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TEMPLATE ASSISTED ELECTRODEPOSITION OF HIGHLY ORIENTED ZnO NANOWIRE ARRAYS AND 
THEIR INTEGRATION IN DYE SENSITIZED SOLAR CELLS
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ABSTRACT

Dye sensitized solar cell (DSSC) based on N719 dye sensitized zinc oxide nanowires prepared by template assisted electrodeposition was investigated. The 
morphology and crystalline structure of highly oriented nanowires were characterized by scannnig electron microscopy and X-ray diffraction, respectively. The 
photovoltaic performance of the DSSC was characterized at full sun intensity of 100 mW/cm2 obtaining a shortcircuit current of 4.8 mA/cm2, an open circuit 
voltage of 0.64 V and energy conversion efficiency of 1.23 %.
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1. INTRODUCTION

During the past decade, nanomaterials have emerged as the new building 
blocks to design light energy harvesting devices. Organic and inorganic 
hybrid structures with improved selectivity and efficiency toward catalytic 
processes have been designed. Size dependent properties in nanoparticles such 
as quantization effects in semiconductor and quantized charging effects in 
metals provide the basis for developing new and effective systems1-8. These 
nanostructures provide new strategies for designing next generation energy 
conversion devices9-13. Efforts to synthesize nanostructures with well-defined 
geometrical shapes have further expanded the possibility of developing new 
strategies for light energy conversion14-24.

One of the promising categories is the nanostructured semiconductor base 
solar cells, particularly the so-called dye sensitized solar cells (DSSCs), cur-
rently one of the most efficient and stable excitonic solar cells25-27. DSSCs an-
odes are usually made using thick films (around 10 µm) of either TiO2 or, less 
frequently, ZnO nanoparticles28-29, which are deposited as a paste and sintered 
to establish good electrical continuity. The nanoparticle film provides a large 
internal surface area to allow the anchoring of a sensitizing dye (usually a ru-
thenium based dye) to produce light absorption in the 400 – 800 nm region. 
Photons are absorbed by the dye creating excitons (electron-hole pairs) that 
rapidly split at the nanoparticle film surface. The electrons are injected into the 
film and holes move to the opposite side of the device through redox species 
(usually I–/I–

3 couple) which quickly regenerates the sensitizer. 
Particularly, the dye-sensitized cell in which the traditional nanoparticle 

film is replaced by a dense array of well oriented crystalline ZnO nanowires 
ensures the rapid collection of carriers generated throughout the device30. 
Compared to mesoscopic semiconductor films, the ordered arrays of either 
wires and rods provide a well defined architecture. An improvement in the 
electron transport observed in the ZnO array has been attributed to the decrease 
in the number of grain boundaries. This approach has been proposed to design 
ZnO base extremely thin absorber (ETA) solar cells31.

The choice of ZnO under nanowires form, as an alternative photoanode 
in DSSCs is justified because the positions of the conduction and valence 
bands is similar to the TiO2 band positions, but the electron mobility in ZnO 
is much greater than in TiO2

32. On the other hand, ZnO is an inexpensive and 
environmental friendly material that can be synthesized in high purity and 
crystalline at low temperature. In addition, it can easily grow with different 
morphologies. Various fabrication techniques have been developed for the 
growth of ordered ZnO nanowires, such as vapor-liquid–solid growth33, 
chemical vapor deposition34, aqueous solution growth35, and template based 
synthesis36. Template assisted electrodeposition (TAED), with the use of 
nanoporous alumina templates, is another alternative well adapted for creating 
nanostructures of uniform size and well controlled separation between them. 
It is possible to deposit semiconductors and metals inside the nanoporous 
alumina and study their electrical and optical properties37-40. Furthermore, the 
use of alumina templates is an economical method for manufacturing large 
quantities of nanostructures.

 TAED appears as a good alternative route to prepare ZnO nanowires that 

can be potentially used in DSSCs devices. Very important for this purpose is 
to ensure the optimal carriers collection generated through the device, which 
is closely related to the crystalline character of the nanowires. Recently, we 
have successfully accomplished the electrodeposition of ZnO nanowires onto 
alumina templates, from oxygen and zinc chloride precursors dissolved in 
dimethylsulfoxide41. X-ray diffractograms showed the presence of only one 
diffraction peak corresponding to the (0002) plane of the ZnO wurzite structure, 
this is an indication of excellent preferential crystallographic orientation in the 
c-axis normal to the substrate.  Polycrystalline ZnO nanowires embedded in the 
pores of anodic alumina membrane were also previously electrodeposited by 
Wang et. al. from DMSO solution42. They reported a wurtzite polycrystalline 
structure for the nanowires, stating that the different orientation growth 
was induced by defects in the wall of the template pores. However, both 
experimental procedures only differ in that in our case we have not employed 
KCl as supporting electrolyte. Therefore, chloride concentration plays an 
important role in the electrochemical ZnO nanowires nucleation-growth 
mechanism, results which are aligned with those reported in aqueous solution43.

In current paper highly oriented ZnO nanowires were prepared by 
TAED on the pores of alumina membranes deposited on ITO (Indium Tin 
Oxide) substrates from dimethylsulfoxide solutions containing ZnCl2 and O2 
as precursors. The nanowires presented a strong crystallographic orientation 
along the (0002) crystalline planes without any further heating treatment 
and were assembled as grown as photoanode in a DSSC whose photovoltaic 
property was tested at full sun intensity of 100 mW/cm2.

2. EXPERIMENTAL

ZnO nanowires were grown onto the pores of alumina templates. For 
this purpose a 1 µm thick aluminum layer was deposited by electron beam 
evaporation on ITO substrates. Before the anodization process, the aluminum 
layer was successively rinsed with de-ionized water and dimethyl ketone in 
an ultrasonic bath. The anodization was performed in a 0.3 M oxalic acid 
solution applying a voltage of 40 V at 5 OC. To remove the barrier layer and 
open the pores, the membrane was treated for 20 minutes with a 5 % aqueous 
H3PO4 solution at room temperature, followed by 5 minutes of immersion 
in an aqueous 5% NaOH solution at room temperature. After each chemical 
treatment the sample was thoroughly rinsed with water and then dried. Figure 
1 shows the SEM image of the membrane after pore opening.

The electrodeposition of ZnO nanowires inside the alumina membrane 
pores was performed in a three electrode electrochemical cell using Ag/
AgCl(sat) as reference electrode, a platinum wire as counterelectrode, and the 
porous alumina membrane onto ITO as working electrode. The electrolytic 
solution consisted in 0.100 M ZnCl2 and O2 dissolved in DMSO at a fixed 
potential of -0.8 V and 80°C. Electrodeposition potential was controlled by 
a Gamry Serie G750 potentiostat. XRD analysis were performed on a Philips 
PW180 diffractometer (30 kV, 40 mA, CuKα radiation with λ = 1.5406 A°). 
The diffraction peaks from ZnO and ITO have been indexed by reference to the 
JCPDS powder diffraction files. The membrane was dissolved with a NaOH 
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solution to get free standing nanowires that were characterized by SEM in a 
JEOL JSM/5900 LV SEM instrument. N719 dye [cis-diisotiocianato-bis(2,2’-
bipiridil-4,4’dicarboxilato)Rutenio(II)bis(tetrabutilamonio), Solaronix] was 
used as sensitizing agent. To impregnate the dye, the ZnO electrodes were put 
in a solution of 5 mM of the dye in ethanol at a temperature of 60º−80º C during 
30 minutes. A hot-melt adhesive (Dupont surlyn, 25 µm) was sandwiched 
between the anode and platinised ITO counterelectrode as a spacer. The liquid 
electrolyte containing 0.2 M of LiI and 0.02 M of I2 was introduced into the 
space of the two electrodes by capillarity action. The active area of the cell 
was ca. 0.40 cm2. J-V characterization was made in air using a 1000 W Xenon-
Mercury lamp (Oriel 6295) and light intensity of 100 mW/cm2. Current-
voltage characteristics of solar cells were recorded by a Keithley 2400 digital 
sourcemeter.

ZnO formation occurs when the Zn(II) and O2
2– ionic product at the 

interface reaches a critic value to start with ZnO2 precipitation. As the analysis 
performed (vide infra) did not show evidences of ZnO2 in the samples, it can 
be assumed that this compound was completely transformed into ZnO trough 
step (4).

1.2 Structural and morphological characterization of ZnO nanowire 
arrays

In order to study the structural properties of the zinc oxide films, i.e.: to 
investigate the crystallographic phase, the overall crystalline quality of those 
electrochemically grown thin films, X-ray diffraction analyses were carried 
out.  All XRD peaks (Figure 3) are assigned to the ITO-coated glass substrate 
(JCPDS 88-0773) and to the hexagonal wurzite phase of ZnO (JCPDS 5-0664). 
The intensity of the diffraction peaks relative to the background demonstrates 
a very good crystalline character of the sample. Moreover, no spurious phases 
were detected by XRD indicating high purity of the hexagonal ZnO phase.

Figure 1. SEM Image of the alumina membrane after pores opening.

3. RESULTS AND DISCUSSION

3. 1 Electrodeposition of ZnO nanowires
Figure 2 shows a typical J-t curve corresponding to the electroreduction 

of oxygen a process that takes places in a bottom-up way starting at the ITO 
substrate. After an initial abrupt current increasing associated to the double 
layer charge the current remains stable during the ZnO growing inside the 
membrane pores.

Figure 2. j/t typical curve for the bottom-up pore filling.

According to previous studies44-45, the following mechanism accounts for 
the electrodeposition of ZnO in DMSO:

Figure 3. XRD difractogramm of as grown ZnO nanowires inside the 
alumina membrane.

SEM images (Figure 4) show that the layer is homogenous, dense and 
uniform. The ZnO nanowires appear vertically oriented and well aligned. The 
average size is 50-60 nm in width and 1 µm in height. The electrodeposited 
ZnO show only the diffraction peak corresponding to the (0002) plane, which 
demonstrates that the nanowire grown along the c-axis normal to the ITO 
substrate. 

Figure 4. SEM image with a top view of free standing ZnO nanowires 
after membrane dissolution.

1.3 Application to dye-sensitized cell
According to previous reports a superior device efficiency is anticipated 

by replacing the nanoparticles film with a vertical highly oriented nanowire 
array for enhancing the electron transport rate46. The high quality ZnO 
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nanowire arrays prepared by TAED have been used after sensitization as a 
photoanode in dye-sensitized solar cells. The N719 dye was chosen due to its 
compatibility with ZnO in part by a reduced complexing properties for zinc 
ions. It is important to highlight that depending on the rates of the diffusion of 
the dye into the nanostructure, adsorption of the dye, dissolution of zinc surface 
ions and formation of aggregates in the pores of the film, the outer part of the 
electrode may be in the process of forming aggregates when these processes 
occurs close to the back contact. This is the reason why it is difficult to avoid 
dye aggregation completely and the dye treatment need to be optimized in 
order to get the highest possible solar efficiency.

The J-V property of the dye sensitized solar cell with a photoanode formed 
by a vertically aligned ZnO nanowire arrays is shown in figure 5.
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Figure 5. J-V characteristic for ZnO nanowire arrays sensitized with N719 
at full sun intensity of 100 mW/cm2.

The device is characterized by short circuit current of 4.8 mA/cm2, open 
circuit voltage of Voc = 0.64 V, fill factor FF = 40 % and efficiency η= 1.23 
%. The efficiency is similar than the performance reported in the literature for 
ZnO nanowires photoanodes47. Employing mesoporous films of zinc oxide and 
N719 dye, Chang et-al 48 reached 5,61 % of efficiency optimizing the thickness 
of the oxide film and the dye loading. Efficiencies of 5.55 % 49 and 5.40 % 50 
have been reached with the dyes DN350 and CYC-B1 respectively. Comparing 
our values of open circuit potential and short circuit current with the latter 
reports, the low efficiency can be attributed to low short-circuit current. 
Relatively low current can be attributed to interface recombination, low surface 
area of the nanowires and band loss in ZnO nanowires-based DSSCs due to the 
uncovered oxide surface (with no dye molecules anchored on).Further work 
need to be addressed in order to obtain improved efficiencies. The engineering 
of semiconductor nanowires design morphology may open the possibility of 
improving the transport of charges and easy filling with solid hole conductors. 
The use of a simplified geometry as that provide by TAED of nanowires is a 
clear mean for a better understanding of this type of devices.

4. CONCLUSIONS

Highly oriented ZnO nanowires with c-axis preferred orientation were 
successfully synthesized using template assisted electrodeposition. These 
nanowires showed suitable properties regarding solar energy conversion 
application. Owing to their superior electron transport property, the 
performance of a ZnO-nanowire DSSC gave a remarkable improvement in 
the open circuit voltage and an acceptable shortcircuit current. The properties 
of the TAED of ZnO nanowires prove to be good which makes this method 
promising for future applications.
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