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Abstract Quantum dot sensitized solar cells, but in general semiconductor
sensitized photovoltaic devices, have erupted in recent years as a new class of
systems, differentiated for several reasons of the most common dye-sensitized
solar cells. In this chapter, we review the enormous potentialities that have
impelled the research in this field. We highlight the differences between quantum
dot and dye-sensitized solar cells that we divide in five aspects: (i) Preparation of
the sensitizer; (ii) Nanostructured electrode; (iii) Hole Transporting Material; (iv)
Counter electrode, and (v) Recombination and surface states. Some of the opti-
mization works performed in each one of these lines is revised, observing that
further improvement can be expected. In fact, the recent breakthrough in photo-
voltaics with organometallic halide perovskites, originated by the intensive study
on quantum dot-sensitized solar cells, is also revised, stressing the potentiality of
these systems for the development of low cost photovoltaic devices.

1 Introduction

Since the apparition of the Homo Sapiens in Africa, 200,000 years ago, the evo-
Iution of the society has been closely linked to an increment of the energy con-
sumption. From the early days of the hunters and harvesters society to the current
industrial societies the energy consumption per person and day and the world
population have both experienced an exponential growth [1]. The demand for
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power during the last period of industrialization is compensated with the use of
nonrenewable sources, fossil fuels such as coal and oil. Their use not only rep-
resents an irreplaceable depletion of stocks, avoiding its use on other beneficial
issues especially in the case of oil, but it has caused serious side effects as the
greenhouse effect. Gases from combustion have a potentially catastrophic impact
in the global warming and the climate change as it has been recognized since the
end of the twentieth century by the United Nations [2]. In this sense, energy has
become one of the most striking problems of the humankind. It is easy to recognize
that the energy problem is not only important in itself but for its implications in
many of the great challenges of humanity in the twenty-first century (wars,
environment, food, water...). This situation strongly demands a change in the
weighting of the different energy sources in the energy cocktail that powers the
world. The weight of nonrenewable energy sources necessarily has to decrease,
even if this decrease in nonintentional due to the stock reduction. It is debatable
whether the size of the nonrenewable energy source reserves is large or small, but
the irrefutable fact is that these reserves are finite. On the other hand, to maintain
the economic development the energy consumption cannot be significantly
decreased, and the reduction of energy from nonrenewable sources has to be
compensated with power coming from renewable sources.

Undoubtedly photovoltaic energy is the renewable power source with higher
potentiality, as the Earth receives from the Sun in just 1 hour the same amount of
energy that it is expended by all the humankind in 1 year [3]. But the devices that
we currently have to harvest energy from this huge pool, they are expensive
compared to other energy sources. In this sense, a reduction of cost in photovoltaic
devices is mandatory to take full advantage of the tremendous potentialities of
these systems. There are two ways to attain this scope: (i) reducing the fabrication
cost of the device; (ii) increase the efficiency of the photovoltaic devices. To attain
both solutions nanoscience can help us.

The new technologies capable of constructing material structures with dimen-
sions from 0.1 to 50 nm have opened numerous possibilities to investigate new
devices in a domain heretofore inaccessible to the investigators and technologists.
A considerable activity exists in nanoscience and technology in university and
industrial laboratories around the world. The requirements of improved efficiency
and versatility, and of reduced cost of the photovoltaic devices, have led to search
for extending the field of traditional study in inorganic semiconductors, incorpo-
rating new materials, and structures capable of satisfying these requirements. In
the field of the photovoltaic solar power, the challenge of the future for the new
concepts on nanoscale is to reduce the present cost of the devices by a factor
10-100. Candidates to lead this revolution are the new nanocomposite solar cells,
formed by coatings deposited from liquid solutions. These procedures avoid the
need of treatment in vacuum, and improve substantially the time and cost of
production. Also the highly energetic stages of the process of production are
avoided, improving the time of recovery of the spent energy. With the advanced
optimization on nanoscale, and the application of solution low cost, it is possible to
achieve the efficient use of minuscule quantities of matter.
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Nanoscale considerations have been also important implications in the devel-
opment of low cost photovoltaic devices, from the point of view of the funda-
mental principles. Conventional Si solar cells rely on high quality materials since
the carriers generated in the device after photon absorption remain in the same
material until they are extracted at the selective contacts [4]. This involves the use
of sophisticated technologies with high production cost in order to avoid carrier
recombination before their extraction. Conversely, nanoscale absorbers can
quickly separate the photogenerated carriers into two different media which allows
for a less-demanding materials quality and therefore cost reduction, as transport of
electrons and holes is occurring in different materials and recombination is
reduced. These are the fundamentals of the new paradigm introduced to the
photovoltaic conversion by the sensitized solar cells that have received a major
attention since the seminal paper of O’Regan and Gritzel at the beginning of the
1990s [5]. Most of the work carried out in sensitized solar cells has been made
using organic and/or metalorganic molecular dyes acting as light absorbing
materials. The use of inorganic semiconductors as nanoscale light harvesters has
been minority. But the undoubted photovoltaic properties of these materials have
pushed the research in this field with a continuous growing interest in the last few
years. This interest has resulted in a constant growth of the reported efficiencies.
This fact with the easy preparation and its low cost make of the inorganic semi-
conductor sensitized solar cells one of the fields of photovoltaics that is experi-
enced higher growth. This chapter is devoted to the study of these systems
focusing mainly in two aspects the low cost preparation and the role of nanoscale
design and the advanced structures for solar cell preparation

This chapter is structured in nine sections. The first one is this brief introduction.
In the second, we analyze the fundamentals of sensitized solar cells, explaining the
specificities of dye, semiconductor, and quantum dot solar cells, and reviewing the
state of the art. In Sect. 3, the experimental techniques used for semiconductor light
absorbing material deposition are revised, stressing the fact of their low cost and
easy industrial implementation. In the fourth part, new promising substrate struc-
tures in the case of inorganic semiconductor absorber are revised, in order to
highlight the role of nanoscale and the possibilities of design. In Sect. 5, the hole
transporting material is revised for both liquid electrolytes of all solid devices. In
Sect. 6, the counter electrode material is determined by the hole transporting
material and proper choice has to be done as we analyze in this section. In the
seventh, the effect of carrier recombination before being collected at the output
terminals, the role of surface stats in the light absorbing materials has overviewed. In
the penultimate part, a new class of light absorbing materials “halide perovskites”
has arisen and made revolution in this field. Despite there are several proves indi-
cating that this kind of devices are not fully behaving as a sensitized device, it has
been the intense work in sensitized solar cells that have allowed to achieve this
breakthrough. Therefore, we consider that it is important to include these systems in
this chapter. This new hot topic in photovoltaics is also taking benefit of the
knowledge and characterization techniques developed in the last decades for sen-
sitized devices. Finally, very briefly conclusions are highlighted.
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2 Sensitized Solar Cells

As commented in the introduction the fundamentals of sensitized solar cells is to
decouple light absorption and charge transports making that these processes occur
in different media. When light is absorbed by molecular dyes the devices are called
Dye-Sensitized Solar Cells (DSSCs), and are the most extensively studied class of
sensitized devices [6]. But here we are going to focus our attention in the case
where inorganic semiconductor are used as light absorbing materials instead of
dyes giving place to the Semiconductor-Sensitized Solar Cells (SSSCs) [7]. When
the size of the semiconductor material is small enough to observe effects due to
quantum confinement (particle radius lower than the Bohr radius) the devices is
called Quantum Dot-Sensitized Solar Cells (QDSSCs) [8-10]. The line separating
SSSCs from QDSCs is fuzzy and many times the denomination QDSSCs is pre-
ferred even in cases where quantum confinement is not observed.

The working principle of QDSSCs is fundamentally similar to DSSCs and they
are represented in Fig. 1. A wide bandgap semiconductor material is sensitized
with an semiconductor with a bandgap in the visible or near IR region. The most
extensively used wide bandgap semiconductor has been TiO,, but several exam-
ples of the utilization of other ones as ZnO [11] or SnO, [12-14] have been
reported. Light irradiation photo excites electron-hole pairs from the QD Valence
Band (VB) to the QD Conduction Band (CB). Photoexcited carries are injected
into two different transporting media. Electrons are injected into the CB of the
wide bandgap semiconductor, while hole are injected into a hole transporting
material (HTM). Then both carriers diffuse to their respective contacts. In order to
optimize cell performance, recombination of diffusing carriers should be avoided.
As the light absorbing layer is extremely thin effective surface area is significantly
enhanced with the use of a nanostructured electrode, increasing consequently the
light harvesting [5]. This description is perfectly valid also for DSSCs. In this
sense, in a first analysis it could be thought that semiconductor QDs are only one
more of the thousand of dyes that have been checked in DSSCs. But we want to
highlight here that it is not the case. The different nature of QDs in comparison
with molecular dyes makes that the complete design of the solar cell device have
to be rethought.

Main differences between DSSCs and QDSSCs could be divided into five
aspects:

(i) Preparation of the sensitizer.
(i) Nanostructured electrode.
(iii) Hole Transporting Material (HTM).
(iv) Counter electrode.
(v) Recombination and surface states.

In the next five sections, we will develop each of these points reviewing the
current state of the art of QDSSCs.
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Fig. 1 Cartoon representing the fundamental principles of sensitized solar cells. Light
photoexcites electron-hole pairs at the QD (vertical green arrow). Photoexcited electron is
injected into the CB of the wide bandgap semiconductor, while hole is regenerated from the redox
level of the liquid electrolyte (or the VB of a solid hole transporting material). Electron in wide
bandgap semiconductor is transported to the electron contact (orange arrow). Redox sytem is
regenerated at the counter electrode and electrons diffuse to the working electrode (purple
arrow). During the transport process electron can recombine with holes in the QDs or in the HTM
(blue dashed arrows)

3 Sensitization with Inorganic Semiconductor
Quantum Dots

Considering the sensitized synthesis, an inorganic semiconductor can be prepared
by several ways and the growth mechanism determines dramatically the perfor-
mance of the photovoltaic device [15, 16]. In this chapter, we want to highlight the
potentiality of QDSSCs for the development of low cost photovoltaic devices. In
particular, we will review some of the techniques, most commonly, employed for
the sensitization with inorganic semiconductors. Interestingly, these techniques do
not require any special experimental conditions like vacuum or high temperatures;
this fact is especially attractive for industrial development as it is an effective way
for cost reduction.

Two major strategies have been practically used to sensitize QDs onto the elec-
trodes (a) in situ preparation of QDs on the electrode surface and (b) attachment of
presynthesized Colloidal Quantum Dots (CQDs) on the electrode surface. The
former method includes chemical bath deposition, [17] successive ionic layer
adsorption/reaction, [18] electrochemical deposition, [19] and photochemical
deposition [20]. The latter exploits, but is not limited to, linker molecules, [8, 21-23]
direct absorption, [16, 22, 24] spray pyrolysis deposition, [25, 26], and electro-
phoretic deposition [27-30]. There are also some examples of the combination of
these two approximations [31, 32].
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The use of CQDs allows the production of material with a high degree of
crystallinity a high control of QD properties (as size, shape, bandgap...) but in the
first reports relatively low QD loading was obtained [16, 22]. In QDSSCs, it is
widely reported historically that directly grown QDs on the electrode surface show
relatively high performance than that of indirectly attached CQDs, due to a higher
sensitizer loading and consequently higher harvesting efficiency [16, 33]. Using
direct assembled approach, the QDs were attached to mesoporous framework
robustly and charge transfer resistance was possibly reduced [34, 35]. But it was
demonstrated that potentially QDSSCs based on CQDs exhibit a higher potentiality
for the development of efficient devices [16]. Semiconductor grown directly on the
surface of the mesoporous electrode present poor crystallinity and broader quantum
dot size dispersion than CQDs. In addition, deleterious effects in the grain
boundaries could arise [7]. Recently, the group of Zhong has developed a method
based in a ligand exchange of the capping molecules in CQDs [36-38]. With this
method higher QD loading is attained and consequently higher efficiency in fact the
record efficiency for QDSSCs has been reported by this group with CdSe,Te;_,
CQDs [38].

Taking into account these considerations here we review different sensitization
methods for both CQDs and semiconductors grown directly on the electrode
surface. The following coating methods were identified as low cost methods
compared to physical and vacuum techniques:

3.1 Sensitization with Colloidal Quantum Dots

For the sensitization with CQDs two consecutive steps are required. In first step,
presynthesized CQDs are grown with an accurate control of the crystalline quality,
size, and shape (and consequently bandgap) distribution or capping [39]. Second,
CQDs should be attached to the nanostructured electrode. However, there is no
single procedure to attach CQDs to the photoanode and it is possible to differ-
entiate between assisted and direct sensitization. In the assisted sensitization
process, bifunctional linker molecules are used to anchor CQDs to the nano-
structured photoanode [8, 23]. These linker molecules generally have a functional
carboxylic group which first attach to one side of the TiO, and the other side of the
linker (generally a thiol group) was connected to the CQD [8, 23]. In addition to
carboxyl linkers, other functional groups can also be applied as bifunction linkers
for fixing CQD to the nanoporous electrode (as amine group in cysteine), and is
realized that this linker molecules play an important role in PEC performance [21].
On the other hand, CQDs can be directly attached to the electrode without the use
of any specific linker. For example, if toluene solvent for CdSe CQDs is substi-
tuted by dichoromethane, CQDs can be directly absorbed on TiO, surface simply
by dipping the substrate in the dichloromethane solution with CQDs [22, 24]. The
use of linker molecules is benefit during the CQDs synthesis which capped with,
generally, long organic molecules (oleic acid), thus offer controlling QD size and
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avoid agglomeration [39]. It has been shown that the ligand exchange helps
anchoring QDs to mesoporous electrode, for example, TOPO molecules coating
CdSe QDs were substituted by pyridine in order to enhance the QD loading of
sensitized electrode [40]. This strategy has been employed with significant success
by the group of Zhong, where oleic acid is substituted by mercaptopropionic acid
(MPA) [41]. Then aqueous solution with MPA-capped QDs is pipetted directly on
the electrode surface, where it stayed for 2 h before rinsing sequentially with water
and ethanol and then drying with nitrogen. This procedure has produced QDSSCs
with efficiencies higher than 5 % [36, 37] or even 6 %, [38] as it has been already
commented.

The methods presented so far have the drawbacks that need long duration for
sensitization in most of the cases, as the dipping process to attach the linker
molecule and/or the QDs requires several hours for an optimum loading [8].
Sensitization time can be significantly reduced by employing the electrophoretic
technique. Basically, in this technique an electrical field is applied between two
electrodes dipped in a QD solution. Ionized QDs are attracted to the electrodes and
attached in one or both electrodes [42]. CQD deposition rate on the mesoporous
electrode depends on the applied voltage, high CQD loading can be obtained in
few hours [28, 29] or even in few minutes [27]. Even, electrophoresis has been
used to attach rod shape sensitizers (nanorods) to TiO, electrodes, [29] to prepare
electrodes with QDs of different sizes [30] or to assemble CdSe QDs and fullerene
for an innovative solar cell [43]. Nevertheless the efficiencies reported for
QDSSCs using electrophoresis are shown below the performance reported for
other attaching modes with CQDs.

3.2 Chemical Bath Deposition

The second main approximation for the sensitization with inorganic semiconductor
is direct growth of light absorbing material on the surface of the wide bandgap
semiconductor electrode. The remaining section will be dedicated to this last
approximation with three low cost techniques that will be overviewed: (a) Chemical
bath deposition (b) successive ionic layer adsorption and reaction (SILAR), and (c)
electrodeposition. Chemical bath deposition (CBD) is a convenient method to
assemble the QDs on a variety of substrates (conducting and nonconducting) at
elevated temperatures compared with most other semiconductor QDs deposition
methods [44]. The simplicity of CBD process together with the inherent low
temperature operations results in superior control over the QDs particle size [17].
Several articles explain the variety of QDs assembly by CBD method, i.e., CdS, [18,
45, 46] CdSe, [34, 47, 48] Sb,S; [49-52], CdTe, [53-56] PbS [27, 57-60], etc. The
two main mechanisms for the CBD process are (1) ion-by-ion deposition onto a
coating surface without bulk precipitation in the deposition solution and (2) bulk
precipitation (or colloid formation) with diffusion of the bulk semiconductor
clusters to the coating surface [44]. The complex agents were usually utilized to
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maintain the pH of the chemical bath, which directly control the reaction rate and
hence overcome the bulk precipitation in the chemical bath [61]. For example, the
reaction mechanism of in situ coating of CdSe QDs onto mesoporous TiO, is
explained as follows: [62]

Cd*" + HSe™ + OH™ « CdSe(s) + H,0 (1)
(CdSe),, +Cd*" + HSe™ + OH™ « (CdSe),, + H,O (2)
(CdSe),, + (CdSe), « (CdSe),,., (3)

(Cd)*" + 20H™ « Cd(OH),(s) (4)
Cd(OH),(s) + HSe™ — CdSe + OH™ + H,0 (5)

Reactions (1)—(2) describe the formation of CdSe without the formation of
Cd(OH), seed layer. Subsequently, Cd** and Se®~ species are forming larger
clusters by coalescence or aggregation with other clusters (3). Coalescence refers
to a combination of two clusters to form one single crystal, while aggregation
means the formation of two or more separate but contacting crystals. The latter
was suggested to be the terminating step in crystal growth for CBD CdSe films. As
for CdSe, the reverse direction of reaction (5) will lead to redissolution of the solid
phase and will control the size of the Cd(OH), crystallites (i.e., colloidal particles)
in the solution. Thus, lower temperatures result in a higher concentration of small
Cd(OH), nucleii and results in the formation of CdSe crystal with smaller size.
The effect of Se*>~ ions at a Cd(OH), surface will be replaced by a selenide due to
much lower solubility of CdSe compared with Cd(OH),. The Cd(OH)* nucleus
will eventually be converted to CdSe (reaction 1). Thus, the reaction will continue
by formation of hydroxide and its subsequent conversion into CdSe (4 and 5).
Therefore, the nucleation process on coating surface takes vital role in determining
QDs formation mechanism, which is often controlled by precursor concentration
and chemical bath temperature and is explained elsewhere by Gorer et al. [62]
(Fig. 2). Different QD size, as can be deduced from the different bandgap, can be
obtained by varying temperature and concentration in the CBD process, see Fig. 2.

The typical chemical bath deposition of CdSe QDs is as follows [63, 64]: a
chemical bath solution was prepared by mixing 80 mM CdSO, and 80 mM
sodium selenosulfite (Na,SeSO3) solution with 120 mM nitriloacetic acid. The
mesoporous TiO, electrodes were immersed in the chemical bath at 10 °C for 12
hours. Finally, the films were soaked in deionized water and dried with nitrogen.
Recently, antimony sulfide (Sb,S;) QDs sensitizers prepared by CBD method
showed efficient PCE performance 4-5 % in both liquid-type and solid-state
hybrid solar cells [65-68]. Deposition of Sb,S; coating by CBD is cheaper than the
other available techniques. Typical coating of Sb,S3; QDs is explained elsewhere
[67, 68]. Briefly, the mixture of 1 M solution of SbCl; in acetone and 1 M
Na,S,05 cold aqueous solution addition with cold water is adjusted to have a final
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concentration of Sb** and $,05 of ~0.025 and ~0.25 M, respectively. The CBD
solution is quickly poured in the CBD recipient, where the electrodes were placed
vertically, and the recipient was left in a refrigerator at ~7 °C for 2 h. Then, the
samples are rinsed with deionised water and dried by flowing nitrogen. Efficiencies
as high as 6.3 % have been reported in all-solid QDSSCs with Sb,S; [67].
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From the earlier reports, it is found that the deposition of QDs by CBD method
densely covers the mesoporous metal oxide surface and enhances the recombi-
nation resistance [10, 63, 69, 70]. Despite the effective coverage on TiO, surface,
CBD method generally result in nanocrystalline films pattern rather than particles
coating. Therefore, it is mostly suitable for wide-pore-nanostructured electrodes
(nanotube, nanowire, nanotube, and inverse opal) [71]. The nanocrystalline film
coatings may block the narrow pore-channel of conventional nanopaticulate
electrodes having limited pore size (5-7 nm). Also, this method takes several
hours for coating (12—48 h) and high roughness surface requires seed layers, for
example CdS is widely applied as seed layer for CdSe deposition [64].

3.3 Successive Ionic Layer Adsorption and Reaction
(SILAR)

The successive ionic layer adsorption and reaction (SILAR) method is an
emerging method for depositing variety of semiconductor quantum dots both as
binary (CdS, CdSe, PbS, CdTe, CuS, Sb,S;, Sb,Ses, Bi,S; etc.) and ternary
compounds (CdS,Se;_,, CulnS, Culn,S; etc.) [72, 73]. The SILAR method is
inexpensive, simple and convenient for large area deposition. There is no
restriction of coating surface and can be widely applied to all kind of materials
such as insulators, semiconductors, and metals. One of the advantages of SILAR
process is the likelihood of achieving coatings at low temperature which avoids
oxidation and corrosion of the substrate. The following parameters are indispen-
sible in controlling the particle size and bandgap of QDs; concentration of the
precursors, nature of complexing agent, pH of the precursor solutions and
adsorption, reaction, and rinsing time durations etc. [74]. The reviews by Mane
et al. [44] and Pawar et al. [75] provide the detailed picture of semiconducting
chalcogenide films coating by SILAR. The growth mechanism involves four most
important steps: (a) specific adsorption of cationic precursor (b) rinsing of the
nonspecifically adhered chemicals, and (c) the chemical reaction between the most
strongly specific adsorbed cations and less strongly adsorbed anions by the sub-
sequent substrate immersion in the anion solution; and (d) rinsing of the species
that did not react. These four steps constitutes a SILAR cycle, it can be repeated
many times, increasing each time the amount of deposited material. Various stages
of QDs growth (for example CdS QDs) is explained in Fig. 3. The average QD
size can be controlled by the number of deposition cycles. This method has been
used specifically to prepare metal sulfides, but recently SILAR process is expanded
to prepare a variety of metal selenides and tellurides [76].

In SILAR method, the particle size of QDs is controlled by number of coating
cycles. The number of coating cycles depends on the concentration of chemical
bath. As explained in CBD method, increasing the bath concentration above the
critical concentration (R,) limits the number of SILAR cycles where the QDs are
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redissolved into chemical bath and QDs films might feel-off from the coating
surface. During first SILAR cycle, the seed layer of QDs was formed on the
coating surface and directing further growth for successive coating cycles. The
influence of coating cycles on growth of QDs can be studied by optical absorption
spectra. Figure 4a—c explains the influence of coating cycles on optical absorption
of CdS, CdSe [77], and Sb,S; [78], respectively. From Fig. 4a, it is clearly
understood that the absorption of CdS and CdSe is found to increase by gradually
improving the coating cycles. Interestingly, nucleation and growth of CdSe on
TiO, can be greatly accelerated with a CdS underlayer, where CdS is rather a
promoter for the preferential growth of CdSe (Fig. 4b) as it has been also observed
for CBD.

Typically, semiconductor QDs by SILAR process has been demonstrated under
aqueous medium, but the high surface tension causes poor wetting ability on a
solid surface, which leads to poor penetration of the solution in a porous matrix.
Therefore, low surface tension solvent is recommended like alcohol solutions for
efficient QDs coating. Since it has high wettability and superior penetration ability
on the mesoscopic TiO, film, well-covered QDs on the surface of mesopores is
achieved easily. The high coverage of QDs results by alcohol solvent showed high
absorbance than that of aqueous solvent (Fig. 4c¢).
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Fig. 4 UV-visible optical density (OD) spectra of as-prepared (a) nCdS and nCdSe, and
(b) 5CdS/nCdSe-coated 2.4 mm TiO, electrodes, where n is the number of SILAR deposition
cycles. The OD spectra represent the net light absorption by the sensitizers as the substrate
absorption (mesoporous TiO,) was subtracted from the absorption spectra of corresponding
nCdS, nCdSe and 5CdS/nCdSe-sensitized TiO, electrodes [Hossian et al. reprinted with
permission from RSC] [77] (¢) UV-vis absorption spectra of TiO, with different coating cycles of
CdS QDs in alcohol solutions. The inset shows the absorbance of excitonic peaks after various
cycles of the CBD process for alcohol and aqueous systems [Chang et al. [45] reprinted
permission from AIP publishers]

3.4 Electrodeposition

Electrodeposition (ED) is an emerging technique for synthesizing semiconductor
thin films and nanostructures, especially chalcogenides and oxides [79-85]. One of
the great advantages of ED method is that they are more suitable for solar cells
application [86, 87] since it allows the possibility of easily altering both the
bandgap and lattice constant by composition modulation through the control of
growth parameters such as applied potential, pH, and temperature of the bath.
Thus, it is at least in principle possible to easily grow large areas of tandem cells
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designed for the most efficient conversion of the solar spectrum. A large number of
semiconductors CdS, [19, 88] PbS, [89-91], and CdSe, [85, 92, 93] etc., have been
electrodeposited with varying coating parameters such as electrolyte concentra-
tion, pH, and applied potential, etc. The ED method is restricted to electrically
conductive materials. In the electrochemical deposition, the substrate (mesoporous
TiO,-coated TCO) is submerged in a liquid solution (electrolyte). When an
electrical potential is applied between a conducting area of the substrate and a
counter electrode (usually platinum) in the liquid, a chemical redox process takes
place resulting in the formation of a semiconductor QDs layer on the substrate.
The schematic of hybrid electrochemical/chemical deposition of CdS QDs are
presented in Fig. 5 [94].

Recently, Wang group, [13] and X-Y Yu et al,, [19] demonstrated the elec-
trodeposition of CdSe QDs on SnO, and ZnO nanostructures, respectively. The
completely covered CdSe QDs by electrodeposition on mesoporous SnO,
photoanodes showed 17.4 mA cm ™2 with 3.68 % PCE, which is relatively a high
performance compared to the previous reports on SnO, photoanodes-based
QDSSCs. The growth methodology of electrodeposited CdSe QDs at different
cycles is explained in Fig. 6. The size of QDs was influenced by number of coating
cycles. However, more number of coating cycles may block the pores.

In this section, we have summarized the most important sensitization methods
for QDSSCs. We observe the relative simplicity of the methods, that they do not
require vacuum or high temperature conditions. Therefore, chemical approach of
QDs sensitization method is inherently low cost and remarkable efficiency higher
than 6 % has been reported. This fact advocates that QDSSCs have tremendous
potential for the future development of low cost photovoltaic devices.

4 Photoanodes in QDSCs

The photoanode of a QDSSC functions as selective contact for electrons [4]. In
addition, it also works as an electron ‘‘vehicle’’ to transport the injected electrons
from the excited QDs sensitizers to the outer circuit. In general, the photoanode
materials need to satisfy several properties: first, the energy gap of the semicon-
ductor could match with that of the QDs-sensitizer to ensure an effective injection
of the photo-induced electrons from the QDs to the semiconductor, ensuring in
addition electron selectivity blocking holes. Second, the semiconductor electrode
must have a high surface area to accommodate more QDs, so as to harvest as much
photon as possible. The photoanode material is the indispensible component of
QDSSCs which plays crucial role in sensitizer loading, electron injection, trans-
portation, and collection, and therefore exhibits significant influence on the pho-
tocurrent, photovoltage, and the power conversion efficiency. Recently,
remarkable efforts have been paid to the design of the chemical composition,
structure, and morphology of the semiconductor photoanode.
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Fig. 5 Schematic diagram illustrating the three step electrochemical/chemical (E/C) synthesis of
epitaxial CdS nanocrystals [Anderson et al. [94] Reprint permission from ACS]

Fig. 6 SEM images of low and high magnification of CdSe-free mesoporous film of TiO,
(a) and for different CdSe electrodeposition times from 30 to 300 mC cm? (b)—(f). [Sauvage et al.
[183], reprint permission from IOP publishers]. (g)-(i) CdSe QDs electrodeposited TiO, ruitle
nanowires [Kamat et al. [184], reprint permission from Wiley VCH]

In sensitizer-type solar cells, the photoanode should have high surface area to
accommodate more amount of sensitizer loading to enhance light harvesting.
However, the recombination process is proportional to the electrode surface area.
The open-circuit potential (V,) in sensitized solar cells is significantly affected by
the recombination process. A balance between recombination and light harvesting
is therefore needed to maximize sensitized solar cell performance. With these
considerations on mind inorganic semiconductors are extremely attractive due to
their high extinction coefficient, in many cases, see Fig. 7.

In Fig. 7, a comparison of the extinction coefficients of one of the most
employed dyes in DSSCs, N719, with the inorganic semiconductor Sb,S;. This
implied that the effective surface area of QDSSCs covered with QDs may not need
as much increase as in DSSCs for achieving high light harvesting. In this sense,
QDSCs can take advantage of the development of new electrode structures to
control the recombination process with lower effective area and consequently
lower recombination. In addition, despite the high extension coefficient of
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semiconductor QDs sensitizers, it is relatively larger in size than dye molecules;
therefore it is difficult to penetrate deeper parts of TiO, electrode and thus limiting
the sensitizer loadings. Therefore, large-pore network is prerequisite to afford
effective QDs loading. On the other hand, such photoanodes could demonstrate
high charge transport from sensitizer to a charge collector, ultimately, over-
whelming the charge recombination at photoanode/electrolyte interface. There-
fore, to achieve (a) high sensitizer loading (b) fast electron transport channel, and
(c) good electrolyte pore-filling, establishing multifunctional photoanode frame
work is the promising approach in QDs-sensitized solar cells. The following
nanostructures has been identified as futuristic architectures in QDSSCs (a) highly
interconnected, spatially assembled 1-D network (b) branched nanowires with
highly conducting backbone which directly attached to charge collector, and (c)
three-dimensionally ordered pore arrays with high scattering capability. Some of
the electrode preparation methods also present a high interest for industrial
application, as electrospinning.

In this context, nanofibrous membrane (NF), inverse opal (I0) and hierarchal
nanowire (HN) electrodes receive great deal of attention as three-dimensional (3-D)
photoanodes for next generation DSSCs or QDSSCs. In this section, we will discuss
the fabrication and advantageous of 3-D nanostructured photoanodes in QDSCs.

4.1 Directly Assembled Continuous Fibrous Electrodes

Utilization of the wide pore-structured nanofibers is receiving great attention for
superficial electrolyte penetration through their vertical pores yield effective
interfacial contacts with TiO,—sensitizer interfaces [95, 96]. In particular, fibrous
electrodes prepared by an electrospinning technique showed remarkable perfor-
mance in DSSCs since it support large-scale anode fabrication at low cost. Archana
et al. [97] reported that a 1-D fibrous film results in a high diffusion coefficient
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Fig. 8 a Schematic illustration of electrospinning set up. The TiO, fibrous channels were
directly deposited onto collector (FTO substrates); SEM images of (b) as prepared TiO, fibers
and (c) calcinated fibers (An et al. [186] Reprinted permission from Elsevier)

(D, ~ 4.6 x 10~* cm® s™"), which is nearly 3 times higher than that of the par-
ticulate electrodes (D, ~ 1.5 x 107* cm? s™!) under identical photoexcitation
density. Furthermore, they observed less charge transport resistance and transit time
in the fibrous electrode over the nanoparticle electrode. The high electron diffusive
transport characteristics of fibrous electrodes are fostering as effective photoanodes
for achieving feasible charge collection at QDSCs compared to conventional
nanoparticle electrodes. In addition, fibers have less grain boundary density, which
can overcome the trapping—detrapping loss unlike conventional nanoparticulate
electrodes and beneficial advantages in attenuating the scattering loss [98]. On the
other hand, the inclusion of nanofibers in conventional nanoparticle electrodes
(composite) substantially improves the light harvesting through promoting the
light-scattering pattern (analogous to antenna lobes) [99]. The first QDs
(CdS:CdSe)-sensitized solar cells using direct assembled 3-D fibrous electrodes has
been demonstrated by Sudhagar et al. [47] Followed that significant work has been
developed on fibrous QDSSCs. The schematic structure of electrospinning (ES) set
up is shown in Fig. 8.

The detailed working principles of ES technique have been explained elsewhere
[100-102]. Briefly a continuous TiO, fibrous membrane is directly assembled on a
FTO substrate using the electrospinning technique (Fig. 8). The typical solution is
used for spinning: 0.53 g of polyvinyl acetate (PVAc) dissolved in 4.45 g of
dimethyl formamide (DMF). After completely dissolving the PVAc in DMF, 1 g
of titanium(IV) propoxide and 0.5 g of acetic acid were mixed well for 30 minutes.
The resultant solution for spinning is loaded into a syringe driver and connected to
a high-voltage power supply. An electrical potential of 15 kV was applied over a
collection distance of 12 cm. The electrospun fibrous membranes were collected
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continuously on the grounded FTO substrate for 20 minutes. Subsequently, the
films were sintered at 450 °C for 30 minutes in air. The diameter of the fibrous
membranes can be easily modified by adjusting the Taylor cone size through (a)
sol concentration (b) flow rate, and (c) applied potential.

Most fibrous electrodes have been fabricated using a two-step method. After fiber
synthesis, substrates are coated with the synthesized fibers, but in this case poor
particle interconnectivity is detected [96, 103]. Continuous electrospun fibers can
solve this problem but peel off limitations has to be overcome. Various approaches
have been demonstrated for this purpose. Song et al. utilized a hot press method to
enhance the adhesion of the nanofiber to the substrate [95]. Similarly, chemical
treatment was also employed to relax the nanofiber to yield an improved adhesion of
the nanofiber to the substrate [104]. Onozuka et al. [105] applied a dimethyl
formamide (DMF) treatment to TiO, fibrous electrodes, where DMF induced the
swelling of the polymeric substances in the composite film and reinforced the
adhesion between the substrate and fibrous membranes. This DMF treatment has
improved the charge collection efficiency of DSCs by about 20 % compared to
untreated electrodes. Analogous DMF-treated electrospun spheroidal electrodes
were tested in QDSSCs, where the efficiencies increased from 0.85 to 1.2 % through
improving the electrical contact between the fibers and the Transparent Conducting
Oxide (TCO) substrate [106]. Despite the good electrical contact achieved by
chemical treatment, it could affect the fibrous morphology thus lower the pore
volume of the electrode, which severely affect the QDs loading and electrolyte
penetration. In view of maintaining electrode pore volume as well as good electrical
contact between TCO and fibrous network concurrently, it would be a better choice
to choose chemical vapor treatment instead of direct chemical treatment.

Recently, we studied the above said hypothesis of surface treatment (chemical
treatment and chemical vapor treatment) in fibrous electrodes and provide the
detailed insights in controlling recombination rate at QDSCs [63]. Figure 9a—c
compares the SEM images of different surface-treated TiO, fibrous electrodes. It
clearly indicates that the untreated fibers (Fig. 9a), show a smooth surface with
70-100 nm diameters and several micrometers length. After surface pretreatment
with DMF (Fig. 9b), the fibrous channels were intertwined and became a rather
compact structure. This may be due to the fact that DMF treatment swells the
polymer content of the fibers, thus resulting in a coagulated fiber structure. This
coagulated fiber structure reduces the interpore distance between each fiber channel,
reducing consequently the effective surface area of the electrode for electrolyte
penetration. However, it could improve the electrical contact between the FTO
substrate and the fibrous TiO, layer. In the case of tetrahydrofuran (THF) vapor
treatment (Fig. 9¢), the fibrous surface seems etched, which could consequently
improve fibers inter-junction points. Also, the interpore distance between fibrous
channels is partially retained after the THF pretreatment. As a consequence, THF
treatment produces electrodes to half way between UT and DMF electrodes.

From Fig. 9d THF-QDSSCs result high open-circuit voltage V,. = 0.57 V with
slight improved short circuit photocurrent Jy. = 9.74 mA cm 2 compares to
untreated fibrous electrode based QDSSCs, while the DMF cell presents a lower
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Fig. 9 SEM images of (a) untreated (b) DMF treated and (c) THF vapor-treated TiO, fibers;
d current—voltage (J-V) measurements and (f) IPCE spectra of QDSSCs using different surface
treated TiO, fibers electrodes. The electrode thickness is 2.4 um. (Sudhagar et al. [63] reprint
permission from RSC publishers)

photocurrent. The observed higher performance in THF vapor-treated cells may
attribute to the improved physical adhesion of fibers with the TCO substrate. The
recombination parameters of this system have been studied and found that
chemical vapor treatment offer high charge recombination resistance to the elec-
trodes. Interestingly, these TiO, fibrous membranes afford high feasibility in
altering their Fermi level under post-doping process. Under the post-doping of
fluorine ion (in Fig. 9d, THF+F) results upward Fermi level shift in TiO, con-
duction band. This Fermi level upward shift promotes the V,. as well as fill factor
(FF) of the device. We found that the combined pretreatment (THF) and post-
treatment (F ion doping and ZnS QDs decoration on CdS/CdSe QDs) the 3-D TiO,
fibrous photoanode yielded a device performance of 3.2 % with a remarkable
Voe = 0.69 V compared with most of the reports existing in the literature.

Yet another attempt on improving the electrical contact between fibrous elec-
trode with TCO substrates has been demonstrated by Samadpour et al. [107].
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Fig. 10 a Schematic view of the hollow nanofibrous anode based QDSCs, IPCE; corresponding
(b) IPCE and (c) J-V curves of the SILAR sensitized cells. (Samadpour et al. [107] reprint
permission from RSC publishers)

They explored that the inclusion of nanoparticle glue layer in between the hollow
nanofiber promotes the electrical contact between fiber channels with TCO as well as
promote the surface area of the electrode. Figure 10 shows the schematic of hollow
nanofiber photoanode-based QDSC (Fig. 10a) along with JV and IPCE performance
(Fig. 10b, ). In this work, authors compared nine different photoanodes for instance
conventional particulate TiO, (NP), pure hollow nanofiber (NF), and mixed com-
posite of NP and NF. From Fig. 10b, c, the efficiency of the pure hollow fiber (F)
structure is just 0.66 % (V,. = 0.43 V, J;. = 3.1 mA cm 2, FF = 0.54), the effi-
ciency of cells with XX structures (TiO, paste which contained TiO, nanoparticles
and fibers) increased to 3.24 % (Fig. 10c), which constitutes a 6-fold enhancement.
In this structure, the 20 nm nanoparticles act as a glue crosslinking the fibers and also
improving the adhesion with the FTO substrate. Mixing both fibers and nanoparticles
(X structures) has the additional beneficial effect of light scattering and facile
electron transport provided by the one-dimensional hollow fiber structure. The TiO,
paste which contained TiO, nanoparticles and fibers (XX) showed high performance
than that of pure hollow fiber-based QDSSCs (data not shown in the figure).
Nevertheless the direct assembled fibers showed competitive performance with
nanoparticulate structures, under similar thickness, further enhancing the electrode
thickness (above 10 micron) is really a challenging task. Since, at high thickness
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the fibrous membranes are found to peel off from the TCO substrate. Recently, we
demonstrated the hierarchical hollow nanofiberous electrode with nanotube
branches which balancing the trade-off between the fibrous thickness and
mechanical stability [108]. Assembling NT arrays on a highly interconnected 3D
fibrous backbone would reinforce the stability of the electrode. Figure 11 shows
the fabrication stages of hierarchical 3-D hollow TiO, nanofibers (H-TiO,-NFs)
and the detailed experimental procedure explained in elsewhere [108].

Figure 12a shows the QD-sensitized 3-D TiO, nanotubes branched on TiO,
hollow nanofibers (H-TiO, NFs). The high resolution TEM images reveal that the
spatially decorated TiO, NT arrays on TiO, NFs have good contact with the TiO,
backbone. Furthermore, TEM images (Fig. 12a, b) suggest that the TiO, tubular
branches have sufficiently large pore channels for electrolyte filling as well as good
structural stability. This 3-D photoelectrode was tested and compared with con-
ventional vertically grown TiO, nanotube on TCO (TiO,-NT). The optical
reflectance spectra (Fig. 12¢) shows high reflectance compared to TiO,-NTs in the
wavelength range of 380-800 nm. This might be attributed to the multiple scat-
tering of incident light at the hierarchical TiO, NT branches, thus drastically
enhancing the reflectance of the electrode. The photovoltaic performance of
TiO,-NT and 3-D H-TiO, NFs electrodes were compared in Fig. 12d. The TiO,-
NTs directly grown on a FTO electrode resulted in a photoconversion efficiency of
n = 0.9 % with photovoltage, V.. = 0.62 V, photocurrent, J,. = 2.5 mA cm_z,
and fill factor, FF = 58.3 %. As anticipated, the hierarchical TiO, nanotube
branches grown on a hollow NF backbone show unprecedentedly promoted to
N =28% with Vo. =0.61V, Jo =88 mAcm * and FF. =503 %. It is
clearly evident that the TiO, NTs spatially assembled on the hierarchical
3D-nanofibrous backbone promote the QDSSC performance by a factor of three
compared to the TiO, NTs directly grown on a TCO substrate. We can relate the
enhancement of photocurrent generation with the H-TiO, NF photoanodes to
several contributions: (a) higher effective surface area and consequently higher QD
loading and light harvesting; (b) highly efficient charge collection throughout the
photoanode with fewer boundary layers and (c) the multiple scattering effects of
the comb-like hierarchical NT arrays, in particular, red photon harvesting.

4.2 3-D Tree-Like Branched Hierarchical Nanowire

Designing vertically grown 1-D nanostructures such as nanowire [109-112] and
nanotube [113-117] which directly attached to the charge collectors (TCO) pro-
vides high charge collection efficiency in DSSCs. However, the larger voids
presence in between the nanowire/tube channels lowers the internal surface area of
the electrode [118]. Promoting internal surface area through introducing hierarchal
branches on 1-D nanostructured stems are beneficial approach for achieving 3-D
photoanodes and offers simultaneously improved surface area and favorable
electron transportation. The resultant 3-D complex nanoarchitectures show many
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Fig. 11 Schematic illustration of H-TiO, NF photoanode fabrication stages of (a) TiO, hollow
nanofibers (TiO,-NFs), (b) ZnO NR templates grown on TiO,-HNFs, (¢) TiO, nanotube branches
grown on TiO,-NFs through ZnO NR templates, and (d) QD-sensitized H-TiO, NF photoanode.
(Han et al. [108] reprint permission from RSC publishers)

advantages in sensitizer-type solar cells including: (i) the enhancement in the light-
harvesting probability through large surface area for sensitizer loading and photon
localization arising from the random multiple scattering of the light within the pine
tree network (ii) the direct charge extraction pathways throughout the device
thickness (fast electron transport from sensitizer to collecting terminal), and (iii)
the huge 3-D porous network that allows better electrolyte filling, with possible
beneficial implications for preparation of solid devices.

Among the many 3-D hierarchical anode architectures, “tree-like” morphology
is a versatile candidate, since the tree-like configuration can be fabricated in large
scale and each electronic interfaces being assembled at separate stages without any
complication. The schematic structure of proximally coated sensitizers on tree-like
framework is illustrated in Fig. 13. Under irradiation the excited electrons at
sensitizer can inject to wide bandgap branches (WB-PA), and subsequently the
electrons were being rapidly reached to collector substrate through conducting
backbone nanowire (stem) [119].

Macroscopically, assembling tree-like crystalline framework results 3-D
“nanoforest” structure, which offer ample room for more quantity of sensitizer
loading compare to branch-free nanowire electrodes. This approach is simply
mimicking branched plant structures, ultimately, to capture more sunlight.
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Fig. 12 a FE-SEM and b HR-TEM images of H-TiO, NF; ¢ diffused reflectance spectra and d J-
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Figure 13b clearly explains the advantage of tree-like photoanodes compared to
conventional nanowire electrodes. From Fig. 13b the photocurrent of the DSSC
has monotonically increased by extending the length of branches in the electrode.
The similar photocurrent enhancement in hierarchical 3-D tree-like photoanodes
has been widely found in the DSSCs literature [120-122]. The efficiency
enhancement of 3-D tree-like electrodes is mainly due to enhanced surface area
enabling higher sensitizer loading and light harvesting and also is due to reduced
charge recombination by direct conduction along the stem of the nano-tree [123].
The hierarchical branches in tree-like electrodes has been grown either by seed
layer-assisted method, [124-126] or self-catalyst-based mechanism [127]. The
stem of the electrode (back bone) may be nanowire or nanotube. However, the
overall photoconversion efficiency of the 3D tree-like photoanode strongly
depends on their growth mechanism. Wu et al. compared the performance of
hierarchical TiO, nanowire array photoanodes (hydrothermally grown without
seed layer) with P25 nanoparticle under similar dye uptaking condition [127]. The
Jo. and V,. of P25-based DSSC is 12.0 mA-cm ™2 and 794 mV, respectively, which
is much lower than those of 3hr grown hierarchically TiO, nanowire arrays
(13.9 mA-cm 2 and 826 mV). By increasing the branch length through increasing
hydrothermal duration time to 9 h, the efficiency of the device promotes to 7.34 %.
Further extending nanowire branch growth duration to ~12 h the conversion
efficiency found to be decreasing to 6.35 %, which may be ascribed to the for-
mation of more recombination pathways at nanowire/electrolyte interfaces which
lower the conversion efficiency of the device. Interestingly, diffusion coefficient of
iodine redox shuttle is ~2 orders higher in hierarchical nanoforest electrodes (D
(I;7) = 3.3 x 107 cm%s) than NP electrode (D (I;7)=5.4 x 107 cm?/s) [128].
It is understood that the enhanced mass transport of the redox shuttle anticipated to
result high V. in the device and is realized in many tree-like anode-based DSSCs.

Recently, we demonstrated the QDSSCs with high open-circuit voltage as high
as 0.77 V in ZnO nanowires array electrodes [70]. The performance of the cell can
even be increased to a promising 3 %, using a novel photoanode architecture of
“pine tree” ZnO nanorods (NRs) on Si NWs hierarchical branched structure. The
different stages of fabricating hierarchical ZnO nanorods on Si backbone nano-
wires are schematically shown in Fig. 14.

The typical experimental procedure of pine tree-like Si/ZnO electrodes is as
follows: in first stage, the backbone Si nanowires were fabricated via the vapor—
liquid—solid (VLS) process on the Au nanoparticle decorated FTO glass by using a
chemical vapor deposition (CVD) system. By introducing a 10 % silane (SiHy) in
Hydrogen (H,) mixture in a tube furnace, Si nanowires were synthesized under the
reactor temperature and pressure were kept at 480-520 °C and 40 torr for 3 min.
This Si NW thickness is assumed as total thickness of the photoanode. The n-type
doping of Si NWs was achieved by using PH; gaseous precursor as in situ doping
sources. A more detailed description of the Si NWs growth conditions and their
electrical characteristics can be found elsewhere [70]. At second stage, ZnO
hierarchical rods were grown on Si NWs. The 25 nm thick ZnO film, as a seed
layer, was deposited on FTO glass by using magnetron sputtering. The sample was
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Fig. 14 aFabrication scheme of Si/ZnO hierarchical structure b SEM image of n-Si-NW/ZnO-NR,
and ¢ schematic Si/ZnO hierarchical structure for photoanode d HRTEM images of ZnO seed-
coated Si Nanowire, and e and f their corresponding high magnification TEM images. (Sudhagar
et al. [70] ©Reprint permission from ACS Publishers)

transferred to a beaker containing 25 mM zinc nitrate and 25 mM methenamine in
water for the growth of ZnO NWs and was kept in the oven at 85 °C. After 12 h,
the electrodes were removed from the beaker and rinsed with water then dried by
N,. The ZnO NWs present an average length and diameter of 2.2-2.5 um and
100-150 nm, respectively. Figure 14d, e shows the TEM images of bare and ZnO
seed particle coated Si nanowire, respectively.

Figure 15a clearly depicted that the branched ZnO NRs directly grown on the
Si-NWs forming a pine tree structure. HR-TEM image (Fig. 15b) at the top of ZnO
NRs reveals that the ZnO NRs are single crystalline and were grown along the [001]
direction. The porosity of the electrode has been maintained even after QDs coating
(Fig. 15¢), which is beneficial for effective electrolyte penetration through entire
device. The optical reflectance property of ZnO-NR and 3-D n-Si-NW/ZnO-NR
HBS has been studied by diffuse reflectance (Fig. 15¢). Both sensitized electrodes
present a decrease in the reflectance for the wavelength shorter than 620 nm due to
light absorption of CdS/CdSe sensitizer. Analyzing the reflectance values at longer
wavelength, before the absorption threshold, the improved scattering properties of
the pine tree HBS, in comparison with ZnO NWs, are manifested in the higher
reflection values at these wavelengths. The IPCE presents (Fig. 15f) a similar
threshold to reflectance. It is important to highlight that no significant IPCE is
observed at wavelengths longer than 700 nm, indicating a negligible contribution
of the Si-NWs to QDSC performance. This fact also suggests that the light absorbed
by Si-NWs is negligible and consequently the differences observed in reflectance
values at longer wavelength in (Fig. 15e) are in fact due to the scattering properties.
The enhanced light scattering is also responsible to the higher IPCE obtained
for pine tree HBS in the wavelength range of 500-650 nm. By sensitization with
CdS/CdSe QDs, the devices yielded an overall efficiency of ~3 %, which was
higher than that of ZnO nanowire arrays due to increased QDs loading and
enhanced light scattering by the 3D geometry. It was also noted that the doping in
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Fig. 15 a and ¢ SEM images of pure and QDs-sensitized Si/ZnO hierarchical structure,
respectively; b and d, corresponding TEM images; e diffused reflectance spectra and f IPCE
spectra of Si/ZnO hierarchical anode based QDSCs; g J-V performance of conventional ZnO
nanowire array and Si/ZnO hierarchical anode-based QDSCs compared with corresponding
schematic anode structure (Sudhagar et al. [70] ©Reprint permission from ACS Publishers)

the Si backbone nanowire played an important role in the performance: the ZnO NR
had a J. of 8.0 mA/cm? and efficiency of 2.7 %, whereas the 3-D pine tree QDSC
resulted in Ji. of 11.00 mA/cm? and efficiency of 3.00 % (Fig. 15g). It is indicated,
pine tree structures have the additional advantage of the fast electron transport
through n-Si NWs. More importantly, we demonstrated that it is possible to obtain
higher V,. QDSCs with an appropriate treatment of the recombination process,
highlighting the fact that QDSCs have to be rethought, separately of DSCs, to
optimize their performance.
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4.3 Inverse Opal Architecture Photoanodes

The disordered geometrical structure of conventional nanoparticle-based pho-
toanode is often limiting the performance of the sensitized-type solar cells due to
interfacial interference for electron transport. Mainly, trap-limited diffusion pro-
cess in randomly connected networks can be affected by recombination with the
oxidizing species in the electrolyte during trapping process. Therefore, designing
the anode frameworks with highly interconnected morphology is a promising
approach in achieving superior charge transport and high penetration of both
sensitizers and redox couples. In this context, a nanostructure which contains
bottom-up 3D host—passivation—guest (H-P-G) electrode has been realized as
promising candidate in DSSCs [129, 130]. Since, 3-D H-P-G electrode offer good
structural control in the electron extraction and the recombination dynamics, this
new type of H-P-G electrode has significantly promoted the photocurrent, fill
factor, and most importantly the photovoltage of DSSCs [131].

The H-P-G electrode is basically developed by micromolding in inverse opals
(I0) structures using colloidal crystals [132]. It is well reported that inverse opal
TiO, has large interconnected pores that lead to a better infiltration, also it exhibits
a photonic bandgap (photonic crystal), which depends on the filling fraction of
TiO, in the inverse opal structure. The preparation procedure of 10 electrodes has
been demonstrated in two stages. First, the host layer is self-assembled on TCO
substrates, subsequently secondary coating of guest (TiO,) layer coated on the
host. The preparation methods of 3-D TiO, IO electrodes were schematically
explained in the Fig. 16a. The host layer may be assembled by either chemical or
physical technique. It is widely demonstrated that the polymer microspheres are
utilized as host layer (polystyrene, co-polymers, etc.) since it is easily removable
without altering the final TiO, morphology. Figure 16a shows the deposition of
TiO, layer by chemical method, which support for large-scale fabrication at low
cost. Besides, it is difficult to control the thickness of the TiO, layer in this
approach. The undesired thick TiO, coating could clog the mesoscopic pores of
the host layer, which would inhibit sensitization and electrolyte infiltration. This
can be overcome by physical coating like “atomic layer deposition” (ALD), where
the thin guest layer can be conformably coated on the entire polymer microspheres
(Fig. 16b) without clogging the pore structure [129, 133—-135]. Finally, polymer
beads were removed (Fig. 16¢) by high temperature annealing or with solvents at
room temperature, we obtained a 3D host backbone that is well connected to the
underlying TCO substrate. The resultant direct electronic connection with TCO
facilitates the charge extraction throughout the interconnected 3D H-P-G elec-
trode. The 1O photonic crystal are playing crucial roles in DSSCs as a (a) dielectric
mirror for wavelengths corresponding to the stop band and (b) medium for
enhancing light absorption on the long-wavelength side of the stop band [136, 137].
The advantages of light interaction in these structures ultimately enhance the
backscattering of the device through localization of heavy photons near the edges of
a photonic gap. This scattered light increases the probability of light absorption
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e

Fig. 16 a Schematic illustration of the forming 3-D TiO, Inverse Opal Structures by chemical
solution method; SEM images of (c) polystyrene beads (host) and (d) TiO, inverse opal (after
removing polystyrene beads); (Reprint permission from Science Direct, [142] and ACS publisher

especially in the red part of the solar spectrum. Wide range of 10-based photoa-
nodes were exemplified in DSSCs as a (a) effective scaffold for high sensitizer
loading [138] (b) scattering layer [139, 140] (c) window layer for more light photon
harvesting [141], and (d) high electron-collection 3-D conductive grid [142].
Among many characteristics of IO, particularly opal size (diameter) [133, 143] and
thickness of the electrode [131, 138, 144] has influencing the device performance of
DSSCs.

The QDSCs with IO electrodes has been well demonstrated by Prof. Toyoda
group. The influence of the QDs deposition time at IO surface was studied in detail
[145]. Diaguna et al. studied the influence of opal diameter on photovoltaic per-
formance [146]. The J-V performance of two different TiO, inverse opal
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Fig. 17 a J-V characteristic of two different TiO, inverse opal electrodes made from latex
template with diameters of 309 and 394 nm [146]; b Photocurrent density—photovoltage
characteristics of CdSe QD-sensitized inverse opal TiO, solar cells with different adsorption
times [145]; ¢ Photocurrent density—photovoltage characteristics of CdSe QD-sensitized inverse
opal TiO, and nanoparticulate TiO, solar cells with the same electrode thickness [145]; d Time
dependence of the TG signal intensity of CdSe QD-sensitized inverse opal (IO0) and
nanoparticulate (NP) TiO, solar cells [145] (Reprint permission from IOP publishers, [146]
and RSC Publishers [145])

electrodes made from latex template with diameters of 309 and 394 nm was tested
(Fig. 17a). The wide pore size of opal 394 nm results slightly higher efficiency
2.7 % than the smaller pore size opal-based cell (2.4 %) [146]. Further, Toyoda
et al. explored how the wide pore nature of 10 supports the efficient QDs coating
[145]. Figure 17b shows the JV performance of 10-based QDSSCs with different
amount of QDs loading. From Fig. 17b it clearly understands that 8 h chemical
bath deposited CdSe QDs coating performed higher than that of 4 h QDs coating.
The former QDs coating result 3.1 % of PCE with J,. = 8.3 mA cm 2,
Voe = 0.69 V and FF = 0.57. In the case of later one (4 h CdSe QD coating)
results 2.8 % of PCE with J,. = 8.2 mA cm ™2, V,. = 0.68 V and FF = 0.54.
Further enhancing the QDs deposition to 24 h, the PCE was found to be reduced to
1.0 % (J¢c = 3.1 mA cm 2, Voe = 0.61 V and FF = 0.55) due to pore blockage,
which severely affect the electrolyte penetration. Thus, result poor hole scavenging
at QDs/IO interfaces, and lower the V.. and Ji. [145]. In order to understand the
feasibility of IO electrode in QDSCs, the typical PV performance of IO is com-
pared with NP electrode in Fig. 17c. Both IO and NP electrode thickness is about
9 pm. The 10-based QDSSC showed a higher efficiency (3.5 %) than that of the
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nanoparticulate-based QDSSC (2.4 %) due to the higher V., although the amount
of CdSe QDs in the inverse opal case might be a half of that in the nanoparticulate
case due to the difference of surface area. The higher V. in the IO QDSSCs was
ascribed to the larger fraction of electron injection to the TiO, resulting in a higher
quasi Fermi level, detected with ultrafast optical measurements, Fig. 17d. In
addition to the above comparative results, Samadpour et al. also compared the
performance of 10-based QDSSCs along with variety of nanostructured electrodes
(nanotube, nanofiber, and nanoparticulate) [71]. They suggested that choosing the
semiconductor deposition strategy (CBD or SILAR) is more important where
the pore blockage takes a key role which influences the efficiency of QDSSCs.

5 Hole Transporting Material

Concerning the hole transporting material, it is a major difference with liquid
DSSCs as many of the most employed semiconductors for light harvesting are not
stable in solutions with the conventional I" /I3~ redox couple [7]. Stability problems
could be solved by the use of Co redox couples, but the photocurrents obtained were
relatively low [40, 60, 76]. The other approximation used to solve this issue was the
coating of the semiconductor QDs with a protecting layer of amorphous TiO, [147].
However, obtained photocurrent was not much appreciable. In order to solve these
issues, the most common redox couple employed for QDSSCs is the polysulfide
(S*7/S%7), generally in a aqueous solution [148]. Polysulfide redox helps in the
stability of semiconductor light absorber in the liquid devices, it also allows high
photocurrents (photocurrents as high as 22 mA/cm? has been recently reported for
PbS/CdS QDSSCs [149]), but it introduces an additional problem of a bad charge
transfer with the platinized counter electrodes [21] commonly used in DSSCs. As a
consequence very bad fill factors, FF, are commonly reported with platinized
electrodes and polysulfide redox, see for example, refs. [21, 146]. In order to
replace this inconvenient Pt catalytic electrodes, the fourth aspect commented
previously have been developed for polysulfide electrolyte. We will come back
with this issue later.

There are three interesting aspects that is worthy to comment related with
polysulfide redox electrolytes. The first one is related with a deceptive practice that
unfortunately is reported in a relatively significant number of papers. One of the
requirements that an electrolyte for sensitized solar cells has to fulfil is the stability
during a complete charge extraction process. Reduced species of the redox couple
are oxidized during the hole regeneration of the sensitizer. Oxidized species dif-
fuse to the counter electrode where they are reduced again in a fully regenerative
process. This is the case of aqueous polysulfide electrolyte, but it is not estrange to
find a paper where methanol is added as solvent. Methanol acts as a hole scavenger
regenerating oxidized sensitizers, but it is not regenerated itself at the counter
electrode, as the redox couples. As a consequence cells prepared with methanol in
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the electrolyte increases artificially the photocurrents, but this effect disappear
when the methanol is exhausted. Obviously, this electrolyte cannot be used in a
solar cell that demands a long device lifetime.

Related with this aspect, it is also important to work in the long-term stability of
QDSSCs. There are very few report in this issue, probably as the first aspects that
the authors wants to optimize is the efficiency as for most of the QDSSCs studied it
lays significantly below than the efficiency reported for DSSCs. The main problem
of liquid devices is the volatility of the electrolyte. It forces to use very sophis-
ticated (and sometimes expensive) sealing processes in order to avoid electrolyte
leakage. A common procedure systematically used in DSSCs is to employ ionic
liquid, with significantly lower volatility that the standard solvents, as electrolytes.
The reduced volatility eases the process of sealing that cheapens the cell at the
same time that extend the device lifetime. The price of this improvement is a
reduction in efficiency due to the increase in the diffusion of species in the elec-
trolyte. A similar approximation has been developed for QDSSCs but using ionic
liquids based on sulfide/polysulfide instead of the ionic liquids based on iodine
employed on DSSCs [150]. Despite, further work is required to optimize the
results sulfide/polysulfide ionic liquids could present promising results in terms of
cell stability.

Nevertheless at this moment there is no optimum electrolyte for QDSSCs. Proof
of this is the fact that the efficiencies obtained in liquid QDSSCs are no higher than
those obtained in solid cells, while in the case of DSSCs the efficiencies of liquid
cells is sensibly higher than solid ones. At least until the apparition of the cells
using lead halide perovskite as light absorbing material, we will discuss this
especial case in the Sect. 8. With the exception of perovskites the semiconductor
providing the highest efficiency in all-solid sensitized devices is Sb,S3, with an
efficiency of 6.3 % [67]. The study of this material in solid configuration was
approached for the first time by Larramona and co-workers [151] and indepen-
dently by Messina et al. [152]. In the case of Larramona CuSCN, a wide band gap
p-type semiconductor, was used as HTM, while in Messina’s work they contacted
directly Sb,S; for hole extraction. Very encouraging results were reported later by
the groups of Hodes, [49] and Hodes and Gritzel, [153] in this last one using spiro
OMeTAD as HTM. But the higher results have been reported by the groups of
Seok and Gritzel [68, 154] using conductive polymers as HTM that boosted the
efficiency to unprecedented values, at that moment, values of 5-6 %, even higher
than liquid QDSSCs.

6 Counter Electrode

The last consideration concerning polysulfide electrolyte is related with the counter
electrode. We have already discussed that platinized counter electrodes are one of
the cause of poor FF obtained for QDSSCs with polysulfide electrolyte [21, 146].
This problematic cause was already discussed at the beginning of the 1980s by
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Fig. 18 Effect of counter
electrode material on the
QDSSC performance. The
effect is especially evident in
the FF (Reprinted permission
with Giménez et al. [24])
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Hodes et al. [155] suggesting PbS, CoS, and Cu,S as alternative counter electrodes
for a good charge transfer with aqueous polysulfide. All three counter electrode
materials have been investigated in QDSSCs. PbS counter electrodes increases
significantly the cell performance of QDSSCs with polysulfide electrolyte, espe-
cially by the increase of FF and photocurrent [57]. PbS has been also studied in
combination with carbon black [156]. Carbon foam was also checked [157]. Cu,S,
CoS, and combination of both materials have been also employed in the develop-
ment of QDSSCs [158]. But probably Cu,S has been the material most used in the
preparation of efficient counter electrodes for polysulfide electrolyte and the record
cells with polysulfide, 6.36 % efficiency with CdSe,Te;_, colloidal quantum dots,
[38] has been prepared using this material as the base of the counter electrode. This
material presents higher performance that platinized and Au counter electrodes, see
Fig. 18. Generally, it is prepared from a thin foil [24]. But in this format the sealing
of active electrode and counter electrode becomes difficult. To solve this incon-
venience Cu,S pastes that can be deposited on transparent conductive oxide
substrates has been developed [159]. An interesting alternative is the use of Cu,S-
reduced graphene oxide composite [160]. Briefly, graphene oxide is reduced by
adding Cu ions in its structure, see Fig. 19. Cu,S is finally formed with the help of
sulfur atoms (just by using a polysulfide solution). Finally, a powder is obtained and
properly treated can be deposited by doctor blade in the conductive substrate. This
counter electrode has been used in the preparation of record cell in that moment
with 5.4 % efficiency [161] (Fig. 20).

7 Recombination and Surface States

In this sense, Sb,S; exhibits an interesting potentiality for the development of
efficient QDSSCs, but in order to improve the obtained results, it is needed to
reduce the recombination in photovoltaic devices using this material as light
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Fig. 19 Scheme of the preparation of reduced graphene oxide with Cu,S nanocomposite for
applications as counter electrode material in QDSSCs (Reprinted permission with Radich et al.
[1601)
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Fig. 20 Recombination resistance of bare mesoporous electrode of TiO, and three sensitized
TiO, electrodes. Electrodes have been sensitized with the molecular dye N719 and with two
inorganic semiconductors CdS and Sb,S;. Recombination resistance has been measured with
impedance spectroscopy in three electrode configuration with liquid electrolyte. Recombination
resistance is inversely proportional to the recombination rate and it is plotted as function of the
equivalent conduction band potential, V., where the shift of the conduction band [188] of the
different electrodes has been removed (Reprinted permission with Boix et al. [189])

absorber. This fact highlights the last of the five aspect in which QDSSCs shows
sensible differences with DSSCs. In Fig. 19 recombination resistance, R, of TiO,
electrodes bare or sensitized with different materials is depicted. Note that the
recombination is reduced, in comparison with bare TiO,, when the electrode is
sensitized with the molecular dye N719, as the molecule acts as a blocking layer
for the recombination of electrons in TiO,. In contrast, only a slight decrease in
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recombination (slight increase in R..) is observed when CdS is used as sensitizer.
But, in the case of Sb,S; recombination is even enhanced in comparison with bare
electrode. This fact indicates that the inorganic sensitizer itself has an active role in
recombination process, in other word the sensitizer introduces active recombina-
tion site where photoinjected electron in the TiO, find a pathway for recombi-
nation. Here a clear difference with DSSC is highlighted, while molecular dyes
only presents the HOMO and LUMO levels for shelter electrons, in the case of
QDs or inorganic semiconductors, surface states could play an important role in
the QDSSCs performance [7]. In fact the main effect of the well-known ZnS
treatment that enhances significantly QDSSCs in many cases, [10, 24, 34] is to
passivate the surface states of the inorganic sensitizer [162]. Thus, the recombi-
nation though the sensitizer in QDSSCs has to be reduced in order to improve the
photovoltaic conversion efficiency, passivation treatments of TiO, surface [163],
or of the light absorbing material itself [164, 165] have shown a tremendous effect
in the cell performance, but further analysis in this direction is needed to continue
the optimization of QDSSCs. On the other hand, each kind of inorganic semi-
conductor could require a different passivation process in terms of stability and
efficiency of the semiconductor layer.

Finally as introduction for the next section, it has to be highlighted that in
addition one of the effective approaches to control the recombination rate in
QD-sensitized solar cells (QDSSCs) is to densely cover the QDs on mesoporous-
nanostructured electrodes [10] without naked sites, that directly block the physical
contact between electrolyte and TiO, [166, 167] In this configuration, semicon-
ductor sensitizer layer is acting as a barrier between electrons in the TiO, and
accepting species in the electrolyte hindering this recombination path way, but
recombination though sensitizer semiconductor is still possible as it has been
previously commented. Taking into account this consideration, the procedure in
with electrodes sensitized also plays an important role in the recombination of
QDSSCs [71].

8 The Perovskite Revolution

Recently, a new type of photovoltaic cells with organometallic halide perovskites
as light harvester materials have burst onto the scene gaining great attention in the
scientific community. It is due mainly because a rapid succession of occurrences of
record devices in a short-time period, which it is now reaching above of 14 % of
certified efficiency, [168] and even further increase has been announced. Here, we
briefly review the most striking results in the current hottest topic on photovoltaics.
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8.1 Structure, Chemical Composition, and Optoelectronic
Properties of Halogenated Perovskites

The halogenated hybrid perovskites have been previously studied as semicon-
ducting materials processable in solution at low temperature for thin-film field-
effect transistors, where they have shown to have a high mobility of carriers
compared with organic materials [169]. Hybrid perovskites of type ABXj3
(A = CH3NH;*, B =Pb**, X =CI~, Br, I") used in the newly developed
photovoltaic devices are formed by inorganic layers of lead halide corner-sharing
octahedrals interpenetrated by an alkylammonium cation network where the size
of the organic cation plays an important role to define the final type of perovskite
structure formed, Fig. 21.

The most used cations in the cells reported to date were methylammonium and
lead (IT) for the positions A and B, respectively. (CH3;NH3)Pbl; compound has a
direct bandgap of 1.51 eV determined experimentally [170] and theoretically [171].
Also, this hybrid organometal halide perovskite has a high absorption coefficient
compared to the N719 dye [172]. The work function studied by photoelectron
spectroscopy of spin-coated polycrystalline films showed valence-band levels of
(CH5NH5)Pbl; and (CH3;NH;)PbBr; at —5.44 and —5.38 eV versus the vacuum
level, respectively and the conduction band levels calculated from the optical
absorption edges are at —4.0 and —3.36. Therefore, these profiles mean that
electron injection to the TiO, conduction band is favored. Figure 22 summarizes
the main optoelectronic properties of (CH;NH;3)Pbl;.

8.2 Construction of Solid-State Devices Using Wet Methods

Perovskites have been used as light harvester since 2009 when Miyasaka et al.
[173] reported that these materials could be an alternative to binary chalcogenide
based on QDSSCs, reaching an efficiency of 3.8 %, Fig. 23. An interesting aspect
of the manufacture of these devices is that the active material is solution pro-
cessable using a stoichiometric solution of (CH3NH3)I and Pbl, at room temper-
ature and without employ vacuum techniques. However, the liquid electrolyte used
as hole transport layer rapidly degrades the active material of sensitized cell.
Approximately 2 years later, a work from Park and collaborators developed a cell
which had twice the efficiency of Miyasaka cell due mainly to the use of more
concentrated perovskite precursor solutions [172]. However, the cell was also
deteriorated rapidly by the liquid electrolyte.

The breakthrough in efficiency (9.7 %) and stability (> 500 h) was done by the
same group in 2012 using a solid electrolyte, the spiro-MeOTAD, instead of liquid
electrolyte, Fig. 24 [170]. At the same time, devices whose active layer is also
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Fig. 21 3D structure for ABX;3 type perovskites
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Fig. 22 Diffuse reflectance and UPS spectra for (CH3;NH;)Pbl; perovskite sensitizer. a Diffuse
reflectance spectrum of the (CH3NH;3)Pbls-sensitized TiO, film. b Transformed Kubelka-Munk
spectrum of the (CH3NH;)Pbls-sensitized TiO, film. ¢ UPS spectrum of the(CH3;NH;)Pbl;-
sensitized TiO 2 film. d Schematic energy level diagram of TiO, (CH3NH;)Pbl;, and spiro-
MeOTAD (Reprinted permission with Kim et al. [170])
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Fig. 23 TEM micrographs of (a) wide view of (CH3NH3)Pbl; deposited TiO, (b) magnified
image of (CH3;NH;)Pbl; deposited TiO,. (Reprinted permission with Im et al. [172])

Fig. 24 Solid-state device and its cross-sectional mesostructure. a Real solid-state device.
b Cross-sectional structure of the device. ¢ Cross-sectional SEM image of the device. d Active
layer-underlayer-FTO interfacial junction structure (Reprinted permission with Kim et al. [170])

deposited by spin-coating but the formulation of the perovskite incorporates a
halogens mixture (CH3NH;)PbI,Cl, and the scaffold material is Al,O3 reached
PCE profiles of 10.9 % [174]. The perovskite is not able to inject electrons in the
Al,O5-mesostructured scaffold but the HTM layer, the spiro-MeOTAD, compen-
sates the situation injecting and transporting holes efficiently to the cathode. Etgar
et al. went one step further publishing a work where the HTM layer of the cell is
removed and the efficiency of the cell remains above 5 % using TiO, as scaffold
for the perovskite [175]. The two last discoveries raise the question if these cells
should be considered classic sensitized dye cells. But the last works published in
such devices to early and mid-2013, are more focus in increasing the cell efficiency
that in attempting to elucidate the mechanisms of storage, transportation and
injection of electrons and holes. High efficiency has been also obtained by using
polymeric HTM, [176] different morphologies of mesostructured layer, [177]
perovskites with a mixture of halogens, [178, 179] and an impressive manufac-
turing technique employing sintering temperatures below 150 °C and efficiencies
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Fig. 25 Left graph plots capacitance of: flat sample with perovskite (PS); blank NS TiO,
(0.35 um thickness) with no PS; NS TiO, (0.55 um thickness) with PS extracted from
measurement under dark and under 1 sun illumination (light) conditions; and all-solid DSSC
(2.2 um thickness) with N719 as dye and spiro-MeOTAD as HTM. Right graph plots capacitance
of flat sample with perovskite (PS); blank NS ZrO, (0.39 um thickness) with no PS; NS TiO,
(0.36 um thickness) with PS extracted from measurement under dark and under 1 sun
illumination (light) conditions; and all-solid DSSC (2.2 um thickness) with N719 as dye and
spiro-MeOTAD as HTM. Capacitance has been normalized to the electrode volume. Capacitance
for both graphs has been extracted by fitting the impedance spectroscopy spectra from the
intermediate frequency (if) region if nothing else is indicated. In some cases capacitance has been
extracted from the high frequency (Af) region as it is indicated in the legend (Reprinted
permission with Kim et al. [182])

of 12.3 % [180]. In addition impressive V. of 1.3 V has been also reported for
(CH;3NH;)PbBr; [181].

Finally, a recent study [182] focusing on the analysis of capacitances in
perovskite solar cells using photoanodes with both TiO, and ZrO, mesoporous
photoanodes, have shown a similar behavior despites the significant differences
between both (electrons cannot be injected from (CH3NH3)PbI; into ZrO, as in the
case of Al,Os). In both cases a capacitance that can be attributed to the perovskite
has been detected (Blue triangles and green diamonds in Fig. 25). This capacitance
indicates that charge accumulation is occurring in the perovskite itself in contrast
with conventional all-solid DSSC where the charge accumulation is produced in
the TiO, after photoinjection (red inverted triangles in Fig. 25). This is, the first
observation of charge accumulation in the light absorbing material for nano-
structured solar cells, indicating that it constitutes a new kind of photovoltaic
device, halfway between sensitized and thin-film solar cell for NS TiO, and a thin-
film solar cell with ZrO, scaffold for NS ZrO,.

In summary, perovskite (CH3;NH;3)Pbls-sensitized or mesoscopic solid-state
solar cells using different HTMs (polymeric or molecular materials), scaffolds and
halides are a promising type of solar cells to be converted in real-life manufactured
devices in short time. However, the fast succession of record devices prepared last
year, Fig. 26, is not being balanced with a full understanding of these cells work,
and more studies in the theoretical plane are needed.
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Fig. 26 Time evolution of published papers of hybrid perovskite solar cells (received date by the
journal) versus PCE reported profiles of record cells; (red) liquid electrolyte (black), solid
electrolyte

8.3 Conclusions

Despite the limited efficiencies obtained in the early stages of the study of
QDSSCs, the potentialities of semiconductor thin layer or quantum dots has
impelled the research on this devices in the last few years. We noted that the
problems of such devices are different in many respects to that happening in
DSSC, while both types of solar cells work according to the same principles. In
QDSSC, the sensitizer material can be prepared in several ways affecting the final
device performance. Photoanode nanostructure, hole transporting material, counter
electrode, and recombination processes (affected by semiconductor trapping states)
have to be optimized in order to enhance the reported efficiencies. As a result of
the intense work on QDSSCs a real breakthrough, with organometallic halide
perovskites, has occured very recently. Solar cells with efficiencies as high as
15 % are reported, and it looks that further increase will be attained soon. In
addition to the impressive efficiencies one of the strongest points of these new cells
is that they can be prepared from solution techniques, as the once developed for
QDSSCs, and consequently the production cost of the photovoltaic device can be
dramatically reduced.
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