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Abstract

In recent years colloidal quantum dots solar cells have been the subject of extensive research. A promising alternative to existing sil-
icon solar cells, quantum dot solar cells are among the candidates for next generation photovoltaic devices. Colloidal quantum dots are
attractive in photovoltaics research due to their solution processability which is useful for their integration into various solar cells. Here,
we review the recent progresses in various quantum dot solar cells which are prepared from colloidal quantum dots. We discuss the prep-
aration methods, working concepts, advantages and disadvantages of different device architectures. Major topics discussed in this review
include integration of colloidal quantum dots in: Schottky solar cells, depleted heterojunction solar cells, extremely thin absorber solar
cells, hybrid organic–inorganic solar cells, bulk heterojunction solar cells and quantum dot sensitized solar cells. The review is organized
according to the working principle and the architecture of photovoltaic devices.
� 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Increasing worldwide demand for energy and limited
fossil fuels reserves on the planet require development of
reliable and renewable energy sources. Among the various
technologies available nowadays, photovoltaics is believed
to be one of the cleanest ways in achieving this goals. How-
ever, efforts are still needed to make photovoltaics cost
competitive over other established technologies for energy
production (Service, 1996). Integration of nanostructured
materials in photovoltaic devices has been demonstrated
to open the possibilities to develop low-cost solar cells
(Chiba et al., 2006). In recent years, inorganic semiconduc-
tor nanocrystals (also known as Quantum Dots, QDs) have
been found to be promising for next generation solar cell
(Robel et al., 2006; Kamat, 2007). QDs have been explored
due to their size and compositional dependent absorption
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(Peng et al., 2000; Vomeyer et al., 1994; Emin et al.,
2009a,b, 2010; Yu et al., 2003). Previously unachievable
with bulk semiconductors, the QDs allow energy level
matching between desired donor and acceptor materials
which is crucial in designing efficient photovoltaic devices.
Moreover, QDs can be solution processed and could be an
alternative to commonly employed sensitizer molecules
(Bang and Kamat, 2009). During the last decade colloidal
QDs have been integrated in different types of solar cells
such as: Schottky solar cells (Johnston et al., 2008; Koleilat
et al., 2008), depleated heterojunction solar cells
(Pattantyus-Abraham et al., 2010), extremely thin absorber
cells (Ernst et al., 2003), hybrid polymer solar cells (Günes
et al., 2007a,b; Yun et al., 2009), inorganic–organic hetero-
juction solar cells (Chang et al., 2010; Leschkies et al.,
2007) and quantum dot sensitized solar cells (QDSSCs)
(Lee et al., 2008a; Kongkanand et al., 2008). Fig. 1 shows
the typical device architectures used in QDs solar cells. The
great interest in QDs solar cells also arises from the phe-
nomenon called multiexciton generation (MEG) that can
be used in achieving high efficiency solar cells. Quantum
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Fig. 1. Comparison of various QDs based photovoltaics cells. (a) Schottky cell; (b) depleted heterojunction cell; (c) hybrid polymer solar cells and d) QDs
sensitized solar cell.
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dot solar cells offer the possibility of boosting the energy
conversion efficiency beyond the traditional Schockley
and Queisser limit of 32% for Si based solar cells (Shockley
and Queisser, 1961). In recent years, efficient MEG pro-
cesses have been reported in PbS (Sukhovatkin et al.,
2009), PbSe (Pijpers et al., 2009), PbTe (Murphy et al.,
2006), CdSe (Schaller et al., 2006) and Si QDs (Beard
et al., 2007). However, realization of this process in solar
cells has not been achieved yet. Toward realization of this
goal fundamental studies are needed to be carried out such
as ultrafast exciton dynamic studies as well as better device
architecture.

In recent years, several review articles have appeared on
quantum dot solar cells such as bulk heterojunction and
QDSSCs. Since most of the research efforts have been con-
centrated on QDSSCs several review have appeared on this
topic concerning different aspects of QDSSCs. One of the
first reviews on QDSSCs had been written by Kamat
(2008). In the same year Hodes (2008) gave comparison
of the working principles of QDSSCs and dye sensitized
solar cells. Similarly, a review article on QDSSCs has been
written by Rühle et al. (2010) emphasizing the role of
molecular dipoles in energy-level alignment of QDs.
Colloidal quantum dots have been used in bulk heterojunc-
tion solar cells as well. Arici and Sariciftci (2004) and
Kumar and Scholes (2008) have reviewed the recent
progresses in this field. Due to the great research interests
in one-dimensional (1D) structures Yun et al. (2009)
highlighted integration of colloidal nanoparticles in
nanorods and nanowires based solar cells. In addition,
Talapin et al. (2010) has reviewed a wide range of applica-
tions of quantum dots in optoelectronic devices such as
photodetectors, light emitting diodes and briefly about
quantum dot solar cells.

Although review articles on this topic exist there is no
systematic review which describes the working principles
of various types of quantum dot solar cells. Motivated by
the fascinating rapid growth in this field during the last
couple of years, we review the recent advances in colloidal
quantum dot solar cells. Here we discuss the processing
conditions of colloidal quantum dots and fabrication steps
of photovoltaic devices. We explore the different types of
QDs solar cells in one review material allowing the reader
to easily compare the advantages and disadvantages of
each device structure. In addition, we discuss the working
principles of the given quantum dot solar cells.

2. Basic terms for photovoltaic performance

The performance of a solar cell can be estimated from its
current–voltage diagram. Due to the differences in opera-
tion mechanism of the solar cell here we will only introduce
basic notations regarding the current–voltage diagrams.

Air mass 1.5 (AM 1.5): A standard terrestrial solar spec-
tral irradiance distribution.

Short-circuit current (JSC): The current that flows in a
photovoltaic device when illuminated and its electrodes
are connected.
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Fig. 2. Current–voltage characteristics of a solar cell under dark and
under illumination. The efficiency (g) of a solar cell is defined as the ratio
of input power (Pin) and output power (Pout). Jm and Vm are the current
and voltage at the maximum power point.

PbSe QD metalITO

qφbarrier

hv

qφbuilt-in

(a)

(b)

Fig. 3. (a) Scheme of a Schottky device and (b) its equilibrium band
diagram. Band bending occurs at the interface between the QDs and
evaporated negative electrode. The data are taken with permission from
Law et al. (2008).
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Open-circuit voltage (VOC): The voltage provided by an
illuminated photovoltaic device when no external load is
connected.

Fill factor (FF): The ratio of the actual power a solar cell
can supply to the maximum predicted by the product of its
short-circuit current and its open-circuit voltage.

Power conversion efficiency (g): The power conversion
efficiency of a device is defined as the ratio between the
maximum electrical power generated and the incident opti-
cal power (Pin).

Fig. 2 shows current–voltage characteristics of a solar
cell. In the dark, the current–voltage curve is strongly
asymmetric and shows a diode behavior. Under illumina-
tion, the current–voltage curve exhibit a vertical shift
caused by light-induced current generation. More details
regarding the operation principles of solar cells are given
in review articles and textbooks (Sun and Sariciftci, 2005;
Günes et al., 2007a,b; Thompson and Fréchet, 2008).
3. Schottky solar cells

A Schottky junction solar cell is likely the simplest pho-
tovoltaic device that can be fabricated. Colloidal quantum
dot sensitized solar cells using simple Schottky junction
offer potentials where solution-processed QDs can be
applied to achieve low-cost solar devices (Law et al.,
2008). Schottky types of solar cells are attractive due to
several reasons: Firstly, they can be prepared by spray-
coating or inkjet printing from solution phase. Secondly,
thin layer (�100 nm) of absorber QDs is required in the
photovoltaic cell. Fig. 3 shows a typical device structure
of Schottky cell. The cell is described with band bending
at the interface of a metal and a p-type semiconductor.
This band bending makes a depletion region due to a
charge transfer from the electron-accepting contact to the
p-type QDs film. The resultant Schottky barrier favors
the extraction of electrons from the device while presenting
a barrier for hole withdrawal (Clifford et al., 2007). From
the perspective of charge-carrier transport, drift and diffu-
sion play an important role in the operation of these
devices. Achieving high efficiency in these cells requires car-
rier’s extraction before they recombine. This requires that
the mobility, , of each carrier exceed /built-in/d2, where
the /built-in is the built-in potential, s is the carrier lifetime,
and d is the device thickness (Klem et al., 2007). The mea-
surement of mobility has yielded at best 2 � 10�3 cm2/Vs
making the QDs Schottky devices attractive. The barrier
height of the built-in potential can be estimated from the
relation: q/built-in = Eg � q(/m – v), where Eg is the band-
gap of the semiconductor QDs, q is the charge of an
electron, /m is the work function of the metal and v the
electron affinity of the semiconductor. So far, the Schottky
devices have shown certain disadvantages as well. First,
many minority carriers (here electrons) must travel the
entire film before reaching their destination electrode and
are therefore more liable for recombination. Second, in
the Schottky device, the open-circuit voltage is often lim-
ited by Fermi-level pinning due to defect states at the
metal–semiconductor interface. Such effects are important
in photovoltaics as they limit the open-circuit voltage that
a device can provide.

Most of the studies on Schottky solar cells are based on
near-infrared (NIR) wavelength absorbing nanomaterials
such as Si (Liu and Kortshagen, 2010), CdTe (Olson
et al., 2010), PbS (Tang et al., 2010; Klem et al., 2008)
and PbSe (Luther et al., 2008). The extensive research on
lead chalcogenides is due to their large exciton Bohr radii
(PbS 18 nm and PbSe 47 nm). The larger Bohr radius delo-
calizes the carriers, establishing greater electronic coupling
between nanocrystals, which can diminish the effect of
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nanocrystal surface traps and therefore facilitate charge
transport. Fig. 4 shows typical current–voltage and capac-
itance–voltage curves from a Schottky cell composed of
CdTe nanorods (Olson et al., 2010). The device used in
the study produces a power conversion efficiency of 5.3%,
a short circuit–current (JSC) of 21.6 mA/cm2, an open-
circuit-voltage (VOC) of 540 mV and a fill-factor of
45.5%. This is among the highest efficiency reported for this
type of device. As shown in Fig. 4b, capacitance-volatge
measurements (in dark) suggest that this device exhibit a
Schottky barrier. From the Mott-Schottky analysis it can
be estimated the built-in potential, depletion width, and
carrier concentration. The capacitance of the depletion
region which is used to calculate the acceptor density and
built in potential is given as (Olson et al., 2010):

1
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A2ee0eNa
/built-in �

kBT
e
� V

� �
ð1Þ

where A is the device area, V is the applied bias, Na is the
acceptor density, eo is the permittivity of vacuum and e are
the static permittivity of the semiconductor. From the fit of
Eq. (1) as shown in Fig. 4b the carrier concentration is cal-
culated to be 7 � 1016 cm�3.

One of the actively studied materials in Schottky solar
cells is PbS. Most of the contributions in this type of device
architecture are achieved by Nozik’s and Sargent’s groups.
By using PbS QDs the power conversion efficiencies of
Schottky devices have been increased up to 3.6%
(100 mW/cm2, AM1.5) (Debnath et al., 2010). Moreover,
Fig. 4. (a) Current–voltage and (b) capacitance–voltage curves of CdTe
Schottky devices. Measurements in (a) are conducted at 1 sun illumination
(solid) and in dark (dash). Measurements in (b) are taken at 50 Hz. Data
are taken with permission from Olson et al. (2010).
these devices give lower efficiencies than those with CdTe
QDs, which could be attributed to the shape of used nano-
crystals. With expectation to improve the efficiencies of
Schottky solar cells ternary PbSxSe1�x QDs have been used
as well (Ma et al., 2009). As an example is PbS0.7Se0.3 QDs
Schottky device that exhibit a power conversion efficiency
of 3.3% with a JSC = 14.8 mA/cm2, a VOC = 0.45 V, and
a FF = 50% (100 mW/cm2). Needless to be mentioned that
PbS and PbSe QDs devices prepared under similar condi-
tions yield 2-fold lower efficiencies. In addition, the differ-
ences in power conversion efficiencies obtained by
different groups could be attributed to film processing con-
dition and the quality of used nanocrystals.
4. Depleted heterojunction solar cells

Most of the researches on depleted heterojunction solar
cells are concentrated on lead chalcogenide quantum dots.
By using PbS QDs in depleted-heterojunction device archi-
tecture the power conversion efficiency of quantum dot
solar cells were boosted up to 5.1% (100 mW/cm2, AM
1.5) (Pattantyus-Abraham et al., 2010). These devices over-
come the limitations of the Schottky type cells associated
with the low built-in voltages. Fig. 5 shows a typical
scheme of a depleted-heterojunction device. The photovol-
taic cell architecture in general consists of a QDs layer
sandwiched between an electron transporting layer (usually
TiO2) and a metal electrode (Fig. 5). In such kind of struc-
ture, electrons flow toward the TiO2 layer rather than the
evaporated metal contact, thus creating an inverted polar-
ity (Debnath et al., 2010). Moreover, hole transfer from
TiO2 to QDs is prohibited which allows efficient carrier
separation. Depleted heterojunction cells overcome the
PbS QDs
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Fig. 5. (a) Scheme of depleted-heterojunction device. (b) Current–voltage
curve from FTO/TiO2/PbS QD/Au photovoltaic device. The inset in (b)
shows band diagram of the photovoltaic cell. Reprinted with permission
from Pattantyus-Abraham et al. (2010).



Fig. 6. (a) Cross-sectional scanning electron micrograph of ITO/PbSe
QDs/ZnO/Au heterojunction device. (b) Dependence of VOC on the
diameter and effective band-gap of PbS QDs. Nanocrystals are synthesized
in the presence and absence of diphenylphosphine (DPP). Reprinted with
permission from Leschkies et al. (2009).
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limitations of Schottky solar cells in several ways. First, the
depleted heterojunction design benefits from minority car-
rier separation due to the placement of the junction on the
illumination side. Second, back electron transfer from TiO2

to QDs is suppressed by the built-in field of the depletion
region. Third, devices show improved open-circuit voltages
due to better carrier separation at the QDs/TiO2 interface.

From energy diagram perspectives nanocrystalline PbS
is an ideal light harvesting material in the near-infrared
region since it can be used as electron donor for wide
band-gap materials (TiO2 or ZnO) in heterojunction solar
cells (Hyun et al., 2008). Luther et al. (2010) demonstrated
that p-type PbS QDs in contact with n-type ZnO
nanoparticles form a p-n heterojunction. Using these mate-
rial they fabricated a solar device that gave certified power
conversion efficiency of 2.9%, JSC = 8.9 mA/cm2 and
VOC = 0.59 V (100 mW/cm2, AM 1.5). Moreover, this effi-
ciency is obtained from a device with an aperture area of
0.029 cm2. Similarly, Ju et al. (2010) used TiO2 nanoparti-
cles instead of ZnO in order to prepare PbS/TiO2 hetero-
junction devices. They studied the effect of temperature
on the power conversion efficiency of photovoltaic cells.
They recorded a power conversion efficiency of about 3%
(100 mW/cm2), a JSC = 28.6 mA/cm2, a VOC = 0.66 V,
and a FF = 42.6% which is achieved at 170 K. The remark-
able efficiency is due to an increase in charge transport
across the PbS QDs layer at low-temperatures. Further-
more, depleted hetrojunction solar cells have been studied
by Norris group as well (Leschkies et al., 2009). As an
example the device is composed of an ITO electrode, a n-
type ZnO nanoparticles, a PbS QDs layer and a thin
electron blocking layer of N,N0-bis(1-naphthalenyl)-
N,N0bis(phenylbenzidine). To achieve built-in potential
on top of the electron blocking layer is deposited an
element gold (Fig. 6a). Typical photovoltaic cell demon-
strated a JSC = 15.7 mA/cm2, a VOC = 0.39 V and a
g = 1.6% (100 mW/cm2, AM1.5). An important difference
between the device structure given above and the tradi-
tional p–n heteorojunction is that the band-gap of p-type
QDs can be varied in the case of depleted heterojunction
solar cells. Furthermore, Norris group observed a linear
change in VOC by increasing QDs sizes in those devices
(Fig. 6b). The latter is explained with the ambipolar nature
of QDs. Since, PbS QDs are not entirely p-type it causes
shift in the Fermi level which brings deviation from the
characteristic of an ideal p–n heterojunction. Furthermore,
they conclude that these devices operate more like excitonic
solar cells. Similarly, decrease in VOC versus nanocrystal
size is observed for PbS depleted heterojunction solar cells
by Sargent group as well (Pattantyus-Abraham et al.,
2010). Regardless of the operational principles these
devices constitute a novel class of heterojunction solar cells.

5. Extremely thin absorber (ETA) solar cells

Extremely thin absorber (ETA) solar cells have
been extensively studied during the past two decades
(Könenkamp, 2008). Here we provide only a brief overview
of this type of device architecture focusing on quantum
dots. Based on the deposition method of the absorber layer
there is a large variety of approaches for preparing ETA
solar cells. The most common approaches are successive
ion-layer adsorption and reaction (SILAR), ion layer gas
reaction (ILGAR), electrodeposition, atomic layer deposi-
tion (ALD) and finally plasma-assisted chemical vapor
deposition. Fig. 7 shows a typical schematic diagram of
ETA solar cell with porous geometry. The cell consists of
a thin intrinsic (i-type) layer embedded between two trans-
port (n-type and p-type) layers. The transport layers serve
for the purpose of transferring the photogenerated carriers
from the absorber layer toward the contacts. Historically
inorganic hole transporting copper compounds such as
CuI, CuSCN and CuAlO2 were often employed in ETA
solar cells (Levy-Clémént et al., 2005; Kawazoe et al.,
1997). An example of this kind of device is ZnO/CdSe/
CuSCN architecture, based on n-type ZnO nanowires
and p-type CuSCN hole transporting material (Ernst
et al., 2003). In terms of their energy band-gap, the two
transparent p- and n-type semiconductors develop a high
electrical field at their interface. Meanwhile, the thickness
of CdSe layer greatly affects the kinetics of photogenearted
electrons at the ZnO interface. A fabricated device showed
a JSC = 4 mA/cm2, a VOC = 0.5 V and an overall power



n-type

p-type

qV

ΔEV

ΔEC

EF,n

hv

EF,p

E
le

ct
ro

n 
en

er
gy

n-type

p-type

i-type

i-type

(a)

(b)

metal

ITO

e-

glass

lo
ad

Fig. 7. (a) Scheme of an ETA solar cells. (b) Band structure of the ETA
cell showing quasi Fermi levels EF,n and EF,p in the electron and hole
conductor. The difference between these two levels determines the
photovoltage V. The conduction-band and valence-band offsets EC and
EV between the electron and hole conductors should be in the order of
�0.2–0.3 V.
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conversion efficiency of 2.3% (36 mW/cm2). Besides nano-
wires, mesoporous TiO2 substrate may also be considered
as an ideal matrix material for quantum dots. For this pur-
pose ETA soar cells made of thin absorber layer of Sb2S3

QDs on mesoporous TiO2 with hole conducting CuSCN
layer have been studied as well (Itzhaik et al., 2009). Simi-
lar to CdSe, the Sb2S3 with a band-gap at about 1.7 eV is
an ideal light harvesting material in the visible region of
electromagnetic spectrum. Under 1 sun illumination a typ-
ical device demonstrated a JSC = 14.1 mA/cm2, a
VOC = 0.49 V, a FF = 48.8% and a conversion efficiency
of 3.3%. Moreover, this device exhibited good stability in
air for several days. This was attributed to the formation
of surface Sb2O3 layer on top of Sb2S3 QDs when the
device was exposed to air. The surface oxides presumably
act as a passivation layer which reduces the recombination
events between in Sb2S3 QDs. Although some experimental
efforts have been done in this area the power conversion
efficiencies of ETA cells have so far remained well below
4% (Wienke et al., 2003). Modelling calculations indicate
that 15% efficient CdTe ETA cells can be prepared (Taretto
and Rau, 2005). If efficiency improvement of this order can
be achieved, ETA could provide a cheaper alternative to
existing solar cells.
6. Inorganic–organic heterojunction solar cells

Inorganic–organic heterojunction devices with sensitizer
nanocrystals are among the possible structures which can
be applied in large scale production (Chang et al., 2010).
The working concept of these devices has common points
with ETA solar cells. However, due to the linking mode
between QDs and semiconductor oxides here we divide
them into a separate class called inorganic–organic hetero-
junction cells. Incorporation of organic hole transporting
materials in these devices is found to give better perfor-
mances compared with ETA solar cells where they are used
as solid state hole semiconductors. In this class of devices
Sb2S3 QDs have exhibited the highest reported efficiency,
where Chang et al. (2010) achieved 5.13% photoconversion
efficiency (100 mW/cm2, AM1.5) by using sensitizer Sb2S3

QDs and hole transporting P3HT polymer in the following
cell configuration TiO2/Sb2S3/P3HT/Au. Crystalline Sb2S3

is one of the promising semiconductor materials for photo-
voltaic applications because of its optimum band-gap
(�1.7 eV) (Versavel and Haber, 2007). The Sb2S3 inor-
ganic–organic devices perform remarkably well giving a
high incident-photon-to-current efficiency (IPCE) of about
80% at its maximum value at 450 nm. Fig. 8 shows illustra-
tion of the cell configuration used in the study, absorbance
spectra, IPCE spectra and current voltage spectra. This
unique example demonstrates the applicability of hole
transporting materials in quantum dot inorgainic–organic
heterojunction devices. Although hole transporting poly-
mers gave low conversion efficiencies in the order of 2.6%
(Mozer et al., 2006) in quasi-solid-state DSSCs, it was pos-
sible to obtain promising results in quantum dot based
inorganic–organic heterojunction cells. This could be
explained with complete pore (TiO2) filling of the polymer
in the case of quantum dot heterojunction devices. It seems
that hole transporting polymers effectively permeates the
pores of QDs sensitized TiO2 electrodes. Furthermore, by
changing the morphology of metal oxides it could be pos-
sible to find an optimum pore size that could open a new
door for achieving efficient hole transport across the poly-
mers. Recent studies showed that nanowires of metal oxi-
des present a new morphology for inorganic–organic
devices. These structures are designed to achieve efficient
electron transfer through the nanowires and also provide
relatively large voids for the hole conducting polymer.
Based on this approach Nadarajah et al. (2008) used n-type
ZnO nanowires to fabricate inorganic–organic photovol-
taic devices composed of CdSe QDs and hole transporting
polymer poly[2-methoxy-5-(20-ethyl-hexyloxy)-1,4-pheny-
lene vinylene]) (MEHPPV). Despite expected high
photocurrent efficiencies these devices showed relatively
low conversion efficiencies in the order of 1% (85 mW/
cm2). This could be due to an insufficient contact between
CdSe QDs and ZnO nanowires (or polymer) which may
affect the electron–hole recombination dynamics. In
another study inorganic–organic heterojunction devices
have been fabricated by using CdSe QDs and TiO2 nano-
particles followed the layer-by-layer protocol (Kniprath
et al., 2009). As a hole transporting material poly(9,9-dioc-
tyl-fluorene-co-N-(4-butylphenyl)diphenylamine (TFB) is
used. However due to the poor interconnection between



Fig. 8. (a) Energy diagram and schematic configuration of ionorganic-organic device. (b) Absorption spectra of P3HT and Sb2S3 deposited for various
deposition times on TiO2 electrodes. (c) IPCE spectra of TiO2/P3HT/Au and TiO2/Sb2S3/Au photovoltaic devices. (d) Current–voltage curves for devices
in (c). Reprinted with permission from Chang et al. (2010).
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is a scheme showing (1) photoinduced electron injection into TiO2 and (2)
recombination between conduction-bandelectrons of TiO2 and oxidized
nanocrystals. Reprinted with permission from Leventis et al. (2010). (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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CdSe nanoparticles and TiO2 (or polymer) relatively low
external quantum efficiencies are obtained. Typical values
of photocurrents and photovoltages after sintering of the
films at 250 �C are JSC = 0.05 mA/cm2, VOC = 1.0 V and
FF = 31% (100 mW/cm2).

During the last decade many expectations were given to
near-infrared wavelength absorbing QDs. Not long ago
Plass et al. (2002) demonstrated one of the first studies
on PbS QDs based inorganic–organic devices. By using a
hole conducting polymer spiro-OMeTAD in the photovol-
taic devices they achieved power conversion efficiencies in
the order of 0.5% (10 mW/cm2, AM1.5). The low power
conversion efficiencies were explained with inefficient
charge separation at the PbS/TiO2 interface. To address
the physics of charge separated states Leventis et al.
(2010) examined the mechanism of charge injection and
recombination at PbS/metal oxide surfaces. They found
that yield of charge injection from PbS QDs to TiO2 is rel-
atively low compared with charge injection from PbS QDs
to SnO2 electrodes. The latter is explained with the conduc-
tion-band edge position of SnO2 which favors electron
injection from PbS QDs. Consequently the efficient elec-
tron injection from PbS to SnO2 favors the formation of
longer lived oxidized state of PbS as shown in the transient
absorption spectrum of PbS QDs (Fig. 9). Furthermore,
efficient electron injection from PbS QDs to TiO2 could
be achieved only for very small size (�d = 3 nm) PbS
QDs (Acharya et al., 2010). Considering that there are lots
of unexplored combinations of QDs materials and hole
conducting polymers we could conclude that this device
architecture is promising and future research is needed in
this direction.
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Fig. 10. (a) Scheme of a bulk heterojunction device. (b) Energy diagram of
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Taken with permission from De Girolamo et al. (2007).
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7. Bulk heterojunction (polymer) solar cells

Bulk heterojunction photovoltaics have been intensively
studied during the last decade due to their compatibility
with low-temperature roll-to-roll manufacturing (Hoppe
and Sariciftci, 2004). Bulk heterojunction devices are com-
posed of electron-donating conjugated polymers and elec-
tron-accepting fullerenes. The performance of these cells
has steadily improved, with conversion efficiencies
approaching 6.1% (100 mW/cm2, AM 1.5G) (Park et al.,
2009). However, for large scale commercialization the effi-
ciencies of these devices need to be further improved. Inte-
gration of semiconductor nanoparticles in bulk
heterojunction solar cells is believed to provide an alterna-
tive ways to further boost the efficiencies of these devices
(Han et al., 2006;). Up to now various semiconductor
nanomaterials such as TiO2 (Lin et al., 2009), ZrTiO4/
Bi2O3 (Hussain et al., 2010), ZnO (Lloyd et al., 2009),
ZnS (Bredol et al., 2009), CdS (Jiang et al., 2010), CdSe
(Arango et al., 2009), CdTe (Shiga et al., 2006), PbS (Maria
et al., 2005), PbSe (Tan et al., 2009), Si (Liu et al., 2009)
and etc. have been used in bulk heterojunction solar cells.
The research on QDs in bulk heterojunction devices
focuses on two aspects. Firstly, QDs are used in bulk het-
erojunction devices in the presence of electron transporting
fullerenes and hole conducting polymers (Feng et al., 2010;
Arenas et al., 2010; Chen et al., 2008). QDs are added in
the fullerene/polymer composite as light harvesting mate-
rial. Secondly, QDs are used in bulk heterojunction solar
cells as light harvesting and simultaneously as electron
transporting material (Wang et al., 2010a; Zhou et al.,
2010). In the latter configuration the fullerenes are omitted
as electron conducting phase. Fig. 10 illustrates a scheme of
a typical bulk heterojunction device composed of CdSe
nanorods and hole conducting polymer PCPDTBT (Dayal
et al., 2010a). Here the CdSe nanorods are used as electron
acceptor material while PCPDTBT is used as donor phase.
Unlike the polymer/fullerene bulk heterojunction cells
where the fullerene contributes very little to the spectral
response, the QDs based polymer solar cells offer an advan-
tage for efficient light absorption. Current researches on
QDs based bulk heterojunction solar cells are focused on
several important points like: studies of phase segregation
between the donor and the acceptor layers, studies to
achieve controlled agglomeration of semiconductor nano-
crystals in the polymer films, loading amount of nanocrys-
tals in the polymer films, studies concerning the shape of
the used nanocrystals, researches related to surface modifi-
cations of nanocrystals and finally studies which deal with
new combinations of nanocrystals and polymers. In com-
parison to the fullerene/polymer system where the main
point lies in the phase separation of the two components,
in QDs based polymer solar cells this limitation could be
overcome by appropriate surface treatment of the nano-
crystals (Fig. 10c) (Xin et al., 2010; Lokteva et al., 2010;
Truong et al., 2010). It has been shown that the photocon-
version efficiencies of these devices depend on the
nanocrystal shape. For example, devices composed of rod
shape nanoparticles show better efficiencies than nanopar-
ticles with spherical geometry due to improved inter-parti-
cle hops for the electrons in the case of rods (Sun et al.,
2003; Wang et al., 2006, 2010b). Beside the shape of the
QDs, loading amount of the nanoparticles in the films also
plays a major role for efficient charge transport (Albero
et al., 2009). The hole transporting polymers also play sig-
nificant role in the charge transport process. Fig. 11 shows
typical hole conducting polymers used in bulk heterojunc-
tion solar cells.

One of the earliest reports on bulk heterojunction solar
cells was made by Alivisatos group for the system with
CdSe QDs and polymer MEH-PPV (Greenham et al.,
1996, 1997). Initially these devices gave very low power
conversion efficiencies in the order of 0.1% (80 mW/cm2,
AM 1.5). However, in later studies conducted by the same
group the polymer MEH-PPV was replaced with P3HT
(Huynh et al., 1999; Huynh et al., 2002, 2003). Simulta-
neously they studied CdSe spherical, rod and tertrapod
shape structures in those devices. As an example CdSe rods
in combination with P3HT in heterojunction devices dem-
onstrated a power conversion efficiency in the order of
1.7%, a JSC = 5.7 mA/cm2, a VOC = 0.7 V and a
FF = 40% (100 mW/cm2, AM 1.5). Furthermore, rods
were found to be superior to spheres allowing better carrier
transport and consequently yielding higher conversion effi-
ciencies. Fig. 12 shows TEM images of typical CdSe nano-
crystals used in photovoltaic studies. On the other hand it
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Fig. 11. Schematic illustrations of various hole conducting polymers.
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seems that not only the shape of the nanocrystals affect the
charge transport but also the specific aggregation of QDs in
the polymer films. Zhou et al. (2010) recently showed that
chemical treatment of CdSe QDs can improve their aggre-
gation. Due to this aggregation in the polymer films a
facilitated electron transport across the QDs layer could
be achieved (Huang et al., 2008). Fig. 13 shows current–
Fig. 12. TEM images of CdSe nanocrystals with different shapes: (a) nanosphe
(d) tetrapods. Reprinted with permission from Huynh et al. (2002) and Dayal
voltage characteristics from a typical device composed of
CdSe QDs and P3HT polymer. Further, control over the
QDs aggregation can be achieved by surface modification
of the nanocrystals. Olson et al. (2009) studied blends of
CdSe QDs and P3HT polymer in the presence of various
capping ligands. Their findings show that the devices fabri-
cated after butylamine treatment give enhanced photocon-
version efficiencies. Similarly, Palaniappan et al. (2009)
studied the influence of functional groups of P3HT in CdSe
QDs blends. They found that mercapto-P3HT modified
CdSe nanoparticles give better performances. Molecular
modification of QDs is demonstrated to be successful by
De Girolamo et al. (2007) as well. The employed method-
ology which is based on molecular recognition process
between 1-(6-mercaptohexyl)thymine functionalized CdSe
QDs and P3HT. By using this strategy they achieved phase
segregation on a micrometer scale between the donor and
the acceptor materials. Moreover, the degree of phase seg-
regation can be controlled by the employed solvents where
donor and acceptor materials are dissolved. Sun and
Greenham (2006) studied the effect of solvent on phase for-
mation between CdSe nanorods and P3HT polymer. By
using 1,2,4-trichlorobenzene solvent they achieved control
over the morphology (achieved fibrous structure) of
P3HT films. Blends of CdSe nanorods and P3HT used to
fabricate these photovoltaic devices gave solar conversion
efficiencies of about 2.6% (92 mW/cm2, AM1.5). Table 1
shows the efficiencies of the most successful heterojunction
devices consisting of CdSe nanoparticles and various hole
conducting polymers. Comparing the photoconversion
res, (b) smaller aspect ratio nanorods, (c) larger aspect ratio nanorods and
et al. (2010b).



Fig. 13. TEM images of CdSe QDs (a) without and (b) with chemical
treatment (see the text). (c) Current–voltage characteristic of CdSe/P3HT
cell under illumination (100 mW/cm2). The scale bars in the top images
correspond to 100 nm. The inset in (c) is a typical photovoltaic device.
Reprinted with permission from Zhou et al., (2010).
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efficiencies for CdSe QDs and P3HT it seems that the
results are greatly affected by the preparation methods.
This deviation might be caused due to oxidation of the
nanocrystals by molecular oxygen or low quality of the
used CdSe nanocrystals. Besides P3HT polymer, it was
demonstrated that there are other hole conducting poly-
mers such as APFO-3 which also gave promising results
in CdSe QDs heterojunction devices (Wang et al.,
2006).The photovoltaic device prepared from this blend
showed a spectral response exceeding 650 nm and yielding
a power conversion efficiency of 2.4% (100 mW/cm2, AM
1.5).

In recent years, much research efforts have been focused
on lead chalcogenide nanocrystals due to the fact their
absorbance extend in the near-infrared region, NIR (Wang
et al., 2008; Seo et al., 2009; Noone et al., 2009). Despite
the active research on bulk heterojunction devices with
PbS and PbSe nanoparticles the reported efficiencies for
this materials are still below that of CdSe nanoparticles.
Jiang et al. (2007) demonstrated that devices composed
of PbSe QDs in combination with P3HT showed
Table 1
Photoconversion efficiencies of bulk heterojunction devices composed of
CdSe nanocrystals and various hole conducting polymers.

Nanocrystals Polymers Eff. (%) References

CdSe dots P3HT 1.8 Olson et al. (2010)
CdSe dots P3HT 2.0 Zhou et al. (2010)
CdSe dots P3HT 2.6 Sun and Greenham (2006)
CdSe tetrapods APFO-3 2.4 Wang et al. (2006)
CdSe tetrapods PCPDTBT 3.1 Dayal et al. (2010b)
JSC = 1.08 mA/cm2, VOC = 0.37 V, FF = 37% and power
conversion efficiencies of 0.14% (100 mW/cm2 AM 1.5).
To the best of our knowledge, by using PbS and PbSe
QDs the highest achieved power conversion efficiency stand
at 0.55% with a JSC = 4.2 mA/cm2, a VOC = 0.38 V and
FF = 34% (AM 1.5) (Noone et al., 2010). In conclusion
achieving efficient photon-to-current conversion in bulk
heterojunction devices will require: (i) controlled aggrega-
tion of semiconductor nanoparticles in the polymer film,
(ii) surface modification of the nanocrystals, (iii) and select-
ing new materials with near-infrared response as well as
utilizing new hole conducting polymers.
8. Quantum dot sensitized solar cells

8.1. Working mechanism

The earliest work on quantum dot sensitized solar cells
(QDSSCs) has been reported by Weller’s group (Vogel
et al., 1990). These types of solar cells are alternative to
dye sensitized solar cells (DSSCs) (Mishra et al., 2009).
The difference between QDSSCs and DSSCs lies in the sen-
sitizer employed to harvest the sun light. In the case of
DSSCs this is an organic dye molecule or metal–organic
complex whereas in the case of QDSSCs it is an inorganic
semiconductor material QDs. Fig. 14 shows a scheme of
quantum dot sensitized solar cell and its principle of oper-
ation. Briefly the working principle of QDSSCs is as fol-
lows: Upon illumination of the photovoltaic cell the QDs
sensitizer attached on the TiO2 film absorb incident light.
This causes excitation of an electron in QDs from the
valence band to the conduction band. In this way the
excited electron leave behind a positive hole. The electro-
statically bound electron–hole pair called an exciton under-
goes dissociation at the QDs/TiO2 interface. The excited
electrons are injected into the TiO2 nanoporous electrode,
resulting in the oxidation of the QDs photosensitizer. Fur-
ther, the injected electrons in TiO2 are transported through
the external load to the counter electrode. Meanwhile, the
oxidized QDs accept electrons from redox mediator regen-
erating the ground state of QDs sensitizer. Consequently,
the oxidized mediator diffuses to the counter electrode
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Fig. 14. Scheme of a QDsSSC and its working mechanism.
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where it is reduced. In this way one cycle is completed and
the gained power is due to the absorbed photons by semi-
conductor nanocrystals.

8.2. Sensitization of TiO2 electrodes with QDs

Metal oxides of wide band-gap semiconductors such as
TiO2 and ZnO have been the most often used porous elec-
trodes in QDSSCs. Morphologies of these metal oxides
have been actively explored in order to achieve maximum
power conversion efficiencies from these devices (Yum
et al., 2007; Lee et al., 2008b; Toyoda et al., 2007; Baker
and Kamat, 2009; Chen et al., 2006; Liu et al., 2010a).
For example, nanowires of metal oxides were used in order
to increase the conductivity of the films (Chen et al.,
2010a). Similarly, nanotubes of metal oxides were used in
order to enhance the carrier transport and achieve light
trapping effect. Inverse opal structures have been used for
the same purpose as well. Fig. 15 shows typical morpholo-
gies of TiO2 and ZnO films employed in the preparation of
QDSSCs.

Sensitization of metal oxides with nanocrystals have
been focused on four approaches: (i) QDs have been grown
directly onto TiO2 electrodes using chemical bath deposi-
tion (CBD) procedure (Toyoda et al., 2007); (ii) successive
ion-layer adsorption and reaction (SILAR) procedure
(Chang and Lee, 2007; Lee et al., 2009b, 2010); (iii) QDs
have been attached to metal oxide surfaces through bi-
functional linkers (Robel et al., 2006; Sambur and Parkin-
son, 2010; Sambur et al., 2010), and (iv) QDs have been
Fig. 15. SEM images of TiO2 and ZnO films with various morphologies: (a) n
Data are reproduced with permission from Chen et al. (2010a), Lee et al. (200
linked to metal oxides using physisorption process (Gimé-
nez et al., 2009; Blackburn et al., 2005).

Chemical bath deposition is the earliest method applied
for deposition of semiconductor QDs on metal oxide sur-
faces (Šimurda et al., 2006). This method gained popularity
because of its simplicity and possibility to apply it in large
scale production. However, despite its simplicity in general
chemical bath deposition does not allow precise control
over the particle size distribution and spectral properties
of QDs. In recent years chemical bath deposition method
has transformed into a more successful technique called
successive ion-layer adsorption and reaction method
(SILAR). Simultaneously, another method that gained also
wide recognition is the linker assisted self assembly. In this
procedure pre-synthesized nanocrystals are adsorbed on
metal oxides surface by using molecular linkers that have
various functional groups. Linker assisted self assembly
enables, in principle, a precise control over the spectral
properties of QDs and the interconnectivity between QDs
and the substrate surface, while ensuring monolayer sur-
face coverage. Less unexplored procedure that received
attention during the past several years is based on physi-
sorption. In this method sensitization of metal oxides is
achieved through physisorption. Usually bare metal oxide
electrodes are dipped into solutions of QDs with the
immersion time reaching 100 h. Moreover, the sensitized
electrodes with QDs are assembled into photovoltaic cells
and the obtained results suggest that the sensitization by
this procedure is much better than using bi-functional
linkers.
anowires; (b) mesoporous structures; (c) nanotubes and (d) inverse opal.
8b) and Toyoda et al. (2007).
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8.3. CBD and SILAR

Semiconductor QDs such as CdS (Peter et al., 2002; Lin
et al., 2007), CdSe (Diguna et al., 2007), PbS (Hoyer and
Könenkamp, 1995), CdS(core)/CdSe(shell) (Chen et al.,
2006) and InP (Zaban et al., 1998) have been actively used
in quantum dot sensitized solar cell. They have been often
assembled onto porous TiO2 films by using CBD or SILAR
methods. In the CBD approach, dissolved cationic and
anionic precursors reacts slowly in one bath (Niitsoo
et al., 2006; Toyoda et al., 2008; Okazaki et al., 2007). In
this way by varying the reaction time it is possible to con-
trol the deposition rate of QDs. Simultaneously, the
growth of QDs have been evaluated by separating the cat-
ionic and anionic precursors into two beakers and dipping
the bare electrodes alternatively into each beaker (Pathan
and Lokhande, 2004; Lee et al., 2009a). This so called
SILAR process has been initially used for preparation of
CdS and PbS QDs sensitized electrodes. Recently, it has
been extended for the preparation of CdSe and CdSe(Te)
QDs sensitized TiO2 electrodes (Lee et al., 2008c). In both
principle and practice, the SILAR process could now be
considered better than CBD for deposition of QDs layers
onto mesoporous oxides.

One of the most studied materials in photolectrochemi-
cal cells is CdS (Zhu et al., 2010; Gao et al., 2009). The rea-
son for its widespread use lies in the fact that CdS QDs can
be easily prepared and can be used in aqueous solution
with polysulfide redox mediator. However, the photocon-
version efficiencies obtained from this material are usually
low due to its absorption range which is limited to wave-
length below 550 nm (Grätzel, 2001). Since photogenerated
current is proportional to the optical absorption it is much
useful to use lower band-gap semiconductors. For this pur-
pose semiconductors like CdX (X = Se, Te) or PbS are
often employed in QDSSCs. Diguna et al. (2007) demon-
strated that CdSe QDs grown in situ on TiO2 inverse opal
show a power conversion efficiency of about 2.7%
(100 mW/cm2). This efficiency is much higher than 1.6%
reported for CdS QDSSCs (Zhang et al., 2010). Further-
more, Fan et al. (2010) showed that the performance of
CdSe QDSSCs can be greatly influenced by the counter
electrode as well. Their photovoltaic devices composed of
carbon electrode has demonstrated an IPCE = 80%, a
JSC = 12.41 mA/cm2, a VOC = 0.6 V, an FF = 52% and a
power conversion efficiency reaching 3.9% (100 mW/cm2,
AM 1.5). In other studies co-sensitization of TiO2/CdS
with CdSe QDs was found to be an alternative way to
improve the power conversion efficiencies (Niitsoo et al.,
2006; Sudhagar et al., 2009; Wang et al., 2010c). Moreover,
sensitization of TiO2 electrodes with narrow band-gap
materials such as CdTe (Wang et al., 2010b) and PbS
QDs (Lee et al., 2009a,c,d) have also been demonstrated
to be promising in QDSSCs. However, the most common
polysulfide (S2�/S2�

2 ) electrolyte used for CdS and CdSe
QDs is not the best choice for low band-gap materials.
For example, in the presence of S2� ions CdTe QDs
undergoe anodic corrosion (Bang and Kamat, 2009). To
avoid unwanted photocorrosion processes in low band-
gap materials cobalt complexes are used as redox media-
tors (Sapp et al., 2002). The role of redox mediators in
QDSSCs will be discussed in next sub-chapters.

8.4. Linker-assisted assembly

A key issue governing efficient electron transfer between
two semiconductors is interfacial electronic energy align-
ment. The ability to tune electronic energy alignment of
QDs allows one to optimize the band positions for efficient
photon-to-current conversion (Schaller and Klimov, 2004;
Carlson et al., 2008; Shen and Lee, 2008). Currently there
are four approaches available for modulation of interfacial
electron transfer. The first approach is studied in detail by
Watson and coworkers and provides evidence that the nat-
ure of linker molecules between CdS QDs and TiO2 nano-
particles influences the kinetics and efficiency of excited-
state interfacial electron transfer (Dibbell and Watson,
2009). Moreover, they used bifunctional linker molecules
that belong to the type X-R-Y, where X and Y are groups
that bind to CdSe (X = SH) and TiO2 (Y = COOH),
respectively. The second approach is based on evaluation
of size dependent electron transfer rates (Tvrdy and
Kamat, 2009; Robel et al., 2007). It was found that the
electron injection rate from CdSe QDs to TiO2 depends
on the size of CdSe QDs. Controlling CdSe QDs size there-
fore provides a convenient way to modulate the band-gap
energies. In the third approch, an alternate way to modu-
late the electron injection rate is to tune the band edge of
TiO2 (Fig. 16). It has been established that pH induced pro-
tonation of surface groups is useful to shift the band edge
of TiO2 (Tomkiewicz, 1979; Bolts and Wrighton, 1976;
Chakrapani et al., 2010). In comparison to dye molecules,
the QDs are ideal to study pH driven electron transfer
kinetics due to the robustness of the QDs bands toward
pH increase. The fourth strategy which is used to enhance
the photoconversion efficiencies is based on molecular
modification of semiconductor surfaces (Cahen and Khan,
2003). It was demonstrated that molecular grafting is pow-
erful in tuning the energy levels of QDs. Barea et al.,
showed that molecular dipoles attached on QDs can con-
trol both injection and recombination in QDSSCs (Barea
et al., 2010).

Sensitization of TiO2 electrodes with pre-synthesized
QDs was actively studied during the recent years (Mann
and Watson, 2007; Lee et al., 2008a–d; Sambur and Par-
kinson, 2010a; Sambur et al., 2010b). It was demonstrated
that mercaptopropionic acid allows good connection
between QDs and mesoporous TiO2 films (Chen et al.,
2009a; Prabakar et al., 2010; Lee et al., 2007). Recently,
Chen et al. (2009b) showed that pre-synthesized CdS
QDs can be effectively attached on TiO2 electrodes by using
this linker. The as prepared CdSe QDSSCs showed photo-
conversion efficiencies in the order of 1.19% (100 mW/
cm2). Moreover, this binding strategy was proven to be



Fig. 16. (a) Scheme describing the shift (DG) in the conduction-bandof
TiO2 at different pH conditions. (b) Electron transfer rate versus DG. Data
are taken with permission from Chakrapani et al. (2010) and Robel et al.
(2007).
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effective for sensitization of one-dimensional (1D) semicon-
ductors nanowires made of TiO2 and ZnO. Photoelectrodes
are developed in which arrays of nanowires are grown ver-
tically onto a conducting substrate present alternative to
the mesoporous electrodes. Leschkies et al. (2007) used
Fig. 17. SEM images of: (a) CNT/ZnO and (b) CNT/ZnO/CdSe QDs. (d)
Current–voltage characteristics of CNT/ZnO/CdSe QDs photovoltaic
cells at illumination 1 sun (100 mW/cm2). Data are taken with permission
from Chen et al. (2010b).
CdSe QDs and ZnO nanowires to develop a new QDSSCs
architecture. By using CdSe sensitized ZnO nanowire
QDSSCs they measured 0.4% power conversion efficiency
(100 mW/cm2).

Integration of carbon nanotubes into TiO2 provide
favorable charge collection at the ITO electrode (Lee
et al., 2008d; Farrow and Kamat, 2009). Based on these
results Chen et al. (2010b), developed QDSSCs consisting
of vertically aligned carbon nanotubes (VACNT), ZnO
nanowires and CdSe QDs. Due to inhibited charge recom-
bination at the ZnO surface (or CdSe) a power conversion
efficiency of 1.46% is achieved (100 mW/cm2, AM 1.5).
Fig. 17 shows typical current–voltage curves and morphol-
ogy of the used ZnO nanowires. This system gives hints
that in future researches the integration of carbon nano-
tubes/metal oxide composites will play an important role
in QDSSCs.

Efficient light harvesting often require sensitizer QDs that
absorb light in the NIR. For this purpose CdTe and CdHgTe
QDs have been found ideal in QDSSCs (Lan et al., 2009; Gao
et al., 2009). Yang and Chang (2010) reported for CdHgTe
QDSSCs a power conversion efficiency of about 2.2%, a
JSC = 4.43 mA/cm2, a VOC = 0.71 V and an IPCE = 18%
(100 mW/cm2, AM 1.5). The low IPCE could be attributed
to the loading amount of QDs in the TiO2 electrode or inef-
ficient electron injection from the QDs to the TiO2 film. In
addition the reported photocurrent efficiencies of QDSSCs
by using linker assisted method are lower than those for
QDSSCs obtained using the SILAR method. Nevertheless,
this procedure allows evaluation of size dependent electron
transfer rates in QDs/metal oxide electrodes which could
be difficult to estimate with other methods.

8.5. Surface states and back electron transfer

Despite the active research on QDSSCs the performances
of these devices are still low compared with DSSCs. The low
efficiencies of QDSSCs are often attributed to QDs surface
states or back electron transfer that may occur at the
solid–liquid interface (Shalom et al., 2009; Hodes, 2008).
The surface states sometimes called trap states may interfere
with electron injection from QDs into TiO2. Fig. 18
illustrates the various pathways where an excited electron
undergoes after illumination. These are as follows: (a)
recombination with the holes left behind after illumination,
(b) recombination through surface states or (c) recombina-
tion with redox mediator. Passivation of surface states is
often achieved by molecular modification or deposition of
a second semiconductor material. For example it is known
that a thin layer of ZnS on CdSe is useful to remove the sur-
face states (dangling bonds) in the QDs. Similarly, passiv-
ation can be achieved with a dense TiO2 layer on top of the
QDs (Diguna et al., 2007). Furthermore, surface passivation
can also be achieved with organic molecules as well (Barea
et al., 2010). In designing efficient inorganic coating materi-
als it is recommended to take into account the lattice mis-
match between the two semiconductor materials.



Fig. 18. (a) Schematic drawing of CdS QDs sensitized TiO2 electrodes.
Various paths for electrons are shown with arrows. (b) Energy diagram
showing the path for excited electrons in CdSe QDs to surface states (1) or
transfer to oxidized species, I�3 , via direct path (3) and via surface states
(2). (c) Energy diagram showing the recombination of excited electrons in
TiO2 with holes at surface states (4) or transfer to oxidized species, I�3 , via
direct path (5). Reprinted with permission from Shalom et al. (2009).

Fig. 19. Current–voltage characteristics (a) and Nyquist plots (b) for
QDSSCs with different counter electrodes. The data in (a) are digitalized
with getdata draph digitazier from Deng et al. (2010). The scattered points
in (b) are experimental data and the solid lines are the fitting curves. The
data in (b) are taken with permission from Zhang et al. (2010).
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8.6. The role of redox mediator in QDSSCs

In dye sensitized solar cells, platinum (Pt) is commonly
used as a counter electrode and I�/I�3 as redox couple. This
reason is due to the stability and catalytic activity of Pt for
reduction of I�3 . Unfortunately, the well-known I�/I�3
redox couple is not compatible with low band-gap semi-
conductor materials, leading to a rapid corrosion process
of the semiconductors. This redox couple was tested in
CdS and CdSe QDSSCs while the corrosive reaction was
observed to progress gradually (Rühle et al., 2010). For
QDSSCs alternative redox couples based on polypyridyl
cobalt complexes, [cobalt(o-phen)3]2+/3+ (Sapp et al.,
2002), ferrocene/ferrocenium (Tachibana et al., 2008) and
polysulfide (S2�/Sx) appear to work quite well (Tachibana
et al., 2007). Furthermore, the cobalt(II/III) complexes
were demonstrated to be efficient redox mediators for low
band-gap semiconductor materials such as InAs, InP or
PbS QDs. However, there are certain drawbacks of cobalt
redox mediators in QDSSCs as well. While the cobalt
redox mediators give relatively good photoconversion effi-
ciencies at low illuminations (0.1 sun) they fail at high illu-
minations (1 sun). The latter is explained with the low
diffusion mass transport of cobalt complexes.

8.7. Three-electrode cell

The measurement and calibration of current–voltage
curves sometime require caution. The measurements are
usually executed with two or three-electrode system. Eval-
uation of real photovoltaic parameters by using three-elec-
trode system appears to be not straightforward because of
the irreversible character of the redox reaction used to
regenerate the sensitizer. By using reversible redox media-
tors, the utilization of three-electrode cell overestimates
the conversion efficiency, since diffusion and electron trans-
fer overvoltage losses are neglected (Sun et al., 2008). In the
meantime, the current–voltage data obtained in the three-
electrode system should be referenced versus the dark
potentials. Besides the three-electrode systems it is recom-
mended to obtain the voltammograms independently with
a two electrode system.

8.8. The role of counter electrode in QDSSCs

The choice of counter electrode is one of the essential
points in achieving efficient photoconversion. Because the
counter electrode controls the regeneration of oxidized
mediator into its reduced form it is vital to select a counter
electrode with low charge resistance. Since, polysulfide
(S2�/S2�

x ) redox mediator is often used in QDSSCs, this
require replacement of the commonly employed Pt counter
electrode with other electrodes. Polysulfide redox mediator
is often used in combination with platinum (Pt), gold (Au),
carbon (C) and copper sulfide (Cu2S) counter electrodes.
Among these materials carbon is ideal alternative to Pt elec-
trodes, due to the fact that it allows catalytic activity and
sufficient conductivity. Furthermore, carbon electrodes can
be prepared in the form of mesoporous material which can
effectively increase the electron transfer rate for reduction
of S2�

2 ions (Fan et al., 2010). Fig. 19 shows current–voltage
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characteristics and impedance plots of CdS/CdSe QDSSCs
of various counter electrodes. Reduced sheet and charge
transfer resistances makes the carbon electrode ideal in
QDSSCs. Recently, Mora-Seró et al. (2008) evaluated that
Pt counter electrode constituted a limiting factor for the cell
performance because of strong adsorption of sulfides ions
onto Pt surface, which impair its catalytic activity. Similarly,
Lee and Lo (2009) demonstrated that Au counter electrode
in CdS/CdSe QDSSCs is more immune to sulfur ions than
Pt giving higher conversion efficiencies in the order of 4.2%
(100 mW/cm2). In addition, Zhang et al. (2010) demon-
strated that the efficiency of CdS photovoltaic devices can
be increase from 0.13% up to 1.47% just by replacing the
Pt with carbon counter electrode. In a recent study Cu2S
counter electrode was also found to give high efficiencies.
Shen et al. (2010) used this material in CdSe QDSSCs and
achieved photoconversion efficiency of about 1.8%
(100 mW/cm2). Furthermore, Meng’s group employed com-
bined Cu2S/carbon counter electrode in CdS/CdSe QDSSCs
and reported an efficiency of 3.1% (100 mW/cm2) (Deng
et al., 2010). In the meantime, this composite counter elec-
trode was superior to the commonly used Pt, Au and carbon
electrodes. In addition, electrodes with low sheet and low
charge transfer resistance improve greatly the photoconver-
sion efficiencies.

9. Conclusions

Here we reviewed the recent advances in utilizing col-
loidal quantum dots as light harvesters in various types
of photovoltaic devices. At present the power conversion
efficiencies of colloidal quantum dot solar cells are about
5%. Further research is needed in this area to screen
potential systems which could provide a roadmap for
the design of super efficient solar cells. Development of
high performance photovoltaic cells will necessitate the
use of high quality nanocrystals with good material prop-
erties. In achieving this goal surface state of the nanocrys-
tals should be well passivated. This could be achieved
either by using organic or inorganic capping ligands. In
conclusion, well ordered semiconductor nanoparticles in
photovoltaic cells are tought to bring a major break-
through in this field.
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Park, S.H., Roy, A., Beaupré, S., Cho, S., Coates, N., Moon, J.S., Moses,
D., Leclerc, M., Lee, K., Heeger, A.J., 2009. Bulk heterojunction solar
cells with internal quantum efficiency approaching 100%. Nat. Photon.
3, 297–303.

Pathan, H.M., Lokhande, C.D., 2004. Deposition of metal chalcogenide
thin films by successive ionic layer adsorption and reaction (SILAR)
method. Bull. Mater. Sci. 27, 85–111.

Pattantyus-Abraham, A.G., Kramer, I.J., Barkhouse, A.R., Wang, X.,
Konstantatos, G., Debnath, R., Levina, L., Raabe, I., Nazeeruddin,
M.K., Grätzel, M., Sargent, E.H., 2010. Depleted-heterojunction
colloidal quantum dot solar cells. ACS Nano 4, 3374–3380.

Peng, X., Manna, L., Yang, W., Wickham, J., Scher, E., Kadavanich, E.J.,
Alivisatos, A.P., 2000. Shape control of CdSe nanocrystals. Nature
404, 59–61.

Peter, L.L.M., Riley, D.J., Tull, E.J., Wijayantha, K.G.U., 2002.
Photosensitization of nanocrystalline TiO2 by self-assembled layers
of CdS quantum dots. Chem. Commun., 1030–1031.

Pijpers, J.J.H., Ulbricht, R., Tielrooij, K.J., Osherov, A., Golan, Y.,
Delerue, C., Allan, G., Bonn, M., 2009. Assessment of carrier-
multiplication efficiency in bulk PbSe and PbS. Nat. Phys. 5, 811–814.
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