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ABSTRACT A novel star-shaped small monomer SM containing a 1,3,5-triazine core and arms with terminal cyanovinylene
4-nitrophenyls was synthesized. Moreover, an alternating p-phenylenevinylene copolymer P containing thiophene with cyanovinylene
4-nitrophenyl side segments was synthesized by Heck coupling. Both SM and P showed broad absorption spectra with long-
wavelength maximum at 630-648 nm, which for P is attributable to an intramolecular charge transfer. The optical band gap was
1.57 eV for SM and 1.70 eV for P. Both SM and P were blended with PCBM to study the donor-acceptor interactions on the blend film
morphology and device characteristics of organic bulk heterojunction solar cells. A combination of characterization techniques including
X-ray diffraction and optical topographical images were used to investigate the film morphology. The HOMO and LUMO levels of
both SM and P are well-aligned with those of the PCBM acceptor, allowing efficient electron transfer and suitable open circuit voltage,
leading to overall power conversion efficiencies (PCEs) of 2.53 and 1.43% for SM:PCBM and P:PCBM-based devices, respectively.
The thermal annealing leads to suitable phase separation due to the increase in crystallinity of donor material and material distribution so
that highly effective bulk heterojunction morphologies are obtained which further increases the PCE up to 3.82% and 2.37% for SM:PCBM
and P:PCBM-based devices, respectively. These results are preliminary based on the illumination without using a solar simulator.

KEYWORDS: p-phenylnevinylene • small molecule solar cell • organic solar cells • triazine • bulk heterojunction solar cell •
cyanovinylene.

INTRODUCTION

Organic solar cells generally use a blend of electron
donor and acceptor materials in which nanoscale
phase separation of the two components is created

to achieve both quantitative charge generation after photo-
excitation and effective collection of these charges. The most
efficient bulk heterojunction (BHJ) solar cells of this type
combine a conjugated polymer as an electron donor and a
methanofullerene derivative as an electron acceptor. A
fullerene derivative, [6,6]-phenyl-C61-butyric acid methyl
ester (PCBM), showing better solubility than C60 in common
solvents, is a widely utilized acceptor. To further improve
the performance, small band gap polymers have attracted
considerable attention in recent years (1–16). The small

band gap enhances the overlap of the polymer absorption
spectrum with the solar emission that peaks around 700 nm
(1.77 eV). The extended absorption potentially increases the
photocurrent by absorbing more photons.

A successful and flexible strategy to design small band
gap polymers involves the alternation of electron-rich and
electron-deficient units along the polymer chain. In fact,
varying the strength of the electron rich and electron defi-
cient units allows judicious positioning of the energy levels
of the polymer with respect to those of the acceptor. When
designing small band gap polymers for photovoltaics, several
aspects need to be taken into account. Decreasing the band
gap can be achieved by either lowering the lowest unoc-
cupied molecular orbital (LUMO) or raising the highest
occupied molecular orbital (HOMO) of the polymer, or both.
However, it is generally considered that a minimum offset
of ∼0.3-0.4 eV between the LUMO of the donor and the
LUMO of the acceptor is required to ensure quantitative
charge separation at the donor/acceptor interface (17, 18).

Solution-processable small molecules have attractive fea-
tures, such as lower band gap and higher charge carrier
mobility than conjugated polymers. These small molecule
donors, which can be more easily synthesized in various
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chemical structures and purified, are intrinsically more
monodispersive and often environmentally more sta-
ble ( 16–18). There are several families of solution process-
able small molecules that have been used as donor materials
in BHJ solar cells (19–22). Solution-processed small mol-
ecules that have been used for photovoltaic (PV) cells have
been recently reviewed (23).

Dialkoxy-substituted poly(p-phenylene vinylene)s (PPVs),
for example, poly[2-methoxy-5-(2′-ethyl-hexyloxy)-1,4-phe-
nylene vinylene] (MEH-PPV) and poly[2-methoxy-5-(3′,7′-
dimethyloctyloxy)-1,4-phenylene vinylene] (MDMO-PPV)
show strong absorption in the visible light band (24–27).
Notable power conversion efficiency (PCE) values of 2-3%
have been reproducibly achieved. Regioregular poly(3-hexy-
lthiophene) (P3HT) is also a widely investigated polymer
donor, from which repeatable PCE values of 3-5 % have
been reported (24). Many optimization methods, such as
using different solvents to fabricate the active layer, ther-
mally annealing the active layer or the device, film forming
speed, additives to the active layer, optical spacer, anode or
cathode interfacial layer, and tandem structure, have been
extensively carried out with P3HT, MEH-PPV, and MDMO-
PPV as donors and have demonstrated significant improve-
ments in the PV performance of BHJ devices ( 24, 28–33).
Therefore, MEH-PPV, MDMO-PPV, and P3HT could be at-
tributed to classic polymer donors and have been well-
addressed in certain reviews (29–32).

Electron donor (D)-electron acceptor (A) interactions
play a fundamental role in organic chemistry. The reactivi-
ties and physical properties of organic compounds largely
depend on the strength of the D-A interactions. Among a
variety of electron-accepting functionalities, 1,3,5-triazine
(hereafter simply “triazine”) is a fascinating and interesting
π-electron-deficient aromatic compound. Triazine possesses
the largest nucleophilic susceptibility among various nitrogen-
containing heteroaromatic six-membered ring compounds
(34). The π-electron deficiency of triazine is useful in organic
synthesis, and 2,4,6-trichloro-1,3,5-triazine (cyanuric chlo-
ride) is a valuable reagent not only for synthesizing a lot of
triazine derivatives but also as a coupling reagent in the
formation of macrocyclic lactones (35) and �-lactams (36).

Very recently, we have synthesized low-band-gap vi-
nylene compounds with triphenylamine and benzothiadia-
zole segments for use in PV cells (37). Moreover, we have
synthesized low- band-gap p-phenylenevinylene compounds
containing thiophene or anthracene moieties for PV applica-
tions (38). All these small molecules carried terminal cy-
anovinylene 4-nitrophenyls which broaden their absorption
spectra. The BHJ solar cells, which were fabricated by
blending the above small molecules with PCBM, gave PCE
of 1.13-1.66 %, which was increased to 2.33-2.49 % upon
thermal annealin g (37, 38).

In continuation of our research for preparing low-band-
gap small molecules and polymers, we synthesized a star-
shaped small molecule (SM) and an alternating p-phenyle-
nevinylene copolymer (P) that contained cyanovinylene
4-nitrophenyl segments. The effect of these segments on the

absorption spectra and the PV properties of SM and P were
investigated. To the best of our knowledge, P is the first
macromolecule that carries cyanovinylene 4-nitrophenyls
and therefore its PV behavior is of interest, since other
related polymers could be designed and synthesized. The
PV properties of the BHJ devices based on SM:PCBM and
P:PCBM have been investigated and the overall PCE for these
devices were found approximately at 2.37 and 1.43% for
SM:PCBM and P:PCBM, respectively for the as cast films. The
higher value of PCE for SM:PCBM has been attributed to the
higher difference in the LUMO levels between SM and PCBM
as compared to the difference in the LUMOs of P and PCBM
and the relatively higher value of hole mobility. When
thermally annealed SM:PCBM and P:PCBM active layers are
used in the device, the PCE further increased up to 3.82 and
2.37%, respectively. This can be explained with the analysis
of XRD and optical microstructures. The fact that SM, which
was synthesized by a simple two-step synthetic route utiliz-
ing inexpensive and highly available starting materials,
afforded photovoltaic device with PCE of ∼4 %, must be
seriously taken into account. In addition, our research
functions as proof against the necessity of clear structure-
property relations, in order to obtain high PCE in organic
solar cells.

EXPERIMENTAL SECTION
Characterization Methods. IR spectra were recorded on a

Perkin-Elmer 16PC FT-IR spectrometer with KBr pellets. 1H NMR
(400 MHz) spectra were obtained using a Brucker spectrometer.
Chemical shifts (δ values) are given in parts per million with
tetramethylsilane as an internal standard. UV-vis spectra were
recorded on a Beckman DU-640 spectrometer with spectro-
grade THF. Elemental analyses were carried out with a Carlo Erba
model EA1108 analyzer. Gel permeation chromatography (GPC)
analysis was conducted with a Waters Breeze 1515 apparatus
equipped with a 2410 differential refractometer as a detector
(Waters Associate) and Styragel HR columns with polystyrene as
a standard and tetrahydrofuran (THF) as an eluant.

The topographical images of the films were obtained from
an optical micrograph system (Labomed optical microscope of
1 µm resolution) and were done under ambient conditions. The
interlayer spacing was studied using the X-ray diffraction (XRD)
technique. Thin film XRD spectra were recorded using a pana-
lytical (XRD) system, with CuKR acting as the radiation source
of wavelength λ ) 1.5405 Å.

Reagents and Solvents. 1,4-Divinyl-2,5-bis(hexyloxy)-ben-
zene (6) was prepared by Stille coupling reaction (39) of 1,4-
dibromo-2,5-bis(hexyloxy)-benzene with tributylvinyltin (40).
4-Nitrobenzyl cyanide was synthesized from the nitration of
benzyl cyanide with concentrated nitric and sulfuric acid (41).
N,N-Dimethylformamide (DMF) and tetrahydrofuran (THF) were
dried by distillation over CaH2. Triethylamine was purified by
distillation over KOH. All other reagents and solvents were
commercially purchased and used as supplied.

Preparation of Monomer SM and copolymer P.
4,4′,4′′-[1,3,5-Triazine-2,4,6-triyltris(oxy)]tris-benzaldehyde
(Compound 1). A flask was charged with a mixture of cyanuric
chloride (0.25 g, 1.35 mmol), 4-hydroxybenzaldehyde (0.51 g,
4.17 mmol), p-dioxane (20 mL), and Na2CO3 (0.50 g, 4.72
mmol). The mixture was stirred and refluxed for 12 h under
N2. It was subsequently concentrated under reduced pressure
and the concentrate was poured into cold water (10 mL). The
precipitate was filtered off, washed with cold water (5 mL), and
dried to afford 1 (0.20 g, 34 %).
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FT-IR (KBr, cm-1): 3026, 1724, 1640, 1600, 1398, 1288,
1218, 1160, 1054, 834, 772.

1H NMR (CDCl3, ppm): 9.85 (s, 3H, CHO); 7.65 (d, 6H,
phenylene meta to oxygen); 6.95 (d, 6H, phenylene ortho to
oxygen).

Anal. Calcd for C24H15N3O6: C, 65.31; H, 3.43; N, 9.52. Found:
C, 64.76; H, 3.48; N, 9.63.

Monomer SM. A flask was charged with a solution of 1 (0.35
g, 0.79 mmol) and 4-nitrobenzyl cyanide (0.39 g, 2.37 mmol)
in anhydrous ethanol (40 mL). Sodium hydroxide (0.19 g, 4.75
mmol) dissolved in anhydrous ethanol (20 mL) was added
portionwise to the stirred solution. The mixture was stirred for
1 h at room temperature under N2 and then concentrated under
reduced pressure. Monomer SM precipitated as a dark green
solid by cooling into refrigerator. It was filtered off, washed
thoroughly with water, and dried. The crude product was
recrystallized from DMF-water (3:1 v/v) (0.59 g, 85 %).

FT-IR (KBr, cm-1): 2160, 1584, 1508, 1490, 1458, 1342,
1288, 1270, 1184, 1108, 852.

1H NMR (DMSO-d6, ppm): 8.23 (m, 6H, phenylene ortho to
nitro); 7.76 (s, 3H, olefinic); 7.55 (m, 6H, phenylene meta to
nitro); 7.25 (m, 6H, phenylene meta to oxygen); 6.93 (m, 6H,
phenylene ortho to oxygen).

Anal. Calcd for C48H27N9O9: C, 65.98; H, 3.11; N, 14.43.
Found: C, 64.25; H, 3.04; N, 14.26.

(Z)-3-(2,5-Dibromothiophen-3-yl)-2-(4-nitrophenyl)acry-
lonitrile (Compound 5). A flask was charged with a solution of
4 (1.22 g, 4.52 mmol) and 4-nitrobenzyl cyanide (0.73 g, 4.52
mmol) in anhydrous ethanol (50 mL). Sodium hydroxide (0.36
g, 9.00 mmol) dissolved in anhydrous ethanol (40 mL) was
added portion-wise to the stirred solution. The mixture was
stirred for 1 h at room temperature under N2 and then was
concentrated under reduced pressure. Compound 5 precipitated
as a dark green solid by cooling into refrigerator. It was filtered
off, washed thoroughly with water and dried. The crude product
was purified by column chromatography, eluting with a mixture
of dichloromethane and hexane (1:1) (1.60 g, 86%).

FT-IR (KBr, cm-1): 2180, 1584, 1522, 1508, 1490, 1290,
1184, 1108, 1058, 852.

1H NMR (CDCl3, ppm): 8.10 (d, 2H, phenylene ortho to nitro);
7.74 (s, 1H, olefinic); 7.53 (d, 2H, phenylene meta to nitro); 7.10
(s, 1H, thiophene).

Anal. Calcd for C13H6Br2N2O2S: C, 37.71; H, 1.46; N, 6.77.
Found: C, 36.12; H, 1.13; N, 6.35.

Copolymer P. A flask was charged with a mixture of 5
(0.2360, 0.570 mmol), 1,4-divinyl-2,5-bis(hexyloxy)benzene (6)
(0.1885 g, 0.570 mmol), Pd(OAc)2 (0.0053 g, 0.024 mmol), P(o-
tolyl)3 (0.0399 g, 0.131 mmol), DMF (5 mL) and triethylamine
(3 mL). The flask was degassed and purged with N2. The mixture
was heated at 90 °C for 24 h under N2. It was then filtered and
the filtrate was poured into methanol. The precipitate was

filtered and washed with methanol. The crude product was
purified by dissolution in THF and precipitation in methanol
(0.2392 g, 72 %).

FT-IR (thin film on NaCl cell, cm-1): 3054, 2952, 2930, 2868,
2160, 1588, 1492, 1464, 1344, 1288, 1208, 1106, 960, 852,
752.

1H NMR (CDCl3, ppm): 8.26 (m, 2H, phenylene ortho to nitro);
7.70 (m, 1H, cyano-olefinic); 7.45 (m, 2H, phenylene meta to
nitro); 7.33 9 (d, 4H, olefinic); 7.12 (s, 1H, thiophene); 6.96 (m,
2H, phenylene ortho to oxygen); 3.94 (m, 4H, OCH2(CH2)4CH3);
1.78 (m, 4H, OCH2CH2(CH2)3CH3); 1.46 (m, 12H, O(CH2)2(CH2)3-
CH3); 0.92 (t, 6H, O(CH2)5CH3).

Anal. Calcd for (C35H38N2SO4)n: C, 72.13; H, 6.57; N, 4.81.
Found: C, 71.58; H, 6.32; N, 4.27.

Device Fabrication and Characterization. The polymer PV
devices were fabricated on patterned indium tin oxide (ITO)
coated glass substrate, which had been cleaned by successive
ultrasonic treatment in acetone and isopropyl alcohol and then
dried at 80 °C for 30 min. A 50 nm thick poly(ethylenediox-
ythiophene):poly(styrene sulfonate) (PEDOT:PSS) layer was
spin-coated onto the ITO glass and baked at 120 °C for 15 min
in ambient. A 80 nm thick P:PCBM or SM:PCBM blend layer in
THF solution was deposited on the top of the PEDOT:PSS layer
by controlled spin-coating rate. Finally, the substrates were
transferred into a thin film coating unit to deposit 50 nm thick
aluminum (Al) electrodes, producing an active layer of 0.15 cm2

for each device. A mask with area of 0.15 cm2 was used during
the thermal evaporation of the Al electrode. Prethermal anneal-
ing of the active layers was carried out at 100 °C for 2 min on
the hot plate before the deposition of Al electrode.

Current-voltage (J-V) characteristics of the PV devices were
measured using a computer controlled Keithley 238 source
meter under illumination intensity of 100 mW/cm2. A 100 W
halogen lamp without solar simulator was used as light source.
The J-V characteristic measurements under illumination were
carried out in a dark chamber (wooden box) with a window slit
of 2 cm2 area for illumination. The hole only device having ITO/
PEDOT:PSS/SM:PCBM or P:PCBM/Au configuration using as cast
and thermally annealed active layers, were fabricated and the
J-V characteristics in dark at room temperature, were recorded
to estimate the hole and electron mobility of the blended layer
using the SCLC model.

RESULTS AND DISCUSSION
Synthesis and Characterization. Scheme 1 outlines

the synthesis of monomer SM. In particular, cyanuric chlo-
ride reacted with 4-hydroxybenzaldehyde in p-dioxane in the
presence of Na2CO3 to afford compound 1. The latter reacted
with 4-nitrobenzyl cyanide in anhydrous ethanol in the

Scheme 1. Synthesis of Monomer SM
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presence of NaOH to yield SM. This monomer was soluble
only in strongly polar solvents with a high boiling point, such
as DMF and dimethylsulfoxide (DMSO).

Scheme 2 presents the five-step reaction sequence ap-
plied for the synthesis of copolymer P. Specifically, com-
pounds 2 (42), 3 (43), and 4 (44) were prepared according
to the literature. The reaction of 4 with 4-nitrobenzyl cyanide
in anhydrous ethanol in the presence of NaOH gave the key-
monomer 5. Finally, the Heck coupling of 5 with 6 afforded
the target copolymer P. This reaction took place in DMF
utilizing palladium acetate as catalyst and triethylamine as
an acid scavenger. The Heck reaction is known to produce
mixture of trans, cis, or R fashion couplings (45). Moreover,
this polymerization method gives no regioselectivity of the
coupling direction, resulting in a regiorandom product in
terms of the cyanovinylene position on the thiophene units.
The hexyloxy side chains enhanced the solubility of P, which
was very soluble in common organic solvents, like THF,
chloroform, and dichloromethane. The preparation yield of
P after the purification process was 72% and the number
average molecular weight (Mn) was 9600, by GPC, with a
polydispersity of 2.6.

Structural characterization of SM and P was accomplished
by FT-IR and 1H NMR spectroscopy. The FT-IR and 1H NMR
spectra of SM and P were consistent with their chemical
structures (see the Supporting Information).

Photophysical Properties. Figure 1 presents the
UV-vis absorption spectra of SM and P both in dilute (1 ×
10-5 M) THF solution and thin film. They are normalized
with respect the long-wavelength peak. All photophysical
characteristics are summarized in Table 1.

The absorption spectra of SM were broad and extended
from 300 up to ∼800 nm with long-wavelength maximum
(λa,max) at 648 nm. The thin film absorption onset of SM was
located at 793 nm which corresponds to an optical band gap
(Eg

opt) of 1.57 eV. SM contains an ether linkage between
triazine and benzene rings. This would break the π-conjuga-
tion and weaken the electronic interaction between the
peripheral groups and the core. The absorption spectra of P
were somewhat less broad than those of SM and extended
from 300 up to ∼750 nm. Their λa,max was at the range of
630-645 nm and is attributable to an intramolecular charge

transfer (ICT) between the electron-donating thiophene di-
hexyloxyphenylenevinylene and the electron-withdrawing
cyanovinylene 4-nitrophenyl. The thin film absorption onset
of P was located at 730 nm corresponding to an Eg

opt of 1.70
eV. The absorption spectra of SM and P showed a reduced
absorption intensity around 550 nm which was more pro-
nounced for P. The Eg

opt of the present samples are compa-
rable with those (1.65-1.71 eV) of other related materials,
which have been prepared in our laboratory (37, 38). The
lower Eg

opt for SM as compared to P demonstrates that the
three branched start type compound SM has stronger ab-
sorption ability than copolymer P.

Scheme 2. Synthesis of Copolymer P (NBS, N-bromosuccinimide; BPO, benzoyl peroxide; HMT:,
hexamethylenetetramine)

FIGURE 1. Normalized UV-vis absorption spectra in THF solution and
thin film of small molecule SM (top) and copolymer P (bottom).
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Electrochemical Properties. To determine the high-
est occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) levels of SM and P, we
carried out electrochemical cyclic voltammetry for both SM
and P film on a glassy carbon electrode (see the Supporting
Information). The potentials were internally calibrated for
Ag/AgCl, which is estimated to have an oxidation potential
of -4.71 eV vs vacuum. The cyclic voltammetry of both
materials shows that there are a couple of reversible oxida-
tion peaks in positive potential region, and an irreversible
reduction peak in the negative potential. The HOMO (EHOMO)
and LUMO (ELUMO) levels were estimated from the onset
oxidation (Eonset

ox )and reduction potential (Eonset
red ) according to

following equations

where the unit of potential is V vs Ag/AgCl (46).
The onset oxidation and reduction potentials for both P

and SM obtained from cyclic voltammetry are summarized
in Table 1. Moreover, their HOMO and LUMO energy levels
are shown in this table. In comparison with the HOMO level
of -6.3 eV and the LUMO level of -4.1 eV for PCBM, both
SM and P are suitable for use as donor materials blended
with PCBM as acceptor in organic BHJ solar cells. The
electrochemical band gaps (Eg

elc) were 1.60 eV for SM and
1.75 eV for P which are slightly higher than the correspond-
ing Eg

opt values (Table 1). The slightly higher value of LUMO
for SM as compared to the P may be attributed to the change
in the observed onset reduction potential value.

Electrical Properties of SM and P. Panels a and b
in Figure 2 show the J-V characteristics of the devices based
on SM and P thin films sandwiched between ITO/PEDOT:
PSS and Al electrodes, in dark as well as under illumination
intensity of 100 mW/cm2, at room temperature. The J-V
characteristics of both devices, in dark show a rectification
effect, when positive potential is applied to PEDOT:PSS-
coated ITO electrode with respect to the Al electrode.
Because the work function of PEDOT:PSS coated on ITO (5.2
eV) is very close to the HOMO level of the SM (-5.2 eV) and
P (-5.4 eV), this electrode behaves as nearly Ohmic contact

for hole injection from electrode into the HOMO level of
small molecules. However, the LUMO level of both materials
is very far from the work function of Al (4.2 eV) and forms
the Schottky barrier for the electron injection from Al into
the LUMO level of the organic compounds. Therefore, the
rectification effect is due to the formation of Schottky barrier
at the Al-organic layer interface.

The charge carrier mobility of the PV materials is also an
important factor which influences the performance of or-
ganic solar cells. The hole mobilities of SM and P were
measured using the space charge limited current (SCLC)
method (47–49) with the device structure ITO/PEDOT:PSS/
SM or P/Au. The J-V characteristics of the devices were
plotted as ln(Jd3/(Vappl - Vbi) versus [(Vappl - Vbi)/d]0.5, as
shown in Figure 3. The hole mobilities of SM and P calculated
from the intercepts of corresponding lines are 2.3 ×10-5 and
7.6 ×10-6 cm2/(V s), respectively. Because the building
blocks of SM and P are quite different, their hole mobilities
can not be compared. The PCE of the PV devices fabricated
with SM and P were estimated from the J-V characteristics

Table 1. Optical and Electrochemical Properties of
SM and P

SM P

λa,max
a in solution (nm) 648 645

λa,max
a in thin film (nm) 648 630

Eg
opt b(eV) 1.57 1.70

Eonset
red (V) -1.10 -1.06

Eonset
ox (V) 0.50 0.70

HOMO (eV) -5.2 -5.4
LUMO (eV) -3.6 -3.65
Eg

el c (eV) 1.60 1.75

a λa,max: The absorption maxima from the UV-vis spectra in THF
solution or in thin film. b Eg

opt: Optical band gap determined from the
absorption onset in thin film. c Eg

el: Electrochemical band gap
determined from cyclic voltammetry.

EHOMO ) -e(Eonset
ox - 4.71) eV

ELUMO ) -e(Eonset
red - 4.71) eV

FIGURE 2. Current-voltage characteristics of devices based on SM
and P in (a) dark and (b) under illumination intensity of 100 mW/
cm2; the active layer is sandwiched between ITO/PEDOT:PSS and Al
electrode.
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under illumination, as shown in Figure 2b, and are sum-
marized in Table 2. It can be seen from this table that the
short circuit current (Jsc) is higher for the device based on
SM as compared to the P, under the same conditions. This
feature may be attributed to the lower band gap and higher
hole mobility of SM compared to P, as described earlier, and
we believe that they are responsible for the higher PCE.

Photovoltaic Studies Based on Bulk Hetero-
junction. We have fabricated the BHJ organic PV devices
based on SM:PCBM and P:PCBM blend with different ratios
of donor and acceptor, but we found that the blends with
1:1 ratio by weight gives the best performance. The BHJ
organic solar cells were fabricated with spin-cast blend films
of SM:PCBM or P:PCBM (1:1 w/w) active layer and Al as the
cathode. Figure 4 shows the current voltage characteristics
of the devices in dark and under illumination intensity of
100 mW/cm2. The PV parameters of both devices are
summarized in Table 3. As it can be seen from this table,
the device based on SM:PCBM blend shows better PV
response having PCE 2.57 % as compared to the 1.43 %
for the device based on P:PCBM. The incident photon to
current efficiency (IPCE) spectra of the devices (Figure 5)
shows similar shape to the absorption spectra of the corre-
sponding blends employed in the devices, indicating that all
the visible light absorption of SM and P contributes to Jsc.
The maximum value of IPCE for SM:PCBM and P:PCBM
based devices are about 55 and 35%, respectively. The IPCE
values are consistent with higher values of Jsc and PCE of the
SM:PCBM-based organic solar cell. The optical microstruc-
ture images of the SM:PCBM and P:PCBM blends, which are

shown in Figure 6, reveal that SM has better film forming
property as compared to P. The higher PCE of the device
with SM as donor was attributed to its relatively lower band
gap, higher hole mobility, and better quality of the film.

The photocurrent in BHJ PV device is determined by the
product of the absorbed photons within the solar spectrum
and the IQE of the device (23, 50, 51). As can be seen from
Figure 1 and Table 1, the optical absorption spectra and
optical band gap are different for SM and P. Consequently,
the photon absorbed in both active layers are different. The
other factor for the difference in the photocurrent is also
attributed to the difference in the IQE of the devices. The
IQE is determined by three processes: (a) migration/diffusion
of photogenerated excitons to the D/A interface, (b) excitons
dissociation and charge separation at the interfaces, and (c)
collection of charge carriers at ITO and Al electrodes. The

FIGURE 3. Current-voltage characteristics data from the ITO/PEDOT:
PSS/P or SM/Au devices, plotted in the form of ln[Jd3/(Vappl - Vbi)2]
vs [(Vappl - Vbi)/d]0.5.

Table 2. Photovoltaic Parameters of Single-Layer
Devices Using Only SM and P

device

short circuit
current (Jsc)
(mA/cm2)

open
circuit
voltage
(Voc) (V)

fill
factor
(FF)

power
conversion
efficiency

(η) (%)

ITO/PEDOT:PSS/SM/Al 0.21 0.74 0.32 0.05
ITO/PEDOT:PSS/P/Al 0.10 0.73 0.28 0.02

FIGURE 4. Current-voltage characteristics of bulk heterojunction
devices based on (a) SM:PCBM (1:1) and (b) P:PCBM (1:1) in dark and
under illumination.
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process (a) depends upon the nanoscale phase separation
between the donor and acceptor materials used in the BHJ
active layer. It can be seen that the topographical image
(Figure 6) for the SM:PCBM is more uniform than that for
P:PCBM, which indicates better nanoscale phase separation
of the active layer for SM:PCBM. Therefore, we assume that
the contribution for IQE from process a is higher for SM:
PCBM. For process b, a sufficiently large energy difference
between the LUMO of donor and acceptor material is
required for ultrafast photoinduced charge transfer. This
difference is bigger for the SM:PCBM (0.4 eV) as compared
to P:PCBM (0.35 eV) blend and the photoinduced charge
transfer is slightly faster in the former blend, resulting in
higher IQE for the device based on SM:PCBM. Process c
depends on the percolated path for electrons and holes in
the BHJ active layer and depends also on the position of
HOMO and LUMO of donor and acceptor materials respec-
tive, relative to the work function of anode the cathode. The
HOMO level of the SM is closer to the HOMO of PEDOT:PSS,
which results in more efficient hole collection. Therefore,
processes a-c are responsible for the improved Jsc and PCE
of the device based on the SM:PCBM blend.

Effect of Thermal Annealing. Generally, the per-
formance of BHJ solar cells can be maximized by controlling
the morphology of the blend active layer, because efficient
photoinduced charge generation, transport, and collection
at each electrode crucially depend on the nanometer scale
morphology of the blend films (52, 53). The crystallization
of polymer improves the light-harvesting property by ex-
tending the conjugation length and increases hole mobility,
which is the limiting factor for the balance transport of

charges dissociated from the bound excitons (30). An or-
dered BHJ morphology can be achieved by the interdiffusion
of each molecule in the blend films. It has been reported that
thermal annealing of the polymer:PCBM blend films can
induce isolated PCBM molecules diffusing into large ag-
gregates or increases the demixing between polymer and
PCBM components (54, 55). Here, we have subjected the
blend layer of SM:PCBM or P:PCBM to thermal annealing
before the deposition of final Al electrode and the J-V
characteristics of the devices in dark and under illumination
of 100 mW/cm2 were recorded and are shown in Figure 4.
The PV parameters are summarized in Table 3. The IPCE
values of the devices (Figure 5) based on the thermally
annealed films also increases, which is inconsistent with the
observed value of Jsc. The overall power conversion efficien-
cies of the devices were found to increase upon thermal
annealing of active layer, which is mainly due to the increase
in Jsc and fill factor of the devices.

The thermal annealing of SM:PCBM or P:PCBM blend film
improves the light absorption by extending the conjugation
length, and charge transport, by increasing the hole mobility
of P or SM. These results can mainly attribute to the
improved crystallinity morphology of SM or P, which can
easily self organize into well-ordered chains during solidifi-
cation from a wet film. Generally, the degree of crystallinity
in SM or P films can be evaluated by examining the
UV-visible absorption spectra, in which well-organized
structure of SM or P is confirmed by a red shift in the
absorption peak and increased intensity.

To get information about the change in the hole mobility
in the blended active layer upon thermal annealing, the J-V
characteristics of the hole only device was measured for the
as cast and thermally annealed blended layers. The hole
mobility was extracted using the SCLC model for J-V
characteristics in dark at room temperature as discussed
earlier. The as cast active layers of SM:PCBM and P:PCBM
exhibit the hole mobilities as observed in pure SM and P,
respectively. However, when the blends are thermally an-
nealed, the hole mobility in both blends increases by one
order of magnitude (1.9×10-4 cm2/(V s) and 8.5 ×10-5 cm2/
(V s) for SM and P, respectively). The carrier mobility was
found to be more balanced for the thermally annealed active
layer than that for the as cast film and may be one of the
factors that contribute to higher device performance.

We have also examined the effect of thermal annealing on
the surface structure of both SM:PCBM and P:PCBM blends.
Figure 6 shows the topographic images of the as cast and
thermally annealed films. It can be seen from these images

Table 3. Photovoltaic Parameters of BHJ Devices Using SM:PCBM (1:1) and P:PCBM (1:1) Active Layers,
Sandwiched between ITO/PEDOT:PSS and Al Electrodes

device
short circuit current

(Jsc) (mA/cm2)
open circuit voltage

(Voc) (V)
fill factor

(FF)
power conversion
efficiency (η) (%)

ITO/PEDOT:PSS/SM:PCBM (as cast)/Al 5.1 0.92 0.54 2.53
ITO/PEDOT:PSS/SM:PCBM (annealed)/Al 7.4 0.89 0.58 3.82
ITO/PEDOT:PSS/P:PCBM (as cast)/Al 3.11 0.94 0.49 1.43
ITO/PEDOT:PSS/P:PCBM (annealed)/Al 4.98 0.88 0.54 2.37

FIGURE 5. IPCE spectra of the bulk heterojunction solar cells based
on P:PCBM or SM:PCBM blend active layers.
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that there is a significant change in the microscopic structure
for the thermally annealed blend as compared to the as cast
blend. This feature also indicates that crystallinity of P and
SM increased upon thermal annealing. This increase in
crystallinity results in an increased interfacial area for pho-
toinduced charge transfer, and thereby enhances the pho-
tocurrent.

Thin film XRD was used to determine the differences in
crystallinity of the pure and blended films before and after
thermal annealing. Figure 7 gives the diffraction patterns of
the as cast and annealed pure film and the blends. As seen
in Figure 7, the pure SM film exhibits a peak centered at 2θ
) 7.0°, corresponding to an interplanar distance of 16.2 A.
Annealing leads to higher peak intensity, indicating a higher
degree of crystallinity. The diffraction peak of the SM:PCBM
film (Figure 7) is centered at 2θ ) 7.4°, corresponding to
an interplanar distance of 15.8 Å. Similar results have been
recorded for the P:PCBM films. The diffraction intensity of
the thermally annealed blend also increases. These changes
in the film crystallinity after thermal annealing agree with
what is observed in the absorption spectra. Because most
of the fullerene acceptors, such as PCBM, do not show any
diffraction patterns in the range of 2θ values used (56), the
changes in crystallinity of the blended film after thermal
annealing are mainly attributed to an increase in crystallite
size of the SM donor material. The increase in the crystal-
linity of SM upon thermal annealing leads to an improve-
ment in the hole mobility that increases the overall PCE.

CONCLUSIONS
A small molecule SM and a copolymer P having common

structural features, such as cyanovinylene 4-nitrophenyls, were
synthesized. SM dissolved only in strongly polar solvents,

FIGURE 6. (a) Optical topographical images of SM:PCBM films before and after thermal annealing. (b) Optical topographical images of P:PCBM
blends films before and after thermal annealing.

FIGURE 7. XRD patterns for the as cast and annealed (a) pure SM
and (b) SM:PCBM thin films.
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whereas P was very soluble in common organic solvents. Both
displayed broad absorption spectra with long-wave maximum
at 630-648 nm and optical band gap of 1.57-1.70 eV. PV
devices have been fabricated with pure SM, P, SM:PCBM and
P:PCBM active layers. It was found that the overall PCE of the
device based on pure SM is higher than that for pure P, and
this was attributed to the higher hole mobility in SM as
compared to that in P. Moreover, the PCE of the PV device
based on the SM:PCBM blend active layer is higher than that
of the P:PCBM. This behavior was attributed to the higher
difference in between the LUMO levels of SM and PCBM as
compared to that for copolymer P-based blend. The improve-
ment in PCE with the device based on thermally annealed films
has been explained in terms of an increase in surface rough-
ness and crystallinity of the active layer upon thermal anneal-
ing, as was analyzed from the optical microstructure and the
XRD patterns of the thin films. The PCE was approximately
3.82 and 2.37% for SM:PCBM and P:PCBM-1based devices,
respectively. These results are preliminary based on the il-
lumination without using a solar simulator.

Supporting Information Available: Structural character-
ization of small molecule SM and copolymer P by FT-IR and
1H NMR spectroscopy; 1H NMR spectrum of copolymer P;
information about the CV measurements of the materials
(PDF). This material is available free of charge via the
Internet at http://pubs.acs.org.
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