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Efficient inorganic-organic hybrid heterojunction
solar cells containing perovskite compound and
polymeric hole conductors

Jin Hyuck Heo', Sang Hyuk Im"%", Jun Hong Noh™, Tarak N. Mandal', Choong-Sun Lim’,
Jeong Ah Chang', Yong Hui Lee', Hi-jung Kim', Arpita Sarkar!, Md. K. Nazeeruddin3,

Michael GratzelF* and Sang Il Seok4*

Inorganic-organic hybrid structures have become innovative alternatives for next-generation dye-sensitized solar cells,
because they combine the advantages of both systems. Here, we introduce a layered sandwich-type architecture, the core
of which comprises a bicontinuous three-dimensional nanocomposite of mesoporous (mp)-TiO,, with CH;NH;Pbl;
perovskite as light harvester, as well as a polymeric hole conductor. This platform creates new opportunities for the
development of low-cost, solution-processed, high-efficiency solar cells. The use of a polymeric hole conductor, especially
poly-triarylamine, substantially improves the open-circuit voltage V__ and fill factor of the cells. Solar cells based on these
inorganic-organic hybrids exhibit a short-circuit current density J_. of 16.5 mA cm 2, V,_ of 0.997 V and fill factor of
0.727, yielding a power conversion efficiency of 12.0% under standard AM 1.5 conditions.

energy, in contrast to conventional resources such as coal and

fossil fuels, and can therefore help to solve the growing global
need for energy. One effective method of converting solar energy
into a useful form like electricity makes use of solar cells and is
based on the photovoltaic effect. Single-junction crystalline
materials such as silicon and gallium arsenide, as well as other com-
pound semiconductors, have been reported to achieve power con-
version efficiencies (PCEs) of up to nearly 30% (ref. 1). However,
current single-crystalline-based solar cells have limited use at large
scales, because the manufacturing costs of photovoltaic cells are
still relatively high. The development of new solar cell technologies
with lower production costs (through the use of economical and
abundant materials and inexpensive processes) is therefore of
great interest to industry.

The mesoscopic (or nanoscale) dye-sensitized solar cell (DSC),
invented by Michael Gritzel and Brian O’Regan in 1991 (ref. 2),
is an attractive alternative to existing solid-state p—n junction solar
cells. DSCs with photoelectric conversion efficiencies of over 12%
have been achieved using a liquid electrolyte’, and have potential
in renewable electricity generation. Excellent stability data have
been obtained for liquid DSCs, but much less is known about the
stability of solid-state DSCs. A volatile electrolyte will cause potential
problems on sealing the device, although efficient sealant materials
have now been developed for DSCs. Accordingly, p-type inorganic
semiconductors* or organic hole-transport materials (HTMs)>®
have been investigated, together with solvent-free polymer electro-
Iytes, as potential substitutes for liquid electrolytes. However, fully
solid-state DSCs are less efficient than liquid-type DSCs, although
Kanatzidis’s group recently achieved a PCE of 8.5% with a solid-
state DSC by using the p-type inorganic semiconductor CsSnl; as

_|—he Sun provides a reliable, sustainable and long-term supply of

the HTM*. The use of inorganic semiconductors such as quantum
dots as sensitizers in DSCs, in place of metal complexes or
organic dyes, may be advantageous because of their excellent
optical properties’, high extinction coefficients® and large intrinsic
dipole moments’. Nevertheless, although considerable progress
has been made in improving the PCEs of fully solid-state semicon-
ductor-sensitized solar cells'®13, these cells still suffer from low per-
formance, mainly because of rapid carrier recombination at the
various device interfaces'’. Recently, inorganic-organic lead halide
perovskite compounds have been used as the sensitizer in a DSC,
but the stability of such cells, particularly in the presence of the
I" /1, electrolyte, was poor!'>16.

Motivated by the goal of fabricating stable, high-efficiency
and cost-effective solid-state solar cells, we studied the performance
of inorganic-organic heterojunction solar cells fabricated using
inorganic-organic perovskite compounds (CH,;NH,PbI;) as light
harvesters on mesoporous (mp)-TiO,, and poly-3-hexylthiophene
(P3HT), poly-[2,1,3-benzothiadiazole-4,7-diyl[4,4-bis(2-ethylhexyl)-
4H-cyclopenta[2,1-b:3,4-b']dithiophene-2,6-diyl]] (PCPDTBT),
(poly-[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-
2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl]) (PCDTBT) and
poly-triarylamine (PTAA) as HTMs or electron-blocking layers.
The cells performed remarkably well, with an incident photon-to-
current efficiency (IPCE) of ~71% at a wavelength of 500 nm and
a maximum PCE of 12.0% under AM 1.5G illumination at an inten-
sity of 100 mW cm™> when PTAA was used as the HTM. For
comparison, we also measured the performance of cells fabricated
under the same conditions but using the small molecular hole
conductor 2,2,7,7-tetrakis-(N,N-di-p-methoxyphenylamine) 9,9-
bifluorene (spiro-OMeTAD) instead of the polymeric HTMs. The
latter studies were motivated by reports (which emerged during
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Figure 1 | SEM images, general scheme and energy level diagram of a cell. a, SEM cross-sectional image of inorganic-organic hybrid heterojunction solar
cell. b, SEM surface image of CH3NH;Pbls-coated mp-TiO, film. ¢, Schematic of device architecture. d, Energy levels for TiO,, CH;NH;Pbl; and the HTM.

the review process for this Article) relating to the successful appli-
cation of spiro-OMeTAD to mesoscopic cells using CH;NH,PbI;
(ref. 17) and CH;NH,PbIL,CI (ref. 18) as light harvesters. Here,
we propose a new platform that includes a three-dimensional nano-
composite and bilayer architecture with an inorganic-organic
hybrid heterojunction, and report that mp-TiO,/CH,;NH,PbI,/
polymeric HTMs/Au can be used to fabricate greatly improved
all-solid-state solar cells using a simple solution process.

The metal-halide-based perovskite compounds with the general
formula (RNH;)MX, (R= C,H,,_; X=halogen I, Br, Cl; M = Pb,
Cd, Sn and so on) that were used in this study as light harvesters
are typical self-assembled materials’®. The CH,;NH,PbI,, prepared
by drying 40 wt% of CH,NH,PbI,/y-butyrolactone solution at
100 °C, was characterized by X-ray diffraction (XRD) and thermogra-
vimetric analysis (TGA) (Supplementary Fig. S1). Strong peaks at
14.08, 14.19, 28.24 and 28.50°, corresponding to the (002), (110),
(004) and (220) planes, confirm the formation of a tetragonal perovs-
kite structure with lattice parameters of a=b=8.88 A and c=
12.68 A (the inset in Supplementary Fig. S1 shows the schematic
crystal structure of perovskite). The TGA spectrum shows that the
perovskite crystal is thermally stable up to 300 °C, but quickly decom-
poses above this temperature due to the decomposition of the
CH,NH,I component, the weight fraction of which is 25.6% in
CH,NH,PbL,.

Figure la presents a cross-sectional scanning electron
microscopy (SEM) image of a representative solar cell device.
Apparently, the pores of the mp-TiO, film are infiltrated with
CH,NH,Pbl, perovskite, and overlayers of CH;NH,PbI; co-exist
on top of the mp-TiO, film. Figure 1b shows a tilted SEM image
of these CH;NH,Pbl; overlayers on the mp-TiO, film covered
with Au/PTAA. This image shows that several micrometre-sized
CH,NH,Pbl, islands are densely formed on the mp-TiO, film. It
is crucial to determine the filling fraction and infiltration depth of
the CH;NH,PbIl; and HTMs into the mp-TiO,, because these

factors indicate whether the CH;NH,PbI; nanocrystals are contacted
by the HTM, as is the case for molecular sensitizers in conventional
solid-state DSCs. Measurements were performed for a representative
fluorine-doped tin oxide (FTO)/TiO,/CH;NH,PbI,/PTAA/Au full
cell using energy-dispersive X-ray spectra (EDS) mapping and X-
ray photoelectron spectroscopy (XPS) depth profiling of each
element, and are presented in Supplementary Fig. S2. The EDS
mapping (Supplementary Fig. S3) of each element confirmed that
the CH;NH,Pbl, had infiltrated well to the bottom of the mp-TiO,
film, with the formation of continuous phases. The mapping of
elementary Pb and I showed that the CH,NH,PbI, was relatively
more concentrated around the CH,;NH,Pbl; overlayer, and the
CH,NH,PbI; domain was also relatively more densely interconnected
in the mp-TiO, film, showing pillared structures. In contrast, from the
XPS depth profile of elementary C in Supplementary Figs S2 or S3,
PTAA was mostly located on and near the surface of the pillared
structure. The peaks of I and Pb elements at early etching times
(<1,000 s =50 nm thickness) are attributed to the CH;NH,Pbl,
overlayers. Moreover, in some parts where there are no
CH,;NH,Pbl; overlayers, PTAA seems to be partially infiltrated,
mainly near the surface of the TiO,/CH,NH,PbI; composite
layer. Thus, from EDS mapping and the XPS depth profile of each
element, we conclude that the pillared structure consisting of
three-dimensional composites of TiO,/CH,NH,PbI; (with good
penetration of PTAA into parts where there are no CH;NH,PbI,
overlayers and on the surface of the TiO,/CH;NH,Pbl, composite
layer) appears to be key to obtaining excellent performance from the
cells. This indicates that the cell configuration in our work differs
considerably from that of mesoscopic cells using spiro-OMeTAD
as HTM'!8, The main distinction is that the small molecular
HTM spiro-OMeTAD can more easily infiltrate into mp-TiO,
than can the high-molecular-weight polymer PTAA. Based on
SEM, XPS and EDS analysis, we schematically drew the device
architecture with a pillared structure (Fig. 1c). A noteworthy
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feature of the device morphology is the small CH,NH,PbIj crystal-
line domains that are densely formed on top of the mp-TiO, at the
first stage (by solvent-drying during spin-coating), as a result of
forced convective flow towards the top layer, then further evapor-
ation. We believe that this, together with the bicontinuous structure
of the TiO,/CH;NH,PbI nanocomposite, is effective in extracting
the charge carriers because the short diffusion length of the excitons
to the TiO,/CH;NH,PbI interface renders unnecessary any displa-
cement of the excitons over long distances. The CH;NH,PbI
domains on top of the mesoporous TiO, do not appear to form a
continuous and conformal coating. However, their large area of
interface with the HTM overlayer assists in hole extraction to the
gold electrode.

Figure 1d presents the energy band diagram of the device. The
exact energy levels for TiO,, CH;NH,PbI, and the hole-conducting
materials used in this work are provided in Supplementary Fig. S4
(using previously reported values). Following illumination, the
CH,NH,PbI; perovskite absorbs light to generate electron-hole
pairs. The excitons dissociate mainly at the TiO,/CH;NH,PbI,
interface, and the remaining holes travel across the perovskite
layer before reaching the hole-transporting layer. To support this,
we first measured the charge transport properties of CH;NH,PbI,
by fabricating a thin film transistor (TFT) device. As can be seen
in Supplementary Fig. S5, the CH;NH,PbI; exhibits an ambipolar
character, with a predominantly p-type behaviour. We propose
that the ambipolar charge transport of CH;NH,PbI; plays an
important role in this intriguing photovoltaic system. It enables
the CH,NH,PbI, to act as both n- and p-type conductors, depend-
ing on the type of junction formed with the neighbouring semicon-
ductor. It is therefore possible to separate the charges at both the
TiO,/CH,;NH,Pbl, and CH,NH,Pbl,/HTM interfaces. However,
it appears that in the present cell embodiment, excitons produced
by excitation of CH,NH,Pbl, dissociate mainly at the
TiO,/CH,;NH,PbI, interface via electron injection into the conduc-
tion band of TiO,, and that the CH;NH,PbI, itself functions as a
hole conductor. Unambiguous evidence for the fact that
CH,;NH,PbI; can assume a double role as light harvester and hole
conductor was recently obtained from a study of mesoscopic
TiO,/CH,;NH,Pbl, heterojunction solar cells?®. A similar device,
in which a CulnS, layer produced by atomic layer deposition on a
mesoporous TiO, film acted as both light harvester and hole con-
ductor, has previously been reported by Nanu and colleagues®..

To gain better insight into the mechanism that is operative
during the charge separation process, we compared the photo-
luminescence spectra (Supplementary Fig. S6) of films composed
of mp-TiO,/CH;NH,Pbl;, mp-TiO,/CH,NH,Pbl,/PTAA, mp-
ALO,/CH,NH,PbI, and mp-ALO,/CH,NH,PbI,/PTAA. It is
well known that the electrons photogenerated in CH;NH,PbI,
cannot be injected into AlL,O, due to the mismatch in energy level
between the conduction band of Al,O; and CH,NH,Pbl,. The
slightly depressed photoluminescence spectrum of mp-Al,O,/
CH,NH,Pbl,/PTAA indicates that a small portion of the charge
carriers generated in CH,;NH,Pbl;, could be separated at the
CH,NH,PbI,/PTAA interface. On the other hand, the mp-
TiO,/CH,NH,Pbl, sample exhibited a substantial quenching of
the photoluminescence spectrum, supporting the notion that the
charge carriers generated in CH,NH,PbI, are mainly separated at
the mp-TiO,/CH,;NH,PbI; interface. This is further supported by
the fact that no additional photoluminescence quenching occurs
in the mp-TiO,/CH;NH,Pbl,/PTAA sample, which also confirms
that the generated charge carriers are separated at the mp-TiO,/
CH,NH,Pbl; interface.

Figure 2a presents photocurrent density-voltage (J-V) curves for
the cells fabricated with and without P3HT, PCPDTBT, PCDTBT
and PTAA as the HTM. All device performances are summarized
in Table 1. The J-V curves exhibit better performance (9.0%) with

PTAA than the hole-transporting polymers with thiophene
groups. The superior performance obtained with PTAA may be
rationalized in terms of a stronger interaction of the perovskite
with PTAA compared to the other polymers. Similar behaviour
has also been observed for Sb,S, as light harvester and poly-
thiophene HTMs!2. However, further studies are needed to
confirm the specific chemical interaction between PTAA and
CH;NH,PbI;, and to quantify the extent of this effect for the
different polymer hole-conducting materials. An advantage of
PTAA is its higher hole mobility (~1x 107> to ~I1 x
10* cm® V™' s7")?2 compared to those of the other polymers
(~1x10"*em? V™' s71)»2°, Among the thiophene hole-trans-
porting layers, the P3HT sample exhibits the best device perform-
ance, yielding 6.7% PCE under 1 sun illumination. Note that the
V, of thiophene-based devices gradually increases in the order
P3HT (0.73 V) - PCPDTBT (0.77 V) — PCDTBT (0.92V),
which matches the trends in the highest occupied molecular
orbital (HOMO) energy level of these hole-transporting
polymers (P3HT = —5.2 eV?, PCPDTBT = —5.3 ¢V?/, PCDTBT =
—5.45 eV?). As can also be seen in Fig. 2a, the J-V curve for the cell
fabricated without a hole-transporting layer (that is, an FTO/bl-
TiO,/mp-TiO,/CH;NH,Pbl,/Au device) exhibited relatively good
performance, even though its performance is inferior to the other
devices due to the decrease in short-circuit current density J,., open-
circuit voltage V,_and fill factor (FF). This confirms that photogenera-
tion of charge carriers occurs at the mesoscopic and bicontinuous
TiO,/CH,NH,Pbl; heterojunction®. The reason for the mp-TiO,/
CH,NH,PbI,/Au device operating relatively well without an HTM
may be linked to the predominantly p-type character of CH;NH,Pbl,,
as explained above. Nevertheless, the performance of the device is
greatly improved by the HTM. The layered sandwich-type architec-
ture, comprising a bicontinuous three-dimensional nanocomposite
of mp-TiO, with CH;NH,Pbl; perovskite as light harvester, con-
tacted on the front and back sides by a compact layer of TiO, and
PTAA as polymer hole conductor, exhibited the best performance
and hence was subjected to further scrutiny.

For mesoscopic solid-state DSCs, device performance is strongly
dependent on the thickness of the mp-TiO, film due to effects from
pore filling, light harvesting and charge carrier collection. We there-
fore explored the effect of the thickness of the mp-TiO, electrode for
the present embodiment while maintaining the other experimental
conditions constant. Figure 2b shows the J-V curve data for various
thicknesses. The 600-nm-thick mesoporous TiO, film exhibited the
highest PCE of 9.1%, while the 0 nm and 1,000 nm layers yielded
PCE values of 0.4% and 4.2% (Table 2), respectively. The slightly
lower efficiency for the 600-nm-thick mp-TiO, layer compared to
the device shown in Fig. 2a arises from the difference in their fill
factors. The three samples showed similar diffuse reflectance
(Fig. 2¢) and the IPCE spectra correlate well with the J_ values, as
shown in Fig. 2d.

The effect of mp-TiO, film thickness on the morphology of the
CH;NH,PbI; overlayer on top of the mp-TiO, film was compared
using SEM images (Supplementary Fig. S7). The CH;NH,PbI;
island thickness decreased with increasing mp-TiO, layer, with
the 0 nm, 600 nm and 1,000 nm TiO, films yielding overlayers of
500-1,000 nm, 200-300 nm and 80-100 nm thickness, respectively.
Thus, the net thickness of CH;NH,PbI, seems to be similar for all
three samples, thereby explaining the similarity of their reflectance
spectra. From these morphological differences, we can surmise
that the poor device performance of the device with only the
compact TiO, layer can be attributed to the large thickness of the
CH,;NH,PbI; overlayer. The generated charge carriers in the perovs-
kite may not be effectively collected from the thick CH;NH,PbI,
layer because of recombination. In addition, the excitons produced
in the thick CH;NH,PbI; may not reach the interface area with the
compact blocking layer (bl) TiO, before deactivation occurs. On the
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Figure 2 | J-V, diffuse reflectance and IPCE characteristics. a, J-V curves of inorganic-organic hybrid heterojunction solar cells with different hole-
transporting layers (mp-TiO, =1wm). b, J-V curves of inorganic-organic hybrid heterojunction solar cells with different thicknesses of mp-TiO, film.
¢, Diffuse reflectance spectra of FTO/bl-TiO,/mp-TiO,/CH;NH5Pbl;/Au cells with different thicknesses of mp-TiO, film. d, IPCE spectra of
inorganic-organic hybrid heterojunction solar cells with different thicknesses of mp-TiO, film.

Table1 | Summary of device parameters obtained from
FTO/bl-TiO,/mp-TiO,/CH;NH;Pbl;/HTM/Au (Fig. 2a).

HTM J.mAcm™ V. (V) FF(%) PCE 7 (%)
P3HT 126 073 732 6.7
PCPDTBT  10.3 0.77 66.7 53
PCDTBT 10.5 0.92 437 42
PTAA 16.4 0.90 61.4 9.0
Without 6.8 0.68 538 25

Table 2 | Summary of device parameters obtained
from FTO/bl-TiO,/0-, 600- and 1,000-nm-thick
mp-TiO,/CH;NH,Pbl;/PTAA/Au (Fig. 2b).

Thickness of J.(mAcm™@) V. (V) FF(%) PCE n (%)
mp-TiO, (nm)

0 13 0.63 4911 0.4

600 15.6 0.90 64.5 9.1

1,000 9.7 0.82 53.3 42

other hand, the 1,000 nm TiO, sample has a sufficient
TiO,/CH,;NH,PbI; interface area to enable suitable charge injec-
tion from CH;NH,;Pbl; to TiO,. However, the photogenerated
holes will have to travel over a relatively longer pathway
(1,000 nm + (80-100 nm)) than in the 600 nm sample (600 nm +
(200-300 nm)) before reaching the HTM. At the same time, the

extended interface area enhances the probability of recombination
between electrons in the TiO, and holes in the CH;NH,PbIL,.
Accordingly, the 600 nm TiO, sample exhibits the highest PCE
due to the optimal tradeoff between TiO,/CH;NH,PbI, interface
area and hole path length.

Figure 3a presents a comparison of J-V curves for the best
cells fabricated from mp-TiO,/CH,NH,Pbl,/PTAA/Au and
TiO,/CH,;NH,PbL;/spiro-OMeTAD/Au by fixing the optimum
conditions for several experimental parameters, as already discussed.
We used a ~600-nm-thick mp-TiO, with a 40 wt% solution of
CH,NH,PbI; in butyrolactone, 15 mg of PTAA in 1 ml of toluene
and 180 mg of spiro-OMeTAD in 1 ml of dichlorobenzene, res-
pectively. The device performance for two cells is summarized
in Supplementary Table S1, together with HOMO energy
level, charge mobility, series resistance and overlayer thickness
between the HTM and gold. The best device, with PTAA, exhibits
J.=165mA cm % V, =0997 V and FF=72.7%, corresponding
to PCE = 12.0%, whereas the device with spiro-OMeTAD shows
J.=167mAcm % V, =0855V and FF=588%, vyielding
PCE =8.4% under standard AM 1.5 reporting conditions. From
a simple comparison of both devices, we see that the mp-TiO,/
CH,NH,PbI,/PTAA-based device shows a better FF and V,_ than
that using spiro-OMeTAD, while the J,_ values are similar. The J-V
curve for V, .= —0.5V to 1.5V for one of the cells fabricated from
PTAA is presented in Supplementary Fig. S8. This allowed us to
evaluate electrical properties such as series resistance, shunt resist-
ance, and so on. The series resistance for the devices was determined
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Figure 3 | J-V and IPCE characteristics for the best cells, and reproducibility. a, J-V curve for the best cells fabricated from 600-nm-thick mp-TiO,/
CH5NH5Pbl;/PTAA or spiro-OMeTAD/Au. b, IPCE spectrum for the best cell of 600-nm-thick mp-TiO,/CH;NH5Pbl;/PTAA/Au. ¢, Histogram of solar cell
efficiency of 100 samples from 600-nm-thick mp-TiO,/CH;NH;Pbl;/PTAA/Au. d, Histogram of solar cell efficiencies for 34 samples of 600-nm-thick

mp-TiO,/CH;NH;Pbl;/spiro-OMeTAD/Au.

by fitting the J-V curve to an ideal diode model. Notably, we see in
Supplementary Table S1 that the series resistance for PTAA
(54Q cm?®) is greatly reduced compared with that of spiro-
OMeTAD (12.7 Q) cm?). The main impact of a rising series resistance
is to reduce FF, although series resistance does not affect V.. The
increased V,_in PTAA arises mainly from the larger workfunction
of PTAA. Accordingly, the improved performance for PTAA
mainly stems from the increased values of FF and V. Figure 3b pre-
sents the monochromatic IPCE spectrum for the best cell fabricated
from the mp-TiO,/CH,NH,PbL,/PTAA/Au system, and the inte-
grated photocurrent density is 16.4 mA cm™ 2. Thus, the J,_ is well
matched with the IPCE spectrum, indicating that there is hardly
any spectral mismatch between the simulator used as light source
and solar emission. To check the reproducibility of performance,
we repeated the fabrication of the cells. As shown in Fig. 3¢, ~80%
of the cells including PTAA exceed 9% in overall efficiency under
1 sun conditions. Of those, ~30% have PCE > 10%. A histogram
of the values of J_, V. and FF for 100 samples from 600-nm-thick
mp-TiO,/CH,NH,PbI,/PTAA/Au is presented in Supplementary
Fig. S9. On the other hand, the cells from spiro-OMeTAD
show ~7% average efficiency, and just 8.4% in the most efficient
device (Fig. 3d).

In conclusion, we have demonstrated not only a new photovoltaic
architecture with efficient photovoltaic performance, but also a
useful model system to reveal the correlation between
CH;NH,Pbl; and the photovoltaic properties of inorganic—
organic hybrid systems. Specifically, our study underlines that
using three-dimensional composites of TiO,/CH,;NH,Pbl; and
complementary well-matched polymeric hole conductors is key to
realizing good performance. A central finding of our investigation
is that PTAA provides the highest efficiency among the polymeric
HTMs examined, with higher FF and V,_ values than a device
based on the molecular spiro-OMeTAD. The cells are highly repro-
ducible and linearly dependent on the illuminated sun intensities,

delivering maximum 12.0% PCE under full Sun illumination.
These results will lead to more efficient and cost-effective meso-
scopic inorganic-organic hybrid heterojunction solar cells in the
future. We believe that the present findings offer a new platform
for novel approaches to achieve high-efficiency and low-cost
solar cells.

Methods

Solar cell fabrication. A 60-nm-thick layer of dense blocking TiO, (bl-TiO,) was
coated onto a F-doped SnO, (FTO, Pilkington, TEC8) substrate by spray pyrolysis
deposition of 20 mM titanium diisopropoxide bis(acetylacetonate) (Aldrich)
solution at 450 °C to prevent direct contact between the FTO and the hole-
conducting layer. Mesoporous TiO, (mp-TiO,) films with thicknesses of 250, 600
and 1,000 nm were screen-printed onto the bl-TiO,/FTO substrate using the TiO,
paste, which was prepared according to a reported method®. The films were calcined
at 500 °C for 1 h to remove the organic part. The films were then immersed in

40 mM of TiCl, aqueous solution at 60 °C for 1 h and heat-treated at 500 °C for
30 min to improve interfacial contact with the nanocrystalline TiO,. CH;NH,], to be
used as a light harvester, was synthesized by reacting 27.86 ml methylamine (40% in
methanol, Junsei Chemical Co.) and 30 ml hydroiodic acid (57 wt% in water,
Aldrich) in a 250 ml round-bottomed flask at 0 °C for 2 h with stirring. The
precipitate was recovered by evaporation at 50 °C for 1 h. The product, methyl
ammonium jodide (CH;NH,]), was dissolved in ethanol, recrystallized from diethyl
ether, and dried at 60 °C in a vacuum oven for 24 h The synthesized CH;NH;I
powder was mixed with PbI, (Aldrich) at a 1:1 mol ratio in y-butyrolactone at 60 °C
for 12 h, followed by filtering twice using a PTFF syringe filter (Whatman, 0.45 pm).
The concentration of CH;NH,PbI; was 40 wt%. The CH;NH,PbI, /y-butyrolactone
solution was then coated onto the mp-TiO, /bl-TiO,/FTO substrate by spin-coating
at 2,000 r.p.m. for 60 s then at 3,000 r.p.m. for 60 s, and dried on a hot plate at
100 °C for 2 min. The P3HT, PCPDTBT and PCDTBT HTMs were purchased
from 1-Material and used without further purification. The thiophene HTMs

were spin-coated on CH;NH,Pbl,/mp-TiO, /bl-TiO,/FTO substrate at 3,000 r.p.m.
for 30 s using HTMs/1,2-dichlorobenzene (15 mg/1 ml) with 6.8 pl
Li-bis(trifluoromethanesulfonyl) imide (Li-TFSI)/acetonitrile (28.3 mg/1 ml) and
3.4 pl TBP as additives. A PTAA (EM index, M,, = 17,500 g mol ') /toluene

(15 mg/1 ml) solution with added 13.6 pl Li-bis(trifluoromethanesulfonyl) imide
(Li-TFSI) /acetonitrile (28.3 mg/1 ml) and 6.8 wl TBP was spin-coated on
CH;NH,Pbl,/mp-TiO,/bl-TiO,/FTO substrate at 3,000 r.p.m. for 30 s. As a small
molecular HTM, a spiro-OMeTAD (Merck)/chlorobenzene (180 mg/1 ml)
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solution was used with added 37.5 pl Li-bis(trifluoromethanesulfonyl) imide
(Li-TFSI) /acetonitrile (170 mg/1 ml) and 17.5 ul TBP. Finally, a gold
counterelectrode was deposited by thermal evaporation. The active area was fixed at
0.16 cm”.

Device characterization. IPCE was measured using a power source (Newport

300 W xenon lamp, 66920) with a monochromator (Newport Cornerstone 260) and
a multimeter (Keithley 2001). The current density-voltage (J-V) curves were
measured with a solar simulator (Newport, Oriel Class A, 91195A) with a source
meter (Keithley 2420) at 100 mA cm”? illumination (AM 1.5G) and a calibrated
Si-reference cell certificated by NREL. The J-V curves of all devices were measured
by masking the active area with a metal mask of area 0.096 cm”.

Received 17 July 2012; accepted 6 March 2013;
published online 5 May 2013
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