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ABSTRACT Enhancement of the light-harvesting efficiency in poly(3-hexylthiophene)/fullerene derivative (P3HT/PCBM) bulk hetero-
junction solar cells has been demonstrated by the introduction of near-infrared phthalocyanine molecules as the third component at
the PBHT/PCBM interface. The introduction of silicon phthalocyanine derivative (SiPc) increased the short-circuit current density and
hence improved the overall power conversion efficiency by 20 %, compared to the PABHT/PCBM control device. For P3HT/PCBM/SiPc
devices, two distinct external quantum efficiency (EQE) peaks were observed at wavelengths for the absorption bands of SiPc as well
as P3HT before and after thermal annealing, suggesting that SiPc molecules are located at the P3HT/PCBM interface because of
crystallization of the P3HT and PCBM domains. Furthermore, the EQE for the device increased even at wavelengths for the absorption
band of P3HT by the introduction of SiPc molecules. This indicates that P3HT excitons can be dissociated into charge carriers more
efficiently in the presence of SiPc molecules at the P3HT/PCBM interface by energy transfer from P3HT to SiPc molecules. These
findings suggest that there are two origins for the increase in the photocurrent by the introduction of SiPc; SiPc molecules serve not
only as a light-harvesting photosensitizer but also as an energy funnel for P3HT excitons at the P3HT/PCBM interface.
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INTRODUCTION

olymer/fullerene bulk heterojunction (BHJ) solar cells
P have attracted much attention because they are

considered to be a promising candidate for a light-
weight, flexible, cost-effective, large-area, and renewable
energy source (1—9). Since the 1990s, power conversion
efficiencies (PCEs) of polymer/fullerene solar cells have been
steadily improved, and in recent years, operational stabilities
of such devices have also been studied for practical applica-
tion (10—15). Currently, the most effective materials em-
ployed in polymer/fullerene BHJ solar cells are regioregular
poly(3-hexylthiophene) (P3HT; Figure 1a) as the donor and
1-(3-methoxycarbonyl)pro-
pyl-1-phenyl[6,6]methanofullerene (PCBM; Figure 1b) as the
acceptor. Recently, PCEs approaching 5% have been re-
ported by several groups for this donor/acceptor combina-
tion (16—19). Furthermore, short-circuit external quantum
efficiencies (EQEs) exceed 70% for such devices (18, 19),
suggesting that most excitons can contribute to the photo-
current generation although photoluminescence (PL) from
P3HT is still observed after thermal annealing (18). In other
words, it can safely be said that there is little room for
significant improvement in the short-circuit current density
(Jso) for BH] solar cells based on only P3HT and PCBM.
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To collect the solar light more efficiently, a variety of low-
band-gap polymers have been developed over the last
several years (20—23) because P3HT can absorb only ~25 %
of the total number of photons in the solar light (9). It is
striking that a PCE of over 5% has been reported for blend
films of a low-band-gap polymer and the Cy, derivative of
PCBM (23, 24). At this moment, however, there are few
successful reports on low-band-gap polymer-based solar
cells, partly because it is difficult to synthesize low-band-gap
polymers with a high charge mobility (25). On the other
hand, dye sensitization is another approach to improving the
light-harvesting efficiency, but there have been few success-
ful reports for improving the light-harvesting efficiency in
polymer BH] solar cells. Only recently, the dye-sensitization
effect has been demonstrated for polymer/fullerene BH]
solar cells (26). In general, dye molecules are simply blended
as the third component to absorb the solar light at longer
wavelengths that the original donor and acceptor materials
cannot harvest. This is a simple and versatile method, and
therefore various dye molecules are available. In most cases,
however, dye introduction rarely improved but rather de-
graded the device performance. This is considered to be due
to the formation of dye aggregations in blend films, which
would reduce the absorption efficiency or the charge mobil-
ity of the active layer (27—29).

Herein we report the photovoltaic properties of BH]J solar
cells based on P3HT/PCBM blends incorporated with a dye
molecule. To examine the relationship between the device
performance and the formation of dye aggregations in the
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FIGURE 1. Chemical structures of (a) the donor material P3HT, (b)
the acceptor material PCBM, and the near-infrared dyes (c) ZnPc and
(d) SiPc. The ZnPc molecule is a planar structure, while the SiPc
molecule is a bulky structure with bis(trihexylsilyl oxide) groups in
the axial direction perpendicular to the phthalocyanine plane.

blend film, we employ two near-infrared dye molecules with
different structures: one is zinc 2,3,9,10,16,17,23,24-octak-
is(octyloxy)-29H,3 1 H-phthalocyanine (ZnPc; Figure 1¢), and
the other is silicon phthalocyanine bis(trihexylsilyl oxide)
(SiPc; Figure 1d). For a P3HT/PCBM/SiPc ternary blend
device, Jsc increased from 6.5 to 7.9 mA cm™2 and, hence,
the overall PCE improved from 2.2 to 2.7 % by introduction
of the dye molecule. This improvement suggests that the
appropriate allocation of dye molecules at the donor/accep-
tor interface without the formation of dye aggregations is
crucial for the effective dye sensitization in polymer/fullerene
solar cells.

EXPERIMENTAL METHODS

All devices were fabricated as follows: indium/tin oxide (ITO)-
coated glass substrates (10 € per square) were washed by
ultrasonication in toluene, acetone, and ethanol for 15 min,
dried with N,, and then cleaned with a UV Os cleaner (Nippon
Laser & Electronics NL-UV253S) for 30 min. A thin layer (ca.
40 nm) of poly(3,4-ethylenedioxythiophene) oxidized with
poly(4-styrenesulfonate) (PEDOT:PSS; H. C. Starck PH500) was
spin-coated onto the cleaned substrates at a spin rate of 3000
rpm, and the layer was dried at 140 °C for 10 min in air. A blend
layer of P3HT/PCBM/dye (100 nm) was spin-coated from a
chlorobenzene solution on the PEDOT:PSS film at 1200 rpm for
60 s. The blend solution was prepared as follows: P3HT (Plex-
tronics, regioregularity > 98%, number-average molecular
weight, M, ~ 45 000—65 000 g mol™') was dissolved in chlo-
robenzene (10 mg mL™"), and the solution was stirred at 40 °C
overnight. To the solution were added PCBM (Frontier Carbon;
10 mg mL™") and dye (Aldrich, ZnPc or SiPc; 0.7 mg mL™"). Note
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FIGURE 2. Absorption spectra of blend solutions, as-cast films, and
annealed films with (solid lines) and without dye molecules (broken
lines): (a) P3HT/PCBM/ZnPc solutions, (b) P3HT/PCBM/SiPc solutions,
(c) P3BHT/PCBM/ZnPc as-cast films, (d) P3HT/PCBM/SiPc as-cast films,
(e) P3HT/PCBM/ZnPc annealed films, and (f) P3HT/PCBM/SiPc an-
nealed films.

that the dye concentration was optimized in the range from 0.1
to 2.0 mg mL™". The blend solution was filtered with a 0.45-
um poly(tetrafluoroethylene) filter before the spin coating. The
active layer was thermally annealed at 150 °C for 30 min in a
N.-filled glovebox. A thin layer of TiO, (<10 nm) was prepared
by the spin coating from a dehydrated ethanol solution of
titanium isopropoxide (Aldrich) at 2000 rpm for 60 s (30).
Finally, the aluminum electrode (70 nm) was thermally depos-
ited on top of the TiO, layer at 2.5 x 10~* Pa. For comparison,
P3HT/PCBM control devices without dye were also prepared
separately under the same conditions to give the same active
layer thickness.

Absorption and PL spectra were measured with a spectro-
photometer (Hitachi model U-3500) and a spectrofluorometer
(Jasco model FP-6600), respectively. The film thickness was
evaluated with an atomic force microscope (Shimadzu model
SPM-9500J) in the contact mode at room temperature. The j—V
characteristics were measured with a direct-current voltage and
a current source/monitor (Advantest model R6243) in the dark
and under illumination with AM1.5G simulated solar light with
100 mW c¢cm™2. The light intensity was corrected with a cali-
brated silicon photodiode reference cell (Peccell model PEC-
SI01). The photocurrent action spectra were measured with a
digital electrometer (Advantest model R8252) under monochro-
matic light illumination from a 500-W xenon lamp (Thermo
Oriel model 66921) with optical cut filters and a monochroma-
tor (Thermo Oriel, UV—visible Conerstone). The active area of
the device was 0.07 cm™2. The illumination was carried out from
the ITO side in air. At least 10 devices were fabricated to ensure
reproducibility of the jJ—V characteristics.

RESULTS

1. Absorption Spectra. We first compare the ab-
sorption spectra of the two dye molecules in solutions and
in blend films before and after annealing. In blend solutions,
as shown in parts a and b of Figure 2, a large and broad
absorption and a small and sharp absorption were observed
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at around 460 and 670 nm, which are ascribable to P3HT
and dye (ZnPc or SiPc), respectively. The absorption spec-
trum of each blend solution is a simple superposition of the
P3HT and dye spectra because of little contribution of PCBM
in the same wavelength range, indicating homogeneous
mixing and no interaction in the ground state. On the other
hand, the blend films showed different absorption spectra
between ZnPc and SiPc. As shown in parts ¢ and d of Figure
2, the P3HT/PCBM/ZnPc blend film exhibits a distinct ab-
sorption band of P3HT at around 500 nm and a significantly
broadened and decreased absorption band of ZnPc at
around 670 nm, while the P3HT/PCBM/SiPc blend film
exhibits distinct absorption bands of P3HT and SiPc at
around 500 and 670 nm, respectively, as with the blend
solution. Note that ZnPc molecules certainly exist in the
blend film because the ZnPc absorption was observed for a
solution prepared by dissolving the blend film again. There-
fore, the decrease in the absorption of ZnPc indicates the
formation of dye aggregations in the film, which would
reduce the effective absorption coefficient (31, 32). As
shown in parts e and f of Figure 2, a similar tendency was
observed for the blend films after annealing: the ZnPc
absorption was still negligible, but the SiPc absorption
remained the same as that before annealing. It is noteworthy
that the P3HT/PCBM/SiPc blend film exhibits a large absorp-
tion of P3HT with a distinct shoulder at around 600 nm
comparable to those for the control device without SiPc,
which are indicative of crystallization of P3HT (33, 34), while
the P3HT/PCBM/ZnPc blend film exhibits relatively smaller
changes in the absorption of P3HT. This difference suggests
that ZnPc molecules disturb the crystallization of P3HT,
while SiPc molecules do not at all. These spectral differences
are discussed later in terms of molecular structures.

2. J—V Characteristics. We turn now to the device
performance of these two blend films with different dye
molecules. Figure 3a shows the J—V characteristics of P3HT/
PCBM/ZnPc solar cells and P3HT/PCBM control cells before
and after annealing under AM1.5G illumination from a
calibrated solar simulator with an intensity of 100 mA cm™2.
The averaged device parameters of these cells are sum-
marized in Table 1. Before the thermal annealing, the jJ—V
curve (thin solid line) was almost the same as that for the
control cell without ZnPc (thin broken line). After the thermal
annealing, Jsc significantly increased and was comparable
to that for the control cell without ZnPc (thick broken lines),
while the fill factor (FF) was much smaller than that for the
control cell. As a result, the introduction of ZnPc decreased
PCE from 2.2 to 1.1 %. Such a poorer performance can be
ascribed to the formation of dye aggregations in blend films.
In particular, the J—V curve with an inflection point has been
occasionally seen for organic solar cells, indicating that there
is a transport-limiting interface close to the aluminum
electrode (35, 36). Therefore, aggregations of ZnPc mol-
ecules are also likely to limit the transport of photogenerated
charges at the interface. On the other hand, as shown in
Figure 3b and Table 1, the P3HT/PCBM/SiPc device exhibits
a distinguished increase in Jsc to 7.9 mA cm™? after the
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FIGURE 3. J—V characteristics of P3HT/PCBM blend films with (solid
lines) and without dye (broken lines) before (thin lines) and after
annealing (thick lines): (a) P3BHT/PCBM/ZnPc; (b) P3HT/PCBM/SiPc.

Table 1. Averaged Device Parameters of P3HT/
PCBM Solar Cells with and without Dye“

JsclmAcm ™ Voc/V FE PCE/%
P3HT/PCBM 1.5 0.60 0.33 0.30
P3HT/PCBM/ZnPc 1.9 0.58 0.32 0.35
P3HT/PCBM/SiPc 2.1 0.64 043 0.58
P3HT/PCBM (annealed) 6.5 058 059 22
P3HT/PCBM/ZnPc (annealed) 6.2 0.48 0.37 1.1
P3HT/PCBM/SiPc (annealed) 7.9 0.58 0.59 2.7

“ All of the parameters are averaged values for at least 10 devices.

thermal annealing, which is even higher than that for the
control device (6.5 mA cm™). It should be noted that FF
remained the same as that for the control device without
SiPc even after the thermal annealing, which would induce
the formation of dye aggregations. As a result, the overall
performance improved to PCE = 2.7 % . This finding suggests
that the appropriate selection of dye molecules is crucial for
improving the device performance effectively.

3. EQE Spectra. In order to address the origin of the
increase in Jsc by the addition of SiPc, we measured the EQE
spectra of PAHT/PCBM/SiPc and P3HT/PCBM/ZnPc devices
for comparison. In the EQE spectra of the PAHT/PCBM/ZnPc
devices, as shown in Figure 4a, the photocurrent peak was
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FIGURE 4. EQE spectra of P3HT/PCBM blend films with (solid lines)
and without dye (broken lines) before (thin lines) and after annealing
(thick lines): (a) P3BHT/PCBM/ZnPc; (b) P3HT/PCBM/SiPc.

observed only in the wavelength range (400—600 nm) of the
P3HT absorption and no photocurrent signal was observed
in the wavelength range (650—700 nm) of the ZnPc absorp-
tion, which is in agreement with the absorption spectra
mentioned before. On the other hand, as shown in Figure
4b, the P3HT/PCBM/SiPc devices exhibit two EQE peaks in
the wavelength range of the P3HT absorption and also in
the longer wavelength range (650—700 nm) of the SiPc
absorption. Before the thermal annealing, the EQE corre-
sponding to the P3HT absorption (470—600 nm) was com-
parable to that for the control device without SiPc (~20%).
The EQE corresponding to the SiPc absorption (650—700
nm) was as high as 10 %, which is clear evidence that direct
photoexcitation of SiPc does contribute to photocurrent
generation. After the thermal annealing, the EQE corre-
sponding to direct photoexcitation of SiPc (650—700 nm)
increased up to 20% compared to that before annealing
(~10%), suggesting that the thermal annealing results in an
increase in the number of SiPc molecules that can directly
contribute to the photocurrent. More interestingly, the EQE
corresponding to the P3HT absorption (470—600 nm) also
increased to ~60 % compared to that for the control device
without SiPc (~50 %), suggesting that SiPc molecules are not
directly involved in the photoabsorption but, nonetheless,
promote charge generation from P3HT excitons indirectly.
In other words, there are two origins for the increase in Jsc
by the addition of SiPc molecules: one is that the direct
contribution of SiPc to the photocurrent results from pho-
toexcitation of the incorporated SiPc itself, and the other is
that the indirect contribution of SiPc to the photocurrent
results from the improvement in the charge generation from
P3HT excitons in the presence of SiPc. From the EQE
spectra, the contribution of each mechanism to the increase
in Jsc was evaluated to be 0.4 mA cm™ for the direct
mechanism and 1.0 mA cm™ for the indirect mechanism.
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FIGURE 5. PL efficiency of P3HT/PCBM/SiPc (closed bars) and P3HT/
PCBM (open bars) blend films before and after annealing. The
efficiency was evaluated as the ratio of the PL intensity of blend films
to that of a P3HT pristine film when P3HT was selectively excited at
550 nm. The PL intensity observed at 700 nm was corrected by
variation of the absorption at the excitation wavelength.

Therefore, the increase in Jsc is mainly due to the indirect
contribution of SiPc to the improvement in the charge
generation from P3HT excitons rather than the direct pho-
toabsorption of SiPc molecules. We will discuss each mech-
anism later in detail.

4. PL Quenching. We furthermore measured the PL
efficiency of P3HT in blend films with acceptor materials
(PCBM or SiPc¢) to obtain an in-depth understanding of the
quenching mechanism of P3HT excitons in the ternary
blends. The PL efficiency was evaluated as the ratio of the
PL intensity at 700 nm of the blend films to that of the
pristine P3HT film when P3HT was selectively excited at 550
nm. Before the thermal annealing, as shown in Figure 5, the
PL efficiency was lower than 8% for both P3HT/PCBM and
P3HT/PCBM/SiPc blend films. The low PL efficiency suggests
that most of the P3HT excitons can arrive at the interface
because of the homogeneous mixture of P3HT and PCBM
in blend films. After the thermal annealing, the PL efficiency
of the P3HT/PCBM blend increased to 18 %, which is con-
sistent with previous reports (18, 37). The increase in the
PL efficiency suggests that fewer P3HT excitons can arrive
at the interface after the thermal annealing, which is ascrib-
able to enlargement of the P3HT domain because of crystal-
lization. On the other hand, the PL efficiency of the P3HT/
PCBM/SiPc film was as low as 8% even after annealing,
which is comparable to that of the P3HT/PCBM film before
annealing. As mentioned before, the introduction of SiPc
molecules does not disturb the crystallization of P3HT.
Therefore, these results suggest that there is an efficient
exciton-harvesting mechanism in the P3HT/PCBM/SiPc ter-
nary blend films.

DISCUSSION
We start off our discussion by considering the difference

in the absorption spectra and the device performance
between the two dye molecules (ZnPc and SiPc) with differ-
ent structures. The ZnPc dye can be regarded as a planar
molecule and is therefore likely to stack in the direction
normal to the phthalocyanine plane, resulting in the forma-
tion of dye aggregations. On the other hand, the SiPc dye
has two bulky groups in the axial direction perpendicular to
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FIGURE 6. Energy diagrams of SiPc molecules and the surrounding
materials: (a) SiPc located at the interface between P3HT and PCBM;
(b) SiPc located in the PCBM domain.

the phthalocyanine plane, which probably inhibit effective
stacking of the s-conjugation plane and hence suppress the
formation of dye aggregations. As mentioned before, the
difference in the absorption spectra and the device perfor-
mance can be explained in terms of the formation of dye
aggregations in blend films. In previous reports on BH]J solar
cells incorporated with dye molecules, planar dye molecules
such as ZnPc have been generally employed and hence the
formation of dye aggregations has been the main obstacle
to improving the device performance (28, 29). We therefore
conclude that the selection of bulky dyes such as SiPc is key
to the development of ternary BH] solar cells without the
formation of dye aggregations.

Next, we discuss the location of SiPc dye molecules in
blend films. As shown in Figure 6a, SiPc excitons located at
the interface of PAHT/PCBM can inject an electron into PCBM
and a hole into P3HT, because there are energetic cascades
in both the lowest unoccupied molecular orbital (LUMO) and
highest occupied molecular orbital (HOMO) levels (38—41).
This energetic cascade is essential for dye sensitization at
the interface. On the other hand, SiPc excitons located in a
PCBM domain, as shown in Figure 6b, can inject an electron
into the PCBM domain but cannot inject a hole into the
surrounding PCBM domain because of the lower HOMO level
of PCBM. Much the same is true for SiPc excitons located in
a P3HT domain. In other words, only SiPc molecules located
at the interface of P3HT/PCBM can contribute to the photo-
current generation. Therefore, our observation of the pho-
tocurrent originating from the SiPc absorption indicates that
some SiPc molecules are located at the PAHT/PCBM interface
even before the thermal annealing. Furthermore, it can be
said that more SiPc molecules contribute to the photocurrent
after the thermal annealing, because as mentioned before
the EQE at 670 nm increased from 10 to 20% while the
absorbance remained the same. This is probably because
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the charge collection efficiency is improved by the formation
of interpenetrating networks of P3HT and PCBM by the
thermal annealing. In addition, it is possible that the number
of SiPc molecules located at the PABHT/PCBM interface, which
can contribute to the photocurrent generation, is simply
increased by the thermal annealing. The EQE after the
thermal annealing (~20 %) is comparable to the absorption
at the same wavelength 670 nm, suggesting that the majority
of SiPc molecules incorporated are localized at the interface.
We speculate that the localization of SiPc molecules at the
interface is due to crystallization of P3HT and aggregation
of nanocrystalline PCBM domains upon annealing as re-
ported previously (33, 42). In other words, SiPc molecules
located in P3HT or PCBM domains could be expelled from
each domain into the interface by crystallization of P3HT
and aggregation of nanocrystalline PCBM domains. We
therefore emphasize that the selection of crystalline materi-
als such as P3HT and PCBM as a matrix is crucial for the
localization of dye molecules at the interface where the
charge separation can occur efficiently, which is also key to
the development of interfacial dye modification in ternary
BH] solar cells.

Finally, we discuss the mechanism of dye sensitization
in P3HT/PCBM/SiPc ternary blends. As mentioned before,
there are two mechanisms for the increase in Jsc by the
addition of SiPc molecules. One is that the additional ab-
sorption of SiPc molecules contributes to the increase in Jsc
directly. In the present study, this direct contribution is not
so large because of the narrow absorption band of SiPc
molecules, which can harvest the solar light only at a limited
spectral window. Dye molecules with a wider absorption
band would provide a larger photocurrent. The other mech-
anism is that SiPc molecules promote the charge separation
from P3HT excitons at the interface, although they do not
absorb photons directly. Previously, we reported a similar
result for a P3HT/TiO, bilayered hybrid solar cell with
chemical modification of the TiO, surface with a ruthenium
complex dye (43). In the hybrid cell, the EQE originating
from P3HT increased by the introduction of dye molecules
at the interface, which can be explained in terms of Forster
energy transfer from P3HT to the ruthenium complex. Such
efficient light harvesting by using energy transfer has also
been reported for another hybrid solar cell (44, 45). The
same is true for the present system. Simple calculation
assuming point dipoles gives a large Forster radius of beyond
3 nm for energy transfer from P3HT to SiPc. The energy
transfer rate from P3HT to SiPc is estimated to be as fast as
~8 x 10'? s™! for a spatial separation of 1 nm, which is over
a 100 times faster than the energy migration rate among
P3HT at the same spatial separation. As shown in Figure 7c,
therefore, the efficient long-range Forster energy transfer
can collect P3HT excitons that could not reach the interface
only by repetition of short-range excitation energy hoppings
(Figure 7b). Furthermore, the Forster energy transfer is not
random diffusion but directional transport from a donor to
an acceptor molecule and thereby can harvest P3HT donor
excitons more efficiently into the SiPc acceptor at the
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FIGURE 7. Schematic illustrations of the donor/acceptor interface:
(a) before annealing, each domain is so small that most excitons
can reach the interface; (b) after annealing, some excitons cannot
reach the interface because of the larger domain size; (c) after
annealing and in the presence of SiPc, even excitons generated far
away can reach the interface by energy transfer to the SiPc molecule.

interface. In other words, the efficient long-range Forster
energy transfer can increase the effective exciton diffusion
length, which can explain the lower PL efficiency of the
P3HT/PCBM/SiPc ternary blend film (Figure 5). The highly
efficient Forster energy transfer from P3HT to SiPc supports
our estimation that the majority of SiPc molecules are
located at the interface because SiPc molecules in P3HT
domains would quench P3HT excitons efficiently and cause
a decrease in Jsc, but this is not the case. Note that the
advantage of the Forster energy transfer would be undistin-
guished if P3HT and PCBM were well mixed so that most
excitons could arrive at the interface even without dye
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molecules, as shown in Figure 7a. This situation can apply
to the ternary blend before annealing because the EQE
originating from P3HT and the PL efficiency were compa-
rable to those for P3HT/PCBM blends without dye (Figures
4 and 5). From these results, we conclude that the exciton
harvesting in polymer BHJ solar cells can be efficiently
improved by the long-range energy transfer of incorporated
dye molecules with a large spectral overlap with donor
materials.

CONCLUSIONS

In summary, we have shown dye-sensitized polymer/
fullerene BHJ solar cells with the improved photocurrent and
PCE compared to control BH]J cells without the dye. The key
to the improvement is the allocation of dye molecules at the
donor/acceptor interface without the formation of dye ag-
gregations. Such dye molecules located at the interface can
contribute to the photocurrent generation by direct photo-
excitation and also harvest excitons more efficiently through
long-range energy transfer to the dye molecule. We dem-
onstrated that the key requirement can be achieved by
following two appropriate selections of device materials.
One is the selection of dyes with bulky groups such as SiPc
to suppress the formation of dye aggregations, which would
reduce the effective absorption coefficient. Of course, it is
essential for dye sensitization that there are energetic cas-
cades at the interface in both the LUMO and HOMO levels.
A large spectral overlap between the dye absorption and the
donor fluorescence is also beneficial for efficient long-range
energy transfer. The other is the selection of matrix materials
likely to be crystallized such as P3HT and PCBM, which
results in the localization of dye molecules at the interface
where the charge separation can occur efficiently. The
selection of these materials is important for the design of
dye-sensitized BH] solar cells.
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