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e-sensitized solar cells: progress and
future challenges

Shufang Zhang, Xudong Yang, Youhei Numata and Liyuan Han*

High energy conversion efficiency is one of the most important keys to the commercialization of dye-

sensitized solar cells (DSCs) in the huge electricity generation market. According to our experience in the

persistent efforts that helped to achieve high efficiency DSCs, we selectively review the major progress

of improving the energy conversion efficiency of DSCs which may be useful for future applications. We

start the discussion from modelling the device by macroscopic equivalent circuit and then highlight

some approaches to improve the device performance, such as the molecular engineering of novel dye

sensitizers and light trapping effect, tuning the potential of redox shuttles and surface passivation of

photoelectrodes, and optimizing the resistance. Finally, we illustrate a roadmap of possible future

directions of DSCs with the challenges of how to further improve the efficiency to accelerate the

progress in the commercialization of DSCs.
Broader context

Converting solar energy directly into electricity as a clean and renewable energy resource is immensely important to solve the energy crisis and environmental
pollution problems induced by the consumption of fossil fuels. In recent years, dye-sensitized solar cells (DSCs) made from low cost materials with environ-
mentally friendly characteristics have shown great potential as alternatives to traditional silicon solar cells. However, the commercialization of DSCs is still being
postponed by their relatively lower efficiency. In addition, the slow progress in the improvement of efficiency is unable to match the exponential increase of
devoted academic research efforts. In this perspective, with the purpose to accelerate the progress in the commercialization of DSCs, we selectively review some
of the major achievements concerned with a further increase of efficiency. Starting from the analysis of the device performance by modelling with a macroscopic
equivalent circuit, we point out the approaches that could enhance the efficiency according to our experience in the persistent efforts to develop highly efficient
DSCs, which is expected to inspire valuable innovations that will facilitate the commercial application of DSCs.
1 Introduction

Increasing global energy and environmental challenges
demand clean and sustainable energy sources to support the
activities of modern society. One of the most feasible technol-
ogies is to convert solar energy directly into electricity by solar
cells. As the alternatives to conventional silicon-based solar
cells, dye-sensitized solar cells (DSCs) attract great research
interests because of low manufacturing cost and environmen-
tally friendly character.1–6 Typically, a DSC comprises a trans-
parent conducting oxide (TCO) electrode, a dye-sensitized nano-
crystalline titanium dioxide (TiO2) lm, a platinum (Pt) counter
electrode, and an electrolyte containing iodide (I�)/tri-iodide
(I3

�) redox couple between the electrodes (Fig. 1). The major
energy conversion processes in DSCs can be described as the
following. Solar light is harvested by dye molecules adsorbed on
the TiO2 lm. Photo-excited dye molecules inject electrons into
the conduction band of the TiO2 lm. Electrons are then
Fig. 1 (a) Schematic structure and (b) main processes in dye-sensitized solar cells.
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transported toward the TCO front electrode and external circuit.
Oxidized dyes are regenerated to neutral state by I� in the
electrolyte and I� is reproduced by the reduction of I3

� with
electrons from the Pt counter electrode.7,8 The energy conver-
sion efficiency, h, is determined by measuring the current–
voltage (I–V) characteristic parameters, short circuit current
(ISC) or short circuit current density ( JSC), open circuit voltage
(VOC), ll factor (FF), when the test DSC is under solar light
irradiation with the power intensity of Pin and illuminated cell
area of Acell, as given by:

h ¼ ISCVOCFF

PinAcell

(1)

Since nano-crystalline DSCs were reported in 1991,
numerous research attempts have been made to further
improve the energy conversion efficiency for practical applica-
tions. Unfortunately, the certied efficiency is still under 12%
even though thousands of research papers had been published
in the past 20 years.9 Academic doubts were raised on whether
the efficiency of DSCs could be improved highly enough
through current research strategies to compete with other solar
cells.10 In addition, although great industrial interests have
Dr Shufang Zhang received her
PhD degree from the Chinese
Academy of Sciences in 2008.
She worked as a postdoctoral
researcher at Tokyo Institute of
Technology, and then joined the
National Institute for Materials
Science (NIMS), Japan in 2009.
Her current research interests
cover electrochemical analysis of
optoelectronic devices and
mechanisms understanding
interfacial interactions in dye-
sensitized solar cells.

Dr Xudong Yang obtained his
PhD degree from the Chinese
Academy of Sciences. He worked
as a postdoctoral fellow at the
University of Cambridge, UK,
and then joined in the Interna-
tional Center for Young Scien-
tists of the National Institute for
Materials Science, Japan. His
current research is focused
mainly on understanding the
mechanisms of the generation,
separation, transport and

recombination of excited states in semiconductors, organic mate-
rials and optoelectronic devices for the applications in energy
conversion.

1444 | Energy Environ. Sci., 2013, 6, 1443–1464
emerged with the quickly developed technology and equipment
by companies such as Sharp, Fujikura, Dyesol, G24i, and
Solaronix, the relatively lower efficiency will enhance the entire
cost of the practical application including the manufacture,
assembly and transport of larger area DSCs modules. This is
also the major reason why thin lm silicon solar cells failed as a
commercialized substitute for fossil fuels in the huge electricity
generation market. In contrast to the theoretical performance
and the achieved best values in different kinds of solar cells,9

the DSC with the certied highest efficiency performed rela-
tively lower in terms of JSC, VOC, and FF (Fig. 2). This indicates
there is a large space for the improvement of DSCs performance
by more effective research. Therefore, the fundamental under-
standing of the underlying mechanism in DSCs and applicable
innovations of materials and structures is highly desired.

A powerful tool for analysing the whole device performance of
a DSC is the equivalent circuit modelling, combined with the
techniques of frequency-domain methods, such as electro-
chemical impedance spectroscopy (EIS), intensity-modulated
photovoltage spectroscopy (IMVS), and intensity modulated
photocurrent spectroscopy (IMPS), and time-domain approaches,
such as charge extraction (CE), transient-photocurrent decay
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Fig. 2 (a) The theoretic maximum of photocurrent density as a function of the
energy gap (solid line) and (b) the fill factor as an empirical function of the open-
circuit voltage (solid line) according to the value of the ideality factor, n. The solid
points are values in different kinds of solar cells that had been certified to obtain
the highest efficiency.9

Fig. 3 Example of an equivalent circuit used to analyse and improve the device
performance of high efficiency DSCs.20 Reprinted from ref. 20. Copyright 2006,
with permission from Elsevier.
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(TCD) and transient-photovoltage decay (TVD).11–15 For under-
standing the electrochemical mechanisms in DSCs, equivalent
circuits consisting of meso/microscopic units have been devel-
oped.16,17 On the other hand, macroscopic equivalent circuits have
progressed much to analyse the whole device performance
directly.18,19 The macroscopic models have relatively few parame-
ters to be analysed and show advantages in the attempts to
improve the efficiency of not only DSCs but also traditional silicon
solar cells.

Fig. 3 represents one example of the equivalent circuit of
DSCs which is useful in a high efficiency DSC.18,20 It includes a
diode to represent the electron transfer at the TiO2–dye–elec-
trolyte interface. C1 and R1 are attributed to the redox reaction at
the Pt counter electrode; C3 and R3 relate to the carrier transport
by ions within the electrolyte; Rh is inuenced by the sheet
resistance of TCO and the contact resistance between the TCO
and TiO2; Rsh is the resistance to the back electron transfer
across the TiO2–dye–electrolyte junction.

The current–voltage characteristics of this equivalent circuit
under direct current condition are described as:

I ¼ Iph � I0

�
exp

�
qðV þ IRsÞ

nkT

�
� 1

�
� V þ IRs

Rsh

(2)
This journal is ª The Royal Society of Chemistry 2013
where Iph is the photo generated current, I0 is diode saturation
current, n is the diode ideality factor, k is the Boltzmann
constant, T is temperature, Rs is the series resistance and
Rs ¼ R1 + R3 + Rh.

From this equivalent circuit model, the major effect of the
components in eqn (2) on the I–V characteristic parameters of
ISC, VOC, and FF can be analysed. For example at the open circuit
condition, VOC is determined by the conditions that the current
source Iph is equal to the sum of the current through the diode
and the shunt resistance. A small I0 and large Rsh are preferred
for a higher VOC under a constant Iph, which can be achieved by
many attempts of blocking the electron back transfer at the
surface of TiO2 with a surface coating of organic molecules or
large band gap metal oxide.

Beneting from many excellent reviews on DSCs, scientic
researches on novel component materials and underlying
mechanisms have been developed rapidly in recent years.
However, as the total efficiency grows slowly in contrast to the
exponentially increased research efforts, doubts on whether the
efficiency of DSCs could achieve high enough to compete with
other solar cells were raised. In this perspective article, we
selectively review the major progress of improving the energy
conversion efficiency of DSCs which may be useful for future
applications. We highlight some approaches to increase JSC by
molecular engineering novel sensitizers and light trapping
effect, VOC by tuning potentials and surface passivation, and FF
by optimizing the resistance. Finally we propose a roadmap of
possible future directions, with the challenges of how to further
improve the efficiency of DSCs. Although we cannot include all
of interesting ndings due to limitation of article length, we
hope the present perspective article is helpful for researchers in
accelerating the progress of highly efficient DSCs.
2 Improvement of DSCs
2.1 Short circuit current

At short circuit the photo-generated charges are expected to ow
into the external circuit with unit efficiency. According to the
equivalent circuit (Fig. 3), the short circuit current, ISC, is equal to
the difference between the photo-generated current Iph and that
lost in the diode and shunt resistance. When a DSC is under the
illumination with the incident photon ux of Iphoton(l), the total
current owing in the external circuit is then expressed as:
Energy Environ. Sci., 2013, 6, 1443–1464 | 1445
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Isc ¼ qe

ðlmax

lmin

IphotonðlÞIPCEðlÞdl (3)

where qe is the electron charge and IPCE(l) is dened as the
incident monochromatic photon-to-electron conversion effi-
ciency, as given by:

IPCE(l) ¼ hLHEhinjhcc (4)

where hLHE is the light harvesting efficiency, hinj is the electron
injection yield from the photo-excited dye into TiO2, and hcc is
the charge collection efficiency at the electrodes. Practically, it
was conrmed that hinj with unit efficiency requires approxi-
mately 0.2 V of over-potential (�DG) between the TiO2

conduction band (CB) and the dye lowest unoccupiedmolecular
orbital (LUMO) level,21 and 0.3 V of �DG between the dye
highest occupied molecular orbital (HOMO) level and redox
potential for sufficient driving forces of electron injection from
the dye to the CB of TiO2 and the regeneration of oxidized
dye,22,23 respectively. In present high efficiency DSCs with effi-
ciency over 10%, the production of hinj and hcc have been found
to be close to 1.5 Therefore the major strategy to increase the
short circuit current, ISC, is to improve the light harvesting
efficiency, hLHE, which depends on the molar extinction coeffi-
cient (3) of the dye, the amount of dyes anchored on TiO2 lm,
and the optical path length of incident light within the dye-
sensitized lm.

Finding dyes with intense 3 in both the visible and the near-
IR (NIR) regions is essentially required in order to efficiently
absorb more solar light and obtain higher photocurrent. For
example, Fig. 4 shows the solar light spectrum and obtained
photocurrent calculated from eqn (3) with an assumed IPCE of
100% integrated from the UV region to the band edge of the
sensitizer. When the IPCE onset is 800 nm, JSC value is 27.3 mA
cm�2. If IPCE onset expanded to 920 nm, the photocurrent can
be obtained up to 34.7 mA cm�2. In order to achieve a broad
light harvesting spectrum, narrowing the band gap between the
HOMO and the LUMO of the sensitizer molecule is required. In
addition, with the increase of the thickness of TiO2 lm, the
charge recombination between the electron in the TiO2 lm and
Fig. 4 Solar light spectrum (red) and calculated photocurrent (blue) from eqn (3)
with an assumed IPCE of 100% integrated from 300 nm to the corresponding
wavelength.

1446 | Energy Environ. Sci., 2013, 6, 1443–1464
redox mediator will increase and then VOC will decrease.
Therefore, it is necessary to decrease the thickness of the TiO2

lm and consequently the amount of anchored dye is also
decreased. Intense 3 is thus required for strong light harvesting
in a thinner TiO2 lm and this can improve not only JSC but also
VOC at the same time.

2.1.1 Molecular engineering on dye sensitizers. Up to now,
many types of compounds have been developed as sensitizers,
such as metal–organic complexes, metal-free organic
compounds, Zn porphyrins, and Zn phthalocyanines. For
application in highly efficient DSCs, some basic structural
features are required, such as the HOMO–LUMO should be
suitably spatially separated and the anchoring group must be
bound to the electron acceptor part of the molecular structure
(usually by coordination bonding) for stabilization of the photo-
excited state, efficient injection of the generated electrons into
TiO2 electrode, efficiently regeneration of oxidized dyes, and
suppression of the electron back reactions. Here, we review
recent progress in different types of dye sensitizers in DSCs,
with specic emphases on the strategies of molecular design
and corresponding effects on the cell performance.

2.1.1.1 Ru polypyridyl complex. Ru polypyridyl dyes, the
most successful sensitizers in DSCs, exhibit superior perfor-
mances owing to the broad light absorption capability
expanding to the NIR region, appropriate HOMO and LUMO
energy levels applying to the TiO2–iodide system, a long-lived
photo-excited state, high molecular stability, and rich structural
variation. In these Ru polypyridyl complexes, the HOMO is
mainly localized on the Ru and electron donating ligands, and
the LUMO is mainly distributed over the polypyridyl ligand
(Fig. 5). The distribution of LUMO and HOMO is favorable for
efficient electron injection into TiO2 via chemical bonding and
the regeneration of oxidized dyes.

Generally, Ru polypyridyl complexes show prominent
absorption peaks at the UV region and the visible-NIR region,
respectively. The absorption band appears in the visible-NIR
region is assigned as singlet to singlet metal-to-ligand charge
transfer (1MLCT) from Ru to the polypyridyl ligand. The
expansion of p-conjugation of polypyridyl ligand will lead to a
decrease of the LUMO energy level and result in a bathochromic
shi of the absorption band. For example, the structure differ-
ence between N719 dye24 and black dye25 is replacing the two
4,40-dicarboxyl-2,20-bipyridyl (dcbpy) ligands in N719 with one
4,40,40 0-tricarboxyl-2,20:60,200-terpyridyl (tctpy) ligand and one
NCS ligand in the structure of black dye. The signicant shi of
the 1MLCT band of about 530 to around 610 nm can be attrib-
uted to the wide p-conjugation in the tctpy ligand and strong
Fig. 5 Electron flow and the HOMO and LUMO distributions of black dye
(N749).

This journal is ª The Royal Society of Chemistry 2013
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electron-donating properties of the three NCS ligands (Fig. 6).
Correspondingly, the IPCE onset of DSC is bathochromatically
shied from ca. 800 (N719) to over 900 nm (black dye), as shown
in Fig. 6. By further p-expansion of the polypyridyl ligand (in
N719) to 2,20:60,200:60 0,20 00-quaterpyridine (qpy) (in N886), the
1MLCT band was bathochromically shied to 637 nm. While,
the hinj was deteriorated due to the dye-aggregation problem
(vide infra).26

Additionally, exchange of the central metal atom is also an
effective way to drastically change absorption property of the
sensitizer. As a successful case, some Os tctpy dyes have been
reported.27–29 For the Os tctpy dyes, both enhancement of 3 of
the 1MLCT and 3MLCT bands occurred in the NIR region due to
the energy level shi and heavy atom effect of the Os ion. As a
result, the absorption spectrum was expanded to ca. 900 nm
and the IPCE onset was extended to 1000 nm.

For the Ru polypyridyl dyes, despite the wide spectral
coverage from the UV to the NIR region, the molar extinction
coefficient of the MLCT band in visible-NIR spectral region is
generally lower compared with those of organic dyes. For
example, 3 values of N719 and black dye at lmax of

1MLCT are
approximately 14 700 and 7000 M�1 cm�1, respectively (for
organic dyes, 15 000–60 000 M�1 cm�1). Therefore, in order to
sufficiently absorb the photons in the NIR region, a thick TiO2

lm is needed. As mentioned above, increase of the TiO2

thickness decreases the VOC value; therefore, increase of the 3 of
the Ru polypyridyl dye is an important way to improve the cell
performances. In order to enhance the extinction coefficient of
the Ru dyes, introduction of the p-conjugations into the co-
ligand or polypyridyl ligand was carried out.

In 2006, a new heteroleptic Ru dye, N945H was reported, in
which one bpy ligand is substituted by two electron-donating
Fig. 6 Molecular structures and normalized absorption spectra (by 1MLCT
bands) of Ru–NCSx–polypyridyl (red: N719 dye, green: black dye, and blue: N886).

This journal is ª The Royal Society of Chemistry 2013
2,5-dimethoxystyryl groups (Fig. 7a).30 Its 3 value of 1MLCT band
was successfully increased (18 900 M�1 cm�1) compared with
that of N719 dye. It was revealed that spatial separation of
electron-donating substituents from the TiO2 electrode is
important for the molecular design of Ru polypyridyl dye to
achieve high efficiency by detailed DFT calculation. Instead of
the styryl groups, more electron-rich heteroaromatics such as
thiophene and furan were introduced owing to the higher
electron density and molecular stability.31–36 Heteroleptic Ru
dyes, C101 and C106 possessing thiophene derivatives with
hexyl chains on the bpy ligand achieved not only high conver-
sion efficiency of over 11% but also high device durability.30,35 In
these cases, the HOMO energy level was elevated with
increasing the electron-donating property of the p-conjugates.
Additionally, such long alkyl chains can suppress dye aggrega-
tions, and improve the VOC and hinj as discussed in Section
2.1.1.2.37

Furthermore, the p-expansion concept was also applied to
the Ru tpy complexes (Fig. 7b and c), because the improvement
of the 3 value is a more important challenge for the Ru tpy dyes
owing to their lower 3 values. Exchanges of the NCS of the black
dye for the electron-donating p-conjugated ligand were carried
out as well as for Ru bpy dyes.38–40 On these sensitizers, 3 values
of the 1MLCT band were increased, but lmax were unfortunately
blue-shied compared with that of the black dye due to the
difference in s-donor and p-acceptor properties between the
alternative and NCS ligands. On the other hand, development of
the tpy ligand of black dye analogues with the p-expansion
concept was recently reported.41–43 The 3 of these dyes in the
UV-visible region were successfully enhanced. While, the
Fig. 7 (a) Molecular structures of the Ru-bpy sensitizers with p-conjugate
system, N945H,30 C101,31 and C106,35 (b) donor substituted,42,78 and (c) tpy
substituted black dye analogues.43,44

Energy Environ. Sci., 2013, 6, 1443–1464 | 1447
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Fig. 8 Schematic drawing of D–p–A type organic dye and some samples of the
donor, p-spacer and acceptor with anchoring (in blue) components.
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3 values of the 1MLCT band were almost unchanged in
comparing with those of black dye. In these cases, one carbox-
ylate of tctpy ligand was replaced by the p-conjugation on 5- or
6-position of the pyridine ring. DFT calculations revealed that
when carboxylate was substituted by hexylthiophene or other
strong donor moieties, the low energy LUMOs were mainly
distributed on the dctpy ligand.41,42 Recently, a Ru dctpy dye,
HIS-2 bearing 4-methylstyryl moiety on the 4-position of the
pyridyl ring was developed.44 The low energy LUMOs of HIS-2
dye are distributed over dctpy and styryl moieties. As a result,
the 3 values of not only the n–p and p–p* transitions in UV
region but also 1MLCT band in NIR region were enhanced. The
IPCE spectrum of HIS-2 was improved in all spectral region
compared with that of black dye. The difference in the LUMO
distribution among these Ru dctpy dyes may be attributed to the
substitution position and electron-donating properties of the
substituent.

From a viewpoint of molecular stability, development of
alternative multidentate ligands of NCS is signicantly impor-
tant, because the monodentate NCS is easily eliminated or
exchanged for solvent, redox mediator, and/or additives in the
electrolyte under illuminated condition. A cyclometalated Ru
complex, YE-05 was rstly reported as a “NCS-free” Ru dye with
a conversion efficiency of 10.1%.45 Consequently, various NCS-
free Ru dcbpy45–48 and Ru tctpy40,42 sensitizers were developed
and showed conversion efficiencies of over 9%.

2.1.1.2 Metal-free organic dyes. Metal-free pure organic dyes
are also promising candidates as sensitizers in DSCs due to the
high molecular extinction coefficient, low cost, rare metal free,
and high design exibility of the molecules. Almost all of the
organic dyes are designed based on donor–p spacer–acceptor
(D–p–A) architecture, in which the donor and acceptor parts are
combined with the p-spacer and the anchoring group is
attached with the acceptor part as shown in Fig. 8. Typically, as
donor parts, electron-rich moieties such as triarylamines,49

carbazoles,50 indolines,51–54 phenoxazines,55–57 dithienothio-
phenes58 are oen employed. Counterpart acceptor parts are
composed of an electron-withdrawing unit and an anchoring
group. Practically, cyanoacrylic acid and its analogues,59,60 rho-
danines,51,52,55,61–63 and pyridines64,65 are frequently used owing
to their electron-withdrawing properties and coordinating
features to the TiO2 electrode. As p-spacer units, p-conjugated
systems such as polyenes,66–68 polyynes,69–71 thiophenes,72–75

furanes,76–78 pyrroles,79–81 fused thiophenes,82–85 diketopyrrolo-
pyrrole,86–88 benzothiadiazole,53,54,89,90 and benzotriazole91,92 are
incorporated into D–p–A dyes. In a D–p–A organic dye, the
HOMO is mainly localized at the donor and the electron-rich p-
spacer part, and the LUMO is distributed on the acceptor part
and the anchoring group. Generally, the D–p–A dyes show sharp
and intense absorption in the visible-NIR region, in contrast
with Ru polypyridyl dyes. Therefore, in organic dyes, bath-
ochromic shi and an increase of the number of the absorption
bands have been attempted to improve the conversion effi-
ciency. In the D–p–A type organic dyes, modication and
exchange of the donor, p-spacer, and acceptor parts, and
p-expansion are the main strategies to control their frontier
energy levels and enhance the molecular extinction coefficient.
1448 | Energy Environ. Sci., 2013, 6, 1443–1464
The HOMO and LUMO energy levels are dominated by the
energy levels of the donor and acceptor moieties, and the
conjugation length of the p-spacer. For instance, the HOMO
energy level of the dye was elevated when replacing triphenyl-
amine (TPA) at the donor part by the stronger electron-donating
indoline moiety.78 On the other hand, expansion of the p-
system, substitution of the thiophene p-spacer with wider p-
spacers such as thienothiophene and dithienothiophene or
increasing the thiophene unit number, can enhance 3 and cause
a bathocromic shi of the absorptions.74,93–95 In the case of
typical TPA–oligothiophene–cyanoacrylic acid based dyes,
increasing of the number of the thiophene and vinyl moieties in
the p-spacer, bathochromic shi and increase of extinction
coefficient of the charge transfer (CT) band occurred, as shown
in Fig. 9. In addition, planarity of the p-conjugation system also
affects the position of lmax and 3 of the D–p–A sensitizers. In
comparison with the planarity phenyl-furan p-spacer, dye with
twisted conguration spacer of biphenyl exhibited blue-shi
and decrease of 3 due to less overlapping of p-orbitals.78 In the
case of ethylene as spacers, increasing the number of adjacent
ethylenes leads to an increase of 3 and a bathochromic shi of
the absorption band while a decrease in the IPCE is attributed
to the dye-aggregation and photoiosmerization.96,97 Until now,
among the reported D–p–A type metal-free organic sensitizers,
the highest conversion efficiencies of DSCs based on this kind
of dye are about 10%.82,98–103

As another type of organic dye, zwitterion-based NIR organic
sensitizers such as squaraine,104–111 cyanine,112–116 and related
compounds81,117–121 have been also reported. These NIR dyes
exhibit very intense CT bands (3 ¼ 100 000–200 000 M�1 cm�1)
at lmax ¼ 600–800 nm. From the very early period of DSC
research, such NIR dyes have been studied as sensitizers in the
DSCs. However, only poor efficiencies were reported due to the
inappropriate HOMO and LUMO energy levels, symmetric
structure, lack of conjugation of anchoring groups, and dye
aggregations. For the squaraine dyes, rstly a symmetric
This journal is ª The Royal Society of Chemistry 2013
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Fig. 9 Normalized absorption spectra of the L0–L4 dyes in acetonitrile solution
upon addition of TBAOH. Inset: normalized absorption spectra of the L0–L4 dyes
in a plain acetonitrile solution. (Right) Normalized absorption spectra of the L0–L4
dyes adsorbed onto TiO2.74 Adapted from ref. 74, reprinted with permission from
Elsevier.

Fig. 10 Molecular structures and IPCE spectra of (a) MK-2 andMK-3,75 and (b) D-
1 and D-2.122 Adapted from ref. 75, Copyright 2007, with permission from
American Chemical Society.
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structure was employed (Sq 04).105 Aer introduction of an
asymmetric (push–pull type) molecular design, although the CT
bands of the asymmetric dyes were slightly blue-shied
compared with those of symmetric dyes due to the LUMO
localization on the anchoring groups, electron injection effi-
ciencies and overall conversion efficiencies of DSCs were further
improved (Sq 01).107 However, problems of low VOC due to the
charge recombination and lack of absorption from the UV-to-
visible region have still remained. YR6 dye based on the
combination of the squaraine unit with p-spacer and strong
electron-withdrawing cyanoacrylic acid anchor improved VOC
and compensated the lack of absorption from the UV-to-visible
region, achieving near ideal panchromatic sensitization by pure
organic dye.110

Dye-aggregation problems seriously deteriorate electron
injection efficiency in the DSCs due to the intermolecular
energy and/or electron transfer (ET) via the intermolecular p–p
and columbic interactions. As one solution, co-adsorption of
deoxycholic acid (DCA) with dye molecule is oen employed.
For example, black dye highly aggregates in the DSC and the hinj
is decreased. By co-adsorption with DCA, the conversion effi-
ciency is drastically improved. However, the co-adsorption
method requires cumbersome optimizations for each dye.
This journal is ª The Royal Society of Chemistry 2013
Therefore, it is very necessary to nd an efficient and convenient
strategy to suppress the dye-aggregation on the TiO2 surface.
The introduction of long or bulky substituents into the dye
skeleton is an efficient way. MK-2 dye bearing n-hexyl chains on
the thiophene spacer showed better electron injection efficien-
cies and higher VOC values than that of MK-3 dye without alkyl
chains (VOC of MK-2 and MK-3 are 0.72 and 0.64 V, respectively)
during the immersion process without co-adsorbent, even
though the p-conjugation of MK-2 is wider than MK-3
(Fig. 10a).75 The introduction of twisting into p-spacers is
another efficient way to suppress the intermolecular ET owing
to lesser intermolecular interactions, even if the p-conjugations
are expanded. As shown in Fig. 10b, planar D-2 dye tends to
aggregate on the TiO2 surface and showed low IPCE values. In
contrast, twisting D-1 dye efficiently suppressed the dye-aggre-
gation even without co-adsorbent, and the IPCE maximum
reached up to 80%.122

2.1.1.3 Zn porphyrin and phthalocyanine dyes. Macrocycles
such as Zinc(II)-porphyrins (ZnPor) and Zinc(II)-phthalocyanines
(ZnPc) are also very promising candidates as NIR sensitizers to
be applied in DSCs. The ZnPor and ZnPc dyes generally exhibit a
Soret-band and Q-band at around 400–500 nm and at around
500–700 nm, respectively, in their absorption spectra. They
possess outstanding molecular stability, appropriate frontier
orbital energy levels for efficient electron injection into the
Energy Environ. Sci., 2013, 6, 1443–1464 | 1449
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Fig. 12 (a) The HOMO and LUMO distributions of D–A type porphyrin dye; (b)
inhibitions of the intermolecular p–p stacking on porphyrins by the long alkyl
chains (pink) enveloping the porphyrin core.132
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conduction band of TiO2 lm and oxidized dye regenerations,
and structural versatility for ne-tuning of energy levels.
However, they have common problems in applications as effi-
cient sensitizers for DSCs: (1) owing to the wide and planar
p-conjugated molecular structure, they tend to aggregate each
other even in the solution which can lead to unfavorable charge
recombination; (2) because both the HOMO and LUMO are
localized in the macrocycles, it is difficult to bring photo-excited
electrons out from the macrocycle and inject into the TiO2; (3)
essentially ZnPors and ZnPcs do not absorb between the Soret-
and Q-bands in the visible region. Accordingly, development of
the ZnPors and ZnPcs has been promoted to overcome these
problems.

ZnPor dyes show very intense and sharp Soret bands (3 larger
than 100 000 M�1 cm�1) at around 450 nm and moderate
Q-bands (3 larger than 20 000 M�1 cm�1) at around 600 nm.
Diverse ZnPors can be prepared because the peripheral meso-
and b-positions of pyrrole ring, and the p-system can be inde-
pendently and asymmetrically substituted and extended,
respectively.123–125 By introduction of an asymmetric nature into
dye design, superior ZnPc dyes were developed (Fig. 11a). In
2007, a push–pull type ZnPor sensitizer, GD2, with meso-posi-
tions fully substituted by tolyl groups and p-conjugated anchor
attached on the b-position was reported.126 In GD2, the asym-
metric molecular structure caused a directional electron ow
and efficient electron injection from the LUMO into TiO2 and
achieved a conversion efficiency of 7.1%. In order to separate
the HOMO and LUMO spatial distributions more efficiently,
strong electron donors and acceptors with anchors were diag-
onally introduced into the porphyrin core (YD-2).127 As shown in
Fig. 12a, due to the strong electron-donating diphenylamine
moiety, the HOMO is mainly localized on the diphenylamine
and the LUMO is distributed over the porphyrin core and
anchoring group. On the other hand, for the porphyrin dye, dye-
aggregation causes a more serious problem on the photovoltaic
properties due to the wide and planar porphyrin core. However,
for the ZnPors, due to the much wider p-system, the alkylation
method described above cannot effectively suppress the
Fig. 11 (a) Molecular structures of asymmetric and D–A type ZnPor dyes; and (b)
asymmetric ZnPc dyes.

1450 | Energy Environ. Sci., 2013, 6, 1443–1464
aggregation among the porphyrins. Therefore, the development
of a new strategy is required. Effective solutions with the
introduction of the ortho-substituted phenyl ring on meso-
positions have been reported.5,128 As shown in Fig. 12b, molec-
ular dynamics calculations of LD dyes revealed that alkyl chains
(pink) on the meso-phenyl rings effectively enveloped the
porphyrin core. With increasing the chain length, IPCEs of the
LD dyes based cell were improved. For the LD14 and LD16
substituted with n-C12H25 chains, the IPCE maxima reached up
to 90%.

In contrast to the various ZnPor dyes applied in DSCs, only
few ZnPc dyes have been reported because asymmetric ZnPc
dyes are very difficult to be synthesized. The early reported
efficiencies with ZnPc dyes were only less than 1%.129–132 In
2007, new unsymmetrical ZnPc sensitizers, PCH001133 and
TT1,134 substituted by three electron-donating t-Bu groups and
one anchoring group were reported with higher conversion
efficiencies of 3.05 and 3.52%, respectively (Fig. 11b). Further-
more, important insight on molecular design of ZnPc for
suppression of dye-aggregation was reported in 2010.135 Three
ZnPc dyes, PcS2, PcS5, and PcS6 possessing different sizes of
substituent on the peripheral positions showed different
aggregation properties depending on the bulkiness of the
substituent. Increasing the steric hindrance of the peripheral
substituent by bulky structures to suppress the intermolecular
dye aggregation effectively improved the performance of
unsymmetrical ZnPc sensitizers in DSCs. With respect to t-Bu
group-substituted PcS2 dye, PcS6 substituted with very bulky
This journal is ª The Royal Society of Chemistry 2013
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2,6-diphenylphenoxy groups producedmuch higher IPCE with a
maximum of 78% and achieved h of 4.6%. Additionally, the
efficient synthesis of ZnPc dyes is still limited; therefore, a more
elegant way is anticipated to develop ZnPc dyes for higher
efficiency.

2.1.2 Co-sensitizers. Ideally, the dye sensitizer in a DSC
should absorb all photons above a threshold energy of 1.3–1.4
eV (about 920 nm) under AM 1.5 illumination (power of 100 mW
cm�2).136 Although various types of dyes have been investigated
as we have summarized above, it is practically difficult to
synthesize a single dye that has high light-harvesting ability
covering from the UV to the NIR region and can efficiently inject
the photo-generated electron into TiO2. Therefore, a feasible
strategy known as “dye cocktails” by using plural dyes with
complementary absorption properties to co-sensitize the TiO2

lm was developed.126,137–139

For black dye, one of the most widely used dyes in highly
efficient DSCs, the IPCE spectrum covers the entire visible
wavelength region and extends into the NIR region. However,
there is a dip at around 400 nm which is caused by the
competitive absorption of I3

� in the electrolyte. To further
increase the efficiency of DSCs based on black dye, one useful
method is lling this dip in IPCE by a co-sensitizer. The co-
sensitizer should have three characteristics: (i) strong light
absorption ability at this region; (ii) a suitable structure to avoid
competitive adsorption and aggregation among dyes; (iii) to
reduce the recombination of electrons in the TiO2 lm with I3

�.
A simple D–p–A structured organic dye, Y1, had fullled these
requirements and successfully recovered the dip in the IPCE
spectrum of black dye at around 400 nm, as shown in Fig. 13. A
cell co-sensitized with black dye and Y1 signicantly improved
both JSC and VOC, and achieved a new efficiency record of
11.4%.6 Other organic dyes such as D131 and NKX-2553 also
improved the performance of black dye-based DSCs and ach-
ieved a conversion efficiency of over 11.0%.140,141 Another
ruthenium complex C106 and organic dye D131 were selectively
distributed on the TiO2 surface due to their different molecular
sizes and anchoring groups and enhanced both JSC and VOC with
respect to the individual dyes.142 For porphyrin dye YD2-o-C8,
Fig. 13 IPCE spectra of DSCs based on Y1 (blue, dashed line), black dye (black,
short dashed line), and Y1 + black dye (red, solid line).6

This journal is ª The Royal Society of Chemistry 2013
with relatively less absorption in the range from 480 to 630 nm,
co-sensitized with Y123 dye with an absorption maximum at
532 nm showed an increase of IPCE in the green spectral
region.5 The combination of a zinc porphyrin dye LD12 with an
organic dye CD5 also increased the JSC from 14.97 to 16.74 mA
cm�2, contributing to a 12% enhancement of the efficiency.143

Furthermore, a cell co-sensitized with two porphyrin dyes
(YD2-o-C8 and YDD6) and an organic dye (CD4) indicated a high
IPCE spectrum in the wavelength region of 400–700 nm and
extended the spectrum to the near infrared region.144 In
comparison to the great progress by combination of ruthenium
dyes or porphyrin dyes with metal-free organic dyes, however,
there are only a few achievements in highly efficient DSCs co-
sensitized with two or more metal-free organic dyes.138,145–148

2.1.3 Light trapping effect. Besides developing dyes with
intense light harvesting ability over a broader wavelength range,
another effective way for the improvement of light harvesting is
to increase the light trapping effect which is also widely used in
thin lm solar cells. In DSCs, an efficient way to increase the
optical path length within TiO2 lms is by adding large diffusive
particles into the conventional nano-crystalline TiO2 layers or
adding a scattering layer on the back side of the nano-crystalline
TiO2 layers.149,150 Fig. 14 shows the effect of particle size of the
scattering layer on the IPCE spectrum of a N719 dye sensitized
solar cell. The IPCE is effectively increased at the 400–800 nm
region by a scattering layer with particle size of 100–300 nm and
the IPCE is further increased at the 600–800 nm region when
the scattering layer is composed of larger particles with size
about 400 nm. As the light absorption of most dyes is much
lower in the wavelength region around 800 nm, particles with
size of about 400–500 nm are usually used as the scattering
centres because incident light can be scattered on the surface of
particles with a size half of the light wavelength. However, some
results of light-scattering effect to improve the efficiency over
10% were hardly reproduced by other groups,151,152 although a
similar TiO2 electrode was used, because the effect is also
inuenced by certain subtle properties of the TiO2 electrodes,
Fig. 14 IPCE spectra of N719 sensitized solar cell with no light scattering layer
(black solid line), a scattering layer with particle size of 100–300 nm (green short
dashed line), and a scattering layer with particle size of about 400 nm (red dashed
line). Inset: schematic pictures of the light-scattering effect with scattering centres
or scattering layers.

Energy Environ. Sci., 2013, 6, 1443–1464 | 1451
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such as the conguration of TiO2 particles, the distribution of
particle size, the preparation method, and even the sintering
conditions.153,154 In order to evaluate the light scattering effect of
TiO2 lms quantitatively, we introduced the concept of haze
which is a well-known index of TCO substrates for light scat-
tering in the eld of silicon solar cells.155–157 Haze is dened as
the ratio of diffused light to the total light transmitted through
the electrodes.158 This index enabled us to investigate the rela-
tionship between the light scattering effect and IPCE spectra at
different wavelength regions and further increase the JSC. By
systemically controlling the haze, a high JSC of 21 mA cm�2 was
achieved with the haze factor of 76% at 800 nm.18,20 This result
further demonstrated that the haze of the TiO2 lm is a useful
index for improving JSC in DSCs.

Although the most widely utilized light-trapping congura-
tion is the bilayer structure consisting of a transparent under-
layer and a scattering layer with large particles, this
conguration is still not perfect since less dye adsorption on the
scattering layer will increase recombination losses at grain
boundaries of particles. In order to simultaneously promote the
dye loading and light scattering, recently, much effort has been
focused on developing hierarchical TiO2 nanostructures with
multi-function for application as the main layer or scattering
layer in the photoelectrodes of DSCs.159–166 The building units of
isotropic morphologies such as spheres, cubes, and poly-
hedrons (Fig. 15a), linear morphologies such as rods, wires, and
tubes (Fig. 15b), or planar morphologies as platelets and sheets
(Fig. 15c) for the hierarchical TiO2 nanostructures have been
attempted. For example, mesoporous anatase TiO2 beads
composed of anatase TiO2 nanocrystals with surface areas of up
to 108.0 m2 g�1 and tunable pore sizes from 14.0 to 22.6 nm
have been prepared and applied in photoelectrodes of DSCs.160

With promotion of the light harvesting within the electrodes
without sacricing the accessible surface for dye loading, the
conversion efficiency was increased by using these TiO2 beads
in DSCs compared to that of the cell with standard P25 nano-
particles. Another isotropic morphology material, nano-
embossed hollow spherical TiO2 was also prepared and
investigated for use in highly efficient DSCs. The walls of the
hollow spheres composed of anatase TiO2 nanocrystalline
particles were able to adsorb N719 dye 5 times higher than the
normal 400 nm diameter scattering particles with at surfaces.
A bilayer photoelectrode lm with a nanocrystalline TiO2

underlayer and a light-scattering layer comprised of spherical
TiO2 nanorod aggregates with high surface area not only
Fig. 15 Schematic pictures of the light-scattering effect caused by different
light-scattering layers: (a) large-sized solid particles;161 (b) spherical TiO2 nanorod
aggregates;161 (c) TiO2 microplates.168 Reprinted from ref. 161. Copyright 2012,
with permission from Elsevier.

1452 | Energy Environ. Sci., 2013, 6, 1443–1464
enhanced light scattering but also prolonged exciton lifetime.167

TiO2 microplates with uniform hexagonal shape were prepared
and demonstrated superior light scattering that can reect
more light back into the photoelectrode. The light harvesting
and conversion efficiency of DSCs made by the TiO2 microplates
as the scattering layer were enhanced compared to the
commercial scattering TiO2.168 Therefore, the main feature of
hierarchical photoelectrodes enhances the light scattering or
reection and at the same time the composed nanocrystals
provide a large surface area for dye loading. Thus, hierarchical
photoelectrodes are highlighted for improvement of the
conversion efficiency of DSCs.

2.2 Open circuit voltage

Under the open circuit condition, all photo-generated charges
are recombined inside the cell. According to the equivalent
circuit given in Fig. 2, the photo current Iph equals to the sum of
the current through the diode and the shunt resistance. When
the device is well designed and the shunt resistance is large
enough to limit the current owing in it to be negligible, the
open circuit voltage is deduced from eqn (2) as:

VOC ¼ nkT

qe
ln
Iph

I0
(5)

I0 can be obtained by measuring the current–voltage curve
under dark and nding the Y-intercept of the log-linear plotted
curve at V ¼ 0, and the ideality factor, n, is related to the slope.
Generally the diode ideality factor, n, has a value between 1 and
2 depending on the non-linear recombination in DSC. The
saturation current, I0, may vary by orders of magnitude
depending on the charge recombination in the device, and Iph
has a variation depending on the IPCE spectrum as discussed in
the previous section. Therefore the major method to improve
VOC is to control the saturation current, I0, which is typically
expressed as:

I0 ¼ ne0krecNA (6)

where ne0 is the density of electrons available for recombination
in thermal equilibrium when the device is in the dark, krec is the
recombination rate, NA is the density of electron acceptor of the
redox species available for recombination. In this case, elec-
trons are almost trapped and moves by diffusion in the semi-
conductor, and ne0 is:

ne0 ¼ NS exp

�
EA � ECB

akT

�
(7)

where NS is the density of the semiconductor conduction band/
trap states, ECB and EA are the energy level of the semiconductor
conduction band and redox species (vs. vacuum), respectively,
and a is the tailing parameter of the exponentially distributed
trap states. It can be deduced that the major strategies of
improving VOC include the increase of ECB of the semi-
conductor, tuning EA to a lower energy level, reducing the
density of electron trap states (NS) and the recombination rate
(krec). In the following sections, we will focus the discussion on
the improvements of VOC by the development of redox shuttles
This journal is ª The Royal Society of Chemistry 2013
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Fig. 16 (a) Energy diagram of I�/I3
� and some selected Co-polypyridyl redox; (b)

molecular structures of selected Co-polypyridyl redox mediators.
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that have lower EA than I�/I3
� and the passivation of the

semiconductor surface which can decrease the diode saturation
current and increase the shunt resistance.

2.2.1 Tuning the potential of the redox shuttles. As shown
in Fig. 1, VOC is thermodynamically determined by the differ-
ence between the electron quasi-Fermi level (QFL) in the TiO2

lm under illumination condition and the redox potential of
the redox couple in the electrolyte. The typical redox couple
used in DSCs is the combination of I�/I3

� because of its suitable
oxidation/reduction potential, slow recombination reaction,
excellent solubility, and ionic mobility in organic solvents.
However, a large over-potential is needed for efficient dye
regeneration owing to the formation of the intermediate I2

�.
Therefore, the development of new redox shuttles, with lower
potential and enough driving force for efficient dye regenera-
tion, is one of the major methods to further enhance VOC.

As alternatives to I�/I3
�, other redox shuttles such as tran-

sition metal mediators of ferrocene/ferrocenium,169 copper(I)/(II)
complexes,170 Ni(III)/Ni(IV) bis(dicarbollide),171 with good solu-
bility and redox properties have been studied and
reviewed.172,173 The lower redox potential, for example, ferro-
cene/ferrocenium improves VOC value up to 0.842 V with total
device efficiency of 7.5%. The Co-polypyridyl complexes have
more positive redox potentials between Co(II)/Co(III) couples
than that of I�/I3

� couple, which can provide a high VOC value of
over 1 V (Fig. 16).174–176 However, no successful result in the
DSCs has been reported for a long time due to the slow mass
transport in the electrolyte and quick recombination between
electrons and Co redox compared with the iodide.174,175 In 2010,
[Co(bpy)3] complex based redox mediator was reported to ach-
ieve a high VOC value of 0.92 V and a conversion efficiency of
6.7% by using sterically hindered D35 organic sensitizer.177 In
this study, three key factors enabling to achieve high efficiency
using with Co redox shuttle were revealed. First, the introduc-
tion of a number of long alkyl chains into dye molecule effec-
tively separates the Co complex from TiO2 surface in order to
prevent the charge recombination. Second, thinner TiO2 lm
less than 10 mm was employed to decrease transport length of
Co redox. Third, use of small Co redox mediator consisting of
pristine bpy ligand to improve the diffusion in the mesoporous
TiO2 electrode. Since this study, the [Co(bpy)3] complex was
successfully used in more DSCs sensitized with sterically
hindered dyes such as Y123,178 C213,179 M19,180 YD2-o-C8,5 with
high VOC values of 0.9–1.0 V and high conversion efficiencies.
The relationships among alkyl chain length, congurations of
the sensitizer molecules, and photovoltaic performances were
further investigated.181 Longer alkyl chains decreased the tilt
angle between dye and TiO2 substrate and inhibited charge
recombination. According to these studies, both vertically and
horizontally directed moderate-long alkyl (or alkoxy) chains are
important to achieve high conversion efficiency with higher VOC
values in the Co(II/III)-complex based redox systems. Addition-
ally, bulky truxene-based organic dyes, e.g. truxene-based M19
dye, do not possess long alkyl chains, but provided a high VOC
value of 0.9 V.180 This is indicative that not only alkyl chains but
also bulky substituents are applicable to the Co-polypydidyl
system as well as aggregation-free sensitizers. Among the
This journal is ª The Royal Society of Chemistry 2013
attempts of nding new redox complex, the current challenge is
to keep the regeneration efficiency near to unit when the fairly
large over-potential is reduced further for higher VOC.

2.2.2 Surface passivation. Surface passivation is one of the
most effective methods used to increase VOC by blocking the
electron transfer from the semiconductor photoelectrodes to
the acceptors in redox species (Fig. 17). Generally there are two
methods of surface passivation: coating an inorganic ultra-thin
layer or adding organic compounds in the electrolyte to form a
compact molecular layer. Surface coating the semiconductor
photoelectrode by another wider bandgap metal oxide, such as
MgO, Al2O3, and SiO2, was oen employed to form a core–shell
structured TiO2 or SnO2 photoelectrode to improve the energy
conversion efficiency of DSCs.182–188 These metal oxides acted as
a blocking layer that effectively retarded the interfacial charge
recombination. For example, cells using SnO2 photoelectrode
have severe recombination losses. With an ultra-thin shell of
MgO on the surface of SnO2 lm, the VOC of the cell signicantly
increased from 0.388 to 0.758 V by suppression of the electron
recombination loss. In the meantime, JSC was also increased
from 10.74 to 14.21 mA cm�2 and resulted in a high improve-
ment of conversion efficiency to 7.21%.189 When ultra-thin MgO
lm was applied on the TiO2 photoelectrode, the cell showed an
increase in the VOC of about 20 mV with a slight increase of JSC
as well and led to a conversion efficiency improvement from
Energy Environ. Sci., 2013, 6, 1443–1464 | 1453
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Fig. 17 Schematic pictures of the effect of surface passivation at TiO2–dye–
electrolyte interface.

Fig. 18 J–V characteristics of DSCs with 0.3 M TBP and without TBP addition in
the electrolyte.
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6.45 to 7.57%.188 Although coating thin metal oxides lms can
effectively passivate the photoelectrodes and repress the elec-
tron recombination reaction, in high efficient cells, decrease of
JSC is oen found because this insulated layer will affect elec-
tron injection into the photoelectrode conduction band.
Recently, atomic layer deposition method growing ultra-thin
layers at atomic level provides a way to solve this problem. A
successful example is atomic layer deposition of an ultra-thin
layer of Ga2O3 in a few angstroms on the surface of TiO2 lm.190

VOC of 1.1 V was achieved with state-of-the-art organic D–p–A
sensitizer and cobalt redox mediator. These obviously
improvements suggest that coating an ultra-thin lm of wider
bandgap metal oxide on the photoanode is a promising method
for further increasing the efficiencies of DSCs.

Compared with lots of work that had predominantly
focussed on the treatment of the TiO2 prior to the dye loading
process, surface passivation of the TiO2 lm aer dye adsorp-
tion provides another solution to improve both of JSC and VOC.191

Recently, such post-surface passivation was developed by
forming a glass-encapsulated TiO2 surface with selective depo-
sition of an insulating and transparent layer of silica (SiO2) only
on the open areas where no adsorbed dyes were present. The
solar cell performances were improved with both of VOC and JSC
increased at the same time.192 It will be helpful to further
improve efficiency if this kind of interfacial engineering could
be applied into highly efficient DSCs.

The adsorption of organic additives on the electrode surface
forming a blocking layer is also an effective way to repress the
electron back reaction. The most frequently used additive in
DSCs with high efficiency is 4-tert-butylpyridine (TBP). The VOC
can be signicantly increased when adding TBP in the electro-
lyte, however, it is always companied by a decrease in JSC. A
higher conversion efficiency is expected if JSC had no loss with a
signicant increase in VOC, as shown in Fig. 18. Many other
kinds of nitrogen-containing heterocyclic compounds, such as
pyrazole derivatives, imidazole derivatives, and pyridine deriv-
atives with varying molecular size, partial charge, and dipole
moment had been investigated instead of TBP in order to
eliminate the trade-off between VOC and JSC.193,194 However,
almost all of the additives enhanced VOC, but still reduced JSC
(Fig. 19). Understanding the underlying mechanism of trade-off
1454 | Energy Environ. Sci., 2013, 6, 1443–1464
phenomena is therefore becoming very important. The trade-off
has been actively studied by several methods, such as intensity
modulated photovoltage spectroscopy,14 Fourier transform
infrared spectroscopy,195 the charge extraction method,196,197

and density functional theory calculations.193 TBP was specu-
lated to interacted with the semiconductor, dye, and electrolyte
in the DSCs. With a three electrode DSC system,198 we measured
the QFL variation affected by TBP during the I–V characteriza-
tion, as shown in Fig. 20. It was found that TBP can negatively
shi the QFL of TiO2 lm under both short circuit and open
circuit conditions and a linear relationship between the QFL
shis under these two conditions was obtained. The effect of
TBP was also found to be inuenced by the nature of cations in
the electrolyte and the QFL of the semiconductor.199 If the QFL
shi at open circuit was much larger than the shi at short
circuit by developing new additives, the trade-off is possible to
be eliminated and a higher efficiency is expected.
2.3 Fill factors

Fill factor is a key parameter of a solar cell to represent the
condition of the maximum power output, PM, with corre-
sponding current IM and voltage VM. It is dened as the ratio of
PM to the production of JSC and VOC. The operating point of PM
can be derived by differentiating the output power, P ¼ IV, with
respect to voltage and nding the point of derivative equal to
zero. Although it is hard to get an analytical solution of this
differentiating equation for further analysis of FF, the strategy
to improve FF can be deduced simply from analysing the
equivalent circuit given in Fig. 2. At the operating point of VM,
the current owing into the series resistance is IM and that
owing into the diode and shunt resistance is Iph � IM. There-
fore, in order to get a higher FF, we should decrease the Rs to
lower the energy loss in the series resistance, Ps ¼ IM

2Rs, and
increase the Rsh to lower the energy loss in the shunt resistance,
Psh ¼ (VM + IMRs)

2/Rsh.
Rsh is for the resistance related to the back electron transfer

across the TiO2–dye–electrolyte interface mainly in the dye-free
regions. The shunt resistance can be roughly estimated from
the slope of the I–V curve at short circuit, which is typically of
the order of 103 U cm2 in well-fabricated DSCs. The methods to
This journal is ª The Royal Society of Chemistry 2013
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Fig. 19 The influence of some selected nitrogen-containing heterocycles in the
electrolyte on the solar cell performance for a N719 dye-sensitized TiO2 solar cell.
Conditions: electrolyte, 0.6 M 1,2-dimethyl-3-propylimidazolium iodide + 0.1 M LiI
+ 0.05 M I2 + 0.5 M additive in acetonitrile.194 Reprinted from ref. 194. Copyright
2005, with permission from Elsevier.

Fig. 20 (a) Schematic picture of 3-electrode DSCs and (b) the QFL of TiO2 film
variation during J–V measurement.198

Fig. 21 (a) Dependence of R1 on roughness factor (RF) of the counter electrodes.
(b) Dependence of R3 on thickness of electrolyte layer.20,200 Reprinted from ref. 20.
Copyright 2005, with permission from Elsevier and reprinted with permission
from ref. 200. Copyright 2005, American Institute of Physics.
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increase Rsh are similar to those to increase VOC by surface
passivation of the photoelectrode. Therefore, here we will not
describe them in detail.
This journal is ª The Royal Society of Chemistry 2013
The series resistance Rs of a DSC under direct current
condition refers to the sum resistance of R1, R3, and Rh, and the
decrease of these resistances will improve FF. R1 is the resis-
tance related to the charge-transfer processes occurring at the Pt
counter electrodes. By systematic experiment, we conrmed
that R1 was inversely proportional to the roughness factor (RF)
of the counter electrodes (Fig. 21a) and the increase of RF
accelerated the reduction rate of I3

� to I�.20,200 RF is related to
the total surface area of the counter electrode, which can be
improved by depositing the Pt thin lms with larger total
surface area on glass substrates or employing alternative
materials with larger surface area as counter electrodes.

R3 is related to the ion transport processes in the electrolyte
and is affected by the ion transfer rate and the transport
distance. Decreasing the friction between two ions or between
ions and solvent molecules in the electrolyte can effectively
increase the ion transfer rate. Therefore, the electrolyte solvent
with low viscosity such as acetonitrile is favourable for the
decrease of the R3 value. The relationship between R3 and the
thickness of the electrolyte layer is given in Fig. 21b. It was
found that cell performance can be improved by setting the
counter electrode close to the TiO2 lm with a corresponding
value of R3 close to 0.7 U cm.20,200

This minimum resistance of 0.7 U cm is ionic diffusion
resistance in porous TiO2 lm, which can be reduced by
decreasing the lm thickness. The combination of using a
thinner TiO2 lm and dyes with higher molar extinction co-
efficient is a feasible way to get higher FF.

Rh is mainly attributed to the sheet resistance of the TCO
substrates and experimental results showed that Rh increased in
proportion to the increase of the sheet resistance of TCO.200
Energy Environ. Sci., 2013, 6, 1443–1464 | 1455
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Theoretically, Rh could be reduced by using TCO with much low
sheet resistance, however, too much of a decrease in the sheet
resistance of TCO will cost the transmittance and result in a
lower JSC. The sheet resistance of TCO used in normal DSCs is
about 10 U sq�1 and gives an Rh of about 1.0 U cm2. For
example, a decrease of the resistance of TCO to 5 U sq�1

correspondingly decreases the Rh to 0.5 U cm2, but also reduces
the transmittance at wavelength of 600 nm from 83 to 78%.

As mentioned above, the series resistance can be reduced by
simultaneously increasing RF of the counter electrode mate-
rials, decreasing sheet resistance of the TCO substrate, or using
a thinner electrolyte layer with low viscosity solvent. These
factors should be optimized to improve the high efficiencies of
DSCs. We optimized these factors and decreased R1 to 0.4 U

cm2, R3 to 0.7 U cm2, and Rh to 0.7 U cm2 so that the total series
resistance of the cell was successfully decreased to 1.8 U cm2

and FF was improved by 3%, which increased the conversion
efficiency to 10.2% (Fig. 22).200
Fig. 23 (a) Schematic structure of back-contact type DSCs. (b) SEM images of
TiO2 surface (left) and BCE based on Ti metal (right).202 Adapted from ref. 202.
Copyright 2007, reprinted with permission from The Japan Society of Applied
Physics.
2.4 Back-contact dye-sensitized solar cells

In DSCs, TCO glass is used as the transparent substrate with
about 20% of the incident light lost, in which 10% is reected
by the glass and the other 10% lost in the TCO layer. If the TCO
layer could be omitted, a higher JSC can be expected because of
the increase in incident light intensity.201 In 2007, we fabricated
new structure DSCs without TCO layer and achieved an overall
conversion efficiency of 7.1% (Fig. 23a).202 In this structure, TiO2

lm is directly formed on the glass substrate and the front
electrode is moved to the back side of the TiO2 lm. This
structure is similar to back contacted silicon solar cells, in
which the front electrode is moved to the back side in order to
increase the irradiation area. Hence we named this structure as
back contact dye-sensitized solar cell (BCDSC). Additionally, the
back contact structure can further reduce the production cost
because TCO glass is one of the most expensive materials in the
DSCs.

The back contact electrode (BCE) of this structure, which
fabricated on the TiO2 lm opposite to the glass substrate, must
have a porous structure to pass through redox shuttle and is not
Fig. 22 Optimization of series resistance of a DSC with high efficiency, data
adopted from ref. 200. Reprinted with permission from ref. 200. Copyright 2005,
American Institute of Physics.

1456 | Energy Environ. Sci., 2013, 6, 1443–1464
corroded by iodide/triiodide.203 Titanium deposited in vacuum
was found to be suitable as the BCE of BCDSCs. It was also
found that controlling the deposition time can adjust the
porous size of the BCE. The pore size of ca. 10 nm is the best
condition for obtaining FF of equal value as in conventional
DSCs because this pore size is large enough to pass through the
I3
� ions with a molecular size of 1 nm (Fig. 23b). As a result,

BCDSCs with N719 based on porous Ti–BCE obtained JSC of 13.7
mA cm�2, VOC of 0.72 V and FF of 0.72.204

In order to further improve the efficiency, electrolyte diffu-
sion behaviour in TiO2 lm was studied and it was found the
electron injected into TiO2 lm in BCDSCs had to move a longer
distance than conventional DSCs.205–207 Improvement of the
electron transport property in the TiO2 lm by TiCl4 treatment
led to an efficiency of 8.9%.206Other researches on BCDSCs were
mainly focused on the development of materials as BCEs. ZnO,
ITO, and TiN were proposed for this purpose.208–211

In 2010, another type of BCDSC based on microstructured
interdigitated nger electrodes (MIFE) was fabricated by litho-
graphic method (Fig. 24).212 In this BCDSC device, both the
MIFE and ITO electrode were fabricated on the same glass
substrate. This structure is almost the same with back contact
of silicon solar cells because electrons and holes are collected
on the same side of the cell.

3 Future directions

As shown in Table 1, we summarized the published results of
certied highly efficient DSCs with efficiencies over 10% under
standard conditions by public test centres.4,6,20,25,213–215 To our
best knowledge, in contrast to other uncertied high efficien-
cies, these certied efficiencies were all obtained from DSCs
based on black dye. In addition, well fabricated submodules
based on black dye have been reported with efficiency of up to
This journal is ª The Royal Society of Chemistry 2013
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Fig. 24 Cross-sectional view of a new structured back-contact DSC.212
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9.9% for current collection type,9,216 and efficiency of 9.2% for
integrated type. However, the present highest efficiency of DSCs
is relatively low in comparison with that of 25% for bulk silicon
solar cells. Therefore the efficiency of DSCs should be further
improved because it is the most practical way to reduce the
electricity generation cost for future commercialization.
3.1 Limitation on efficiency

Although some papers reported the theoretical efficiency is ca.
30%,217 there are few chances to reach this efficiency because
the energetic loss in DSCs is not fully taken into account. The
theoretic maximum of output photovoltage, VOC, in typical DSCs
is determined by the potential difference between the conduc-
tion band bottom of semiconductor photoelectrode and the
potential of the redox species in electrolyte (Fig. 1b). In the case
of TiO2 and I�/I3

�, this energy difference is near 0.9 V. An over-
potential of 0.2 V is believed to be least for an efficient injection
of electron from exited dye into the conduction band of TiO2

lm, and another ca. 0.3 V over-potential is estimated for the
regeneration of the oxidized dye. Hence the energy gap of the
dye greater than 1.4 eV can provide a sufficient driving force for
the generation of high JSC. Supposing 90% of the incident
photons with energy larger than the energy gap are absorbed,
JSC of 30 mA cm�2 could be achieved and an energy conversion
efficiency of 18% is expected to be obtained by current available
technology to realize VOC of 0.8 V and FF of 0.75, simulta-
neously. For further improvement of the efficiency, one way is to
develop tandem DSCs by tuning each junction to convert
Table 1 Summary of published results of DSCs with certified efficiencies of over 1

Efficiency (%) Area (cm2) JSC (mA cm�2) VOC (V)

11.4 0.231(ap) 21.34 0.743
11.1 0.219(ap) 20.90 0.736
10.9 0.203(ap) 20.80 0.744
10.4 0.186(ap) 20.50 0.721
10.2 0.231(ap) 21.30 0.692
10.9 1.094(ap) 22.20 0.732

a (ap): aperture area.

This journal is ª The Royal Society of Chemistry 2013
UV-visible light and NIR light into charges, respectively, which
can utilize high-energy photons more efficiently. Another way is
to nd how to reduce the over-potential for efficient charge
generation in DSCs, which is a big challenge for current
research and consequently more difficult to be achieved.
3.2 Our proposal for efficiency roadmap of DSCs

In contrast to the exponential increase in research efforts on
DSCs, only a very limited improvement of efficiency had been
obtained. This indicates most of the efforts played much role of
trial-and-error and only a few effectively achieved in the
improvement of the efficiency. In addition, many key issues are
beyond present understandings and need deeper fundamental
researches, such as how to develop efficient NIR dyes with high
IPCE and VOC output, how to overcome the JSC–VOC trade-off
problems, how to construct multi-junction structures suitable
to DSCs, and how tominimize the over-potential by suppressing
the potential dispersion. Therefore, we anticipate two diverse
directions of the future development of DSCs. As shown in
Fig. 25, one approach is by trial-and-error in the search for new
materials that are applicable to DSCs, which is important to
accumulate more experience for efficiency improvements. This
will take a very long time to improve only a little of the efficiency
that has slowly increased in the past. Another approach is to
carry out more fundamental research to reveal the original
physical and chemical mechanisms in DSCs, especially those at
the interfacial junctions of semiconductor–dye–electrolyte
where the major process of energy conversion from light into
electricity takes place. Insight into the nature of DSCs and
deeper understanding of the fundamental mechanism are
highly desired to illuminate the unknown eld leading to highly
efficient DSCs. The following illustrates the roadmap for future
direction with several examples of challenges in improving the
efficiency, such as to develop efficient NIR dyes, to overcome
JSC–VOC trade-off, to integrate multi-junctions, and to control
potential dispersions (Fig. 25). The achievements in such
research topics will accelerate the progress in a more rapidly
growing trend surpassing the baseline of trial-and-error
approach.

The theoretic maximum of JSC as a function of the energy gap
and the achieved values in different kinds of excellent solar cells
are given in Fig. 2a. The value of JSC from DSCs based on black
dye, which has an energy gap (Eg) of approximately 1.6 eV,
shows a little deviation from the theoretical line. In order to
0% under standard conditions by public test centresa

FF Sensitizer Test centre Achieved by Year

0.722 Black dye AIST NIMS6 2011
0.722 Black dye AIST Sharp4 2006
0.704 Black dye AIST AIST213 2008
0.704 Black dye NREL EPFL25 2001
0.69 Black dye AIST TUS214 2006
0.673 Black dye AIST NIMS215 2012

Energy Environ. Sci., 2013, 6, 1443–1464 | 1457
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Fig. 25 Our proposal for efficiency roadmap of DSCs.

Fig. 26 IPCE spectra of DSCs based on black dye and HIG1.218 Adapted from ref.
218, Copyright 2010, reprinted with permission from The Japan Society of
Applied Physics.

Fig. 27 STM imagines of TiO2 [001] surface with (a) aggregated and (b) isolated
black dyes, respectively.220 Reprinted with permission from ref 220. Copyright
2008 American Chemical Society.
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achieve a higher efficiency, new NIR dyes with a narrower energy
gap than black dye are expected to generate greater JSC. This
may be more easily realized for organic chemists because many
NIR dyes for photo-recording materials have already been
commercialized. However, up to now only black dye sensitized
solar cells which have an IPCE spectrum extending to 850 nm
possessed relatively high values of JSC and VOC so that the
certied efficiencies of over 10% listed in Table 1 were all
obtained by using black dye. Other ruthenium dyes, for example
HIG1 dye which was composed of two thiocyanatos and b-
diketonato derivatives, extended the IPCE spectrum to 900 nm,
but the IPCE in the visible region decreased and the VOC also
decreased with consequent low energy conversion efficiency
(Fig. 26).218 In the case of organic dyes with high IPCE spectra,
the sensitized wavelength region is ca. 100 nm narrower than
that of black dye. Extending the IPCE spectrum to the longer
wavelength region will also decrease the value in the visible
region. Hence future research should elucidate the reason why
IPCE and VOC are decreased when extending the IPCE of NIR Ru
dyes and organic dyes to the longer wavelength region than that
of black dye. One hypothesis to interpret the above issues is that
at the interfacial junctions of semiconductor–dye–electrolyte,
the adsorption states of dyes on TiO2 surface can affect the
efficiency of charge generation and recombination.219 Thus, the
direct observation of the adsorption states of dyes is desired in
the study of its correlation to the device performance. For
example we successfully observed two distinct adsorption
morphologies of black dyes on TiO2 single crystal by scanning
tunnelling microscope (STM) measurement and found the dyes
are aggregated and adsorbed on the TiO2 [001] surface without
DCA, while the dyes are isolated when using DCA, as shown in
Fig. 27.220 We expected more detailed observation of the
adsorption states of dyes and additives on the semiconductor
surface, which will be very helpful to investigate the electronic
process at the interfacial junctions of semiconductor–dye–
electrolyte.

As discussed in Section 2.2.2, the increase of VOC was always
accompanied with a decrease of JSC when the TiO2 surface is
passivated by additives of nitrogen-containing heterocyclic
1458 | Energy Environ. Sci., 2013, 6, 1443–1464
compounds in the electrolyte, while in silicon solar cells, the
surface passivation does not induce such a JSC–VOC trade-off. If
this trade-off problem in DSCs could be solved, the efficiency
can be improved by 20–30%. Hence, deeper understanding of
the underlying mechanism of passivation at the interfacial
junctions of semiconductor–dye–electrolyte in DSCs is very
important to solve this trade-off. For example as discussed in
Section 2.2.2, we found linear relationships between the QFL
shis at short circuit and open circuit.199 The slope of the line is
equal to or less than 1 depending on the cation species in the
electrolyte, as shown in Fig. 28. If the slope would be larger than
1, the QFL shi at open circuit would be much larger than the
shi at short circuit and the trade-off between JSC and VOCmight
be solved to obtain higher efficiency DSCs. Recently, we also
revealed a new factor affecting the JSC–VOC trade-off by the
formation of a hydrogen bond between 4-tert-butylpyridine and
N3 dye molecules.221 Hence, we expected more fundamental
research on the interface of the semiconductor–dye–electrolyte
to solve the JSC–VOC trade-off. Combined with the development
of new NIR dyes or new redox shuttle, the efficiency will be
improved to 15% in the near future.

A tandem structure is commonly used in solar cells to
increase the efficiency. Until now, tandem DSCs based on black
This journal is ª The Royal Society of Chemistry 2013
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Fig. 28 Linear relationships between the QFL under short circuit and open
circuit conditions with different slopes.

Fig. 29 Schematic drawing of the energy diagram and electron transfer process
in p–n sandwich cells.
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dye and N719 dye had successfully obtained efficiency of over
10%.213,222,223 However, the efficiency of tandem DSCs is still
lower than that of a single cell based on black dye. The reason is
these tandem DSCs were built by two separated cells because
TiO2 lm should be sintered at 500 �C. Hence, the semi-trans-
parent counter electrode of the front cell and the TCO glass of
the bottom cell will induce a loss of incident light and restrict
the efficiency. In contrast, p–n sandwich DSC structures, which
were proposed a long time ago, provided a promising solution
because of omission of the glass sheet separator and counter
electrode.224 Unfortunately, until now, only very poor perfor-
mances have been achieved owing to the very low photocurrent
generated at the side of p-type photoelectrode usually composed
of NiO. In such p–n sandwich DSCs, high VOC would be expected
if the energy level of the valence band of the p-type photo-
electrode could be low enough. As shown in Fig. 29, one rational
design of highly efficient p–n sandwich DSCs is to develop new
p-type photoelectrodes with the valence band lower than�5.8 V
(vs. vacuum) which will enable an output of VOC of 1.35 V (0.75 V
at n-side and 0.6 V at p-side), and develop new dyes with the
HOMO lower than �6.0 V (vs. vacuum) and an energy gap of 1.1
eV to generate a JSC of over 20 mA cm�2 at the p-type photo-
electrode. Thus an overall conversion efficiency of up to 20%
can be achieved with FF of 0.75 by the development of a high
quality p-type photoelectrode, new dyes and light managing
technology to match the photocurrents at both sides.

For higher efficiency of over 20%, the large loss-in-potential
in present DSCs, which is estimated to be at least 0.5 V, with 0.2
V over-potential for efficient electron injection and another 0.3
V over-potential for the regeneration of oxidized dyes, should be
minimized. This large loss-in-potential is mainly due to the
potential dispersion in the materials of TiO2, dyes, and redox
shuttles. Hence, the most promising way to signicantly
enhance the efficiency is to develop new materials with less
potential dispersion, such as nano-crystalline TiO2 particles
with only one crystallographic plane exposed for dye adsorption
by which the potential dispersion of conduction bands of
This journal is ª The Royal Society of Chemistry 2013
different planes will be reduced, new NIR dyes with rigid
structure to decrease the dispersion of vibrational energy of the
dyes, and redox shuttles with less derivatives to lower the
dispersion in redox potentials. If the loss-in-potential is reduced
to less than 0.2 V, we will obtain a much wider IPCE spectrum
and higher VOC simultaneously. Therefore, we expect the long
term goal to improve the DSCs efficiency to over 20%, as high as
that of the champion efficiency of crystalline silicon solar cells,
can be achieved when all the aforementioned issues are solved.
However, this will be very hard to achieve because it requires
deeper fundamental researches and application of new
concepts. We hope more young scientists with different back-
grounds will courageously accept these challenges.
Conclusions

One of the most important keys to the future commercialization
of DSCs is to further improve the low energy conversion effi-
ciency. In this perspective article, we selectively review the
major progress of improving the efficiency which may be useful
for future applications in DSCs. Based on the analysis of device
performance by equivalent circuit modelling, we highlight
some approaches to improve the efficiency, such as extending
spectral response into the near infrared region, the enhance-
ment of the output photovoltage by tuning potentials and
strengthened surface passivation, and saving energy loss by
reducing series resistance and increasing shunt resistance.
Finally we propose a roadmap for future direction, with the
challenges of how to further improve the efficiency in the future
and expect more applicable innovations to be achieved in
academic research to accelerate the commercialization of DSCs.
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