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The energy conversion eﬃciency of a two-layer organic solar cell consisting of a perylene pigment (PV) and regioregular polythiophene polymer (P3DT) was 0.99% under illumination with simulated solar light (AM 1.5–100
mW cm2 ). The photovoltaic mechanism is discussed on the basis of the ionization potential of the component materials.
The photoinduced hole-transfer from PV to P3DT quickly occurred at the PV/P3DT interface because of the large free
energy change of 1.2 eV, then the subsequent charge separation eﬃciently proceeded, resulting in a large short-circuit
photocurrent of 6.5 mA cm2 . On the other hand, the open-circuit photovoltage was only 0.42 V because the LUMO
level of PV is close to the HOMO level of P3DT. The diﬀerence between the LUMO and the HOMO can be attributed
to the open-circuit photovoltage.

Since Tang reported an energy conversion eﬃciency of up
to 1% by using a phthalocyanine/perylene pigment p–n heterojunction cell,1 much eﬀort has been made to provide organic
solar cells with low-cost and practical energy-conversion.
However, the eﬃciency is still small because of the low light
utility originating from the cell structure and the small carrier
mobility of the organic materials. Further detailed investigations on the photovoltaic eﬀect are necessary to fabricate practical organic solar cells. Recently, photovoltaics using conjugated polymers with relatively large mobility have been extensively studied. For example, Granström et al. attained an energy conversion eﬃciency of up to 1.9% using a cyano
derivative of poly(phenylenevinylene)/polythiophene doublelayer solar cell under AM 1.5 illumination.2 Shaheen et al. attained an energy conversion eﬃciency of up to 3.3% in a p–n
hetero-bulk-junction solar cell consisting of soluble poly(phenylenevinylene) and fullerene 60 derivatives.3,4 In this case,
light was used more eﬀectively because the charge separation
site increased by blending the component materials. In addition, the charge separation occurred smoothly due to the large
built-in potential created by modifying two current-collecting
electrodes with large work functional poly(ethylene dioxythiophene) doped with polystyrenesulphonic acid (PEDOT:PSS)
and with low work functional LiF, respectively.5 The built-in
potential gradient of the p–n hetero-bulk-junction is compensated because the micro-phase separated domains of the donor
and the acceptor due to such blending are scattered in the single layer. On the other hand, Breeze et al. investigated on a ptype poly(phenylenevinylene) derivative/n-type perylene pigment two-layer solar cell and made the photovoltaic mechanism considerably clear.6 Other approachs for enhancing the
photocurrent have been tried by co-depositing PV and copper
phthalocyanine to increase the charge separation area, and further by annealing the co-deposited layer to make the carrier

transport easy.7–10
In this work, we attempt to explain the photovoltaic mechanism in a polythiophene/perylene pigment two-layer solar
cell. The elucidation of such a mechanism will contribute to
ﬁnding promising materials for enhancing the power conversion yield of organic solar cells.
Experimental
Regioregular 3-alkyl polythiophenes P3DT and P3HT were
purchased from Aldrich Chemicals, and perylene pigment PV
from SYNTEC. The compounds were used without further puriﬁcation. Porphyrins were synthesized and puriﬁed by a literature
method.11 The chemical structures and the abbreviations of the
compounds employed in this work are shown in Fig. 1.
ITO/In/PV/conjugated polymer/Au sandwich-type solar cells,
shown in Fig. 1, were fabricated as follows. First, an In-layer of 5
nm thickness was prepared on a pre-cleaned indium–tin oxide
(ITO) electrode by vacuum-deposition at 3  105 Torr. The
ITO electrode (sheet resistance: 8 /) was purchased from
Merck Display Technologies Ltd. Secondly, PV was vacuum-deposited at 3  105 Torr on the ITO covered with the thin In-layer. Third, a chloroform polymer solution was spin-coated on the
insoluble PV solid ﬁlm. Finally, an Au electrode of 25 nm ﬁlm
thickness was prepared on the polymer ﬁlm by vacuum-deposition
at 8  105 Torr. The area of the solar cell was conﬁned to
0.04 cm2 .
The current–voltage curve of the cells was measured under
illumination with simulated solar light (AM 1.5–100 mW cm2 )
from a Kansai Kagakukikai XES-502S. The photocurrent action
spectra were measured under illumination with a monochromatic
light. In each measurement, the cells were exposed in air, and the
illumination was carried out from the ITO side. The ionization potential of the organic solids and electrodes employed in this work
was estimated from photoelectron spectroscopy in air (PESA) by a
Riken Keiki model AC-2.12
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Results and Discussion
Figure 2 shows the current–voltage curves of the PV (43
nm)/P3DT (62 nm) cell. The thickness of each layer is described in the parentheses, herein and after. The photovoltaic
properties were 6.51 mA/cm2 for the short-circuit photocurrent Jsc , 0.42 V for the open-circuit photovoltage Voc , 0.36
for the ﬁll factor FF, and 0.99% for the energy conversion efﬁciency . The  value of 1% was also obtained for the PV/
P3HT cell, summarized in Table 1. These photovoltaic properties were approximately constant at least for one month with-

out changing when the devices were stored in air and in the
dark. The wavelength-dependence of incident photon to current conversion eﬃciency, IPCE for the PV/P3DT cell, is
shown in Fig. 3, accompanied by the absorption spectra of
the PV and P3DT solid ﬁlms. The photocurrent approximately
matched the absorption of PV. However, it reﬂected only
slightly the absorption of P3DT, although this judgment is difﬁcult because of the overlap of the absorption peaks at about
540 nm of PV and P3DT. Since the ﬂuorescence of the
P3DT solid spin-coated onto a vacuum-deposited Au plate
was substantially quenched in contrast to that onto a slide
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Fig. 2. Photocurrent–voltage curves of ITO/In/PV (34
nm)/P3DT (62 nm)/Au solar cell under illumination of
AM 1.5–100 mW cm2 .
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Fig. 1. Structures and abbreviations of organic materials,
and structure of PV/conjugated polymer two-layer photocell.

Fig. 3. Photocurrent action spectrum of ITO/In/PV (34
nm)/P3DT (62 nm)/Au solar cell, and absorption spectra
of PV (34 nm) and P3DT (62 nm) on slide glasses.

Table 1. Performance of PV/Conjugated Polymer Two-Layer Solar Cells under Illumination of AM
1.5–100 mW cm2
Cell structure
ITO/In/PV/P3DT/AueÞ
ITO/Au/PV/P3DT/Auf Þ
ITO/In/PV/P3HT/AueÞ
ITO/In/PV/P3DT + H2 tpp/Aue,gÞ
ITO/In/PV/P3DT + H2 tppCl/Aue,hÞ

Jsc aÞ /mA cm2
6.51
1.48
4.40
3.6
2.0

Voc bÞ /V
0.42
0.38
0.41
0.44
0.44

FFcÞ
0.36
0.38
0.56
0.49
0.38

dÞ /%
0.99
0.21
1.00
0.76
0.33

a) Short-circuit photocurrent. b) Open-circuit photovoltage. c) Fill factor. d) Energy conversion yield.
e) The thickness of In was 5 nm. f) The thickness of Au on the ITO was 10 nm. g) Molar ratio R of
porphyrin to thiophene unit in P3DT was 0.08. h) The R value was 0.12.
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ing in a large photocurrent. We expected that such a photocurrent enhancement would be observed by blending the porphyrins into the P3DT of the PV/P3DT two-layer cell. However,
despite the energy level of PV and porphyrins being suitable
for a photoinduced intermolecular electron transfer and an
electron transport, as shown in Fig. 5, the photocurrent decreased by blending them as shown in Table 1. This strongly
suggests that the photoinduced charge transfer between the
PV and the P3DT was a dominant factor in determining the
photocurrent even in the blended two-layer cell. That is, the
blended dye merely behaved as an interfering substance for
the charge transfer.
From the experimental facts mentioned above, we propose a
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Fig. 4. Normalized photo-electron number ejected from
P3DT solid surface against incident photon energy. The
P3DT was spin-coated on ITO, and its thickness was 50
nm. The maximum value of incident photon energy was
30 nW cm2 at 5.9 eV. Photon energy for a point of intersection of two linear lines is corresponding to the ionization potential Ip .
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glass, photoproduced excitons originating from the bulk of
P3DT hardly arrived at the charge separation site. Only the
excitons near the charge separation site were employed for
generating the photocurrent.
The Voc value of 0.38 V was observed even in a PV/P3DT
two-layer cell sandwiched with an Au (25 nm) electrode and
an ITO/Au (10 nm) electrode instead of an ITO/In (5 nm)
electrode, although the Jsc value was small compared to the
ITO/In/PV/P3DT/Au cell, shown in Table 1. This means that
the photovoltaic eﬀect was observed even when the work function of the current-collecting electrodes was the same. Thus,
the photovoltage was not limited by the diﬀerence in their
work functions. The photovoltage is simply determined here
by the built-in potential at the PV/P3DT junction. The limiting
factor will be discussed later. Because the contact resistance
was large due to non-ohmic resistance between the n-type
PV and the large work functional Au (as shown later), the
Jsc value was much smaller for the ITO/Au/PV/P3DT/Au
cell than for the ITO/In/PV/P3DT/Au cell.
The ionization potential Ip of the organic solids and the electrode materials was estimated to investigate the photovoltaic
mechanism. The Ip value of P3DT was estimated by the plots
of the photoelectron quantum yield from the P3DT solid surface against the incident photon energy. That is, the threshold
of the photoelectron quantum yield, as shown by the arrow in
Fig. 4, was correlated with the Ip .12 The Ip value of other materials was also obtained by this method. The Ip value of the
organic solids on ITO was taken as the energy level of the
highest occupied molecular orbital (HOMO), and that of the
electrode materials as the work function. The energy level of
the lowest unoccupied molecular orbital (LUMO) was calculated from both values of the HOMO level and the energy
gap estimated from the longest wavelength edge of the absorption spectrum of the solid ﬁlm. The energy level before contact
for the component materials employed in this work is shown in
Fig. 5. A hole-transfer from the excited PV to the ground-state
P3DT is thermodynamically possible. That is, a large free energy change of 1.2 eV is estimated as the driving force of the
photoinduced hole-transfer. Both interfaces of the In/PV and
the Au/P3DT are taken as ohmic contacts, but the Au/PV interface is considered non-ohmic.
Since it is well known that the PV solid behaves as an ntype semiconductor1 and the P3DT solid as a p-type semiconductor,13,14 a Fermi-level alignment occurs from the junction
of the PV and the P3DT, resulting in the appearance of a space
charge, or a built-in potential. The dopant in the P3DT solid
may be oxygen molecules physisorbed in the P3DT solid,15–17
where the acceptor energy level of the oxygen molecules is
perhaps slightly higher than the top of the valence band of
P3DT. On the other hand, the dopant in the PV solid is indefinite. Its donor energy level may be slightly lower than the bottom of the conduction band of PV.
We reported previously that the photocurrent in the Al/
P3DT/Au sandwich-type cell was enhanced more than 20
times by blending porphyrin dyes such as H2 tpp and H2 tppCl
because of a photoinduced charge transfer between the P3DT
and the dye in the Al/P3DT Schottky-barrier.13,14 In the blended cell, the discrete pair of hole and electron produced by the
photoinduced charge transfer was eﬃciently separated, result-
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photovoltaic mechanism as follows. First, excitons produced by
the light absorption of PV migrate to the PV/P3DT interface,
typically less than 20 nm.16,17 Secondly, a photoinduced charge
transfer between the excited PV and the ground-state P3DT occurs at the PV/P3DT interface, producing the discrete pair of
hole and electron. The coulombic force between such an electron and a hole is much smaller than that between the electron–
hole pair in the PV or P3DT exciton because of the longer distance between them. Hence, the photocharge separation occurs
more easily at the PV/P3DT interface with the aid of the builtin potential gradient in the two-layer cell, yielding an enhanced
photocurrent. Finally, the free carriers transport to the cathode
and the anode, respectively, by the drift caused by the electric
ﬁeld or the diﬀusion caused by the concentration gradient of the
free carriers. The built-in potential is not attributed to the diﬀerence in work function of the current-collecting electrodes, as
discussed previously, but to the hetero-junction of n-type PV
and p-type P3DT. In such a photovoltaic cell, the photoproduced electrons accumulate in the LUMO band of the acceptor
PV under an open-circuit condition and the photoproduced
holes are accumulated in the HOMO band of the donor
P3DT. Consequently, the open-circuit photovoltage is determined by the diﬀerence between the LUMO and HOMO levels.
However, the Voc value of 0.42 V was not consistent with the
level diﬀerence of 0.31 eV. The HOMO and LUMO levels
spread somewhat in the solid state. In addition, the orbital density around the top level of the HOMO and the bottom level of
the LUMO is small. The ionization via the PESA mechanism
occurs from the orbital around the top of the HOMO band,
but the position is not always clear. This discrepancy in the
Voc estimation may be ascribed to such a reason.
Conclusion
The PV/P3DT two-layer cell exhibited a large short-circuit
photocurrent of 6.51 mA cm2 under an illumination of AM
1.5–100 mW cm2 , resulting in an energy conversion yield
of 0.99%. This was because a photoinduced charge-transfer
complex consisting of PV and P3DT was eﬃciently produced
at the PV/P3DT interface. Their charge separation then eﬀectively occurred in the built-in potential created by the p–n hetero-junction. However, the open-circuit photovoltage of 0.42
V was small because the diﬀerence between the levels of the
PV-LUMO and the P3DT-HOMO was small. We believe that
further eﬃcient organic solar cells can be prepared by optimiz-
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ing the electronic interaction between n-type and p-type component materials of a two-layer cell.
This work was supported by the New Energy and Industrial
Technology Development Organization (NEDO) under the
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