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Abstract: The dye-sensitized solar cell (DSC) provides a technically and economically credible alternative
concept to present day p–n junction. Nanotechnology opens a door to tailing materials and creating various
nanostructures for use in dye-sensitized solar cells. Dye Sensitized Solar Cells (DSSCs) with Nanowire arrays
(NWs) as photo electrode offer significant advantages in enhancing the efficiency of all the stages in the light
harvesting process making them attractive for solar cell devices. NW arrays provides large surface and
generating light scattering allows for photo electrode film thinner than usual and thus decreases the charge
recombination of DSSCs. Also in NW arrays, carrier collection distance is smaller than the minority carrier
diffusion length allows photo generated carriers to reach the electrode at high efficiency. In this paper, we
discussed about DSSCs using NW array as photo electrode with the aim of reducing the price per watt and
enhancing the efficiency.

Key words: Dye sensitized solar cells (DSSCs)  Nanowire arrays (NW)  Photoelectrode  Titanium dioxide
(TiO )  Zinc oxide (ZnO) nanoparticles2

INTRODUCTION can be converted in to electricity, the energy density

Energy production is among the top problems that generated because of night and day as well as weather,
humanity will face over the next century. Consequently, that have prevented dissemination. The key to
many organizations from around the world are searching dissemination  of  photovoltaic  is  high  efficiency and
for alternatives to fossil fuels that are low cost, low cost. To reduce the cost-per-Watt of solar generated
sustainable and clean. Solar energy is one of the most electricity is possible by (a) increasing the solar-electric
promising and fastest growing renewable energy sources power conversion efficiency and (b) reducing the
worldwide. Converting solar energy into electricity or manufacturing cost.
hydrogen fuel using PV cells is one of the most attractive The vast majority of solar cells on the market are
solutions to modern energy issues because solar energy single junction silicon devices known as first generation
is produced energy with almost zero carbon-emission, solar cells. The thermodynamically determined limit of
which limits the concentration of green-house gases in their energy conversion efficiency is 33% [4]. This is
the atmosphere, potentially slows the global climate known as the Shockley-Queisser (S-Q) efficiency limit.
change [1]. Despite this tremendous growth, however, The two most important power-loss mechanisms in single-
solar power still accounts for share less than 0.1% of band gap cells are the inability to absorb photons with
global energy generation because of its high cost of energy less than the band gap and thermalization of
production [2]. The solar energy that reaches the earth is photon energies exceeding the band gap, in which
immense at 176 trillion kJ/sec [3] and just an hour of solar process the excess energy is lost in heat. To date
energy could cover the world’s annual energy efficiencies of single junction  silicon  crystalline  solar
consumption. However, sunlight has a broad spectrum cell with a band gap of 1.1 eV are as high as 25% [5, 6].
ranging  from  ultraviolet rays to infrared rays and there However, these silicon-based solar cells are expensive
are factors, such as limitations to the wavelengths that and can not compete with traditional energy sources.

being low and variability in the amount of power
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For the past 20 years, there has been growing interest conventional Si PV devices, semiconductor Nanowires
in ‘second generation’ solar cells that are much thinner (NWs) offer the advantages of enhanced light absorption,
than crystalline silicon cells. Examples are photovoltaic efficient carrier separation at contact electrodes and low-
devices based on amorphous silicon (a-Si), polycrystalline cost processing using fewer materials.
silicon (c-Si), cadmium telluride (CdTe), and Copper
Indium (Gallium) (di) Selenide (CIS, CIGS) [7]. These new Nano-Generation of Solar Cells:
thin film devices have the same performance restrictions Dye-Sensitized Solar Cell (DSSC): The dye-sensitized
as conventional Si devices but promise to lower the cost solar cell (DSSC) was first developed by Michael Grätzel
of each device. These lower costs stem from both reduced and Brian O‘Regan in 1991, at the École Polytechnique
material usage and high throughput manufacturing. While Fédérale de Lausanne in Switzerland [15]. The novelty of
thin films are cheaper than traditional first generation Si the DSSC is that it separates the processes usually
devices, they typically suffer from higher non-radiative achieved in a first- or second- generation cell by using
recombination losses. These higher losses are typically two materials (p-type and n-type Si or CdTe and CdS,
due to lower film quality. Consequently, the efficiencies respectively) into three materials. The most studied cell is
obtained for these solar cells are, to date, still lower than made up of two heterojunctions: one between TiO
those of first generation solar cells. Third generation solar nanoparticles and a visible light absorbing dye and
cells are designed to combine low cost and high another between the absorbing dye and a liquid, hole-
efficiency, above the S-Q limit. Several schemes for conducting electrolyte. In this cell, charge separation
exceeding the S-Q limit have been proposed and are under occurs at the interface between the conducting dye
active investigation. These approaches include tandem (which is not a doped material) and the wide band gap
cells (multijunction) [8, 9], hot-carrier solar cells [10, 11], material, TiO . A schematic representation of the general
multiband and impurity-band solar cells[12], thermophoto- operation of that kind of cell is given in Fig. 1. In the
voltaic / thermophotonic cells [8] and finally solar cells classical DSSC, a photon passes through the transparent
producing multiple electron-hole pairs per photon through conductive oxide glass anode and through the TiO
carrier multiplication [12]. In recent years it has been nanoparticle layer and is then absorbed by the sensitizing
proposed and experimentally verified in some cases, that dye. An electron is excited by the photon to the excited
quantization effects in QDs markedly affect the relaxation state of the dye from which it can be injected into the
dynamics of photo generated carriers [12-14]. That is, conduction band of the TiO  layer. Since this electron
when the carriers in the semiconductor are confined by now has a high potential, it diffuses through the
potential barriers to regions of space that are  smaller nanoparticle layer by a hopping mechanism and
than the  Bohr radius of excitons in the semiconductor eventually reaches the anode, where it can be directed to
bulk, the hot-carrier cooling rates may be dramatically flow across an external load and do work. At the same
reduced and the rate of CM could become competitive time, the dye is returned to its ground state (S0/S+) by an
with the rate of carrier cooling. A large variety of thin film electron donation from an I ion in the electrolyte, forming
and Nanomaterials technologies are being actively I . The redox cycle is completed at the cathode where
researched due to their potentially low-cost production triiodide is reduced by an electron that was originally
(less material used) and possibility of higher performance injected into the TiO  layer [16-22]. This electron-flow
than current crystal Si technology. These Nanostructured mechanism is appropriate for most types of  DSSCs  and
materials offer very attractive advantages in photon is very similar to the extremely thin absorber cell
absorption and carrier confinement. In particular, when mechanism.
compared to conventional Si PV devices, semiconductor The main advantage of the DSSC is its expected very-
Nanowires (NWs) offer the advantages of enhanced light low module cost,  based  on  the  extremely  low  cost of
absorption, efficient carrier separation at contact its constituent materials and simplicity  of  fabrication.
electrodes and low-cost processing using fewer One  of  the  main  issues and disadvantages hindering
materials.large variety of thin film and Nanomaterials the development of the classical DSSC is the redox
technologies are being actively researched due to their electrolyte‘s instability: the traditionally used liquid
potentially  low-cost  production  (less  material  used) electrolyte degrades over time under UV radiation and
and  possibility  of higher performance than current may leak if the cell is not perfectly sealed, rendering the
crystal Si technology. These Nanostructured materials device inefficient for long-term use [23-26]. Another
offer  very attractive advantages in photon absorption theoretical disadvantage of the original DSSC is the
and carrier confinement. In particular, when compared to hopping diffusion mechanism by which electrons migrate
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through the TiO  nanoparticle layer- the relatively long2

diffusion length is theorized to be a leading cause for
recombination in the cell. One recently proposed design
that aims to eliminate efficiency losses in the TiO -2

nanoparticle DSSC is the ZnO nanowire-based cell.

Fig. 1: Schematic of TiO  Nanoparticle/ Dye/ Electrolyte2

Dye sensitized solar Cell

ZnO Nanowire-Based DSSC:  In order to minimize the
efficiency losses in the dye-sensitized solar cell, several
groups [17] have utilized ZnO nanowire arrays as the wide
band-gap material, substituting for the TiO  nanoparticle2

layer. ZnO has a band gap of ~3.3 eV, compared with the
~3.2 eV band-gap of TiO  and a wurtzite (hexagonal)2

crystal structure with inherent anisotropy which makes it
ideal for nanowire formation. The reasoning for applying
the nanowire structure in the cell is that it provides a
direct conduction path for electrons injected from the
sensitizing dye, thereby reducing electron diffusion time
from the point of injection to the back contact and
indirectly reducing electron-hole recombination events
that occur in the TiO  nanoparticle-based cell. Figure 22

presents a schematic of the nanowire-based cell, Dense
arrays of nanowires can have a high surface area; in fact,
a close packed array of 40nm diameter wires, which are
10ìm in length, produces an equivalent roughness factor
to a typical nanoparticle film. Another advantage of the
nanowire configuration is the low temperature fabrication
of the production of the cells: generally, high temperature
techniques are required to produce high-quality,
dispersed TiO  nanoparticle layers, driving the energy2

cost for traditional DSSCs up. So far, reported efficiencies
for the ZnO nanowire efficiencies are between 0.5% [22]
to 1.5% [21] under 1 sun irradiation. The nanowire cell still
utilizes a liquid electrolyte and therefore still faces
stability issues from leakage and UV degradation.

Fig. 2: Schematic of ZnO nanowire- based DSSC

Carbon Nanotube based DSSC:  Rather than only using
metal oxides such as TiO  or ZnO, the increased2

conductivity  and  interconnectivity  that   CNTs  can
offer  has  also been explored in standard DSSC design.
By mixing in a dispersion of SWCNTs [29] with the titania
before depositing onto the electrode, the presence of a
mixture that contains many highly conductive wires
decreases the electron diffusion time that is normally
needed through many layers of titania. An SEM image of
such a dispersionis shown in Figure 3. There has also
been some work more recently on replacing the titania
nanoparticles completely and replacing it with carbon
nanostructures as the light harvesting element [29-31].
This in particular offers promise as it allows for
modification and optimisation with a higher degree of
control over the system.

Fig. 3: Integration of SWCNT into existing DSSC
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CNTs-doped TiO  DSSCs [31] exhibited poorer enhancing  electron  transport  due to the compact2

properties than others due to the nonradiative decay. The
DSSC with high efficiency is formed by a combination of
organic and inorganic components that could be
produced at a low cost. In addition to dyes,
semiconductor quantum dots (QDs) with narrow bandgap
have recently emerged as promising sensitizers and the
solar cells based on QDs are named as quantum dots-
sensitized solar cells (QDSCs) [32-34]. In general, QDs
have some important advantages over dye molecules,
such as adjustable bandgap, high extinction coefficients
and large intrinsic dipole [34-38]. Furthermore, the
quantum confinement effect of QDs makes it possible to
generate multiple electron– hole pairs per photon and
hence improve the efficiency of QDSCs [39]. QDs have
also been several potentially properties that are attractive
for applications as an alternative sensitizer for DSSC.
Appropriate combinations of TiO  films with2

semiconductor QDs have been investigated, such as
CdSe [39, 40], PbS [33, 38], CdTe [43, 44] (Fig. 5) and InAs
QDs [37, 40, 41]. QDs are also used to improve the
performance of conventional silicon solar cells. 

Fig. 4: Principle of operation of CdTe QDSSC 

Hierarchically Structured Photo Electrode for DSSC:
Dye-sensitized solar cells using hierarchically structured
photoelectrodes[49] that consist of spherical or one-
dimensional assemblies of ZnO or TiO  nanocrystallite2

(Fig.7) is used. It provides a large surface area for dye
adsorption, more importantly, the hierarchically structured
photoelectrodes may improve the solar cell’s performance
by imparting extra functions, such as (1) generating light
scattering owing to the size of assemblies being
comparable to the wavelengths of  the  incident  light,  (2)

packing of the nanocrystallites that form the assemblies
and (3)  facilitating  electrolyte  diffusion  as  a result of
the  relatively  open  structure  of  the photoelectrode
films composed of spherical or one-dimensional
assemblies.When used in DSCs, [27, 28] these
nanostructures may provide a large surface area for dye
adsorption and, moreover, make a difference to the
behaviors of solar cells through affecting factors, such as
the light propagation, electron transport, electrolyte
diffusion within the photoelectrode film and so on.
Recently developed hierarchically structured
photoelectrodes are a good example of employing
nanostructures to manage the light propagation and/or
enhance the electron transport or ion diffusion in DSCs.
Hierarchically structured photoelectrodes are defined as
a class of photoelectrodes that are made of films
consisting of primary oxide nanostructures, for example,
ZnO or TiO  nanocrystallites [20-24]. However, these2

primary nanostructures form a secondary structure that is
spherical or one-dimensional in shape. When used in
DSCs, the hierarchically structured photoelectrode films
not only provide a high surface area for the adsorption of
dye molecules due to them consisting of nanomaterials,
but also are able to offer extra functions to improve the
solar cell performance by, for example, generating light
scattering, enhancing the transport of injected electrons
and/or facilitating the diffusion of the electrolyte.

Fig. 5: Schematic of Hierarchically-structured ZnO film
consisting of secondary ZnO colloids
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Nanostructured Photoelectrode for DSSC:  The basic
benefit of employing nanostructures in DSCs is that the
photoelectrode films constructed with nanostructures are
highly porous. It is therefore, compared to bulk material,
nanostructures forming photoelectrodes can offer a larger
surface area for dye adsorption, contributing to optical
absorption and leading to an improvement in the solar cell
conversion efficiency. Among different nanostructures,
nanoparticles have been most widely studied for use in
DSCs to form photoelectrode film[50]. This is because, to
a large extent, the films comprised of nanoparticles can
give a high specific surface area. Another reason is
probably from the ease of fabrication of nanoparticles Fig. 6: Dye sensitized nanoparticle photoelectrode
through using simple chemical solution methods.
Nanoparticles are advantageous in providing large The photoelectrode made of nanowires allows for
surfacearea, however the existence of numerous thickness larger than that in the case of nanoparticles.
boundaries in the nanocrystalline films has been regarded This can compensate for the insufficiency of surface area
as an unfavorable factor that may increase interfacial of the photoelectrode film while it comprises nanowires.
charge recombination happened between the Besides showing a large diffusion coefficient, the
photogenerated electrons and the positive species in nanowires were also demonstrated to be advantageous in
electrolyte. Employing one-dimensional nanostructures in charge collection.Therefore, an internal electric field was
DSCs is an attempt to figure out this problem based on a established within the nanowires and was able to assist
consideration that the one-dimensional nanostructures the carrier collection by separating injected  electrons
such as nanowires [17] and nanotubes [29] can provide from the surrounding electrolyte and sweeping them
direct pathways for electron transport from the site toward the collecting electrode. The ZnO nanowires [18]
occurring electron injection to the conducting film of were also emphasized  to  be  superior  to  nanoparticles
collector electrode. As such, it is expected to get electron in  electron  injection  kinetics. The faster response of
transport  faster than in nanocrystalline film. This has ZnO nanowires (Fig. 9) was ascribed to the 95% exposed
been evidenced by experiments which reveal that the (1 0 0) crystal plane of the nanowires, which was more
electron transport in photoelectrode comprised of single favorable to yielding chemical bonding with the dye
crystal nanowires is even 100 times faster than that in the molecules in comparison to the nanoparticles. For all
case of nanocrystalline film. A fast electron transport may these merits in geometry and electrical property, ZnO
lower the opportunity of photogenerated electrons to nanowires have been suggested to be a promising
react with the positive species in the electrolyte and, photoelectrode material which provides direct pathways
therefore, significantly suppress the interfacial charge for a rapid electron transport.
recombination (Fig. 8).

In dye-sensitized photoelectrode, [19-21] dye
molecules play a critically important role in absorbing the
incident photons and then generating photoexcited
electrons, which finally transfer to the oxide through an
electron injection. To well fulfill these functions, the dye
molecules must simultaneously meet several requirements,
including (1) forming chemisorption bonds with the oxide,
(2) large extinction coefficient and broad absorption
spectrum in the visible region, (3) suitable excited state
energy level relative to the conduction band of the oxide,
(4) sufficient life-time at excited state so as to allow for
effective electron transfer, and (5) long term stability for
many million cycles. Fig. 7: ZnO Nanowire DSSC
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Nanowire Array Based Photoelectrodes for and subsequently in 100 mM Na S aq at room
Dye-sensitized Solar Cells: Dye-sensitized solar cells temperature. The CdS shell thickness could be controlled
(DSSCs) are a category of photovoltaic device based on digitally by changing the number of reaction  cycles.
a photo electrochemical system in which a porous oxide Then, CdSe NPs is depositing on the ZnO/CdS core/shell
film with dye molecules adsorbed on the surface serves as NW  structure  using  chemical bath deposition (CBD)
the working electrode for light harvesting and the [56]. The sizes of CdSe NPs can be controlled by CBD
generation of photo excited electrons. The photo reaction durations.
generated electrons transfer from the dye molecules to the Figure 8 shows a schematic diagram of the
oxide, followed by diffusion in the oxide film and finally CdSe/CdS/ZnO NW and its band gap alignment.
they reach a transparent film that conducts the electrons However,  when  CdS and CdSe are brought into contact
to an external circuit. The oxidized dye molecules resulting as a cascade band structure, the band edges are
from photo excitation get reduced by receiving electrons rearranged due to electron transfer from CdS to CdSe, a
from an electrolyte. The electrolyte is consequently process  known as Fermi level alignment [57].
regenerated through a neutralization of the positive ions Furthermore, the S /Sx  redox couple shifts the
with the electrons coming from the counter electrode, conduction  band  energies  of  CdSe  NPs, when in
which is a platinum film coated on a glass substrate contact  with  them,  toward  negative potentials [58].
connected to the external circuit. In such a photo Thus, the CdSe/CdS/ZnO device can have a stepwise
electrochemical system, the dye molecules are designed type-II band structure. Due to this band structure, the
to be highly sensitive to visible  light  so  they  are  able photogenerated  charge  carriers  will  be  readily
to  play  a  role in catching the incident photons separated  and  efficiently  transferred. In addition, the
effectively [15-18]. A variety of dyes have been CdS interlayer is able to act as a passivation layer to
intensively studied over the past two decades with inhibit the  recombination   of   percolated  electrons in
attention being paid to increasing the molar extinction the ZnO NWs and oxidizing species in  the  electrolyte.
coefficient and/or extending the absorption  range  into As a result, DSSCs based on CdSe/CdS/ZnO NW arrays
the  longer wavelength area [21-24]. On the other hand, exhibit considerably improved performance, with high
the porous oxide film that acts as the backbone of the power conversion efficiency.
photo  anode  to  carry the dye molecules has always
been another one of the top concerns in the field of
DSCs. At this point, the flourishing development of
nanotechnology  opens  a  door  to   tailoring  the
materials with various nanostructures. When used in
DSCs, these nanostructures may provide a large surface
area for dye adsorption and, moreover, make a difference
to the behaviors of solar cells through affecting factors,
such as the light propagation, electron transport,
electrolyte diffusion within the photo electrode film and
so on.

Preparation of CdSe/CdS/ZnO Nanowire array
photoelectrode: A novel CdSe/CdS/ZnO nanowire array
[53] fabricated by a 3-step solution-based method is used
as a photoelectrode to manage the light propagation Fig. 8: Schematic of DSSC based on CdSe/CdS/ZnO
and/or enhance the electron transport or ion diffusion in heterostructure NW array
DSSCs (Fig. 8). Arrays of ZnO NW grown on FTO glass
substrates (13 O/sq.)  by an ammonia solution method Enhancing Efficiency of DSSCs Using Nanowire Array
[54]. Then CdS shell layer is depositing on the ZnO NW Photoelectrode: When used in DSSCs, the nanowire array
by successive ion layer absorption and reaction (SILAR) structured photo electrode [53] films not only provide a
[55]. The ZnO NW arrays is dipped in 100 mM CdSO  aq high surface area for the adsorption of dye molecules due4
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to them consisting of nanomaterials, but also are able to CONCLUSION
offer extra functions to improve the solar cell performance
by, for example, generating light scattering, enhancing the Pvs based on DSSC/NW as photoelectrodes are
transport of injected electrons and/or facilitating the being developed with the aim of reducing the price per
diffusion of the electrolyte. The NW array structure watt and enhancing the efficiency. As an outlook, the
provides a direct electron pathway to the bottom metal paper would like to put stress on the aggregate structure,
electrode over a large surface area; and as co-sensitizers, which possesses surface area comparable to that of
the CdSe/CdS shell provides enhanced light absorption nanoparticle and, meanwhile, shows capability of
and charge-carrier transfer efficiency. Another important generating light scattering. It is understood that light
role of the CdS interlayer is passivation of ZnO NWs to scattering is effective in extending the traveling distance
reduce charge recombination. As a result, DSSCs based of incident light within photo electrode film. This may
on CdSe/CdS/ZnO NW arrays can exhibit considerable significantly enhances the light harvesting efficiency of
improvement in performance. Compared with ZnO photo electrode.
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