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When an electron acceptor, [2-[2-[4-(dimethylamino)phenyl]-
ethenyl]-6-methyl-4H-pyran-4-ylidene]propanedinitrile (DCM)
was blended into poly[2-methoxy-5-(20-ethylenehexyloxy)-1,4-
phenylenevinylene] (MEH-PPV) in a TiO2/MEH-PPV/Au sand-
wich-type solar cell, the cell performance was remarkably
enhanced, resulting in 0.47% of energy conversion yield under
the irradiation of AM 1.5–100mW/cm2.

Organic solar cells have attracted much attention since they
were expected to provide low-cost energy-conversion devices.
However, their energy conversion yield is still small, further inves-
tigation is necessary to facilitate more efficient organic thin-layer
solar cell. Grätzel et al. attained an energy conversion efficiency
up to 2.56% by a solid-state dye-sensitized solar cell under AM
1.5 illumination,1,2 where mesoporous TiO2 film was used as an
n-type inorganic semiconductor, (Bu4N)2[Ru(dcbpyH)2(NCS)2]
(dcbpyH = 2,20-bipyridyl-4,40-dicarboxylic acid) as a sensitizer,
and 2,20,7,70-tetrakis(N,N-di-p-methoxyphenylamine)-9,90-spiro-
bifluorene as an organic hole-transport material. On the other hand,
heterojunction solar cells of TiO2/conjugated polymer/Au sand-
wich-type have been investigated as more simple solid-state solar
cells, where the conjugated polymer functioned as a sensitizer and
a hole-transport material.3–6 In the case, the light utility was im-
proved because the conjugated polymer penetrated into the meso-
porous TiO2 film and consequently the photoactive area for a
charge transfer increased.

In the present work, a solar cell consisting of a nonporous
TiO2 film as an n-type semiconductor and a conjugated polymer
MEH-PPV as a p-type semiconductor was investigated. We report
that the cell performance was remarkably enhanced when a DCM
compound was blended into the MEH-PPV layer.

A transparent, dense, flat TiO2 film with anatase
crystal lattice was prepared on a transparent conducting oxide plate
of F-doped SnO2 (TCO, Asahi Glass Co. Ltd., 10�/�) by
Rengakuji’s method.7 The TiO2 thin film had the thickness of
about 500 nm and unevenness of about 1 nm on the TiO2 surface,
being confirmed by an atomic force microscopy. The organic com-
pounds and their abbreviations used in this study are shown in Fig-

ure 1. A conjugated polymer MEH-PPV was purchased from the
American Dye Source and used without further purification. The
DCM compound was purchased from Hayashibara Seibutsu Kaga-
ku Lab. and used without further purification. A schematic struc-
ture of the TiO2/organic solid/Au sandwich-type solar cell is also
shown in Figure 1. To confine the photoactive area to 0.10 cm2, an
insulator SiOx film of 100 nm thickness was deposited on the TiO2

by a vacuum evaporation method. The organic solid film was coat-
ed onto the TiO2 by spin-coating. The gold film with thickness of
about 25 nm was deposited onto the organic solid film by vacuum
evaporation. The ionization potential of organic solids was esti-
mated from photoelectron spectroscopy in air (PESA) by a Riken
Keiki model AC-2.8 Photocurrent–voltage curves and photocurrent
action spectra were measured by the method described in our
previous paper.9 The simulated solar light AM 1.5–100mW/cm2

employed in this work was obtained by a Kansai Kagakukikai
XES-502S.

When the DCM compound was blended into the MEH-PPV
layer in the TCO/TiO2/MEH-PPV/Au sandwich-type solar cell,
the performance was remarkably enhanced. Figure 2 shows the
current–voltage curves for the MEH-PPV and DCM + MEH-
PPV cells under irradiation of AM 1.5–100mW/cm2 from TCO
side of the TCO/TiO2/organic solid/Au cell, where the composi-
tion of the blended solid was 1.25 by molar ratio of DCM to mono-
mer unit in MEH-PPV and 1.6 by weight ratio of DCM to MEH-
PPV, and the film thickness was about 60 nm. On the other hand,
we cannot observe the photovoltaic effect for TCO/TiO2/DCM/
Au and TCO/organic solid/Au sandwich-type cells. The perform-
ance of TCO/TiO2/organic solid/Au sandwich-type solar cells is
summarized in Table 1. All photovoltaic properties of the short-
circuit photocurrent Jsc, the open-circuit photovoltage Voc, and
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Figure 1. Structures and abbreviations of employed chemical compounds,
and schematic cell structure.
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Figure 2. Current–voltage curves for TCO/TiO2/organic solid/Au cells
under AM 1.5–100mW/cm2.

Table 1. Performance of TCO/TiO2/organic solid/Au solar cells under
illumination of AM 1.5–100mW/cm2

Organic Solid
Jsc

a/
mAcm�2 Voc

b/V FFc/% �d/%

MEH-PPV 0.35 0.68 57 0.13
DCM +

MEH-PPVe 0.97 0.72 67 0.47

aShort-circuit photocurrent. bOpen-circuit photovoltage. cFill factor. dEnergy
conversion yield. eMolar ratio of DCM to monomer unit in MEH-PPV is 1.25.
The value is corresponded to 1.6 by weight ratio of DCM to MEH-PPV.
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the fill factor FF were larger for the DCM + MEH-PPV cell than
for the MEH-PPV cell. After all, we obtained considerably high
cell performance with Jsc ¼ 0:97mA/cm2, Voc ¼ 0:72V, FF ¼
67%, and energy conversion yield � ¼ 0:47% for the blended solar
cell.

Figure 3 shows the wavelength dependence of incident photon
to current conversion efficiency IPCE with monochromatic light
irradiation from the TCO side, where IPCE was given by dividing
the number of photogenerated electrons by the incident photon
number to the TCO surface. The photocurrent of the DCM +
MEH-PPV cell was observed in the wavelength region of less than
650 nm and from longer wavelength by about 100 nm compared to
the MEH-PPV cell, and further the IPCE value of the blended cell
increased more than 4 times. The absorption spectra of MEH-PPV
(thickness d ¼ 62 nm), DCM (d ¼ 58 nm), and DCM + MEH-
PPV (d ¼ 60 nm, molar ratio 1.25) solid films were shown in inset
in Figure 3. The absorption spectrum of the blended solid film
shifted to somewhat longer wavelength side compared to those
of MEH-PPV and DCM solid films. This suggests that the MEH-
PPV and the DCM in the blended solid have an electronic interac-
tion in the ground state. Further, in a chloroform solution contain-
ing 2:2� 10�5 mol/dm3 MEH-PPV (the concentration for the
monomer unit in MEH-PPV) and 2:9� 10�5 mol/dm3 DCM, a
small absorption peak was observed at the wavelength of
644 nm, but the peak disappeared by diluting the solution. This
supports that there is the electronic interaction between MEH-
PPV and DCM. In the blended cell with thick organic film of about
150 nm, the photocurrent was considerably lower for the Au side
illumination than for the TCO side illumination because of an op-
tical filtering effect, where a Au-deposited glass was placed in
front of TCO/TiO2 as an optical filter to adjust the strength of both
incident lights from the TiO2 side at the TiO2/blended solid inter-
face and from the Au side at the Au/blended solid interface to be
approximately the same. This suggests that the active site for the
photocurrent generation was near the TiO2/organic solid interface.

We propose two plausible reasons to explain the performance
enhancement by blending DCM in the TiO2/MEH-PPV/Au cell.
One explanation is that the charge separation in the blended solid
is easy because of the photoinduced electron-transfer from donor
MEH-PPV to acceptor DCM.10–12 The ionization potential estimat-
ed by PESA was 5.2 eV for MEH-PPV and 5.6 eV for DCM. The
energy difference between HOMO and LUMO, which was esti-
mated from the longest wavelength edge of the absorption spec-
trum of the solid film, was 2.1 eV for the both solids. Therefore,
LUMO levels are 3.1 eV for MEH-PPV and 3.5 eV for DCM. This
means MEH-PPV and DCM can act an electron donor and an ac-
ceptor, respectively, hence the electronic interaction described

above between MEH-PPV and DCM is a charge-transfer interac-
tion. Therefore, the photoinduced electron transfer from MEH-
PPV to DCM occurs readily in the blended solid. The coulombic
force between electron and hole is much smaller in the excited
DCM–MEH-PPV complex than in the excited DCM or MEH-
PPV molecule because of the longer distance between them. Fur-
ther, since the bottom energy of the conduction band of TiO2 is
about 4.2 eV,3 the photoproduced electrons having the electronic
energy of 3.5 eV in DCM can be injected to the TiO2 at the
TiO2/organic solid interface being a blocking contact. On the oth-
er hand, the organic solid/Au interface may be approximately an
ohmic contact because the work function of the Au is 4.8 eV, the
photoproduced holes transporting easily from the MEH-PPV to
the Au electrode. Such a factor increased the photocurrent.

Another explanation is that the series resistance R of the TCO/
TiO2/MEH-PPV/Au cell lowered by blending DCM into MEH-
PPV. Figure 4 shows the dependence of the � and the R on the mo-
lar mixing ratio of DCM to monomer unit in MEH-PPV. The R val-
ue was estimated from the forward-bias current–voltage curves in
the dark. This showed definitely that the decrease of the R led to the
increase of the �. The decrease of the R may be ascribed to a low-
ering of the electrical resistance of the blended solid because of the
charge-transfer interaction between MEH-PPV and DCM in the
ground state.

This work was partially supported by Grant-in-Aid for Scien-
tific Research from the Minister of Education, Science, Sports and
Culture, Japan (Grant 14580536), and by the New Energy and In-
dustrial Technology Development Organization (NEDO) under
Ministry of Economy, Trade and Industry (METI).

References
1 U. Bach, D. Lupo, P. Comte, J. E. Moser, F. Weissärtel, J. Salbeck, H. Spreitzer,
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Figure 3. Photocurrent action spectra for TCO/TiO2/organic solid/Au
cells and absorption spectra of the organic solid films.
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Figure 4. Dependence of energy conversion yield ( ) and series resist-
ance ( ) for TCO/TiO2/DCM+MEH-PPV/Au cells on molar mixing ra-
tio of DCM to monomer unit in MEH-PPV.
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