth onto the nanowires during the
second PVD. This has favored the formation of a new structure that
we have called “nanocombs” as is showed in Fig. 2C. The branched
nanostructures grown using zinc acetate seeds as second catalyst
had a random growth, forming branched nanostructures as it is
showed in Fig. 2D. Differences between both structures suggest a
higher concentration of catalyst with zinc acetate seeds, due to
the higher density of branches for the second process. This can
be produced for a higher affinity of zinc acetate seeds with ZnO
nanowires in comparison with gold nanoparticles. Moreover, if the
gold nanoparticles got agglomerated for the second step, a lower
concentration of branches would be expected in the double PVD.
A deeper study about the synthesis and the growth is necessary to
define the mechanism of these processes and conclude about the
factor for the different kind of growth.

3.2. Solar cells

As possible application for the ZnO structures, we evaluated
their use for DSSC. Figs. 4 and 5 show the I–V and P–V curves for the
solar cells based on nanowires, nanosheets and branched nanos-
tructures. The active area of the solar cell is about 5 mm × 5 mm
Fig. 5. P–V curves for solar cells based on a network ZnO nanowires, ZnO nanosheets,
and ZnO branched structures obtained by two steps growth PVD (Branched Au and
Branched Zn).
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Table 1
Open circuit voltage (Voc), short circuit current (Isc), fill factor (FF) and cell effi-
ciency (�) for nanostructures based on ZnO (Nanowires, nanosheets, branched Au
and branched Zn).

Voc (V) Isc (A) FF �

Nanowires 0.68 −5.28E-04 0.34 0.51
Nanosheets 0.66 −2.33E-04 0.27 0.17
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Branched Au 0.66 −2.33E-04 0.25 0.16
Branched Zn 0.59 −1.88E-04 0.35 0.16

The I–V and P–V curves show the typical behavior for dye-
ensitized solar cells. The open circuit voltage values were similar
or all the devices as it is expected for different nanostructures
f the same composition. However, the short circuit current was
learly higher for the cell based on nanowires. The same dif-
erence holds also for the efficiency. For solar cell based on
anowires, 0.51% of efficiency was reached, while for the other
evices, based on nanosheets and branched nanostructures, the
fficiency was lower than 0.2%. Based on these results, we can
onclude that it is possible to use the ZnO nanostructures to
uild dye-sensitized solar cells however; the parameters for the
evelopment of the devices should be modified in order to

mprove the performance of the devices as fill factor and effi-
iency.

The change in morphology from 1D to 2D structures and
ranched nanostructures can affect the electronic transport
n the circuit, since there is not just one-dimensional trans-
ort on these new structures. Moreover, the conductivity
f glass-ITO substrates is degraded during the heating. The
esistance of the substrates can change from 20 ± 5 � sq−1

o 250–300 � sq−1. This makes difficult the electronic
ransport on the circuit and decrease the efficiency of the
evices.

As it was expected because of the higher superficial area;
dsorption of dye N-179 was higher on substrates with branched
anostructures in comparison with nanowires or nanosheets.
owever, uniformity on 1D and 2D structures is better since
gglomerates of dye molecules are formed on the two steps PVD
tructures. This can decrease the efficiency of solar cells due to a
oor electron injection as it has been explained by Thavasi et al.
27]

Until now it has been supposed that all the nanostructures
ave the same chemical composition; since they are obtained
sing the same method, precursor, temperature, pressure and
eposition time conditions. However, an analysis of the stoi-
hiometry would be necessary to understand if there are different
ompositions and the presence of catalyst on the final nanos-
ructured network. Different composition of the nanostructures
ould modify the semiconductor layer–dye interactions, affecting
he dye adsorption and, therefore, the characteristics of the solar
ells.

. Conclusions

Several ZnO nanostructures were synthesized by a repeat-
ble PVD process. 1D and 2D nanostructures were synthe-
ized by a single PVD process and branched nanoarchitec-
ures were grown by a two steps growth PVD using gold
anoparticles and zinc acetate seeds as catalyst for the sec-
nd.
The conditions for the nanostructures synthesis and the distri-
ution of the catalyst should be studied in order to establish the
rowth mechanism of the branched nanostructures, which is still
nder research.

[

[

try and Physics 124 (2010) 694–698 697

The ZnO nanostructures synthesized in this work were success-
fully used to build dye-sensitized solar cells; however, different
parameters for the construction of the devices should be opti-
mized to improve the cells characteristics. Also other effects as
dye adsorption, electronic transport or composition of the network
should be understood to clearly explain the low efficiency of the
devices.
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