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  1.     Introduction 

 Modern society is facing ever growing concerns over climate 
change caused by the combustion of fossil fuels. [ 1–3 ]  Of the 
available renewable and clean energy sources, solar energy is 
the most abundant. In fact, coverage of less than 0.4% of the 
world’s surface area would be suffi cient to meet the world’s 
energy needs, assuming 15% solar energy conversion effi -
ciency. It is therefore no surprise that there has been a recent 
surge in the development of photovoltaic technologies. [ 4 ]  

 Photovoltaic devices based on crystalline, inorganic semi-
conductors have reached impressive power conversion effi cien-
cies of over 28% in single-junction, and 37% in multi-junction 
device architectures under full-sun illumination. [ 5 ]  However, 
this class of photovoltaics suffers from its high production and 
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energy costs, which result in long fi nan-
cial and energy payback times. [ 6–9 ]  This 
has fostered the development of solution-
processable solar cells, [ 10–13 ]  which ben-
efi t from low-cost materials, cheap, high-
throughput manufacturing methods such 
as reel-to-reel printing, and low energy 
expenditure. [ 14 ]  

 The dye-sensitized solar cell (DSSC) 
has been a long-standing candidate to 
fulfi l this long list of requirements. For 
the solid-state version (ssDSSC), power 
conversion effi ciencies of over 20% have 

been predicted, [ 15 ]  while utilizing low-cost materials, [ 16 ]  low-
temperature processing (<150 °C), and reel-to-reel fabrication 
methods. [ 17,18 ]  However, despite numerous improvements 
to the electron-transporting anode, the light-absorbing dye-
sensitizers, and the hole-transporting materials, the ssDSSC 
has fallen short of its potential. The best-performing ssDSSC 
remains at 7% power conversion effi ciency. [ 19 ]  Very recently, 
inorganic-absorber-based sensitized architectures have reached 
new record conversion effi ciencies of up to 15%. [ 20 ]  In this 
dynamically developing fi eld, this review sheds light on recent 
developments in all-solid-state solar cells, discussing in par-
ticular the electrode architecture, alternative sensitizers, and 
hole-transporting materials that are of general applicability to 
many next-generation device platforms. 

 We will focus this discussion on understanding which com-
ponents of traditional ssDSSCs limit device performance, 
review what has been done to address these issues, and discuss 
why the recent development of perovskite-sensitized solar cells 
appears to overcome these hurdles. We will pinpoint the key 
areas for future developments in both effi ciency and stability 
of all-solid-state hybrid devices. Conclusions are applicable to 
a variety of next-generation device platforms, may they be com-
posed of similar materials or have similar device architectures.  

  2.     DSSC and ssDSSC: Functioning and 
Limitations 

 The absorption of light followed by the generation and trans-
port of charge carriers to the electrodes are the principal 
functions of any photovoltaic cell. In conventional p-n junc-
tion-based photovoltaic devices these tasks are carried out by 
the same material, an inorganic semiconductor. The working 
principle of DSSCs is fundamentally different and takes inspi-
ration from photosynthesis. [ 21 ]  Light absorption and charge 

 The fi eld of solution-processed photovoltaic cells is currently in its second 
spring. The dye-sensitized solar cell is a widely studied and longstanding 
candidate for future energy generation. Recently, inorganic absorber-based 
devices have reached new record effi ciencies, with the benefi ts of all-solid-
state devices. In this rapidly changing environment, this review sheds light on 
recent developments in all-solid-state solar cells in terms of electrode archi-
tecture, alternative sensitizers, and hole-transporting materials. These con-
cepts are of general applicability to many next-generation device platforms. 
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components. The light-harvesting complex is a photoactive 
dye molecule that is anchored to the surface of a wide bandgap 
semiconductor oxide and surrounded by a redox medium. 
Upon absorption of light, incident photons stimulate the dye 
molecule to form an excited state. With appropriate energy-
level alignment of the components, charge separation occurs 
at the interface to the electron and hole conducting materials. 
Electrons are injected into the conduction band of an inorganic 
semiconductor and transported to the electrode. Regeneration 
of the oxidized dye takes place via an electron-donor species, 
typically an iodine (3I  −  /I 3   −  )-based liquid electrolyte. Initial 
work dates back as early as 1887 when James Moser showed 
the extension of the absorption spectrum of a photoelectro-
chemical cell by the sensitization with a light-absorbing dye 
molecule. [ 22 ]  However, it wasn’t until the 1960s and 70s that 
the fi rst working photovoltaic devices based on dye-sensitiza-
tion of wide bandgap semiconductors were constructed. [ 23–25 ]  
Nevertheless, the acceptance of DSSCs as a promising photo-
voltaic concept only arose from the seminal work of O’Regan 
and Grätzel who introduced a novel electrode architecture in 
the form of a mesoporous TiO 2  fi lm with a 780-fold increase 
in surface area, which led to substantially increased dye-
loading and a rise in conversion effi ciency of incident photons 
to electrons by several orders of magnitude. [ 26 ]  The strategy of 
sintering nanometer-sized TiO 2  particles to form an electron-
conducting random network with an extremely large surface 
area is widely used today and is a central part of a typical device 
architecture, shown in  Figure    1  . 

  Like any single-junction photovoltaic cell, conventional 
DSSCs obey the Shockley–Queisser limit for the power con-
version of the sun’s black body radiation, shown in Figure  1 b. 
Accordingly, the ideal excitation energy, Δ E,  should lie around 
1.1 eV ( λ ≥  1125 nm), which would result in a power conver-
sion effi ciency of 33.7% for full conversion of the dye excitation 
energy into electrical energy. [ 27 ]  These values are far from pre-
sent experimental realization. Historically, the ruthenium-based 
photosensitizers N3 (1991), [ 28 ]  N719 (1999), [ 29 ]  and the black dye 
N749 (2001) [ 30 ]  were milestones in dye synthesis and enabled 
power conversion effi ciency records of 10.0%, [ 28 ]  10.6% [ 31 ]  and 
11.1%, [ 32 ]  respectively. Recently, a shift from iodine to cobalt-
based electrolytes together with the development of organic 
donor- π -acceptor porphyrin dyes enabled the benchmark to 
increase to 12.3%. [ 33 ]  

 The performance of DSSCs is largely determined by the 
energy-level alignment between the individual components, 
as well as the underlying kinetics of the charge separation 
and charge-transfer processes. Figure  1 c shows an energy-
level diagram of a conventional liquid electrolyte DSSC with 
the underlying reaction kinetics. The fundamental processes 
include:

  1. Photoexcitation of the dye [ 34 ]  
 2. Electron injection into the metal oxide [ 35,36 ]  
 3. Electron transport to the working electrode [ 37 ]  
 4. Regeneration of the oxidized dye by electron transfer from 

donor species [ 38,39 ]  
 5. Hole transport to the electrode [ 40 ]  
 6. Reduction of the oxidized donor [ 41 ]    
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and the competing charge-recombination processes:

  7. Excited-state decay of the dye [ 34 ]  
 8. Regeneration of the oxidized dye by back transfer of TiO 2  in-

jected electrons [ 42 ]  
 9. Recombination of injected electrons with acceptor species in 

the redox medium [ 43,44 ]    

 DSSCs are a promising photovoltaic concept for a number 
of reasons. Unlike conventional p-n junction solar cells, where 
electron-hole pairs are generated in the bulk and then need to 
diffuse to the p-n interface in order to be extracted, charge gen-
eration in DSSCs only takes place at the materials interface. As 
a consequence, the demand on material purity is much lower, 
which implies that processing under vacuum, ultrahigh temper-
ature or cleanroom classifi cation is generally not necessary. [ 45 ]  

 Recent advances in the synthesis of organic dyes have elimi-
nated the need for the rare ruthenium-based sensitizers, which 

means that all device components are now abundant and promise 
signifi cantly lower processing costs than existing technolo-
gies. [ 33,46 ]  The variety of colours and transparencies distinguishes 
DSSCs from other photovoltaic concepts and makes them ideally 
suited for integrated architecture and building design. [ 47,48 ]  

 Nevertheless, and despite enormous research efforts, high-
performance DSSCs with  η  max  = 12.3% lag behind other tech-
nologies and fall short of their theoretically attainable effi -
ciency. [ 15,33 ]  When consolidating effi ciency parameters and 
experimental results presented in Figure  1 , several key points 
for further effi ciency enhancement are evident: loss in fi ll 
factor, loss in potential, and loss in absorption/photocurrent. 

  2.1.     Loss in Fill Factor 

 Although most effi cient DSSCs exhibit near unity charge collec-
tion effi ciencies at short-circuit conditions, devices operate less 

Adv. Mater. 2014, 
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 Figure 1.    Key device characteristics of dye-sensitized solar cells. a) Schematic of a conventional device architecture. Nanometer-sized TiO 2  particles 
form an electron-conducting random network with high surface area. A monolayer of light-absorbing dye molecules is chemisorbed onto the TiO 2  
and surrounded by an electrolyte. Upon photoexcitation of the dye, electrons are injected into the TiO 2,  while the oxidized dye is regenerated by the 
electron-donating redox medium, which is subsequently reduced at the counter electrode. b) Current–voltage ( J–V ) characteristics of a conventional 
DSSC under illumination. c) Energy-level diagram of a conventional liquid-electrolyte DSSC. The energy levels  E  are given with respect to a normal 
hydrogen electrode (NHE). d) Schematic of an idealized molecular heterojunction device, where recombination only occurs via radiative pathways. 
a,c) Adapted with permission. [ 261 ]  Copyright 2013, Springer Int. Publishing.
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may be easily explained by series resistance arising from the 
solar-components [ 39,40,49 ]  and recombination losses. [ 50–53 ]  
Additional losses arise from dark current processes at the 
interface between the metal oxide and the hole-transporting 
material, which are present even in devices exhibiting close to 
unity charge collection effi ciencies at maximum power condi-
tions. [ 54,55 ]  We will explore recent developments in photoanode 
design to address these issues in Section 3.  

  2.2.     Loss in Potential 

 Intrinsic losses in DSSCs arise from the overpotential required 
to drive the multitude of charge-carrier transfer pro-cesses, as 
illustrated in Figure  1 c. In a conventional iodine-based redox 
couple, the total overpotential may be as high as 600–700 mV. 
In order to minimize this loss, several solutions have been put 
forward employing either alternative redox couples [ 33,56–69 ]  or 
solid-state hole-transporting materials (HTMs). [ 70–80 ]  Since com-
prehensive reviews about alternative redox electrolytes can be 
found elsewhere, [ 66–69 ]  we will focus on challenges and opportu-
nities that arise from the use of solid-state HTMs in Section 4.  

  2.3.     Loss in Absorption/Photocurrent 

 The IPCE can reach values of up to 80–90% in high effi ciency 
devices, but only in a limited spectral range. [ 81 ]  The development 
of dyes which have higher extinction coeffi cients and a more 
panchromatic absorption is therefore essential, but challenged 
by a potential cost to the open-circuit voltage. [ 82 ]  Additionally, 
light capture may be enhanced signifi cantly by the addition of 
scattering layers, [ 32,81 ]  one-dimensional or three-dimensional 
photonic crystals, [ 83–85 ]  or plasmonic elements. [ 86–88 ]  It remains 
a handicap that DSSCs only achieve good performance when 
a monolayer of sensitizer is deposited. [ 89,90 ]  As a consequence, 
the mesoporous photoanode needs to be relatively thick, which 
leads to charge transport and recombination related losses. 
Increasing device thickness also leads to enhanced losses due 
to parasitic absorption from the doped HTMs in solid state 
DSSCs, as discussed in Section 4. In Section 5 we explore how 
alternative inorganic sensitizers can somewhat circumvent 
these problems.   

  3.     Towards an Ideal Photoanode Architecture 

  3.1.     Electrode Morphology 

 Several requirements concerning the morphology of the elec-
tron-conducting photoanode are apparent when studying the 
operating principles of DSSCs. Since photons are only absorbed 
at the n-dye-p interface, the photoanode needs to exhibit an 
extremely large surface to multiply the available area for dye 
anchoring. Even for modern dyes with high extinction coeffi -
cients, the photosensitive interfacial area has to be a hundred-to 
a thousand-fold greater than that of a fl at fi lm. Upon excita-
tion and electron injection, the oxidized dye requires prompt 

reduction by a surrounding regenerating medium. The pores 
of the electron-conducting network therefore need to be large 
enough to allow ion diffusion of a solution-based electrolyte or 
pore infi ltration by a solid-state hole conductor. Furthermore, 
the porous network has to offer direct percolation paths for 
the extraction of charges. Thus, an idealized photoanode mor-
phology should be mesoporous (i.e., exhibit porosity on the 
10 nm length scale), bicontinuous and offer suffi ciently high 
charge-carrier transport. 

 The effi ciency leap in the seminal work of O’Regan and 
Grätzel in 1991 was mainly due to a novel photoanode structure 
which suffi ciently fulfi lled these requirements – a mesoporous 
network generated by the random sintering of 20 nm-sized 
TiO 2  particles. Although random in pore size and morpho-
logical order, this electrode structure is still the gold standard 
in today’s devices and a fundamental component in all record-
breaking DSSCs. [ 32,33 ]  However, several drawbacks arise from 
the random sintering of nanoparticles to form a mesoporous 
network, namely poor charge transport, [ 91 ]  a lack of control over 
the pore-size distribution [ 92 ]  and network geometry, [ 93 ]  as well 
as a high density of sub-bandgap states, which introduce broad 
energetic disorder. [ 94 ]  The electron mobility typically decreases 
by several orders of magnitude from a value of  µ  ≈ 10 cm 2  V  −   1  s  −   1  
for single-crystal anatase [ 95 ]  to around  µ  ≈ 10 −1 −10  −   5  cm 2  V  −   1  s  −   1  
in nanoparticle fi lms. [ 91,96–98 ]  

 Alternative materials for DSSC photoanodes are ZnO [ 99–101 ]  
or SnO 2 . [ 102,103 ]  Core–shell strategies were proposed to com-
bine high charge-carrier mobilities with low recombination 
rates. [ 102–105 ]  However, while the bulk mobility of SnO 2  is with-
around 200 cm 2  V  −   1  s  −   1  signifi cantly higher than that of TiO 2 , 
electron-transport dynamics have proven to be rather similar 
in these two materials for comparable morphologies and 
crystallinities. [ 97,106–108 ]  

 A further drawback of the standard nanoparticle network for 
new-generation DSSCs is the lack of control over the pore-size 
distribution. [ 92 ]  Cobalt complexes are bulky and therefore need 
well-defi ned percolation paths with suffi ciently large pores to 
avoid mass transport limitations to the counter electrode. [ 33,109 ]  
For solid-state DSSCs, a heterogeneous pore-size distribu-
tion may reduce pore fi lling when infi ltrating the viscous 
materials. [ 110,111 ]  

 Alternative electrode architectures for DSSCs have been 
intensely studied in recent years. The motivation for this 
has been mostly the control of the electrode morphology, the 
improvement of light management, the enhancement of 
charge-carrier transport or the facilitation of solid-state HTM 
infi ltration. We refer to reviews on electrode architectures [ 112,113 ]  
and photonic aspects for a full overview. [ 85,114 ]  

 An active area of research is focused on the development of 
1D structures, such as TiO 2  nanorods or nanotubes. In prin-
ciple these structures should exhibit greatly enhanced charge-
carrier transport properties as the percolation path is 1D and 
therefore rather direct ( Figure    2  a–c). [ 115 ]  Advances in the elec-
trochemical anodization of titanium have led to the fabrication 
of TiO 2  nanotubes up to ca. 20 µm long. [ 116 ]  Unfortunately, 
these 1D arrays suffer from a greatly reduced surface area per 
unit volume due to their collapse and lack of nanoporosity asso-
ciated with the roughness of nanometre-sized crystals. Efforts 
were therefore drawn towards the fabrication of hierarchical 
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structures which are typically tree-like. Ideally these consist of 
a highly conductive one-dimensional backbone that branches 
out into a network of feeding pathways, thus enhancing charge 
transport and maintaining a high enough surface area. Hier-
archical assemblies have been realized by pulsed laser abla-
tion [ 117–119 ]  (Figure  2 d) or hydrothermal growth, which was 
initially shown for ZnO [ 120 ]  and more recently in various TiO 2 -
based architectures. [ 121,122 ]   

 Molecular self-assembly may offer the highest degree of 3D 
structure control on the 10 nm length scale. One example is 
block copolymers (BCPs), which can self-assemble into highly 
ordered, bicontinuous fi lm morphologies on the 10 nm length 
scale and allow morphology replication by inorganic materials. 
Accessible fi lm morphologies include assemblies such as inter-
digitated cylindrical arrays or the bicontinuous gyroid, which 
exhibits a 3D network of monodisperse pores, where all chan-
nels and struts are fully interconnected. [ 123,124 ]  A freestanding 
TiO 2  gyroid network is shown in Figure  2 e, which was fabri-
cated by electrochemical deposition of TiO 2  into one selectively 
degraded phase of a block-copolymer fi lm. [ 125 ]  Another example 
is the co-assembly of inorganic materials by BCPs. [ 126 ]  Here, the 
TiO 2  precursor material is directly mixed with the BCP solution 
and during solvent evaporation, the structure of the inorganic 
components is directed by BCP self-assembly due to selective 
complexation with one of the copolymer blocks. Control over 
pore size, porosity, and charge-transport properties has led 
to a number of promising studies, particularly in solid-state 
DSSCs. [ 127,128 ]  A variety of other soft-matter systems have also 
been used for structure control in TiO 2  photoanodes, including 
the assembly of colloidal spheres  [ 129,130 ]  or the M13 virus. [ 131 ]  
An intriguing concept is the structuring of the underlying 

transparent conducting oxide electrode which allows radial 
charge-carrier collection and therefore a greatly reduced elec-
tron percolation path. [ 132,133 ]  

 Despite many promising studies that have reported relative 
improvements compared to a reference, maximum effi ciency 
devices still incorporate the standard nanoparticle-based elec-
trode. Many device architectures indeed outperform the nano-
particle-based electrode on single aspects, such as charge-trans-
port properties, pore accessibility or light scattering. [ 115,124,131,133 ]  
Nevertheless, combining a high-enough surface area with 
improved charge-carrier transport and effi cient light harvesting 
in a high-effi ciency device remains a challenge.  

  3.2.     Overcoming Electronic Disorder 

 Here, we draw attention to an aspect of electrode design which 
is often overlooked, the control of electronic disorder. While 
researchers have developed tools to generate near-optimum 
morphological order, controlling the actual electron pathways 
does not necessarily follow from the mesoscale arrangement of 
TiO 2 . Even so-called 1D features such as TiO 2  tubes and wires 
are often polycrystalline, with pathways that are much larger 
than the electron scattering length. [ 135–137 ]  

 Historically, the poor electronic properties of a random nano-
particle network were not a major limiting factor due to the slow 
recombination kinetics of the iodine-based redox couple. [ 138 ]  
Nevertheless, one of the main recent trends involve the reduc-
tion of the loss in potential and the improvement of device 
effi ciency by moving from a two-electron to a one-electron 
regeneration process. This strategy has resulted in new record 
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 Figure 2.    Novel electrode architectures for DSSCs. a) Top-view of ca. 20 µm long TiO 2  nanotubes, grown by electrochemical anodisation of titanium. 
b) Top-view of a 3D fi brous network of crystalline TiO 2  nanowires synthesised by hydrothermal growth. c) Multilayer array of TiO 2 -coated ZnO nano-
wires. d) Cross-sectional view of an array of hierarchical, tree-like TiO 2  nanostructures generated by pulsed lased deposition. e) Cross-sectional view 
of TiO 2  resembling the bicontinuous gyroid morphology generated by electrochemical deposition of TiO 2  into a sacrifi cial block-copolymer template. 
f) 3D photoanode by colloidal assembly and multilayer atomic layer deposition. a) Adapted with permission. [ 116 ]  Copyright 2009, Macmillan Publishers 
Ltd. b) Adapted with permission. [ 115 ]  Copyright 2010, American Chemical Society. c) Adapted with permission. [ 134 ]  Copyright 2012, American Chemical 
Society. d) Adapted with permission. [ 117 ]  Copyright 2010, American Chemical Society. e) Adapted with permission. [ 125 ]  Copyright 2009, American 
Chemical Society. f) Adapted with permission. [ 133 ]  Copyright 2011, American Chemical Society.
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effi ciencies in liquid-electrolyte [ 33 ]  and solid-state DSSCs. [ 19 ]  
However, due to faster recombination kinetics in one-electron 
redox systems, the poor electron-transport properties of nano-
particle-based fi lms deteriorate the photocurrent, fi ll factor, and 
photovoltage through low charge-collection effi ciencies, fast 
interfacial recombination, and high internal resistance. [ 94,109 ]  In 
fact, charge transport in DSSCs appears to be “electron-limited” 
at short circuit, meaning that the transport of electrons through 
the mesoporous TiO 2  is slower than the transport of holes 
through the hole-transporting medium. [ 40,98,139,140 ]  

 In comparison to a single-crystal model system where only 
optical phonon scattering and lattice defects limit the mean 
free path of propagating electrons, [ 141 ]  a number of factors slow 
down electron diffusion in polycrystalline networks. These 
include charge traps located at the grain boundaries between 
the crystals, their surfaces, and in the bulk. These lead to the 
formation of an exponentially decreasing tail of sub-bandgap 
states below the conduction band edge. [ 52,142 ]  It is widely agreed 
that electron transport in such mesoporous networks is con-
sistent with a multiple trapping model, where generated elec-
trons mostly populate localized states below the conduction 
band and only diffuse towards the electrode in iterative cycles 
of thermal detrapping and trapping. [ 52,53,142–144 ]  

 The crystal size was recently shown to have a profound 
effect on charge-transport properties and performance of 
solid-state devices. [ 137,145,146 ]  In order to isolate the role of the 
mean crystallite size on the electrode performance, BCP gen-
erated photoanodes with a similar surface areas and morphol-
ogies but widely varying crystal sizes were examined. [ 145,146 ]  
The main results are reprinted in  Figure    3  , where the charge-
transport lifetime is shown to be heavily infl uenced by the 
crystal size of the mesoporous titania, although no signifi cant 
change to the density of trap states exists. In a related study 
on single-crystal nanowires, it was shown that transport can 
be improved in such a way that the system can become hole 
limited even at short-circuit conditions, emphasizing the lim-
itations due to the polycrystalline nature of the mesoporous 
oxide. [ 137 ]  Notably, a decoupling of transport and recombi-
nation dynamics was observed. Charge-transport dynamics 
were limited by the HTM, while recombination dynamics 
remained unchanged when single-crystalline nanowires 
were used. [ 137,146 ]  This result is particularly important since 
for transport-limited recombination: any improvement in 
charge diffusion would result in a corresponding increase 
in recombination. [ 147 ]  The fact that this is not the case in 
ssDSSCs implies that there is much scope to improve device 
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 Figure 3.    Nanocrystal assembly within a mesoporous TiO 2  network. High-resolution transmission electron microscopy images and corresponding 
schematic of BCP-directed assemblies crystallized at: a,b) 450 °C and c,d) 650 °C, respectively. The scale bars represent 10 nm. The white dotted lines 
visualize the individual crystallites. e) Crystallite size as a function of calcination temperature. f) Photocurrent decay vs. charge density for photoanodes 
that were crystallized at a range of temperatures. a–d) Adapted with permission. [ 145 ]  Copyright 2011, Royal Society of Chemistry. e,f) Adapted with 
permission. [ 146 ]  Copyright 2013, American Chemical Society.



7

www.advmat.de
www.MaterialsViews.com

wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

R
EV

IEW

performance by increasing the charge trans-
port in the photoanode.  

 The ideal photoanode therefore is a single-
crystalline structure with a tunable and acces-
sible network of pores and a high surface 
area. The highest electron-transport rates are 
expected in systems that consist of single-crys-
talline wires [ 148,149 ]  or quasi-single crystallites 
that are formed through the oriented attach-
ment of crystalline fragments. [ 115,150,151 ]  Single-
crystalline nanowires can be grown hydro-
thermally off titanium foils in the preferred 
anatase crystal structure, [ 152 ]  with improved 
dye-loading by optional nanorod branches. [ 153 ]  

 The extension of this approach towards 
full 3D control of crystal growth in controlled 
geometries has recently been demonstrated 
with the synthesis of mesoporous single crys-
tals of anatase TiO 2  with crystal sizes ranging 
from a few hundred nm to 3 µm and inde-
pendently tunable pore sizes varying from 
20 to 250 nm. [ 17 ]  The combination of meso-
porosity and single crystallinity was enabled 
by seeded nucleation and growth inside 
a mesoporous template. [ 154 ]  Thin fi lms of 
mesoporous single-crystal assemblies exhibit 
“nanowire-like” transport while maintaining a 
suffi ciently high surface area for dye adsorp-
tion, shown in  Figure    4  . An important tech-
nological benefi t of this approach is that 
mesoporous single-crystal assemblies do not 
require thermal sintering to ensure good elec-
trical connectivity in the photoanode. This 
was recently demonstrated by the complete 
fabrication of a solid-state ssDSSC device 
below 150 °C with a power conversion effi -
ciency of over 3%. [ 17 ]  Apart from promising 
effi ciency improvements, low-temperature 
processing greatly simplifi es manufacture, 
enables a broad choice of substrates including 
plastic foils for low cost fl exible solar cells, [ 155 ]  
and will enable multiple junction fabrication.    

  4.     Hole-Transporting Materials 

 A fundamental constraint imposed by the use 
of the iodine-based redox shuttles is the over-
potential that is required to drive the redox 
reaction (i.e., 3I  −  /I 3   − )  and likewise for the cobalt system. [ 15 ]  Even 
in the light of proposed strategies to minimize overpotential 
losses associated with the 2-step hole-regeneration process, [ 49,138 ]  
these solar cells unavoidably suffer a loss in photovoltage, sig-
nifi cantly limiting the maximally attainable performance well 
below the Schockley–Queisser limit. [ 15 ]  In an effort to over-
come these limitations, polypyrrole-based solid-state hole-trans-
porting materials (HTMs) were introduced by Yanigida and 
co-workers. [ 70 ]  Shortly after, Bach and Grätzel developed the now 
common form of ssDSSCs using a small-molecule-based HTM 

that can be infi ltrated into the porous TiO 2  anode. [ 71 ]  This HTM 
is a triphenylamine-based molecule termed spiro-OMeTAD 
(2 , 2′ , 7 , 71-tetrakis(N,N′-di-p-methoxyphenylamine)-9 , 9′-spirobi-
fl uorene), and while several alternatives have been pro-
posed, [ 72–80 ]  spiro-OMeTAD still remains the most widely used 
and best performing solid-state hole-transporting material. 

  Table    1   provides a list of the highest performance HTMs, 
both small molecule and polymer-based, along with relevant 
properties that are addressed below. For more-in-depth discus-
sion of the various HTMs employed in ssDSSCs, the reader is 
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 Figure 4.    Mesoporous single crystals of anatase TiO 2 : a) Single-crystal replication of the 
mesoporous template extending to micrometer-sized domains (b). c) Transmission electron 
micrograph and d) corresponding Laue pattern of a single-crystalline building block. e) Mobility 
dependence on photoinduced charge density for MSC and nanoparticle fi lms. a–e) Adapted 
with permission. [ 17 ]  Copyright 2013, Macmillan Publishers Ltd.
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referred to several comprehensive reviews. [ 76,156–158 ]  The use of 
these HTMs has increased the photovoltages to over 900 mV 
in traditional dye-sensitized solar cells, along with respectable 
power conversion effi ciencies of up to 7.2%. [ 19 ]   

 This power conversion effi ciency, while high, is a long way 
from the theoretical performance of 20%. [ 15 ]  The ssDSSC is 
largely limited by the fact that the optimized device thickness 
is only about 2 µm, which is signifi cantly thinner than the 
optical depth of the composite. The origin of this limitation 
is still much debated, and will be addressed below. Neverthe-
less, this imposes limits to the choice of dyes that can be used 
to effi ciently harvest light since they must exhibit very high 
absorption coeffi cients. [ 15,19,94,161 ]  We have explored in the pre-
vious section the effects of the mesoporous photoanode in the 
performance of the device, and have shown that, by utilizing 
systems consisting of extended crystallites, electron-transport 
limitations can be effectively eliminated from the devices. [ 17,137 ]  
We therefore focus on the effects, challenges and limitations 
arising from the use of HTMs in this section. 

  4.1.     Pore Filling 

 Insuffi cient infi ltration of the mesoporous TiO 2  with the solid-
state HTM has widely been assumed to cause the thickness 
limitations in ssDSSCs, resulting in poor diffusion lengths or 
light-harvesting capabilities of the dye-sensitizers. [ 72,75,110,162,163 ]  
The pore-fi lling mechanism in ssDSSCs has been the intense 
focus of a number of research groups. Several strategies to 

quantitatively evaluate of pore-fi lling were recently developed, 
including photoinduced absorption spectroscopy, [ 164 ]  analysis 
by electron microscopy, [ 162 ]  a combination of X-ray photoelec-
tron and UV-Vis absorption spectroscopy [ 111,163 ]  and white light 
interferometry. [ 165 ]  For a standard nanoparticle-based elec-
trode, a pore fi lling fraction of no more than 60% has been 
found to enable optimum performance. [ 111,163,165 ]  This is now 
readily achieved for mesoporous fi lms with thicknesses of up to 
5 µm, suggesting that other factors limit the device thickness, 
including poor charge transport in the metal oxide and other 
aspects of the HTM that are discussed below. 

 Infi ltration is more challenging for high-molecular-weight 
polymeric HTMs, which exhibit pore fi lling fractions as low as 
8% when following standard deposition protocols. [ 74 ]  In order 
to improve this pore fi lling fraction, in situ polymerization 
of the monomers has been employed with a satisfactory out-
come. [ 156,166,167 ]  Alternatively, pre-coating of the mesoporous 
metal oxide with bis(trifl uoromethane)sulfonimide lithium salt 
(LiTFSI) and  tert -butylpyridine ( t BP) has been found to facili-
tate suffi cient infi ltration. [ 74 ]  Although the pore-fi lling fraction 
for polymers is much lower than the small molecules, they nev-
ertheless form a good charge percolation network, even at low 
pore-fi lling fractions. [ 74 ]   

  4.2.     The Importance of Hole Mobility and p-Doping in HTMs 

 Since the introduction of the fi rst ssDSSCs based on spiro-
OMeTAD, there has been some debate about the importance 
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  Table 1.    Summary of the relevant properties and structure of some of the most highly performing solid-state hole transporters.

  

 Molecular Mass  HOMO Level 
 [eV] 

 Mobility 
 [cm 2  s −1 ] 

 Record PCE 
 [%] 

Notes

Spiro-OMeTAD Small molecule −4.9 1–50 × 10 −5 7.2[ 19 ] Absorbs when doped

P3HT Polymer −4.8 1 × 10 −3 3.2[ 159 ] Competes for light absorption

PCPDTBT Polymer −5.3 10 −4 –10 −2 1.4[ 78 ] Competes for light absorption

PEDOT Polymer −5.2 >0.1 6.8[ 160 ] Highly doped and conductive

AS44 Small molecule −4.8 10 −5 2.9[ 75 ] Highly soluble, melt processable

Triarylamines Var. −5.3 −4.0 1–10 × 10 −5 2.0[ 72 ] Tunable, melt processable

MeO-TPD Small molecule −5.1 1 × 10 −3 4.9[ 80 ] Requires 30 min of light soaking
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of doping and charge transport in HTMs. Some have claimed 
that in optimized solar cells, performance is limited by the low 
(10  −   5 −10  −   3 ) hole mobility in the HTM. [ 71,168 ]  It was proposed 
that such a low mobility limits the charge-diffusion length 
and hence photocurrent in solar cells. [ 67,140,169 ]  As a result, a 
great deal of research effort has focused on the development 
of high mobility HTMs (>10  − 3  cm 2  V  −   1  s  −   1 ). [ 72,80,159,167,170 ]  
Some notable examples include in situ polymerized poly[3,4-
ethylenedioxythiophene] (PEDOT), poly[3-hexylthiophene] 
(P3HT), or poly[2,6-(4,4-bis-(2-ethylhexyl)-4 H -cyclopenta [2,1-
 b ;3,4- b′ ]dithiophene)- alt -4,7(2,1,3-benzothiadiazole)] PCP-
DTBT. [ 74,78,160,167 ]  While power conversion effi ciencies over 6% 
were achieved, the performance of devices incorporating these 
HTMs was in part limited by light absorption in the polymer 
and low electron transfer into TiO 2  [ 78,112,159,171–173 ]  even after 
TiO 2  surface modifi cation, resulting in an overall reduction in 
photocurrent. [ 78,174,175 ]  Special care must be taken when meas-
uring the performance of ssDSSCs incorporating these mate-
rials, since if the cells are not masked properly, the actual area 
from which charges are collected can be up to twice as large as 
the area covered by the metal cathode, resulting in a tremen-
dous overestimation of device performance. [ 176 ]  

 Despite research efforts towards high-mobility HTMs, the 
“low-mobility” spiro-OMeTAD has remained the gold standard 
in ssDSSCs. [ 19 ]  Indeed, by varying the molecular structure 
and associated hole mobilities of a range of HTMs, Kroeze 
et al. demonstrated that the hole mobility of the HTM has little 
effect on the short-circuit photocurrent of the solar cells when 
the widely employed  t  bp and Li-TFSI additives were used. [ 72 ]  
Snaith et al. compared the conductivities of spiro-OMeTAD 
and TiO 2  in dye-sensitized solar cells in situ, which suggests 
that the hole conduction in an operational dye-sensitized solar 
cell is signifi cantly faster than electron conduction through the 
TiO 2 . [ 139 ]  The conclusion of these studies, and of others suc-
cessfully employing relatively low-mobility HTMs, [ 75,80 ]  was that 
the hole mobility of spiro-OMeTAD does not limit the charge-
diffusion length and hence device performance. 

 The concept that either the hole or electron transport limits 
device performance of dye-sensitized solar cells may however 
be overly simplistic. Fabregat-Santiago et al. have found that 
while electron transport limits charge diffusion at low poten-
tials, hole transport limits charge transport in ssDSSCs at the 
high charge densities typically found at forward bias. [ 169 ]  This 
result was recently confi rmed by the use of transient mobility 
spectroscopy (TMS), determining the charge-density depend-
ence of mobility and conductivity for both TiO 2  and hole trans-
porters (see  Figure    5  ). [ 98 ]  The cross-over region where hole con-
ductivity limits the solar cell only occurs when spiro-OMeTAD 
is doped with Li-TFSI.  

 The presence of Li cations has several effects on ss-DSSC 
performance. On the one hand, they greatly increase the con-
ductivity of spiro-OMeTAD and polymeric HTMs such as P3HT 
and PCPDTBT (Figure  5  and  Figure    6  ) via a catalyzed oxida-
tive process. [ 74,98,177–181 ]  On the other hand, they infl uence the 
surface states and potential of the TiO 2 , manipulate dye injec-
tion, electron-transport and recombination rates, and affect 
dye-absorption spectra. [ 177,179,182–184 ]  These parameters are also 
infl uenced by the presence of  t BP and the relative amount of 
the additives seems to determine the overall balance of these 

effects. [ 177,183 ]  Their interplay is complex and optimizing one 
parameter (for example HTM conductivity to maximize fi ll fac-
tors) generally results in the deterioration of another parameter 
(for example the open-circuit voltage). Thus, devices incorpo-
rating only  t BP and LiTFSI result in a suboptimal mixture that 
minimizes the overall losses.  

 Chemical oxidants such as N(PhBr) 3 SbCl 6  [ 71 ]  or tris(2-(1 H  
-pyrazol-1-yl)pyridine)cobalt(III) [ 19,185 ]  and protonic acid-induced 
p-doping of the HTM [ 186 ]  may be used to independently tune 
the HTM conductivity without affecting the TiO 2 /dye interac-
tion. This results in a clear path to device optimization and 
indeed, the current state-of-the-art ssDSSC includes a mixture 
of LiTFSI and chemical doping to achieve a power conversion 
effi ciency of 7.2%. [ 19 ]  With this understanding of the HTM 
requirements for high-performance dye-sensitized solar cells, 
it becomes clear why it has been diffi cult to fi nd HTMs that 
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 Figure 5.    Description of hole transport in the solid-stateDSSCs. a) The 
hole-transport resistance (extracted from impedance spectroscopy) of 
liquid-, ionic-liquid, and spiro-OMeTAD-based HTMs in ssDSSCs are 
plotted as a function of potential. b) Conductivity of TiO 2  (black open 
squares), doped (light-grey open circles) and undoped (grey solid circles) 
spiro-OMeTAD, doped (light-grey open triangles) and undoped (grey 
closed triangles) P3HT as a function of photoinduced charge density. The 
data in (b) is derived from TMS measurements of solar-cell devices, dem-
onstrating the cross-over point of electron to hole-limited charge con-
duction. a) Reproduced with permission. [ 169 ]  Copyright 2009, American 
Chemical Society. b) Adapted with permission. [ 98 ]  Copyright 2013, Wiley.
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out-perform spiro-OMeTAD. Its highest occupied molecular 
orbital (HOMO) level is exactly right for the optimized balance 
between hole-transfer yield and open-circuit voltage, [ 187 ]  it allows 

facile and stable oxygen-induced doping in the presence of 
LiTFSI or other chemical oxidants, and it exhibits good pore infi l-
tration. HTMs that most-closely rival the performance of spiro-
OMeTAD are very similar in structure, HOMO level, oxidation 
potential, and ability to fi ll the pores of mesoporous TiO 2 .  

  4.3.     Parasitic Absorption and Losses in Thick ssDSSCs 

 While p-doping via oxidation of the HTMs is essential for opti-
mized hole transport, it leads to another problem – parasitic 
absorption. Singly and doubly oxidized spiro-OMeTAD show 
a strong absorption band around 500 nm and a weaker one 
around 700 nm (Figure  6 a). [ 179–181 ]  

 The extinction coeffi cients of these absorption bands have 
been quantifi ed to be around 30 000 and 6700 M  −   1  cm  −   1  
respectively. [ 164 ]  The oxidized HTM therefore competes with 
the dye for light absorption. [ 98 ]  This is particularly relevant for 
low extinction coeffi cient sensitizers, such as the widely used 
Z907 and N719 dyes. [ 188–190 ]  As shown in Figure  6 b,c, there is 
a tradeoff between hole conduction and the parasitic absorp-
tion of the oxidized HTM, both of which increase with doping 
density. This may be one of the reasons why thicker (5–7 µm) 
ssDSSCs currently do not generate high photocurrents. 

 Increasing the active layer thickness to maximize light 
harvesting has been one of the primary paradigms in 
ssDSSC research. It was initially believed that such thick 
devices could not be realized due to pore-fi lling limitations 
as discussed above. [ 75,162,163 ]  Past attempts in preparing 
thick ssDSSCs showed that the doping level of LiTFSI has 
to be further increased to minimize the series resistance. [ 75 ]  
This leads to a shift of the TiO 2  surface potential and thus 
to a reduction in  V  OC  due to Li-TFSI being employed as 
the dopant. Furthermore, the increase in parasitic absorp-
tion seems to prevent the expected scaling of the photocur-
rent with device thickness. We have quantifi ed the trade-off 
between improved conductivity (i.e., reduced series resist-
ance) in the solar cell and light lost due to parasitic absorp-
tion at 510 and 700 nm here in Figure  6 c. Another study 
has shown that series resistances below ca. 5–10 Ω cm 2  are 
essential to keeping resistive power losses below 10%. [ 179 ]  
It is therefore evident that new materials are required to 
improve light harvesting in ssDSSCs. One route is to develop 
transparent HTMs with higher intrinsic mobilities, thus 
requiring lower doping levels. An alternative route is the 
development of sensitizers with high extinction coeffi cients 
that do not require the preparation of thick active layers, as 
discussed in the following section.   

  5.     Alternative Sensitizers 

 One of the main disadvantages of light-absorbing dyes in solid-
state devices is that optimal performance is only achieved 
when a monolayer of dye is adsorbed onto the surface of the 
mesoporous oxide, [ 89,90 ]  creating the challenge of balancing a 
suffi ciently high enough photoanode surface area with effi cient 
charge transport across the metal oxide crystals. As discussed 
above, an increase of the thickness of the mesoporous layer 
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 Figure 6.    Absorption losses in doped spiro-OMeTAD-based DSSCs. 
a) Effect of Li-TFSI doping on conductivity and UV–vis light absorption of 
spiro-OMeTAD. b) Calculated hole conductivity and series resistance due 
to hole transport in 2.5 µm (dotted grey line) and 6 µm (solid grey line) 
thick ssDSSCs. c) Loss of photocurrent in Z907-sensitized sDSSCs by para-
sitic absoprtion for 2.5 and 6 µm-thick active layers. With increasing doping 
level, leading to a reduction in estimated series resistance, the photocur-
rent decreases dramatically, particularly for the thick ssDSSC. A mobility of 
10  − 4  cm 2  V −1  s −1  was assumed for these calculations, while optical param-
eters were obtained from literature. Note that a series resistance of less 
than 8 Ω cm 2  is required for high fi ll factors and effi ciencies. a) Reproduced 
with permission. [ 179 ]  Copyright 2013, Royal Society of Chemistry.
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does not, however, deliver the desired increase in photocurrent. 
The obvious solution to this conundrum is the use of absorber 
materials that have high molar extinction coeffi cients and per-
form effectively when more than a monolayer is deposited. The 
ability of a material to meet these requirements plays a crucial 
role in increasing the effi ciency of solid-state devices to match, 
and even surpass, the effi ciency of their liquid electrolyte-based 
counterparts. This search has led researchers to closely investi-
gate inorganic absorber materials, and more recently, a family 
of organometallic halide perovskites. 

 The semiconductor-sensitized solar cell (SSSC) is a model 
example and can be subdivided into two major classes: 
the extremely thin absorber (ETA) solar cell [ 191,192 ]  and the 
quantum-dot-sensitised solar cell (QDSSC). [ 193 ]  These types 
of solar cells typically utilize inorganic semiconducting mate-
rials as the light-absorber layer. Inorganic materials have 
many attractive features such as high molar extinction coef-
fi cients, [ 194 ]  high intrinsic carrier mobilities, [ 195 ]  large intrinsic 
dipole moments, and the opportunity to tune the bandgap of 
the absorber by exploiting quantum-size effects, or by compo-
sitional tuning. [ 196,197 ]  Additionally, inorganic absorbers have 
increased thermodynamic and optical stability compared to 
organic or metal–organic dyes. In the light of such a plethora 
of advantages, [ 198–200 ]  it is no surprise that the replacement of 
organic dyes by inorganic semiconductors has been widely 
studied. [ 196,201–204 ]  

 One of the most crucial factors in achieving satisfac-
tory device performance in SSSCs is obtaining a near com-
plete, uniform coverage of the mesoporous photoanode. [ 205 ]  
This has been achieved through chemical-bath deposition 
(CBD) [ 199,200,206–208 ]  and successive ionic-layer adsorption 
and reaction (SILAR). [ 209,210 ]  Increasing the thickness of the 
absorber layer in QDSSCs leads however to an increase in 
charge-carrier recombination. [ 211 ]  In the family of solution-pro-
cessable ETA solar cells, one of the most promising absorbers 
is Sb 2 S 3  with reported conversion effi ciencies of up to 6.3%. [ 199 ]  
In QDSSCs, the very short lifetime of the charge carriers in 
the material poses a major problem for effi cient device opera-
tion, resulting in a large degree of recombination within the 
absorber layer. [ 212 ]  

 The solution to this problem is the utilization of a mate-
rial which absorbs strongly in most of the visible region and 
has long charge-carrier lifetimes. Such a material has recently 
been found in the family of organometallic halide perovskites. 
The methylammonium lead trihalides emerged as an excellent 
absorber material for ETA solar cells, showing long charge-
carrier lifetimes [ 213,214 ]  as well as strong absorption over most 
of the visible spectrum. [ 215 ]  The fascinating properties of this 
material also seem to negate the need for a separate electron-
conducting material since it was shown to be a very effi cient 
electron transporter. [ 215–218 ]  This allowed the fabrication of ETA 
solar cells that use inert scaffolds such as alumina and zirconia, 
reaching effi ciencies of up to 10.9%. [ 215,219 ]  This type of device 
is most commonly known as the meso-superstructured solar 
cell (MSSC). Its operating principles are shown in  Figure    7  .  

 This class of perovskite can be deposited in a variety of ways, 
the most common of which are spin-coating and sequential 
deposition. Recently, using the sequential-deposition method 
on mesoporous TiO 2 , Burschka et al. have reported devices 

with 15% power conversion effi ciency for a perovskite-sensi-
tized hybrid solar cell that otherwise resembles the traditional 
ssDSSC device architecture. [ 20 ]  Going beyond MSSCs, perovs-
kite solar cells have also been shown to function in a planar 
heterojunction, achieving a maximum conversion effi ciency of 
15.4%. [ 213,217,218,220 ]  

 It is important to note that the highly reactive nature of 
the liquid electrolytes precludes the possibility of their appli-
cation with the more sensitive inorganic absorbers. Corro-
sion or complete dissolution of the absorber layer has been 
reported. [ 203,206,221–224 ]  Although the ETA and QDSSC approach 
yield high effi ciencies, it appears that for the best solution-
processed semiconductors, mesoporous architecture is not 
necessary. [ 198,217,220,225,226 ]  Hence, we expect much more future 
activity on solution-processed thin-fi lm planar-heterojunction 
solar cells.  

  6.     Stability 

 We have so far discussed the performance of DSSCs, ssDSSCs 
and all-solid-state hybrid solar cells. Nevertheless, it will ulti-
mately be their stability (i.e. their lifetime under operation) that 
will determine whether these device platforms are just inter-
esting photovoltaic concepts or viable technologies. Solar-cell 
stability is a measure of whether a given technology can with-
stand long-term exposure to the conditions relevant to solar cell 
use, such as high illumination, temperature, or humidity. Here, 
we will separately address the stability issues for the three main 
device components: sensitizer, mesoporous anode, and hole 
transporter. 

 Note that the conditions under which the long-term stability 
of a solar cell is tested are extremely important and it is impera-
tive to clearly specify the precise testing protocol. Factors such 
as ultraviolet light (UV) exposure, type of encapsulation, and 
continuous versus intermittent solar irradiation are often not 
clearly described, even though they can have profound effects 
on the apparent stability of solar cells employing solid-state hole 
transporters. [ 19,215,227–229 ]  UV cut-off fi lters are often employed, 
but the exact nature of the effect of UV light on solar-cell sta-
bility is not yet well understood. [ 19,215,227–229 ]  

 Sensitizer stability In order to achieve suffi cient stabil-
ity to withstand 25 years under illumination, sensitizers 
must be able to complete over 108 turnovers before decom-
posing. [ 230,231 ]  This is in principle realistic for ruthenium-based 
dyes, as determined by spectroscopic studies, [ 231 ]  although 
there is some debate over whether these results hold under 
real operating conditions for commonly used Ru-based sensi-
tizers. [ 232,233 ]  We point out that apparent dye stability is a result 
of ultrafast electron injection that out-competes degradation 
mechanisms. [ 230–232 ]  To achieve such fast electron transfer, 
the excited state energy of the sensitizer must lie signifi cantly 
above the TiO 2  acceptor states, but this comes at the cost of 
a loss in potential. Ideally, new-generation dyes should have 
lower excited-state levels while at the same time exhibiting 
longer excited state lifetimes, allowing effi cient charge gen-
eration. [ 15 ]  The stability of these dyes will however have to be 
carefully tested to ensure that the injection still out-competes 
degradation. [ 231 ]  
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  6.1.     Mesoporous Photoanode Stability 

 The sensitivity of mesoporous TiO 2  to UV exposure has recently 
been identifi ed as the initial cause for instability of ssDSSCs. [ 234 ]  
TiO 2  nanoparticles possess surface defects (oxygen vacancies) 
that are known to interact with both water and oxygen in the 
atmosphere. [ 235–238 ]  They give rise to electronic defect states 
that are located 0.7−1 eV below the TiO 2  conduction band, 
depending on the chemistry of the crystal surface. [ 238–242 ]  
Molecular oxygen from the atmosphere pacifi es these trap sites 
by binding to the Ti 3+  sites. [ 237,238,242 ]  However, when encapsu-
lated under nitrogen, UV illumination removes the pacifying 
oxygen, resulting in rapid device degradation ( Figure    8  ). [ 234 ]  
Encapsulated UV exposed solar cells therefore suffer from 
the formation of a great number of deep trap sites, enabling a 

signifi cant loss pathway through recombination with holes in 
the HTM. [ 19,142,179,243,244 ]  We point out that this degradation pro-
cess is reversible upon exposure of the solar cells to air in the 
dark, demonstrating that no permanent chemical change takes 
place in any of the solar-cell components. [ 234 ]   

 This presents a conundrum, as the organic dyes and HTMs 
used in ssDSSCs are unstable in the presence of oxygen and 
moisture. [ 215,227,245–247 ]  While it is possible to employ a UV 
fi lter to cut-out wavelengths below approximately 420 nm, 
as has been done in previous reports of long-term ssDSSC 
stability, [ 19,20 ]  this is expensive and results in a loss in cur-
rent arising from light absorption in this spectral range. Very 
recently, chemical-bath deposition of alumina [ 248 ]  was shown 
to very effi ciently pacify oxygen vacancies and enhance the life-
times of sealed devices. Interstitial substitution of Ti adjacent to 
oxygen defect sites with Al permanently pacifi es these defects, 
signifi cantly enhancing the lifetime of sealed devices. 

 DSSCs employing liquid electrolytes do not show such a 
high sensitivity to UV-light exposure. [ 249,250 ]  This is likely to be 
due to acetonitrile (the solvent commonly used for the electro-
lyte) pacifying deep trap sites itself. UPS studies demonstrated 
that the availability of these states is strongly diminished in the 
presence of acetonitrile. [ 239,240 ]  4- tert -butylpyridine, a common 
additive in both solid- and liquid-state dye-sensitized solar cells, 
has also been demonstrated to pacify deep oxygen vacancy 
sites. [ 251 ]  It appears that these additives can bind to the defect 
sites, pacifying them in a similar way as molecular oxygen, 
thus preventing the losses described above. Another path to 
overcoming this light-induced instability is the surface manipu-
lation of the mesoporous TiO 2  anode to prevent, suppress, or 
stably pacify the deep vacancy sites.  

  6.2.     Hole-Transporting Material Stability 

 Triiodide-based electrolytes have been shown to photobleach 
under prolonged ultraviolet light exposure, hindering long-
term stability. [ 46,249 ]  These issues are thoroughly addressed 
in reviews by Kroon et al. [ 46 ]  and Hinsch et al. [ 249 ]  and have 
been largely resolved by the introduction of low volatility sol-
vents such as valeronitrile, and MgI 2  additives which prevent 
the photobleaching of the redox couple. Stable solar-cell per-
formance was observed under operating conditions for over 
1000 h, while stable photocurrents were observed for 10 000 h 
by choosing hydrophobic dyes, excluding water from the 
electrolyte. [ 46,249 ]  Solvent-free dye-sensitized solar cells based 
on eutectic melts such as 1-propyl-3-methylimidazolium 
iodide, 1-ethyl-3-methylimidazolium iodide, 1,3-dimethyl-
imidazolium iodide, and mixtures of these, have also been 
introduced to circumvent these issues, reaching remarkable 
PCEs of over 7%. [ 252,253 ]  These devices display vastly improved 
long-term stability (Figure  8 a) over 1000 h under 1 sun illu-
mination at 60 °C. We note that DSSCs employing these 
alternative electrolyte compositions exhibit signifi cantly lower 
performances than current state-of-the-art DSSCs. The newer 
high-performance cobalt-based redox couples [ 33 ]  still have to 
demonstrate long-term stability, which do not yet reach stable 
performance of over 100 h under constant illumination at 
room temperature. [ 254 ]  

Adv. Mater. 2014, 
DOI: 10.1002/adma.201400486

 Figure 7.    a) Schematic illustrating the charge transfer and charge trans-
port in a perovskite-sensitized TiO 2  solar cell (left) and a noninjecting 
Al 2 O 3 -based solar cell (right); a representation of the energy landscape 
is shown below, with electrons shown as solid circles and holes as open 
circles. b) Current-density–voltage characteristics under simulated AM1.5 
100 mW cm  − 2  illumination for Al 2 O 3 -based devices, one exhibiting high 
effi ciency (grey solid trace with crosses) and one exhibiting  V  OC  > 1.1 V 
(dashed line with crosses); for a perovskite-sensitized TiO 2  solar cell 
(black trace with circles); and for a planar-junction diode with structure 
FTO/compact TiO 2 /CH 3  NH 3  PbI3- x  Cl  x  /spiro-OMeTAD/Ag (dark grey 
trace with squares). Adapted with permission. [ 215 ]  Copyright 2012, Amer-
ican Association for the Advancement of Science.
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 ssDSSCs were initially introduced to remove the leakage and 
corrosion issues intrinsic to the liquid electrolyte-based devices. 
While all-solid-state hybrid devices have shown substantial 
improvements in cell performance, with 7.2% for the dye-sen-
sitized system [ 19 ]  and 15% for perovskite-sensitized devices, [ 20 ]  
surprisingly few studies have been published on their long-
term stability. [ 19,227–229,255 ]  The main degradation of the HTMs 
used in ssDSSCs similar to organic photovoltaic devices, [ 256–260 ]  
is probably the oxidation of the hole transporter after prolonged 
exposure to air. [ 74,98,177–181 ]  The same may also apply to the dyes, 
since pore fi lling of the HTM is usually not complete [ 111,163,165 ]  
and oxygen can hence interact with the excited dyes. [ 256–260 ]  As 
a result, proper encapsulation is absolutely critical for the long-
term stability of ssDSSCs. A dilemma arises from the fact that 
conventional ssDSSCs benefi t from oxygen-induced p-doping 
of the HTM as described in Section 4. [ 74,98,177–181 ]  While the 
oxidation products are stable on short term, there is a lack of 
studies on long-term stability of this doping mechanism when 
the solar cells are exposed to light and increased temperatures 
in the absence of oxygen. Furthermore, the lithium-induced 
reaction does not reach completion, and atmospheric condi-
tions are likely to affect the degree to which the HTM is oxi-
dized. [ 74,98,177–181 ]  Long-term stability is therefore another moti-
vation for the further development of non-reversible chemical 
doping. Another stability concern is morphological changes in 

the HTM upon long exposure to both light 
and high temperatures. The most-common 
HTMs have been shown to be amorphous, [ 71 ]  
yet crystallization of the HTM inside the 
pores could affect the contact to the dye as 
well as hole transport. 

 Burschka et al. have published stability 
data of both dye-sensitized solar cells and 
perovskite-sensitized solar cells. [ 19,20,228 ]  
The standard ssDSSCs, employing a cobalt 
dopant and encapsulated in a nitrogen fi lled 
glovebox, maintained 80% of their initial 
power conversion effi ciency after 40 days 
under AM 1.5 100 mW cm  − 2  solar illumina-
tion, when a UV cut-off fi lter (<420 nm) was 
used. [ 19 ]  More recently, they have demon-
strated that the performance of perovskite-
sensitized TiO 2 -based solar cells remains 
at 80% of the initial value under approxi-
mately 100 mW cm  − 2  of white LED light at 
40 °C, again in the absence of any UV light 
(<420 nm). [ 20 ]  However, even without a UV 
component to the light source, a shunt in 
the current–voltage curve was emerging after 
1000 h exposure to light. [ 20 ]  Other studies 
have also demonstrated that achieving long-
term stability in ssDSSCs is far from straight-
forward, and indeed, exposure to UV light 
must be avoided. [ 19,215,227–229 ]  In light of the 
atmospheric sensitivity of these devices, the 
encapsulation and measurement procedures 
should be described in detail. Clearly, signifi -
cant effort is required to suitably stabilize the 
ssDSSCs based on mesoporous TiO 2 . [ 234 ]    

  7.     Future Directions for Solution-Processed 
All-Solid-State Devices 

 Sensitized solar cells are very promising candidates for low-
cost solar energy generation and represent an extremely rich 
research platform for investigating optoelectronic processes 
in organic, inorganic and hybrid semiconductor materials. In 
this review we have identifi ed three critical aspects that need to 
be addressed in order to achieve competitive power conversion 
effi ciencies and long-term stability:

  1. Reduce fi ll factor losses 
 2. Reduce losses in potential 
 3. Reduce light-absorption losses   

 The fi rst limitation arises in part from the series resistance 
of the DSSC components, from the recombination of elec-
trons in the TCO with vacancies in the donor species and from 
charge-carrier recombination at the mesoporous metal oxide/
HTM interface. As pointed out by Zhu and co-workers, [ 54 ]  it is 
not enough to achieve near-unity charge collection effi ciencies 
at working conditions. Recombination losses must be mini-
mized or transport must be maximized in order to improve 
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 Figure 8.    Stability of ssDSSCs. Comparison of devices employing: a) a stable ionic liquid “gel” 
PMII electrolyte and b) ssDSSCs using spiro-OMeTAD as the HTM under full AM 1.5G sun 
illumination. In (b), the open squares correspond to solar cells that were encapsulated with 
epoxy in a nitrogen-fi lled glovebox, the solid squares to similar encapsulated cells under a 
<420 cut-off UV fi lter, and the open circles correspond to non-encapsulated cells tested under 
ambient conditions. a) Adapted with permission. [ 253 ]  Copyright 2008, Nature Publishing Group. 
b) Adapted with permission. [ 234 ]  Copyright 2013, Nature Publishing Group.
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W the fi ll factor of the solar cell. We have shown that conven-

tional approaches to intricately control the morphology of the 
photoanodes in order to improve transport properties (e.g., 
block-copoylmer-assisted templating, hierarchical assemblies 
or anodized nanotubes) do not necessarily lead to higher per-
forming devices. Electronic disorder appears to be the root 
cause of the charge-transport limitations, and indeed open-cir-
cuit limitations in the mesoporous oxide. These limitations can 
be minimized by employing extended crystalline systems, [ 137 ]  
such as nanowires. [ 146 ]  An ideal photoanode should combine 
a favourable morphology for dye adsorption with a minimiza-
tion of electronic disorder. In other words, such a photoanode 
should consist of a single-crystalline structure, exhibiting a tun-
able and accessible network of pores and a high surface area. 
Mesoporous single crystals have recently been demonstrated, 
and provide an exciting new route towards further technolog-
ical improvements. Once the charge transport in the anode is 
accelerated, the devices will be limited by hole transport, which 
in solid state DSSCs is determined by the doping level, as dis-
cussed in Section 4. [ 74,98,177–181 ]  This is already relevant in the 
current generation of devices at the high charge densities pre-
sent at maximum power conditions, demonstrating that both 
electron and hole transport should be accelerated to improve 
the device fi ll factors. 

 The second limitation can be reduced to a large extent by 
replacing the iodine redox couple with a one-electron regen-
eration system, either an alternative redox couple or a solid-
state hole transporter. To date, the performance of solid-state 
devices lags behind liquid electrolyte-based DSSCs when dye-
sensitizers are used. The main limitation in these devices arises 
from thickness constraints due to the combination of parasitic 
absorption and poor charge transport. Unfortunately, these 
issues are intertwined: in order to reduce series resistance 
losses, the hole transporter must be oxidized to achieve high 
conductivities; but oxidized hole transporters exhibit absorp-
tion bands that overlap with dye absorption, thus reducing 
the overall light absorption in the fi lms. It is therefore evident 
that new materials are required in order to improve lighthar-
vesting in ssDSSCs. One route is the development of trans-
parent HTMs with higher intrinsic mobilities, thus requiring 
lower doping levels. It is important to note that the inorganic 
absorber approach has proven to not require a mesoporous 
n-type metal oxide photoanode, making it less relevant for 
solid-state-sensitized solar cells. 

 The third limitation is a convolution of the previous two. 
DSSCs are fundamentally handicapped by the require-
ment of the use of a monolayer of the sensitizer covering the 
mesoporous metal oxide in order to achieve maximum perfor-
mance. [ 89,90 ]  As a consequence, the mesoporous photoanode 
needs to be thick in order to maximize light absorption. Thicker 
fi lms, however, suffer from increasingly large losses due to 
dark current processes. Thus, optimized devices walk the fi ne 
line between maximizing light absorption in the thinnest pos-
sible layer. A very promising approach incorporates inorganic 
absorbers which bypass the problem altogether as they func-
tion effi ciently even when more than a monolayer is depo-
sited in the mesoporous structure. Solid-state hybrid solar cells 
incorporating organometallic absorbers have taken this con-
cept to the next level, promising to achieve power conversion 

effi ciencies that rival the very best established thin fi lm tech-
nologies. Further improvements in contact optimization are 
expected to yield devices exceeding 20% power conversion effi -
ciencies in the near future. 

 While relatively promising results have been obtained in 
DSSCs employing liquid and ionic-liquid electrolytes, the sta-
bility of the solid-state DSSCs is far from proven. This is impor-
tant because the solid-state DSSC is considered to be a more 
promising technology regarding both stability and theoretically 
attainable effi ciency. However, these solar cells appear to suffer 
from a rapid deterioration in performance when encapsulated 
and exposed to UV light. [ 234 ]  Overcoming UV-light instability 
of sensitized TiO 2  is an important aspect that still needs to be 
explored. The removal of the UV component of the solar spec-
trum, however, results in good stability during 1000 h light-
soaking experiments. [ 19,20 ]  Still, signifi cant research efforts will 
be required to understand the stability of the organic HTMs 
and mesoporous n-type oxide scaffolds under UV light for this 
technology to be ready for commercialization. 

 To conclude, the solid-state dye-sensitized solar cell, through 
the extremely thin absorber approach, has led to the birth of 
a new photovoltaic technology based on organometallic halide 
perovskite absorbers. However, there remains signifi cant scope 
for colourful semitransparent dye-sensitized solar cells based 
on organic and metal complex sensitizers for a broad range of 
applications. There also remains much scope for further fun-
damental studies of photoinduced charge generation at hybrid 
interfaces.  
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