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Organic bulk heterojunction (BHJ) solar cells based on a dicyanovinyl-substituted oligothiophene
as a donor and [6,6]-phenyl C61 butyric acid methyl ester (PCBM) as an acceptor were fabricated
and characterized. The oligothiophene derivative can absorb long wavelength photons of the solar
radiation, which makes the solar cells with an optimized weight ratio of 1:1.4 have a decent
short-circuit current density (12.4 mA/cm?) and open-circuit voltage (0.88 V) under AM 1.5G
illumination with an intensity of 100 mW/cm?. A power conversion efficiency (PCE) of 3.7% is
achieved, which is among the best PCEs of solution processed small molecule BHJ solar cells.

© 2010 American Institute of Physics. [doi:10.1063/1.3460911]

Bulk heterojunction (BHJ) solar cells based on conju-
gated polymer/fullerene systems are evolving into a promis-
ing phase for low-cost photovoltaic applications due to solu-
tion processing, light weight, and large scale flexible
devices."” The power conversion efficiency (PCE) of the de-
vices based on these materials are predicted to reach 15% by
modeling.3 At present, the solar cells based on poly(3-hexyl
thiophene) (P3HT):[6,6]-phenyl C61 butyric acid methyl es-
ter (PCBM) attract a great deal of attention and have dem-
onstrated efficiencies as high as 5%-6%." In recent years,
solution processable BHJ organic solar cells based on conju-
gated small molecules and fullerenes have been extensively
investigated.y11 Solution processable small molecules have
numerous merits, such as, high chemical stability, high car-
rier mobility, well defined structures, easy synthesis and pu-
rification, intrinsicall%/ monodisperse, and few deep electron
traps in solid films."* " Oligothiophenes possess the above
advantages, which makes them promising donors for solu-
tion processed BHJ solar cells when blend them with PCBM.
PCE up to 2.3% and 3.0% were demonstrated using an oli-
gothiophene with a dialkylated diketopyrrolopyrrole chro-
mophore as a donor and soluble fullerenes PCBM or [6,6]-
phenyl C71 butyric acid methyl ester as an acceptor,
res.pectively.lo’ll The best performance of solution processed
small molecule solar cells with a PCE of 4.4% was reported
by Nguyen et al.’

In this letter, the donor used for the BHJ solar cells was
an oligothiophene derivative 5,5""”-bi(dicyanovinyl)-
3,3",3",3",3"" 3""_sexioctyl -2,5':2",5":2",2":5" 2"
57,2 5" 2" _septithiophene (DCN7T), which is com-
posed of seven thiophene rings substituted with two terminal
electron-withdrawing dicyanovinyl-substituent end groups.
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The chemical structure of DCN7T is shown in Fig. 1(a) and
the synthesis of DCN7T was described elsewhere.'®

The photovoltaic devices were made by using a common
fabrication process. The active layer was prepared by spin
coating the blends of DCN7T (8 mg ml™!) and PCBM in
chloroform in different weight ratios (wt/wt 1:x, x=0.6,
1.0, 1.4, and 1.8) onto a precleaned indium tin oxide
(ITO) coated glass substrate, which was modified by spin-
coated a thin layer of poly-(3,4-ethylenedioxythiophene):
polystyrenesulfonate (PEDOT:PSS) (Baytron) as a hole
extraction/electron blocking layer and then dried in nitrogen
without further treatment. Finally, LiF and Al were thermally
evaporated through a shadow mask on the active layer as a
cathode. The schematic diagram of the solar cells based on
DCN7T:PCBM is shown in Fig. 1(b), which has a structure
of ITO (~17 Q/sq) /PEDOT:PSS (40 nm)/DCN7T:PCBM
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FIG. 1. (a) Chemical structure of DCN7T. (b) Schematic diagram of photo-
voltaic device based on DCN7T:PCBM. (c) Approximate HOMO/LUMO
levels for DCN7T/PCBM based photovoltaic device.
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FIG. 2. (a) Absorption spectra of DCN7T, P3HT, and
DCN7T:PCBM films in various weight ratios of 1:0.6,
1:1, 1:1.4, and 1:1.8. (b) PL spectra of DCN7T and
DCN7T:PCBM in films with different ratios (wt/wt) ex-
citated with the wavelength of 250 nm. (c) Fluores-
cence decays of DCN7T:PCBM films with three differ-
ent ratios as follows: 1:1 (hollow squares), 1:1.4
(hollow circles), and 1:1.8 (hollow triangles).
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(110 nm)/LiF (1 nm)/Al (70 nm). The effective area of each
cell is ~9 mm?. The current density versus voltage (J-V)
curves of the photovoltaic devices are recorded under
simulated AM 1.5G with an illumination intensity of
100 mW/cm?. A xenon lamp with a filter (broadpass
GRB-3, Beijing Changtuo Scientific limited company) to
simulate AM 1.5G conditions was used as the excitation
source with a power of 100 mW/cm? white light illumina-
tion from the ITO side. Light source illumination intensity
was measured using a calibrated broadband optical power
meter (FZ-A, wavelength range 400-1000 nm, Photoelectric
Instrument Co, Beijing Normal University, China)."” The
electrochemical band gap of DCN7T is about 1.7 eV as de-
termined by cyclic voltammetry, while the optical band gap
is about 1.68 eV, indicating that the band gap of DCN7T is
smaller than that of P3HT, which is approximately 2.0 eV.'s
The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) of DCN7T and
PCBM, as well as other relevant energy levels are shown in
Fig. 1(c).

The absorption spectra of the thin films of DCNT7T,
P3HT, and DCN7T/PCBM are presented in Fig. 2(a). The
absorption spectrum of DCN7T film spreads from 400 to
800 nm, with a peak at 614 nm, indicating that DCN7T
absorbs solar energy more effectively than P3HT, which
absorbs photons in the range of 400-650 nm with a peak at
522 nm. In addition, it is important to note that a shoulder at
670 nm suggests a vibronic progression enforced by strong
intermolecular interactions among the thiophene rings and
the cyanovinyl-substituents in DCN7T molecule,”" which is
redshifted compare with that of P3HT (at 600 nm). It is
obvious that the blend films of DCN7T/PCBM exhibit
broader absorption spectra than that of the pure DCN7T due
to the complementary absorption spectra between the
DCN7T and PCBM, implying an effective solar photon har-
vest.

The photoluminescence (PL) spectra of DCN7T and
DCN7T:PCBM with different weight ratios (1:0.6, 1:1, 1:1.4,
and 1:1.8) are shown in Fig. 2(b). The films were prepared
by spin-casting from chloroform solutions onto quartz
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substrates. The pure DCN7T film displays a strong peak at
375 nm with excitation at 250 nm. The PL intensity of the
film is remarkably reduced after doping with PCBM. The PL
emission of DCN7T is more effectively quenched by increas-
ing the weight of PCBM in the blends. Efficient PL quench-
ing of the films with the weight ratios of 1:1.4 and 1:1.8
suggests that efficient exciton dissociation occurs at the in-
terface between DCN7T and PCBM. Furthermore, the fluo-
rescence decays of the DCN7T:PCBM films were measured
by the JY FluoroLog 3 spectrophotometer using a 265 nm
pulsed light-emitting diode, where the solid curves are biex-
ponential fit to the experimental data and can be seen in Fig.
2(c). The fluorescence decay of DCN7T:PCBM blend (1:1.4)
is significantly faster than those of the other two ratios, im-
plying that in the film of 1:1.4 (wt/wt) the photogenerated
excitons have a high possibility to diffuse to the interface
between DCN7T and PCBM where they are dissociated to
free charge carriers because the film has a better morphology.

The J-V curves of the photovoltaic devices based on
DCN7T:PCBM, with two weight ratios of 1:0.6 and 1:1.4, in
the dark and under illumination without annealing treatment
are plotted in Fig. 3(a), which shows that under illumination
of 100 mW/cm?, the devices with a blended ratio of 1:1.4
(wt/wt) display obvious photoresponse. A PCE of 3.7%,
open-circuit voltages (V,.) of 0.88 V, fill factor (FF) of 0.34,
and the short-circuit current densities (J,.) of 12.4 mA cm™
are achieved. The J-V curves of the photovoltaic devices
having different blend weight ratios (1:0.6, 1:1, 1:1.4, and
1:1.8 wt/wt) under AM 1.5G illumination with an intensity of
100 mW/cm? are shown in Fig. 3(b). Among the devices
investigated so far, the PCE are 0.04%, 1.1%, 3.7%, and
3.2% for the devices with the ratios of 1:0.6, 1:1, 1:1.4, and
1:1.8, respectively. The efficiency of the solar cells increase
with increasing PCBM weight and then decrease. The device
with the ratio of 1:1.4 demonstrates the best performance. It
is possible that in the case of small PCBM content, such as
for 1:0.6 (wt/wt), the PCBM is too little to form an interpen-
etrating network morphology for exciton diffusing to and
dissociating at the interface between two components. Be-
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FIG. 4. Tapping mode AFM topography images (5X5 um?) of the four
films cast from chloroform solutions of DCN7T:PCBM in various weight
ratios as follows: (a) 1:0.6, (b) 1:1, (c) 1:1.4, and (d) 1:1.8.

sides that, with that ratio, PCBM is too little to form a con-
tinuous path for electron transport through the active layer to
collection electrode. When the PCBM content increases in
the blend, as in 1:1.4 (wt/wt), it is enough to produce an
effective donor/acceptor interface for exciton dissociation
and to form a percolation pathway for charge transport to the
collection electrodes. The strong dependence of PCE on the
blend ratios of the devices shows that the morphology influ-
ence on the performance of solar cells. As the PCBM content
increased, as for 1:1.8 (wt/wt), aggregation may be occur-
ring, which could deter exciton generation, separation and
transport in the active layer. This is partly verified by the
morphology variation among the blended films, as shown in
topography images of atomic force microscopy (AFM) (Fig.
4). The topography image of pristine DCN7T film is smooth
and the root-mean-square roughness is about 7.7 nm. After
introducing PCBM into DCNT7T, the three different donor/
acceptor ratios show some phase segregation. The film with
blend ratio of 1:1.4 exhibits a more continuous and rough
morphology compared to the other two blend ratios and the
corresponding device demonstrates the highest PCE.

The summary of the photovoltaic properties for these
devices is given in Table I. Under AM 1.5G illumination, the
Voe=0.60-0.88 V slightly depends on the blend ratios. The
V. 1s based upon the difference in the LUMO level of the
acceptor and the HOMO level of the donor because of the
Fermi level pinning mechanism. In addition, the V. can be
influenced by other factors such as, the ratios of the donor
and the acceptor, processing conditions, etc. 2021 The maxi-
mum V. of the devices based on DCN7T/PCBM is ~1.1 V,
governed by the HOMO of DCN7T (5.1 eV) and the LUMO
of PCBM (4.0 eV). The slightly lower V. of the devices may
be caused by the loss of the carriers collected at the elec-
trodes. In contrast, the dependence of J . on the weight ratios

TABLE I. The V., J. FF, and PCE of the photovoltaic devices with dif-
ferent blends.

Ratios of the blends Voe Joe PCE
(wt/wt) (V) (mA cm™) FF (%)
DCN7T:PCBM (1:0.6) 0.60 0.29 0.23 0.04
DCN7T:PCBM (1:1) 0.88 6.6 0.19 1.1
DCN7T:PCBM (1:1.4) 0.88 124 0.34 3.7
DCN7T:PCBM (1:1.8) 0.78 10.2 0.40 3.2
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of the two components is pronounced. For example, the J,
increases from 0.29 to 12.4 mA cm~2, when the blend ratio
changes from 1:0.6 to 1:1.4, resulting in more than one order
of magnitude improvement.

In conclusion, solution processed BHJ solar cells based
on an oligothiophene derivative DCN7T was investigated.
The oligothiophene derivative having two terminal electron-
withdrawing groups exhibits an intermolecular donor-
acceptor structure, which increases the absorption in the vis-
ible range.22 The BHJ solar cell with DCN7T and PCBM at
the ratio of 1:1.4 exhibits a PCE as high as 3.7% under AM
1.5G illumination with an intensity of 100 mW/cm? in air,
which is among the highest efficiency to date for solution
processed small molecule BHJ solar cells. The PCE of the
BHI solar cells can be further improved by tuning the mo-
lecular system and optimizing the device fabrication, how-
ever the FF of these devices are still low.
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