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ABSTRACT: Recently, perovskite CH3NH3PbI3 sensitizer has attracted great attention
due to its superb light-harvesting characteristics. Organometallic or organic materials were
mostly used as sensitizers for solid-state dye-sensitized solar cells at early stages. Inorganic
nanocrystals have lately received attention as light harvesters due to their high light-
absorbing properties. Metal chalcogenides have been investigated with solid-state dye-
sensitized solar cells; however, the best power conversion efficiency was reported to be
around 6%. CH3NH3PbX3 (X = Cl, Br, or I) perovskite sensitizer made a breakthrough in
solid-state mescoscopic solar cells, where the first record efficiency of around 10% was
reported in 2012 using submicrometer-thick TiO2 film sensitized with CH3NH3PbI3. A
rapid increase in efficiency approaching 14% followed shortly. In this Perspective, recent progress in perovskite-sensitized solid-
state mesoscopic solar cells is reviewed. On the basis of the recent achievements, a power conversion efficiency as high as 20% is
expected based on optimized perovskite-based solid-state solar cells.

Progress in Solid-State Dye-Sensitized Solar Cells. Since the first
report of low-cost dye-sensitized solar cells (DSSCs) in 1991,1

a tremendous number of research papers have spouted during
last two decades. As a consequence of the DSSC-related research
efforts, the beginning efficiency of around 8% was improved to
over 12%.2 High efficiency more than 12% was obtained using a
10 μm mesoporous TiO2 film sensitized with organic dyes and
a cobalt-based redox electrolyte. Meanwhile, solid-state DSSC
was introduced in 1998,3 where the liquid electrolyte was
replaced by organic hole-transport material (HTM) such as
2,2′,7,7′-tetrakis(N,N-p-dimethoxy-phenylamino)-9,9′-spirobi-
fluorene (spiro-MeOTAD). A maximum incident photon-to-
electron conversion efficiency (IPCE) as high as 33% was achieved
using spiro-MeOTAD. However, the power conversion effici-
ency (PCE) under one sun intensity (100 mW/cm2) was as low
as 1%. Thus, no spotlight on solid-state DSSCs was received at
early stages.

The low efficiency that originated from charge recombination
across the interface of the TiO2/spiro-MeOTAD heterojunc-
tion was overcome by incorporating 4-tert-butylpyridine (tBP)
and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), Li-
[CF3SO2]2N, in spiro-MeOTAD, which resulted in a PCE of
2.56% at AM 1.5 one sun condition.4 The photoanode of the
2.56% efficiency device was composed of a ∼2.5 μm thick meso-
porous TiO2 film sensitized with (Bu4N)2[Ru(dcbpyH)2(NCS)2]
dye (coded N719). Compared to the bare spiro-MeOTAD, it

was found from nanosecond laser spectroscopic study that the
presence of LITFSI and tBP in spiro-MeOTAD inhibited the
interface charge carrier recombination.4 In solid-state DSSCs,
an increase in TiO2 film thickness may be restricted because of
the limited mean free path of hole transport in spiro-MeOTAD.
Therefore, a film thickness of about 2 μm has been proposed to
be optimal, which was, however, too thin to maximize light
harvesting. A little improvement of PCE to 3.2% was achieved
by increasing the optical absorption from mixing silver ions in
N719 dye solution.5 No significant progress was made until
replacement of the N719 dye with amphiphilic ruthenium dye
(Z907)6 or pure organic indoline dye (D102),7 where both
Z907 and D102 showed PCEs of around 4%. For the Z907
case, unlike N719, it turned out that the silver ion no longer
had a positive effect. Although the absorption onset wave-
length of D102 (600 nm in ethanol) was shorter than that of N719
(710 nm in ethanol), higher performance with D102 was due to a
higher molar extinction coefficient (5.6 × 104 L mol−1cm−1 at
491 nm)7 compared to that of N719 (∼1.6 × 104 L mol−1cm−1

at 530 nm), which underlines that high absorption coefficient
sensitizers are beneficial to a thinner photoanode such as a
solid-state DSSC. Learning from the high absorption coefficient
D102 led to dye design toward a high absorption coefficient
hetroleptic ruthenium complex. Compared to Z907, a 2-fold
higher absorption coefficient C104 dye was developed, which
demonstrated a PCE of 4.6% with long-term stability (photo-
voltaic parameters retained more than 80% of the initial value
after 1000 h of light soaking).8 Organic dyes with strong absorp-
tion characteristics were also developed in parallel to improve
further photovoltaic performance of solid-state DSSCs. As a
result, C220 organic dye with a molar absorption coefficient of
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5.5 × 104 M−1 cm−1 at 555 nm (5 times higher than that of
Z907) demonstrated a PCE of more than 6%.9 Although spiro-
MeOTAD is proposed as a useful hole-transporting material,
it suffers from low conductivity in its pristine form.10,11 A
remarkable improvement in PCE (7.2%) was achieved by
increasing the conductivity of spiro-MeOTAD via doping
technology, where more than 1 order of magnitude increase in
conductivity was realized by 1% doping with tris(2-(1H-
pyrazol-1-yl)pyridine)cobalt(III) (coded FK102).12

Meanwhile, conjugate polymers have been simultaneously
studied as alternatives to spiro-MeOTAD because of high con-
ductivity and thermal stability. Polyaniline13 and polypyrrole14

were studied for solid-state DSSCs at first. However, PCEs
were less than 1%. Poly(3-alkylthiophene)s such as poly-
(3-hexylthiophene) (P3HT) and poly(3-octylthiophene)
(P3OT) were tried, but their initial performances were poor
(<1%),15−17 which was ascribed to inefficient pore filling of
polymer HTMs into mesoporous TiO2 film and polymer−TiO2

interfaces, associated with charge separation and collection.18,19

As was the case with spiro-MeOTAD, the problem in P3HT
bearing solid-state DSSCs was solved by addition of lithium
salts and tBP. The D102-sensitized TiO2/P3HT device
demonstrated an improved PCE of 2.63% via LITFSI and
tBP treatment.20 Low efficiency for the P3HT-based cell
without additives was because electron transfer from the excited
dye to TiO2 was hindered by forster resonant energy transfer
(FRET) from D102 to P3HT, as confirmed by spectral overlap
between D102 photoluminescence (PL) and P3HT absorption,
while the presence of additive reduced the overlap by a red shift
of the dye PL and accelerated electron transfer to TiO2 as
well.21 A further improvement of PCE to 3.2% was achieved by
infiltration of P3HT into the vertically aligned TiO2 nanotubes
sensitized with squaraine dye (SQ-1).22

Quantum leap in solid-state DSSCs did not happen until
nanoscale inorganic semiconductors were applied as light
harvesters. When P3HT-based solid-state DSSCs employed the
Sb2S3 nanocrystal as a light harvester, a PCE of about 5% was
achieved.23 Replacement of P3HT with a modified poly(alkyl-
thiophene), poly(2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta-
[2,1-b;3,4-b′]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)
(PCPDTBT), improved further the PCE to 6.3%.24,25 Break-
through for the spiro-MeOTAD-based solid-state DSSC was
made in 2012 using organometal halides CH3NH3PbI3 having
perovskite structure, in which submicrometer-thick mesoporous
TiO2 film adsorbed with perovksite CH3NH3PbI3 nanocrystals
exhibited a PCE of 9.7% under the simulated AM1.5G one sun
illumination.26 The device stored for 500 h in air at room tem-
perature without encapsulation retained its photovoltaic perfor-
mance. High-efficiency solid-state technology was developed
almost at the same period of time using a CH3NH3PbI2Cl
perovskite, where a PCE of more than 10% was achieved when
the perovskite adsorbed on Al2O3 was in contact with spiro-
MeOTAD.27 Al2O3 used in this device acted simply as a scaffold
layer, not as an electron-accepting layer. The remarkable

achievement from perovskite materials promises further
breakthroughs in this field of study. The progress in solid-
state DSSCs is depicted in Figure 1. As can be seen in Figure 1,

no noticeable achievement was made from 1998 to 2011, but a
very steep increase in progress happened in a very short period
in 2012 thanks to the development of perovskite sensitizer.
Further improvement in PCE was achieved in 2013, where
12.3% was reported using a perovskite sensitizer and poly-
(triarylamine) (PTAA) HTM,28 and a higher efficiency of 14.1%
was newly added in the research cell efficiency records pro-
vided by the National Renewable Energy Laboratory (NREL)
(http://www.nrel.gov/ncpv/).
Fabrication of Solid-State DSSCs. The solid-state DSSC struc-

ture is “pseudo pin junction” type, where an intrinsic (i) light
harvester adsorbed on an n-type (n) TiO2 surface is in contact
with a p-type (p) HTM. Figure 2 shows a real device along with

the cross-sectional layer structure, where a compact thin layer,
called the “blocking layer”, forms first on a transparent
conductive oxide (TCO) substrate to protect recombination
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Figure 1. Progress in solid-state DSSCs. A PCE of less than 1% was
first reported in 1998 using spiro-MeOTAD in combination with
N719. Addition of LiTFSI and tBP in spiro-MeOTAD improved the
PCE to 2.6%. A change from N719 to organic dye D102 enhanced the
PCE to 4%. More than 7% was achieved by using hole dopant
FK102. A breakthrough in solid-state DSSC technology was made in
2012 by introducing organometal perovskite sensitizers CH3NH3PbX3

(X = halides), where a CH3NH3PbI3-sensitized submicrometer
mesoporous TiO2 layer showed 9.7% and CH3NH3PbI2Cl on the
scaffold Al2O3 layer demonstrated 10.9%. In a very short period from
August 2012 to March 2013, a PCE as high as 14.1% was achieved
from the perovskite sensitizer.

Figure 2. Solid-state DSSC structure showing (left) a real device with
the cross-sectional structure and (right) the cross-sectional SEM
image.
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of the electron in TCO and the hole in HTM. A metal layer
such as gold or silver is deposited on top of the HTM layer, in
which the work function of the metal should be considered in
order to transfer the hole from the HTM layer. Because elec-
trons are collected at TCO, the TCO substrate with the TiO2

film is a photoanode (minus electrode), and the metal layer on
HTM is the cathode (plus electrode).
The fabrication process is as follows. First, a compact TiO2

blocking layer is deposited on a TCO substrate, where fluorine-
doped tin oxide (FTO) has been usually used for TCO because
the high haze surface of FTO provides a strong adhesion with
the nanoparticle TiO2 film. This is an important step because
the role of the compact layer is to protect direct contact
between the FTO and HTM. Once the compact layer forms,
nanoparticle TiO2 paste is deposited on the compact layer
covered FTO substrate and annealed at around 500−550 °C to
have a mesoporous film. In this process, the porosity and
thickness should be carefully controlled because porosity and
thickness are related to the pore filling and conductivity of
HTM. Sensitizers are then adsorbed on the annealed TiO2 film,
which is followed by spin-coating the HTM solution. During
spin-coating, HTM is infiltrated into the pores of the TiO2 film.
The degree of infiltration is related to the pore filling fraction
(PFF) that was found to have a significant effect on photo-
voltaic performance.29−31 PFF can be estimated by optical
reflectometry.32 Finally, the metal electrode is formed on the
HTM layer using a thermal evaporator.

Materials for Solid-State DSSCs. As mentioned previously,
materials comprising solid-state DSSCs are the (i) blocking
layer, (ii) oxide film, (iii) sensitizer, (iv) HTM, and (v) metal
electrode. Here, the role of each material and factors affecting
the photovoltaic performance of DSSCs are investigated.
Blocking Layer. In liquid-type DSSCs, the presence of a

blocking layer was reported to improve slightly the photovoltaic
performance compared to the device without a blocking layer,33

which indicates that the blocking layer is not a major concern
when designing the liquid-electrolyte-contained DSSC. How-
ever, the blocking layer is of particular importance and thus
requisite for solid-state DSSCs. It was reported that the
blocking layer played an important role in blocking the flow of
electrons from the FTO to HTM or holes from the HTM to
FTO, which was confirmed by rectifying the behavior of the
blocking layer34 due to the Schottky barrier built in the junction
between the FTO and the compact thin TiO2 layer.35 The
thickness of the blocking layer can have an influence on the
photovoltaic performance. It was proposed that the optimal
thickness of the blocking layer prepared by spray pyrolysis was
about 120−160 nm.36 However, the spin-coating method led to
an optimal thickness of about 80−100 nm.26 Therefore, the
blocking layer morphology and thickness should be carefully
controlled depending on the deposition methods. In addition, a
thicker blocking layer should be avoided because the fill factor
and charge collection may be lowered by the increased
resistance. The proposed thicknesses seem to be still thick

and therefore must be further optimized. A method for a thinner
blocking layer (40−70 nm thick) was recently proposed, where a
diblock copolymer was mixed with titanium isopropoxide.37

Mesoscopic Oxide Layer. The oxide layer plays a role in
accepting the excited electrons from the sensitizer. For this
purpose, the conduction band of the oxide is lower than the
excited state of the sensitizer in order to inject the photoexcited
electrons from the sensitizer to the oxide layer. TiO2 has been
known to be the best material among the studied oxides such as
ZnO and SnO2 for both liquid-type and solid-state DSSCs. For
solid-state DSSCs, the pore size of TiO2 is of particular impor-
tance because HTM should be completely infiltrated into the
entire TiO2 matrix to form a solid HTM layer. In the case of an
iodide-based liquid-electrolyte-contained DSSC, larger pores
are not necessarily required because of the small size of iodide
and tri-iodide. However, even in the case of the liquid electro-
lyte system, the importance of pore size was emphasized when
the larger cobalt bipyridine redox shuttle was employed.38 The
pore size and/or porosity of the nanocrystalline TiO2 film affect
the degree of PFF of the HTM. The dependence of pore filling
of the HTM on photovoltaic performance was investigated for
the case of spiro-MeOTAD, where the size of the used TiO2

particle was around 20 nm.31 The 3-fold increase in PCE was
observed by increasing the PFF from 26 to 65% due to a
significant increase in the photocurrent density and voltage, which
was related to the huge improvement of the hole injection
efficiency from about 58 to 95%.31 An ordered mesoporous
TiO2 layer using a polymer template was designed to create an
ordered bicontinuous semiconducting network.39 A highly
ordered pore structure formed by the polymer template
method was better for uniform infiltration of organic HTMs
and improvement of electron transfer from sensitizers due to
the high availability of sub-band-gap states.40 Depending on the
chemical structure and formula weight of HTMs, the pore size
and porosity of the TiO2 layer should be carefully controlled.
Besides TiO2, SnO2 was tested for solid-state DSSCs, where the
performance of the SnO2-based cell was inferior to that of the
TiO2-based one due to low voltage.41

Sensitizers for Solid-State DSSCs. Natural products such as
anthocyanine and synthesized compounds such as ruthenium
complexes and organic dyes are candidates for sensitizers for
solid-state DSSCs. The most studied and efficient organic
sensitizers for solid-state DSSCs were Z907 and triphenyl-
amine-bearing organic materials. Apart from organic sensitizers,
inorganic materials may be prime candidates for solid-state
DSSCs, which is because inorganic sensitizers usually show a
much higher light-absorption property compared to organic
molecular sensitizers.42,43 Because the overall thickness in solid-
state DSSCs is limited to a few micrometers, a high absorption
coefficient sensitizer is better for such a thin film solar cell.
Inorganic nanocrystals have commonly higher absorption
coefficients than organic sensitizers. Because the absorption
coefficient is proportional to the molar extinction coefficient
and molar concentration or absorption cross section and number
density of absorbers according to the Beer−Lambert law,
absorption coefficients of solid inorganic nanocrystals are higher
than those of molecular organic sensitizers because inorganic
nanocrystals can be regarded as a sort of cluster of molecules.
Extinction coefficients of colloidal CdX (X = S, Se, and Te)
nanocrystals were estimated to be around 105 L mol−1cm−1,
1 order of magnitude higher than that of N719, and they were
increased with increasing the size of CdX.44 For this reason,
inorganic sensitizers such as metal chalcogenides have attracted
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high as 14.1% was achieved from
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much attention in solid-state DSSC research.42,43 However, a
breakthrough in solid-state DSSCs was made by organo lead
halide perovskite-type light harvesters,26−28 not by metal chalco-
genides so far.
Perovskite CH3NH3PbX3 Sensitizers. Perovskite, named after

Russian mineralogist Perovski who first characterized the
structure, has an ABX3 formula (X = halogen or oxygen) in
general, where A and B cations have 12 and 6 coordinates with
X anions, respectively, as confirmed by Helen.45 Materials with
perovskite structure attracted much attention in the late 1980s
and early 1990s due to superconductivity.46,47 The stability and
distortion of the perovskite structure depend on the ratio of the
(A−X) distance to the (B−X) distance, called the tolerance
factor (eq 1).48

=
+

+
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R R

R R

( )

2 ( )

A X

B X (1)

The cubic phase is stabilized when (RA + RX) = 21/2(RB + RX), and
distortion of the octahedral [BX6] is expected when t deviates
from 1. Lead-halide-based perovskite-type crystals have been
studied due to their distinctive optical properties that are related to
their unique crystal structure. In the organo lead halide perovskite
structure, [PbX6] octahedra form two- or three-dimensional
networks (Figure 3) with the chemical formula of (RNH3)2PbX4

and (CH3NH3)PbX3 (X = halogen), respectively.49−52 Regard-
ing the optical property, 3-D lead halide perovskite can be a
better candidate than the 2-D one for light harvesting because
of the lower band gap energy with lower exciton binding energy
(∼45 meV).53

Perovskite-Sensitized Solar Cells. CH3NH3PbX3 (X = Br, I)
perovskite was first attempted as light harvester in liquid-based
DSSC by Miyasaka’s research group in 2009,54 where bromide
and iodide showed 3.8% and 3.1%, respectively. The band gap
of lead bromide was about 2.25 eV, whereas that of lead iodide
was around 1.55 eV, as estimated from the threshold values in
the IPCE spectra. The efficiencies, however, are much lower
than the expected ones, which was due to that fact that the
measured photocurrent densities were lower than theoretical
ones. The poor efficiency was probably due to nonoptimized
conditions such as a diluted precursor solution for perovskite
sensitizer coating. More than doubled efficiency (6.5%) was
reported by Park’s research group in 2011 using CH3NH3PbI3
and iodide redox electrolyte.55 The band gap energy of
CH3NH3PbI3 was measured to be about 1.5 eV using UPS and
UV−vis spectroscopies. For the given TiO2 film thickness of
3.6 μm, the CH3NH3PbI3-sensitized solar cell showed almost two

times higher performance than a conventional N719-sensitized
one, which was mainly due to a higher photocurrent density,
associated with a higher absorption coefficient. The drawback of
the perovskite-sensitized liquid-type DSSC was the instability of
the deposited CH3NH3PbI3 in liquid electrolyte. Surface protection
of the deposited CH3NH3PbI3 is thus to be developed to increase
its stability in liquid-based DSSCs. The instability issue was actually
solved by replacing liquid electrolyte with solid hole conductor
spiro-MeOTAD, where an efficiency as high as 9.7% was achieved
from a very thin TiO2 film (∼0.5 μm) together with excellent
long-term stability.26 Hole extraction by spiro-MeOTAD was
detected by a femtosecond spectroscopic study. Energy levels in
the TiO2/CH3NH3PbI3/spiro-MeOTAD junction are well
matched for charge separation (Figure 4).

Unexpectedly similar charge separation was observed for the
Al2O3/perovskite/spiro-MeOTAD system.26 Photovoltaic ac-
tion was observed from the FTO/TiO2 blocking layer/Al2O3/
perovskite/spiro-MeOTAD, where CH3NH3PbI2Cl-adsorbed
mesoporous Al2O3 demonstrated an average efficiency of 5−
6% and the highest efficiency of 10.9%.27 It is interesting to see
that photoexcited electrons were not injected into Al2O3, which
indicates that Al2O3 acts as a scaffold layer and CH3NH3PbI2Cl
serves as not only a light harvester but also an electron-transport-
ing layer. To transfer an electron, a continuous structure of the
perovskite layer is required. Evidence for the charge-trans-
porting ability in perovskite was shown from the device without
the HTM layer, where the TiO2/CH3NH3PbI3 heterojunction
demonstrated a PCE of 5.5%.56 In this case, CH3NH3PbI3 is
likely to play a role in transporting a hole. High photovoltaic
performance of a solid-state CH3NH3PbI3-sensitized mesoscopic
solar cell was reproduced by Seok’s research group,28 where a
strikingly high efficiency of 12.3% at one sun illumination was
demonstrated using a bromide-incorporated CH3NH3PbI3 per-
ovskite and polytriaryamine as a HTM. Besides the iodide-
based perovskite sensitizer, CH3NH3PbBr3 was also inves-
tigated. Although bromide-based perovskite does not seem to
be a good candidate because of the larger band gap energy than
that of the iodide-based one, a photovoltage as high as 1.3 V
may compensate for the loss in photocurrent.57 Recently,
inorganic semiconducting sensitizers including perovskite were
viewed as ‘the next big thing” in photovoltaics.58

Perspective of a Perovskite-Sensitized All-Solid-State Solar Cell.
According to the previous report,59 a maximum current density
of 28 mA/cm2 is possible by converting photons in the range of
280−820 nm into electrons, where 820 nm light energy
corresponds to a band gap energy of around 1.5 eV. When
considering 20% light reflection at the TCO glass substrate,
about 22 mA/cm2 is a realistic photocurrent density from a

Figure 3. (a) The 3-D cubic AMX3 perovskite structure with the
corner-sharing [MX6] octahedral and (b) the 2-D layered structure of
the (R−NH3)2MI4 perovskite.

Figure 4. Energy levels of the TiO2/CH3NH3PbI3/spiro-MeOTAD
junction showing that the conduction band minimum and valence
band maximum of CH3NH3PbI3 are well positioned for electron
injection into TiO2 and hole transfer to spiro-MeOTAD, respectively.
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1.5 eV band gap material. Therefore, ∼17% is a realistic
efficiency from CH3NH3PbI3 perovskite with a 1.5 eV band gap
because a photocurrent density of 22 mA/cm2, photovoltage of
1.1 V, and fill factor of 0.7 are achievable. A photovoltage of
1.1 V is expected by considering a driving force of 0.4 eV for
electron injection (0.2 eV) and hole extraction (0.2 eV). When
using a meso-superstructured structure as proposed by the
Henry Snaith group,27 where perovskite acts as not only a light-
harvesting material but also as an electron-transporting
material, the photovoltage will be determined by the difference
between the Fermi energy of the perovskite and the HOMO
energy of the HTM. In this case, a photovoltage of more than
1.1 V is possible because the driving force for hole extraction
(0.2 V) is only taken into consideration. Because a fill factor of
0.7 was already achieved,28 further improvement such as from
0.7 to 0.75 or more is possible by increasing the shunt
resistance and decreasing the series resistance. Application of
antireflection or plasmonic technologies is expected to increase
the number of photons passed through the conductive sub-
strate, which improves the photocurrent density more than
22 mA/cm2. For instance, reduction of the light reflection
fraction from 20 to 15% leads to a photocurrent density of
about 24 mA/cm2. Therefore, efficiency approaching 20% is
realistically possible from a solid-state mesoscopic solar cell
based on CH3NH3PbX3. When comparing an organometal
halide perovskite light absorber with metal chalcogenide
quantum dots, the former exhibits better performance with a
higher photovoltage, although perovksite and metal
chalcogenide have similar absorption coefficients.60 Thus,
further systematic investigation of an organometal halide
light absorber is required to understand its unique nature in
light absorption and carrier conduction over existing
quantum dots and organic sensitizers.
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