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ABSTRACT The effect of the incorporation of a low-band-gap small-molecule BTD-TNP on the photovoltaic properties of vinylene
copolymer P:PCBM bulk heterojunction solar cells has been investigated. The introduction of this small molecule increases both the
short-circuit photocurrent and the overall power conversion efficiency of the photovoltaic device. The incident photon-to-current
efficiency (IPCE) of the device based on P:PCBM:BTD-TNP shows two distinct bands, which correspond to the absorption bands of
P:PCBM and BTD-TNP. Furthermore, it was found that the IPCE of the device has also been enhanced even at the wavelengths
corresponding to the absorption band of P:PCBM, when the thermally annealed blend was used in the device. This indicates that the
excitons that are generated in copolymer P are dissociated into charge carriers more effectively in the presence of the BTD-TNP small
molecule at the copolymer P:PCBM interface by energy transfer from P to the small molecule. Therefore, we conclude that the BTD-
TNP small molecule acts as light-harvesting photosensitizer and also provides a path for the generated exciton in copolymer P toward
the P:PCBM interface for efficient charge separation. The overall power conversion efficiency for the P:PCBM:BTD-TNP photovoltaic
device is about 1.27%, which has been further enhanced up to 2.6%, when a thermally annealed blend layer is used.
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INTRODUCTION

Solar cells based on organic semiconducting materials
are of tremendous interest (1-10) because of their
attractive properties such as flexibility, ease of fabri-

cation, and low cost of materials. The most common ap-
proach for the fabrication of an efficient conjugated polymer
photovoltaic device is to prepare a blend of a conjugated
polymer (donor) and a fullerene derivative, such as [6,6]phen-
yl-C61-butyric acid methyl ester (PCBM) (acceptor) to produce
a bulk heterojunction. At present, the power conversion
efficiency of photovoltaic devices employing bulk hetero-
junction active layers is in the range of 5-5.5%, and the
highest efficiency of 6.5% has been reported for tandem
solar cells (11-18). Photovoltaic devices with optimized
performance have been developed using a poly(3-hexylth-
iophene) (P3HT):PCBM blend and show an ideal incident
photon-to-current efficiency (IPCE) in only the mid-wave-
length region of visible light. However, the barrier that must
be overcome to produce efficient organic photovoltaic de-
vices is to extend the light absorption by the photoactive

layer to the longer-wavelength and near-infrared regions,
where the maximum photon flux lies, without a reduction
in the open-circuit voltage. The overall power conversion
efficiency of the organic device depends upon the following
factors: the light-harvesting efficiency of the materials in the
visible and infrared regions, exciton diffusion to the donor-
acceptor interface, photoinduced charge separation, and
mobility of the charge carriers produced by photoinduced
charge separation (19, 20).

In recent years, significant progress has been made in the
synthesis and processing of low-band-gap polymers (21-28),
which are capable of absorbing a broad range of solar
photons. However, only a few of them have achieved power
conversion efficiencies comparable with those of devices
fabricated from P3HT (29, 30). A possible route to overcome
the low photovoltaic performance observed in a polymer
solar cell might be to incorporate a low-band-gap small-
molecule donor in the blend with energy levels intermediate
to those of polymer and fullerene derivatives (31, 32). Small
molecules generally have high mobility and are easily puri-
fied and more prone to long-range order than conjugated
polymers (33-35).

During selection of the small molecule, it is crucial that
the energy levels of the small molecule lie between those of
the conjugated polymer and PCBM, in order to avoid the
charge trapping in the small molecule. For this purpose, we
have used the BTD-TNP small molecule, whose energy levels
lie between the copolymer P and PCBM. This molecule
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absorbs photons in the longer-wavelength region more
effectively, whereas the P:PCBM blend has weak absorption.
In this paper, we report a comparison of the photovoltaic
properties of bulk heterojunction solar cells based on co-
polymer P:PCBM blends with and without the low-band-gap
BTD-TNP small molecule. The short-circuit current (Jsc) and
the overall power conversion efficiency (η) increase from
2.14 to 5.8 mA/cm2 and from 0.75 to 1.64%, respectively,
when the BTD-TNP molecule has been incorporated in the
P:PCBM blend, which has been further enhanced up to 2.6%
when a thermally annealed P:PCBM:BTD-TNP blend is used
as the active layer in the device. This suggests that the
introduction of the low-band-gap small molecules in the
donor:acceptor blend improves the light-harvesting proper-
ties of the blend, which results in an enhancement in the
power conversion efficiency.

EXPERIMENTAL DETAILS
We have used the alternating phenylenevinylene copolymer

P containing a side anthracene, which was attached to the
thiophene ring via a vinylene bridge as the electron donor and
PCBM as the electron acceptor for the present investigation. The
chemical structures of conjugated copolymer P, the BTD-TNP
small molecule, and PCBM used for this investigation are shown
in Figure 1. The synthesis of copolymer P (36) and BTD-TNP
(37) and their characterization have been reported elsewhere.
The copolymer P is soluble in common organic solvents such
as tetrahydrofuran, chloroform, dichloromethane, and toluene
owing to the hexyloxy side groups. PCBM was purchased from
Aldrich and used as received. Cyclic voltammetry (CV) of
copolymer P, BTD-TNP, and PCBM was performed using a
potentiostat-galvanostat (PGSTAT-30, Autolab, Eco-Chemie)
equipped with three-electrode systems. The three-electrode
system was composed of a gold wire, a working electrode, a
platinum counter electrode, and a SCE (Ag/Ag+) reference
electrode, calibrated against the ferrocene/ferrocenium (Fc/Fc+)
couple.

The photovoltaic devices have been prepared with a bulk
heterojunction active layer of copolymer P:PCBM with and
without BTD-TNP, sandwiched between the indium-tin oxide
(ITO)-coated glass and the aluminum electrodes. The devices
were fabricated on precleaned ITO-coated glass substrates. The
copolymer P, PCBM, and BTD-TNP were dissolved in 1,2-
dichlorobenzene, separately. The solutions of copolymer P and
PCBM and of copolymer P, PCBM, and BTD-TNP were mixed
in 1:1 and 1:1:1 ratios to develop the blends of copolymer
P:PCBM and copolymer P:PCBM:BTD-TNP, respectively. The
thin film blends were spin-coated on ITO-coated glass substrates
at 1500 rpm for 2 min. Finally, these blends were transferred
to a vacuum chamber, where the aluminum electrode (100 nm)

was deposited by the thermal evaporation method. The active
area of the device is about 20 mm2. For thermal annealing, the
blend coated on the ITO substrate was heated at 100 °C for 10
min, before deposition of the aluminum electrode. The current-
voltage characteristics of the devices were measured under
illumination using a Keithley electrometer with a built-in power
supply. The devices were illuminated through the ITO side with
a tungsten-halogen lamp at an irradiation intensity of 100 mW/
cm2. The IPCE of the devices was measured by illuminating the
device with a tungsten-halogen lamp using a monochromator
and measuring the resulting photocurrent with a Keithley
electrometer under short-circuit conditions using the following
expression:

where Jsc is the short-circuit photocurrent and λ and Pin are the
wavelength and illumination intensity of the incident light,
respectively.

RESULTS AND DISCUSSION
The optical absorption spectra of copolymer P, PCBM,

and BTD-TNP thin films are shown in Figure 2a. The thin-
film absorption onset of copolymer P is at 534 nm, which

FIGURE 1. Chemical structures of the BTD-TNP small molecule,
copolymer P, and PCBM.

FIGURE 2. (a) Optical absorption spectra of copolymer P, PCBM, and
BTD-TNP thin films. (b) Optical absorption spectra of (a) copolymer
P:PCBM, (b) copolymer P:PCBM:BTD-TNP, and (c) copolymer P:PCBM:
BTD-TNP (annealed) blend thin films.

IPCE ) 1240Jsc/λPin (1)
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corresponds to an optical absorption band gap (Eg
opt) of 2.3

eV. BTD-TNP is a soluble vinylene compound that contains
a benzothiadiazole segment and terminal p-nitropheyl units.
BTD-TNP has an optical band gap of 1.65 eV. The longer-
wavelength absorption maximum of BTD-TNP (650 nm)
corresponds to the π-π* transition of the molecular back-
bone. The presence of the nitro groups at the terminal
phenyls of the BTD-TNP molecule contributes to the broad-
ening of its absorption, as has been well established in the
literature (38). The absorption spectrum of BTD-TNP is broad
and covers a wide range of the UV-visible and near-infrared
spectrum up to 800 nm. This feature is desirable for active
materials to be used in organic photovoltaic devices. There-
fore, we have used this compound as a low-band-gap small
molecule in the present investigation. The optical absorption
spectra for bulk heterojunction films comprised of P:PCBM,
P:PCBM:BTD-TNP (as cast), and P:PCBM:BTD-TNP (an-
nealed) are also shown in Figure 2b. It seems from this figure
that there are broad absorption bands around 390-520 and
620-740 nm in the copolymer P:PCBM:BTD-TNP blend
corresponding to copolymer P and BTD-TNP, respectively.
The absorption of the blend is a simple superposition of
copolymer P and BTD-TNP absorption spectra (as seen in
Figure 2a), and there is a small contribution from PCBM in
the lower-wavelength region, indicating a homogeneous
mixing of components in the blend.

Parts a and b of Figure 3 show the current-voltage
characteristics of the devices based on copolymer P:PCBM
and P:PCBM:BTD-TNP blends, respectively, under illumina-
tion of intensity 100 mW/cm2. The photovoltaic parameters
of these devices are summarized in Table 1. The photovoltaic
parameters for the device employing the BTD-TNP:PCBM
blend with the same electrodes are also compiled in Table
1 for comparison. The highest power conversion efficiency
of the device is about 2.6% for the device based on P:PCBM:
BTD-TNP (annealed). The incorporation of BTD-TNP in the
blend improves both the short-circuit photocurrent (Jsc) and
the open-circuit voltage (Voc). However, for the devices based
on annealed blends, Voc is slightly decreased. This may be
due to the increase in the crystalline nature of the copolymer
that results in a decrease of Voc because of the rise in the
highest occupied molecular orbital (HOMO) level of the
copolymer. The rise in the HOMO level occurs as a result of
increased interchain orbital delocalization (39). The increase
in Jsc with the addition of BTD-TNP is a result of increased
absorption at the longer-wavelength region, which is absent
in the case of the copolymer P:PCBM blend. The absorption
at the longer-wavelength region leads to an increase in
exciton generation in BTD-TNP, and the excitons are sub-
sequently dissociated into free charge carriers at the donor:
acceptor interfaces formed in the bulk heterojunction active
layer.

In order to get information about the origin of the
increase in Jsc upon the addition of BTD-TNP in the copoly-
mer P:PCBM blend, we have measured the IPCE spectra of
the devices. In the case of photovoltaic devices based on
blends without BTD-TNP, the IPCE peak is only in the region

of 420-550 nm corresponding to the absorption spectrum
of the P:PCBM blend. The increase in IPCE of devices with
P:PCBM blends upon thermal annealing is attributed to the
increase in crystallization of the copolymer. However, the
device with P:PCBM:BTD-TNP exhibits two IPCE peaks ap-
pearing in the wavelength region of copolymer P absorption
and also in the longer-wavelength region of BTD-TNP ab-
sorption. Before thermal annealing, the value of IPCE in the
region that corresponds to the absorption of copolymer P is
comparable to that of the device with copolymer P:PCBM.

FIGURE 3. (a) Current-voltage characteristics of the devices based
on copolymer P:PCBM blends. (b) Current-voltage characteristics
of the devices based on copolymer P:PCBM:BTD-TNP blends.

Table 1. Photovoltaic Parameters of the Devices
under an Illumination Intensity of 100 mW/cm2

device

short-circuit
current

(Jsc, mA/cm2)

open-circuit
voltage
(Voc, V)

fill
factor
(FF)

power
conversion
efficiency

(η, %)

ITO/P:PCBM/Al 2.14 0.82 0.43 0.75

ITO/BTD-TNP: PCBM/Al 3.31 0.78 0.47 1.21

ITO/P:PCBM (annealed)/Al 3.4 0.78 0.48 1.27

ITO/P:PCBM:BTD-TNP/Al 3.7 0.85 0.52 1.64

ITO/P:PCBM:BTD-TNP
(annealed)/Al

5.8 0.81 0.55 2.6

LE
T
T
ER

1372 VOL. 1 • NO. 7 • 1370–1374 • 2009 www.acsami.org



This indicates that the photocurrent in this region is due to
the generation of excitons due to the absorption of photons
by copolymer P and their subsequent dissociation into free
charge carriers at the P:PCBM interfaces present in the
blend. After thermal annealing, the IPCEs in both absorption
bands, which correspond to the copolymer P and BTD-TNP,
increase. These phenomena indicate that BTD-TNP is not
directly involved in the generation of excitons in the wave-
length region, which corresponds to copolymer P absorp-
tion. However, BTD-TNP promotes charge separation from
the generated excitons in copolymer P.

The HOMO and LUMO levels for copolymer P, BTD-TNP,
and PCBM were estimated by CV. For calibration, the redox
potential of Fc/Fc+ was located at 0.09 V to the Ag/Ag+

electrode. It is assumed that the redox potential of Fc/Fc+

has an absolute energy level of -4.8 eV relative to the
vacuum (40). The energy levels of HOMO and LUMO were
then calculated according to the following equations:

where Eox and Ered are the onset oxidation and reduction
potential versus Ag/Ag+, respectively, observed by CV. The
values estimated from CV are listed in Table 2.

Upon the incorporation of BTD-TNP in the P:PCBM blend,
BTD-TNP may be located between P and PCBM phases,
between PCBM phases, and also between copolymer P
phases. The energy level diagram of the copolymer P, BTD-
TNP, and PCBM is shown in Figure 5. As shown in Figure
5a, the exciton generated in BTD-TNP, when BTD-TNP is

located between P and PCBM, injects an electron into PCBM
and a hole into copolymer P because the HOMO level of
BTD-TNP is lower than the HOMO level of copolymer P. This
forms a favorable energy cascade in both the LUMO and
HOMO levels of the materials used in the device. This
energetic cascade is essential for the bulk heterojunction for
efficient photoinduced charge transfer. However, when BTD-
TNP is located at the PCBM domain, BTD-TNP can only inject
the electron into the PCBM domain but cannot inject a hole
into the surrounding PCBM domain because of the lower
HOMO level of PCBM. Similarly, when BTD-TNP is located
at the copolymer P domain, the same situation is true.
Therefore, only the BTD-TNP molecule, which is located near
the interface of P:PCBM, can contribute to the photocurrent
generation.

The photocurrent originating from the BTD-TNP addition
in the P:PCBM blend indicates that some of the BTD-TNP
molecules are located at the copolymer P:PCBM interface
even before thermal annealing of the blend. As the IPCE at
650 nm increases from 0.45 to 0.64, when the thermally
annealed blend is used in the device, the absorption spectra
of the blend remain the same. This may be due to the
enhanced charge collection efficiency, which is improved by
the formation of an interpenetrating network, upon thermal
annealing. In addition to that, it may be possible that a
number of BTD-TNP molecules located at the P-PCBM
interface increase upon thermal annealing because of the
increased crystallinity of the conjugated copolymer and
aggregation of the nanocrystalline PCBM domain. When the
blend is thermally annealed, the BTD-TNP molecules located
in the copolymer P or PCBM domain may be expelled from
each domain into the interface by crystallization of the
conjugated copolymer P and aggregation of the nanocrys-
talline PCBM domain.

As mentioned earlier, there are two mechanisms respon-
sible for the increase in Jsc by the addition of BTD-TNP
molecules in the copolymer P:PCBM blend. One is that
additional absorption at the longer-wavelength region by the
BTD-TNP molecule directly contributes to the increase in Jsc.
In addition to the above mechanism, the BTD-TNP molecules
that are located at the copolymer P:PCBM interface promote
the charge separation for generated excitons in copolymer
P at the wavelength region of 440-570 nm. The combined

FIGURE 4. IPCE spectra of the photovoltaic devices based on different
blends: (a) P:PCBM (as-cast); (b) P:PCBM (annealed); (c) P:PCBM:BTD-
TNP (as-cast); (d) P:PCBM:BTD-TNP (annealed).

Table 2. Positions of the LUMO and HOMO Levels
of Materials Estimated from CV

material LUMO (eV) HOMO (eV)

copolymer P -2.8 -5.0
PCBM -4.1 -6.6
BTD-TNP -3.4 -5.1

EHOMO ) -(Eox + 4.71) eV
and

ELUMO ) -(Ered + 4.71) eV
(2)

FIGURE 5. Energy level diagram of BTD-TNP and surrounding
materials: (a) BTD-TNP located at the interface between copolymer
P and PCBM; (b) BTD-TNP located in the PCBM domain.
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effect of the above two mechanisms improves the overall
power conversion efficiency.

CONCLUSION
In conclusion, we have shown that the addition of the

BTD-TNP small molecule in the copolymer P:PCBM bulk
heterojunction solar cell improves the photocurrent and
power conversion efficiencies. The broader absorption of
BTD-TNP molecules at the longer-wavelength region ef-
fectively harvests photons in this region. Moreover, the
allocation of BTD-TNP molecules at the copolymer P:PCBM
interface contributes to the enhancement in the power
conversion efficiency. In the wavelength region of 440-520
nm, the BTD-TNP molecules that are located between
copolymer P and PCBM contribute to the photocurrent. The
BTD-TNP molecules that are located at the P:PCBM interface
contribute also to the photocurrent through the effective
dissociation of the generated excitons in the copolymer
phase at the shorter-wavelength region. A further improve-
ment in the power conversion efficiency of the device based
on the thermally annealed blend is attributed to the increase
in the number of BTD-TNP molecules at the copolymer
P/PCBM interface due to crystallization of the conjugated
copolymer P.
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