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Nuevos tipos de celdas solares, basadas en materiales nanoes-
tructurados, son estudiadas intensamente en la actualidad de-
bido a sus grandes perspectivas y novedoso principio de fun-
cionamiento; el cual se debe esencialmente a la dimensién de
las particulas en los nanomateriales utilizados. Eficiencias rela-
tivamente altas han sido obtenidas utilizando tecnologias que
no emplean altas temperaturas y materiales que no requieren
un alto grado de pureza., por lo que su bajo costo constituye
un importante incentivo. Estos novedosos dispositivos fotovol-
taicos se encuentran en evolucién a partir de las celdas solares
sensibilizadas (DSSC) buscéandose un mejor comportamiento y
caracteristicas superiores, en particular, el tiempo de vida de las
mismas. Se describen estas celdas solares asi como su principio
de funcionamiento basando el analisis en las mas estudiadas,
aunque aun no completamente explicadas, DSSC. Se examinan
las implicaciones de la nanoestructura tridimensional en estos
dispositivos. Unido al analisis de las tendencias de las investiga-
ciones, se revisan los diferentes tipos de celdas solares sélidas
cuyo principio de funcionamiento se basa en su nanoestructura
tridimensional.

New types of solar cells based on nanostructured materials are
intensively studied because of their prospective applications and
interesting new working principle — essentially due to the parti-
cle size of nanomaterials used. Relatively high efficiencies have
been obtained using low-temperature technology and materials
that do not require high purity; therefore, their low cost repre-
sents an important incentive. Novel type photovoltaic devices
have evolved from dye sensitized solar cells (DSSC) in the quest
to improve their behavior and characteristics, particularly their
lifetime. These solar cells are described and their working prin-
ciple, not completely clear so far, is explained using the better
known DSSC. An analysis is made of the implications of having
a nano-sized three-dimensional structure in these solar cells.
Different solid sensitized solar cells are briefly reviewed as well
as actual and foreseeable research trends.

Palabras Clave.photovoltaic solar cells 88.40jr, nanomaterials 81.07.Bc

INTRODUCTION

Humanity faces a highly dangerous environmental crisis cau-
sed mainly by the employment of fossil fuels which are respon-
sible for contamination in cities, acid rains and global warming
accompanied by all its known devastating effects [1].

At the same time, a fuel crisis must occur in the not so distant
future. According to the International Energy Agency (IEA)
for almost 30 years oil new discoveries have been less than an-
nual consumption [2]. Some predictions say we have already
reached maximum possible yearly extraction (peak-oil) and
a great majority says it will be reached before 2020 [3]. At the
present moment, 85% of the energy used by the total popu-
lation comes from fossil fuels: oil 34.6%, gas 23.4% and coal
27.6% [4]. Natural gas and coal will also peak, though later,
especially coal - which is much more contaminant than oil.

It is urgent to develop a new energy infrastructure to avoid
an environmental crisis and a fuel crisis. Sources for nuclear
energy production are non-renewable and also contami-
nant. Renewable sources of energies like hydro, eolic, geo-
thermal, solar, etc are not only renewable but affect the en-
vironment to a much lesser extent. Until recently, practically
only hydro could compete in price with fossil fuels. Today

the situation is changing in spite that funds for renewable
sources research have been insufficient and much less than
those devoted to fossil fuels or nuclear energy [5]. Electri-
city coming from eolic or photovoltaic energy shows a very
rapid growth. Photovoltaic is the fastest growing renewable
energy market, specially its “grid-connected” application
[6]. Direct solar energy conversion to heat also shows a sig-
nificant increment in certain regions. Among all renewable
energy sources, solar energy has by far the greatest potential
and the wider distribution in the Planet. It is much larger
than the present energy consumption and capable of cove-
ring future demands of world population [7]. Electricity co-
ming from photovoltaic energy could also substitute needs
of fuels for transportation if used to obtain hydrogen. One
must conclude that it is urgent and highly convenient to de-
velop photovoltaic energy.

Solar cells are the heart of photovoltaic systems. Interest in
solar cells for terrestrial uses rouse because of the first oil
crisis in the 70 s. Initial developments and applications were
based on silicon solar cells which benefited from the mi-
croelectronic industry. Highly efficient AlGaAs solar cells
developed for space applications were demonstrated for the



first time for terrestrial applications in 1981 using solar light
concentrators at Ioffe Institute [8]. Solar cells that absorb the
light more effectively allowing the use of thin films were also
developed, though not as successfully as silicon solar cells.
CdTe thin film solar cell with 6% efficiency was reported as
early as 1966 [9]. In 1985, M. Green at the University of New
South Wales, Australia, broke the 20% efficiency barrier for
silicon solar cells under one sun; after developing one year
earlier with S. Wenham the LGBC solar cell (laser-grooved
buried-contact) [10].

In 1991 M. Gritzel and collaborators report the dye-sensitized
photoelectrochemical solar cell (DSSC) [11] and in 1996 more
than 10% efficiency is achieved [12]. The main advantage of the
DSSC is its low cost together with a higher than 10% efficiency.
Unfortunately, life-time is its Achilles heel. This low cost is de-
termined essentially by its different working principle. Because
of it, they do not require high purity materials or highly cleaned
rooms for their fabrication. Rather simple technologies can be
used at room temperature or not very high temperature. This
means less expensive technological equipments and much less
energy used in their fabrication. It must be mentioned that their
flexible options imply less weight, widening the range of possible
uses. DSSC appearance and possible colors favor architectural
and other applications where besides producing electricity, ex-
pensive decorative materials are substituted. Even though the
use of photovoltaic energy is probably the most environmental-
friendly form of renewable energy, materials and reagents used
in their fabrication could have a small (though avoidable) conta-
minant effect. This could also be true when solar panels become
old and have to be discarded (also avoidable through recycling).
DSSC are the less contaminant of all different types of solar cells
because they are based on innocuous materials.

Feltrin and Freundlich [13] estimate energy production limits
for several mature photovoltaic technologies based on availa-
ble global material reserves. DSSC stand out in that material
shortages would not prevent their scale-up even to the terawatt
range if the Sn conducting oxide contact is substituted.

Finally, regarding future market projection W. Hoffmann [14],
president of the European Photovoltaic Industry Association
(EPIA), predicts that by 2030 DSSC and “new concepts” solar
cells production will surpass crystalline silicon (mono- and
poly-) production.

DYE SENSITIZED SOLAR CELLS

To understand advantages of using nanostructured materials in
solar cells, it is convenient to know how dye sensitized solar cells
work (DSSC, also sometimes called Gritzels cells or DSC).
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Figura 1: Component parts of a DSSC. The two electrodes are fixed to-
gether by the sealant that serves to contain the electrolyte and to avoid
contact of the counter electrode with the TiO2.

A DSSC consists of the following essential parts: the
photoelectrode formed by the electron-extracting electro-
de plus the dye-sensitized, mesoporous, nanocrystalline
TiO2 penetrated by the electrolyte; and the counter elec-
trode. These are shown in Fig. 1 that also shows

The electron-extracting electrode is usually a transparent con-
ducting oxide (TCO) on glass in order to allow light penetra-
tion from that side. Surface resistivity of TCO used is between
8-15 Q/square. The conducting oxide more frequently used
is SnO:F (known as FTO) [15]. It behaves better than ITO
(In,0,:Sn) whose conductivity decreases significantly during
the thermal treatment of TiO, film at ca. 500°C. FTO is known
to be thermally stable above this temperature. Studies are con-
ducted to employ other substrates; especially for using high-
throughput industrial roll-to-roll production of large area,
tlexible DSSC. Research includes conducting transparent plas-
tic sheets [16], as well as non-transparent metallic foils with
light penetrating from the other side [17].

TiO, is the mesoporous, nanocrystalline, wide bandgap metal
oxide used in DSSC for best results (nanocrystalline anata-
se, bandgap E_=3.2 eV). The TiO, layer thickness is typically
between 5-15 um and nanoparticles average size ranges from
15-30nm [18]. The porosity is approximately 50% [19], which
together with particle size give rise to a real area or rough-
ness factor of approximately 100-fold area enhancement per
um. This is very important to increase light absorption by the
dye monolayer attached to the TiO, but also in determining
a different working principle. There has been interest in re-
placing TiO, with other metal oxides such as SnO, [20] [21],
SrTiO, [22] and ZnO [23], [24].

Dyes or sensitizers are chemisorbed onto the surface of the
TiO,. Sensitizers that have given best results so far are ruthe-
nium bipyridyl complex with the general formula RuL, L SCN ,
where L and L are polypyridyl ligands. The 3 more frequently
used complexes are known by their commercial names: red dye
N-3, black dye N-749 and Z-907. The last two absorb a wider
spectral range than the red dye N-3. Efforts have been made
to find alternative less expensive sensitizing compounds. Na-
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tural dyes have been studied [25], as well as sensitizers based
on metal-free organic dyes [26]-[28]. Research reports on sen-
sitizers are very abundant in the literature. Different goals have
been and are been pursued as: improved molar absorption
coeflicients; longer-term stability; extension of the spectral ab-
sorption range; and sensitizers with different colors for special
applications. It has also being reported [29] that the dye plays
an important secondary role in passivating the semiconductor
oxide surface and inhibiting the recombination with acceptors.
The suitability of ruthenium bipyridyl complex then depends
on both: the ligand and the nature of the oxide (TiO,).

The electrolyte plays an essential role in DSSC [30]. The elec-
trolyte typically used consists of the redox pair iodide-triio-
dide (I7/157) dissolved in an organic solvent. No other redox
pair has been found to give higher efficiencies than I-/I;~ even
though there have been efforts to find less corrosive redox
pairs, with lower light absorption and a more convenient re-
dox potential energy [31], [32]. DSSC with highest efficiency
employ a low-viscosity solvent, usually acetonitrile; but these
electrolytes are not appropriate for achieving the best long-
term stability characteristics, especially for outdoors. There
are several reports regarding liquid electrolytes for DSSC
[33]-[35] though there is no optimum solution. Solvent-free
DSSC constitute an important direction of research and di-
fferent solutions are studied for replacing the volatile liquid
electrolyte with solid or quasi-solid hole conductors, such as
p-type semiconductors, ionic liquid electrolyte and polymer
electrolyte. It must be mentioned that in order to increa-
se efliciency, liquid electrolytes also contain additives such
as 4-tert-butylpyridine (TBP) or N-methylbenzimidazole
(NMBI) [36] although their exact mechanism of action is not
firmly established [37].

The counter-electrode is normally a conducting glass with a
small amount of platinum adsorbed on the conducting-thin-
film oxide that acts as catalyst in the I3~ reduction; i.e., it fa-
cilitates electron exchange of the counter-electrode with the
iodidie/triiodide redox couple. The TCO is used as electrode
because the redox couple I'/I;~ corrodes many metals. Carbon
materials [40] and polymers [41]-[43] have been employed as
counter electrode although lower efficiencies have been obtai-
ned. These materials have the advantage that they are stable to
corrosion and that they can be employed at low cost in roll-to-
roll fabrication of flexible DSSC.

A hot melt polymer sealant serves to join together both elec-
trodes. It is shaped to surround the sensitized TiO,. The sealant
is 25-50um thick and it also serves to avoid contact of the sen-
sitized TiO, with the counter-electrode.

DSSC working principle. In a traditional semiconductor-elec-
trolyte interface a junction also forms (a depleted region where
an electric field exists). It is due to charge transfer between the
two contacting materials and it occurs in an analogous way as in
the p-n junction; it is very similar to the semiconductor-metal
junction produced by the contact of these two types of materials.
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Figura 2. Energy levels in a DSSC under illumination. CB, conduction
band. VB, valence band. S*, electron excited state in the dye. So/S+,
electron HOMO state in the dye: SO is the ground state and S+ the state
without an electron. The Gaussian distributions of iodide/triiodide (I-/
13-) species become equal at the redox potential Eredox that is practica-
Ily equal to the Pt Fermi energy.

In DSSC, nanocrystals are surrounded by electrolyte. According
to calculations the electric field in the TiO2 nanocrystals-elec-
trolyte interface is very small; it is not capable of separating char-
ges as in conventional solar cells [44]. Because of nanocrystals
size then, DSSC must be based on a different working principle
if compared with traditional solar cells. It has been discussed to a
great extent in the literature whether a macroscopic field to drive
carriers toward the contact exists or not. There is a lot of eviden-
ce and it is widely accepted now that such field does not exist
and that carriers move by diffusion, i.e., due to charge carriers
concentration gradients in the device [45]-[47].

Which is the origin of photovoltage in DSSC then? In the elec-
trolyte there are allowed energy ranges for reduced and for oxi-
dized species. Their Gaussian probability distribution is exem-
plified in Fig. 2. Both distributions cross at the energy for which
reduced and oxidized species are equally probable and therefo-
re probability value is %. This can be thought of as a “Fermi
level” for redox species and it is called redox potential Eredox.
In the dark all “Fermi energies” line up; as explained before for
p-n junctions. When the device is illuminated, electrons in the
dye absorb photons and occupy energy levels in the dye which
lie above the TiO, conduction band empty states (process 1 in
Fig. 2). Electrons are injected on a subpicosecond timescale
[48] from the dye to the TiO, conduction band states that have
lower energies (process 2 in Fig. 2). This process competes and
it needs to be faster (higher probability) than the excited state
decay, typically 100 ps -1 ns [49]. A quasi equilibrium state is
reached for a constant light intensity, i.e., a quasi-equilibrium
excess electron concentration appears in the TiO, conduction
band and the electron distribution is no longer described by
the Fermi energy but by the quasi-Fermi energy. In the dark,
because of its wide bandgap, TiO, is practically an isolator; free
electron concentration at room temperature is negligible. The-
refore, majority carrier concentration increases due to concen-
tration of electrons injected from the dye and QFL Fn is signi-
ficantly different from the Fermi energy level in the dark. If the
external circuit is open and no current flows, the open-circuit
photovoltage V_, is given by the difference between the TiO,
electrons QFL and the electrolyte redox potential:
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The oxidized dye left behind by the electron injected to the TiO,
(S+ in Fig. 2) is rapidly regenerated by the electrolyte (process 5
in Fig. 2). This process is essential in DSSC. When trying to
substitute the I7/I;~ redox pair, it has been demonstrated that
the lower efficiencies obtained were related to a slower dye
regeneration rate [50]. I" oxidizes to I;~ while at the counter-
electrode I, is reduced to I" (process 4 in Fig. 2). Therefore,
I;” is produced at the photoelectrode and consumed at the
counter-electrode (it is often considered as the “hole carrier”
by analogy with traditional solar cells). I" is produced at the
counter-electrode and diffuses to the photoelectrode where it
changes to I;” when it gives an electron to the dye.

The photocurrent appearance when the illuminated device is in a
closed circuit can be understood from processes illustrated in Fig.
2. 1. An electron in the dye absorbs a photon occupying the excited
state $*. 2. The electron in $* highest probability is to be injected to
lower energy states in the nanocrystalline TiO, conduction band.
3.The electron is transported in the TiO,, in the TCO, in the exter-
nal circuit, arriving finally at the counter electrode. 4. The electron
passes to the electrolyte reducing a triiodide ion to iodide. 5. The
electron is returned to the dye by an iodide ion that oxidizes to tri-
iodide. Notice that the energy that electrons can give, i.e. that can
be converted to work in the external circuit, is equal to the energy
difference between the electron QFL and the electrolyte redox po-
tential (see Fig. 2). Also notice that equilibrium hole concentration
in the TiO, does not change, contrary to what happens in tradi-
tional solar cells. Light is absorbed by the dye and absorption by
the TiO, is negligible because it only absorbs photons in the vio-
let and ultraviolet (E_=3.2 eV, A\<387 nm). The absence of holes in
non-equilibrium avoids electron-hole recombination in the semi-
conductor. This is a situation very different to that existing in p-n
junctions where minority carriers must diffuse to the depletion
region before recombining. That light is absorbed in one medium
and electrons are transported in another medium determines the
absence of minority carriers in non-equilibrium. This is the reason
why semiconductor purity is not crucial in DSSC; there is no need
to avoid impurities and defects that favor recombination.
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Figura 3: |-V characteristic for a solar cell. The product IV=P is also
shown as a function of photovoltage. The ratio of the two rectangles
gives the fill factor FF

The QFL position depends on light intensity but also on the
external load. As the external load is changed for constant in-
cident radiation intensity, a dependence of photocurrent on
voltage is obtained. DSSC show I-V and P-V curves similar
to those of conventional solar cells (see Fig. 3). The following
known equations are also valid for DSSC:

1=1,[exp( eVKT)-1]-1, @

_nKT, I, 3)

€
where 10 is the saﬁlration current; n is the so-called ideality
factor; K is the Boltzmann constant, T the temperature. The
current corresponding to the short-circuit condition, R =0, is
called short-circuit current I _and the voltage corresponding
to open-circuit, R =eo, is called open-circuit photovoltage V. .

v

o

DSSC efficiency is obtained from the I-V dependence like in
conventional solar cells. Efficiencies higher than 11% at one
sun illumination have so far been obtained with DSSC [51].
The maximum efficiency is given by:

nm = Pm / Pin = Im\/m / Pin (4)

where P, is the incident radiation energy per second. The fill
factor FE is the ratio of the areas of two rectangles defined by
the points I,V and I,V with the coordinates axis (see Fig. 3).
FF characterizes the shape of the I-V curve and it is related to
its efficiency:

FF = Ime / VOCISC = Pm / VOCISC (5)
Therefore:
n,= VOC ISc FF /Pin (6)

NANO-SIZED THREE-DIMENSIONAL STRUCTURE

In a quest to obtain higher-efficiency, more stable, longer li-
ved and cheaper solar cells, different types of nanostructured
solar cells have come up after O’'Reagan and Gritzels first re-
portin 1991 [11].

Nanocrystals in DSSC in the range 10-50 nm do not gene-
rally show the confinement effect present in quantum dots
of size ca. 1-10nm. In these nano-crystals the electron wave
functions are strongly confined, so that the electron energy
levels are discrete and their separation is determined by the
crystal size. Nonetheless, the nanocrystalline character of the
metal oxide in DSSC determines a different working princi-
ple. Let us summarize the implications of having a nano-sized
three-dimensional (3D) structure in DSSC.

Light absorption by the sensitizer or dye is enormously en-
hanced since the real internal area of the semiconductor-oxide
with the attached dye is orders of magnitude larger than the
visibly apparent area.
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It allows the electrolyte to penetrate and surround the se-
miconductor-oxide nanocrystals. Therefore, a 3D semicon-
ductor-electrolyte interface is formed. It is not a 3D hetero-
junction, i.e., there is no macroscopic electric field at this
3D interface, so only diffusion current exists. There are no
drift currents as in traditional solar cells.

It allows charge carriers to be transported in media di-
fferent from the medium in which photon absorption
creates them.

It is a majority carrier device. There are no excess mino-
rity carriers in the oxide-semiconductor where electrons
are transported. Electron-hole recombination in the se-
miconductor does not play an important role in decrea-
sing efficiency as in traditional solar cells. Therefore, no
highly perfect and highly pure materials are required.
This leads to the most important characteristic of DSSC:
they are cheaper than traditional solar cells while having
efficiency above 10%. This is not only because raw mate-
rials required are cheaper but also technological proce-
dures: very high temperature processes are not needed;
clean-room conditions are less necessary (high purity
materials are not employed); technological equipment is
not as expensive.

Notice that the electrolyte creates a perfect 3D interface becau-
se it can penetrate very well the pores and interstices. This is a
great advantage of the liquid electrolyte. But, on the other hand,
a perfect seal has not been accomplished; i.e., a sealant resis-
tant to the highly reactive electrolyte to prevent leakage and/or
evaporation of the solvent for several years. Also permeation
of water or oxygen molecules that react with the electrolyte
worsens cell performance. Therefore, a great disadvantage of
DSSC is that they do not last long due to electrolyte and dye
degradation. They have passed 1000h stability test at 55°C in
a solar simulator (100 mW/cm?) maintaining 94% of its initial
performance [52].

SOLID AND QUASI-SOLID SENSITIZED SOLAR
CELLS (SSSC)

Difliculties caused by the liquid electrolyte in DSSC has moti-
vated research to replace it with solid or quasi-solid hole con-
ductors, such as ionic electrolytes, p-type semiconductors or
polymers. A brief review follows of some published reports on
solid nanostructure sensitized solar cells (SSSC).

Ionic liquid electrolytes. Tonic liquids constitute the source of
both, the redox pair and the solvent. Although most of them
are in the liquid state at room temperature, they have good che-
mical and thermal stability, as well as negligible vapor pressure;
thus decreasing problems encountered with organic solvents.

Several ionic liquid electrolytes have been reported while
imidazolium compounds have been the most frequently em-
ployed [53], [54]. High viscosity imidazolium iodides have
yielded high stability cells with efficiencies around 6%. Very

viscous and solid electrolytes with low ion mobility and low
conductivity[1] represent an obstacle for developing ionic
electrolyte SSSC with high conversion efficiency. Some poly-
mers [55], gelators [56], and composites [57] have been used as
framework materials to solidify ionic liquid-based electrolyte;
they also favor triiodide/iodide diffusion.

Power conversion efficiency ca. 8% has been achieved for SSSC
with the lower-viscosity 1-ethyl-3 -methylimidazolium seleno-
cyanate (EMISeCN), a SeCN7/(SeCN);™ based ionic electroly-
te under AM 1.5 sunlight [58].

P type semiconductors. High band-gap inorganic semicon-
ductors have been used as hole conductors to replace the li-
quid electrolyte. Technologically this is a much harder task
than with liquid electrolytes. It must be guaranteed that the
hole conductor penetrates pores all along the thickness of the
mesoporous TiO, in order to contact the sensitizer but it must
not contact the electron-extracting conducting electrode. Cul
was the first p-type semiconductor to be used in a SSSC [59]
These Cul SSSC are not very stable [60]. Also incorporation
of small quantity of 1-methyl-3-ethylimidazolium thiocyana-
te (MEISCN) improved the stability and 3.8 % efficiency was
obtained [61].

Other p-type semiconductor used as hole conductor is CuSCN.
It has been found to give more stable and durable SSSC but effi-
ciencies obtained are lower than with Cul [62], [63].

NiO has been reported as hole conductor in SSSC [64], [65],
as well as, CuAlO, [66].Complete pore filling represents a pro-
blem if available fabrication techniques were to be used for
wide-bandgap p-type oxides.

Organic p-type semiconductors are used as substitutes of inor-
ganic ones for different devices in microelectronics and opto-
electronics. They have also been studied as hole conductors in
SSSC [67]-[69]. Efficiency values of 3.2% have been obtained
using 2,2,7,7-tetrakis(N,N-di-p-methoxyphenyl-amine)9’90-
spirobifluorene (spiro-OMeTAD) [70]. There are several or-
ganic hole-conductors that have been utilized: pyrrole or po-
lypyrrole [71],[72]; thiophene and polythiophene [73], [74];
poly(3,4-ethylenedioxythiophene, PEDOT [75], [76]; the po-
lyanilines (PANIs) [77], [78].

Polymer electrolytes. Polymer electrolytes have the advanta-
ges of relatively high ionic conductivity and easy solidifica-
tion. They have been used before in lithium batteries and in
redox type laminated supercapacitors. In SSSC the polymer
plays the role of the organic solvent in DSSC; the I7/I5™ re-
dox couple is used dissolved in the polymeric medium [79].
Polymerization must occur in the presence of iodine and at
an adequate temperature for the dye not to decompose. The
two polymers that have been more frequently used in polymer
electrolytes for SSSC are poly(ethylene glycol) (PEO) [80]-[82]
and poly(epichlorohydrin-co-ethylene oxide), Epichlomer-16
[83]-[85]. Studies continue to improve results obtained with



electrolytes based on these polymers, as well as on other poly-
mers [86]-[91].

EXTREMELY THIN ABSORBER (ETA) SOLAR CELLS

This solar cell type is similar to the p-type semiconductor
SSSC. The difference is that also the sensitizer is replaced by
a semiconductor. The eta solar cell consists of an extremely
thin light-absorbing semiconductor sandwiched between
two transparent, highly interpenetrated, nanostructured se-
miconductors — an n-type and a p-type [92]. Nanostructure
wide-bandgap mesoporous oxide semiconductors are used
also in eta solar cells, mainly TiO,. Good coverage of the na-
nostructure electrode by the extremely thin film absorber, as
well as, the filling of the pores with the hole-transporting se-
miconductor is essential for device efficiency. The absorber
must be extremely thin so that electron-hole pairs are crea-
ted by photons next to the wide-band gap semiconductors
or extremely close; i.e., so that electron-hole pairs do not
recombine before been injected to the wide-bandgap semi-
conductors. Different narrow bandgap semiconductors have
been proposed as light absorbers like CdTe [93], CdSe [94],
CuO [95], CulnS, [92], [96]. Several wide bandgap semicon-
ductors have been studied as hole conductors, e.g., Cul [97],
CuSCN [98], [99], NiO [100], CuAlO, [101]. Efficiency so far
is below 4% [102], [103].

OTHER TRENDS IN THE DEVELOPMENT OF
NANOSTRUCTURED SOLAR CELLS

DSSC efficiency value of ca. 11% is acceptable if it were ac-
companied by solar cell long life. As mentioned before, the
very reactive liquid electrolyte plus dye degeneration attempt
against it. SSSC and eta solar cells show higher stability in
general but lower efficiency. Charge transport in their res-
pective hole conductors is not as efficient as in the electro-
lyte; either because of the viscosity of the solvent if ions are
transported (ionic and polymer SSSC) or the poor pore filling
and contact in the case of electronic conductivity (p-type se-
miconductor SSSC and eta solar cells). These problems lead
to incomplete dye regeneration and low charge generation
efficiencies [104]. An appropriate morphology of the porous
wide-bandgap n-type semiconductor (TiO, most frequently)
can help to minimize these difficulties. Therefore, different
structures are been studied like nanorods [105], nanowires
[106] and nanotubes [107]-[109]. All cases may ease penetra-
tion of the hole conductor in the mesopores and its contact
with the sensitizer.

At present studies of quantum dots as sensitizers are being con-
ducted. The energy bandgap value depends on quantum dot
size; so the optical absorption spectrum can be tailored to ob-
tain different color solar cells. Besides, they may have a large
extinction coefficient which implies good light absorption effi-
ciency. Different semiconductors with energy bandgap adequate
for absorbing a significant part of the solar spectrum have been
studied: CdSe [110]-[112]; CdTe [113], [114]; PbS [115],[116];
and CdS, that although it has a less appropriate bandgap value,
it nicely renders nanocrystals of controlled size [117]-[119].

In traditional solar cells, ohmic metal-semiconductor contacts
used to extract photogenerated carriers are very important. In
DSSC not much attention has been given to electrical contact
between the TiO, and the conducting glass (TCO) [120], [121],
which is used instead of a metal contact to extract electrons. In
Fig. 2 one must look in more detail to what happens between pro-
cess 2 and 3, i.e. to electron transfer from the TiO, to the TCO.
In this TiO,-TCO interface two loss mechanisms can be present:
First, recombination of electrons in the TCO with species in the
electrolyte. Since the TiO, is porous, the electrolyte can penetrate
and contact the TCO allowing this recombination to occur. Se-
cond, a barrier exists at this interface due to differences in oxides
work functions and affinity values [121]-[122]. Defects at this
interface would affect this barrier. Therefore, contact resistivity
could be affected. Conducting oxide type (ITO, FTO, etc), TiO,
crystal structure and morphology; as well as, the technology used
when forming the TiO,/TCO contact, should influence electron
extraction efficiency at the TiO,-TCO interface. For example, a
different electrical contact to the TCO is to be expected according
to the TiO, porosity (electron recombination with the electrolyte
changes) and adherence (contact resistivity plus electron recom-
bination with the electrolyte change). Layers obtained by “doctor
blading” a nanocrystalline TiO, suspension are porous as required
but they do not adhere so well as sprayed films [123] or TiO, films
obtained using MW-CBD [124][125][126][127], for example. Be-
cause of all this, the use of double layer TiO, structures has also re-
ceived attention lately. The purpose is to avoid the recombination
of electrons in the TCO with acceptor species in the electrolyte,
[128][129], as well as, to improve electrical contact of the TiO,
with the TCO [120]. The use of double layer structures has been
considered essential in solid dye sensitized solar cells [130].

SUMMARY

New-concept nanostructured solar cells show great prospective
among different solar cell types that are called to guarantee a sig-
nificant percentage of electric energy used in the not too distant
future. Their working principle, based on their three dimensio-
nal nanostructure, implies that no highly pure materials have to
be used hence contributing to their low cost. Electron-hole pairs
are created and transported by different materials thus avoiding
recombinations. Diffusion due to charge-carriers-concentration
gradients is responsible for charge transport since the nano-cha-
racter of the semiconductor is not compatible with the existence
of electric-field-driven current. Highest efficiency values have
been found with liquid electrolytes corresponding to highest
mobility value in the hole-extracting medium. At the same time,
the liquid electrolyte causes short lifetimes. Different solutions
to overcome this problem are under study given rise to different
types of solid solar cells based on a three dimensional nanostruc-
ture which have been described along with research trends.
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