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a b s t r a c t

We have fabricated bulk heterojunction (BHJ) photovoltaic devices based on the as cast and thermally
annealed P:[6,6]-phenyl-C-61-butyric acid methyl ester (PCBM) blends and found that these devices
gave power conversion efficiency (PCE) of about 1.15 and 1.60% respectively. P is a novel alternating
phenylenevinylene copolymer which contains 2-cyano-3-(4-(diphenylamino)phenyl)acrylic acid units
along the backbone and was synthesized by Heck coupling. This copolymer was soluble in common
organic solvents and showed long-wavelength absorption maximum at 390–420 nm with optical band
gap of 1.94 eV. The improvement of PCE after thermal annealing of the device based on the P:PCBM blend
was attributed to the increase in hole mobility due to the enhanced crystallinity of P induced by thermal
treatment. In addition, we have fabricated BHJ photovoltaic devices based on the as cast and thermally
annealed PB:P:PCBM ternary blend. PB is a low band gap alternating phenylenevinylene copolymer
with BF2–azopyrrole complex units, which has been previously synthesized in our laboratory. We found

that the device based on this ternary blend exhibited higher PCE (2.56%) as compared to either P:PCBM
(1.15%) or PB:PCBM (1.57%) blend. This feature was associated with the well energy level alignment of
P, PB and PCBM, the higher donor–acceptor interfaces for the exciton dissociation and the improved
light harvesting property of the ternary blend. The further increase in the PCE with thermally annealed
ternary blend (3.48%) has been correlated with the increase in the crystallinity of both P and PB. Finally,
we used copolymer P as sensitizer for quasi solid state dye-sensitized solar cell and we achieved PCE of

approximately 3.78%.
Abbreviations: A, acceptor; BHJ, bulk heterojunction; CV, cyclic voltamme-
ry; D, donor; DMF, N,N-dimethylformamide; DSSC, dye-sensitized solar cell; Eopt

g ,
ptical band gap; Eox

onset, onset oxidation; Ered
onset, onset reduction; FF, fill factor;

PC, gel permeation chromatography; HOMO, highest occupied molecular orbital;
CT, intramolecular charge transfer; IPCE, incident photon to current efficiency;
TO, indium tin oxide; J–V, current–voltage; Jsc, short circuit current; �a,max, long-

avelength absorption maximum; LUMO, lowest unoccupied molecular orbital;
n , number average molecular weight; OSCs, organic solar cells; P3HT, poly(3-

exylthiophene); PC71BM, [6,6]-phenyl-C71 butyric acid methyl ester; PCBM,
6,6]-phenyl-C-61-butyric acid methyl ester; PCE, power conversion efficiency; PL,
hotoluminescence; PV, photovoltaic; TBP, 4-tert-butylpyridine; THF, tetrahydro-
uran; TPA, triphenylamine; Voc, open circuit voltage.
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1. Introduction

Polymer-based solar cells have emerged as a promising class
of organic solar cells (OSCs) due to their low cost, light weight,
mechanical flexibility, tunable electronic properties and the ease
of device fabrication [1–6]. At present, power conversion efficiency
(PCE) over 5% has been achieved by designing and synthesiz-
ing novel polymers as donor materials for photovoltaic (PV)
applications [7–11]. Most recently, a new copolymer, PBDTTT-CF,
consisting of dialkoxyl benzodithiophene and fluorine-substituted
thieno[3,4-b]thiophene units has been synthesized and used as a
donor material, and exhibits a PCE of 6.77%, when combined with
[6,6]-phenyl-C71 butyric acid methyl ester (PC71BM) as acceptor

[12]. Although the PCEs of polymer solar cells have improved sub-
stantially over the recent years, they remain significantly lower
than those of the traditional Si-based solar cells and are still far
from commercial production. One promising method for further
increasing the PCE is the synthesis of low band gap donor–acceptor

dx.doi.org/10.1016/j.jpowsour.2010.09.118
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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Table 1
Photophysical and electrochemical properties of copolymers P and PB.

Copolymer P PB

�a,max
a in solution (nm) 390 434

�a,max
a in thin film (nm) 420 (435)d 511

Thin film absorption onset (nm) 640 763
Eopt

g (eV)b 1.94 1.63
Eox

onset (V) 0.75 0.40
Ered

onset (V) −1.25 −1.25
HOMO (eV) −5.45 −5.10
LUMO (eV) −3.45 −3.45
Eel

g (eV)c 2.00 1.65

a �a,max: the long-wavelength absorption maxima from the UV–vis spectra in THF
solution or in thin film.

and a catalytic amount of ammonium acetate. The mixture was
Chart 1. Chemical structure of copolymer PB.

D–A) polymers for use as donor materials, whose optical and elec-
ronic properties can be flexibly tuned by carefully choosing the D
nd A moieties [13–15,7]. When applied to OSCs, the most efficient
nd widely used device structure is the bulk heterojunction (BHJ),
n which donor (D) and acceptor (A) components are intermixed
n solution and spin-coated onto the substrate as an active layer

ith some degree of phase separation, providing a large D/A inter-
ace for photogenerated excitons to dissociate into free charges and
n interpenetrating network for charge transport to the respective
lectrodes.

On the other hand, dye-sensitized solar cells (DSSCs) are cur-
ently attracting great importance because of their low cost, easy
rocessing, and higher conversion efficiency than the conven-
ional solid-state PV devices [16]. In these cells, dye sensitizer is
ne of the key components for high power conversion efficien-
ies. The most successful charge-transfer sensitizers employed so
ar in such cells are bis(tetrabutylammonium)-cis-di(thiocyanato)-
,N′-bis(4-carboxylato-4′-carboxylic acid-2,2′-bipyridine) ruthe-
ium(II) (the N719 dye) and trithiocyanato-4,4′4′′-tricaboxy-
,2′:6′,2′′-terpyridine ruthenium(II) (the black dye) with an
fficiency of >12% [17]. In spite of this, the main drawbacks of these
ensitizers are the lack of absorption in the red region of the vis-
ble spectrum as well as rarity of the metal in the earth crust. As
u dyes are exclusive, metal-free organic molecules, tetrapyrrolic
ompounds such as porphyrins and phthalocyanines are potential
lternative sensitizers for DSSC applications based on their thermal
s well as electronic properties [18].

Triphenylamine (TPA) is a unique molecule possessing 3D
ropeller-like geometry, glass-forming property, and relatively
igh oxidation potential as well as excellent hole-transporting
roperty. A literature survey revealed that various TPA-based mate-
ials have been used for BHJ solar cells very recently [19–26].
oreover, theoretical and experimental studies have demon-

trated that the TPA unit, which suppresses the dye aggregation
or its nonplanar structure, can be used as the sensitizer of DSSCs
27]. Very recently, a few groups [28–33] have reported that DSSCs
ith various triphenylamine-based dyes have shown PCEs up to
7% under AM 1.5 irradiation, indicating the importance of their

urther investigation in this topic.
The present investigation describes the synthesis and char-

cterization of a novel alternating phenylenevinylene copolymer
which contains substituted TPA units along the backbone and

olubilizing hexyloxy side chains. The TPA is connected to the
yanoacrylic acid through a methine bridge. The copolymer P was
uccessfully synthesized by Heck coupling. This copolymer was
sed as donor for BHJ solar cells with [6,6]-phenyl-C-61-butyric
cid methyl ester (PCBM) as acceptor. The PCE for the BHJ device
ased on the as cast and thermally annealed P:PCBM blend is about
.15% and 1.60%, respectively. The increase in the PCE for the ther-
ally annealed blend was attributed to the raise in hole mobility

ue the enhanced crystallinity of P in the blend. In addition, the

ernary blend P:PB:PCBM (as cast and annealed) was used for BHJ
olar cells. PB is a low band gap alternating phenylenevinylene
opolymer with BF2–azopyrrole complex units (Chart 1). Copoly-
er PB has been previously synthesized in our laboratory and used
b : optical band gap determined from the absorption onset in thin film.
c : electrochemical band gap determined from cyclic voltammetry.
d The long-wavelength absorption maximum of thin film after thermal annealing

at 120 ◦C for 2 min.

for BHJ solar cells. In particular, the PB:PCBM BHJ devices have given
PCE 1.57% and 3.25% for the as cast and thermally annealed film
respectively [34]. Certain photophysical characteristics of PB are
listed in Table 1. The BHJ device based on the PB:P:PCBM ternary
blend exhibited improved PCE (2.56 and 3.48% for the as cast and
thermally annealed blend) as compared to the devices based on
either P:PCBM or PB:PCBM blends. This effect has been interpreted
in terms of improved light harvesting property of ternary blend,
increased D/A interfaces for the exciton dissociation and proper
energy level alignment of P, PB and PCBM. The increase in the
PCE for the device based on the thermally annealed ternary blend
has been attributed to the improved crystallinity of both P and PB,
which leads to an increase in the hole mobility and better balance
charge transport. Besides, since copolymer P contains cyanoacrylic
acid anchoring groups, we used it as photosensitizer for quasi solid
state DSSCs cells and we achieved PCE of ∼3.78%.

2. Experimental

2.1. Reagents and solvents

1,4-Divinyl-2,5-bis(hexyloxy)-benzene was prepared by Stille
coupling reaction [35] of 1,4-dibromo-2,5-bis(hexyloxy)-benzene
with tributylvinyltin [36]. Triethylamine was purified by distilla-
tion over KOH. N,N-Dimethylformamide (DMF) and tetrahydrofu-
ran (THF) was dried by distillation over CaH2. All other reagents and
solvents were commercially purchased and were used as supplied.

2.2. Synthesis of compounds and copolymer

2.2.1. 4-(Diphenylamino)benzaldehyde (1)
This compound was synthesized by formylation of TPA using

DMF and POCl3 according to the reported method [37].

2.2.2. 4-(Bis(4-bromophenyl)amino)benzaldehyde (2)
This compound was synthesized by bromination of 1 in

dichloromethane according to the reported method [37].

2.2.3.
(E)-3-(4-(Bis(4-bromophenyl)amino)phenyl)-2-cyanoacrylic acid
(3)

A flask was charged with a mixture of 2 (0.3470 g, 0.805 mmol),
cyanoacetic acid (0.0850 g, 0.966 mmol), glacial acetic acid (7 mL)
stirred and refluxed under nitrogen for 24 h. The reaction solution
became red during the heating. Then it was concentrated under
reduced pressure and water was added to the concentrate. The
yellow-brown solid thus obtained was filtered, pulverized, washed
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horoughly with water and dried to afford 3. It was purified by
ecrystallization from ethanol (0.36 g, 90%).

FT-IR (KBr, cm−1): 3340–3200 (O–H stretching of carboxyl);
216 (cyano); 1700 (C O stretching of carboxyl); 1314 (C–N
tretching of TPA); 3031, 1576, 1506 (aromatic).

1H NMR (DMSO-d6) ppm: 12.00 (br, 1H, carboxyl); 8.00 (s, 1H,
yanovinylene); 7.88 (m, 2H, TPA ortho to cyanoacrylic acid); 7.42
m, 4H, TPA ortho to bromine); 7.23 (m, 6H, TPA ortho to nitrogen).

Anal. Calcd. for C22H14Br2N2O2: C, 53.04; H, 2.83; N, 5.62. Found:
, 52.86; H, 2.67; N, 5.43.

.2.4. Copolymer P
A flask was charged with a mixture of 3 (0.1367 g,

.274 mmol), 1,4-divinyl-2,5-bis(hexyloxy)-benzene (0.0907 g,

.274 mmol), Pd(OAc)2 (0.0026 g, 0.012 mmol), P(o-tolyl)3
0.0192 g, 0.063 mmol), DMF (8 mL) and triethylamine (3 mL).
he flask was degassed and purged with N2. The mixture was
eated at 90 ◦C for 24 h under N2. Then, it was filtered and the
ltrate was poured into methanol. The precipitate was filtered
nd washed with methanol. The crude product was purified by
issolving in THF and precipitating into methanol (0.14 g, yield
6%).

FT-IR (KBr, cm−1): 3340–3200 (O–H stretching of carboxyl);
952, 2926 (C–H stretching of hexyloxy); 2212 (cyano); 1697 (C O
tretching of carboxyl); 1284, 1070, 1008 (ether bond); 1314 (C–N
tretching of TPA); 3030, 1592, 1506 (aromatic); 966 (trans viny-
ene bond).

1H NMR (CDCl3) ppm: 12.00 (br, 1H, carboxyl); 8.05 (s, 1H,
yanovinylene); 7.90 (m, 2H, TPA ortho to cyanoacrylic acid); 7.43
m, 4H, TPA ortho to vinylene); 7.25–7.12 (m, 6H, TPA ortho to nitro-
en, and 4H vinylene); 6.82 (s, 2H, phenylene ortho to oxygen); 3.95
m, 4H, OCH2(CH2)4CH3); 1.82 (m, 4H, OCH2CH2(CH2)3CH3); 1.36
m, 12H, O(CH2)2(CH2)3CH3); 0.92 (t, J = 5.4 Hz, 6H, O(CH2)5CH3).

Anal. Calcd. for (C44H46N2O4)n: C, 79.25; H, 6.95; N, 4.20. Found:
, 78.92; H, 6.87; N, 4.13.

.3. Characterization methods

IR spectra were recorded on a Perkin-Elmer 16PC FT-IR spec-
rometer with KBr pellets. 1H NMR (400 MHz) spectra were
btained using a Brucker spectrometer. Chemical shifts (ı val-
es) are given in parts per million with tetramethylsilane as an

nternal standard. UV–vis spectra were recorded on a Beckman DU-
40 spectrometer with spectrograde THF. Elemental analyses were
arried out with a Carlo Erba model EA1108 analyzer. Gel perme-
tion chromatography (GPC) analysis was conducted with a Waters
reeze 1515 apparatus equipped with a 2410 differential refrac-
ometer as a detector (Waters Associate) and Styragel HR columns
ith polystyrene as a standard and tetrahydrofuran (THF) as an

luent.

.4. Device fabrication and characterization

First copolymer P was well dissolved in THF solution with a con-
entration of 10 mg mL−1 and then it was mixed with the PCBM
olution in THF (10 mg mL−1). The resulting mixture was used to
repare the P:PCBM blend film. The weight ratio of P and PCBM

n the blend is 1:1. For the ternary blend, the above mixture was
ixed with the PB solution in THF (10 mg mL−1) and the result-

ng mixture was used to prepare the P:PB:PCBM (1:1:1 by weight)
ernary blend thin film. The polymer PV devices were prepared in

glove box, on indium tin oxide (ITO) coated glass substrates. The

ubstrates were cleaned in an ultrasonic bath with water and ace-
one. After cleaning the substrate, the PEDOT:PSS layer was spin
oated with a thickness of about 80 nm and baked at 80 ◦C for
0 min in an oven. The 80–90 nm thick photoactive layer (P:PCBM
er Sources 196 (2011) 2364–2372

or P:PB:PCBM) was spin coated from the above prepared blend
solutions on the top of the PEDOT:PSS layer for 1 min. The thick-
ness of the active layer was adjusted by tuning the spin coating
rate. Finally, an Al electrode was deposited by the vacuum ther-
mal evaporation method on top of the photoactive layer to form
the ITO/PEDOT:PSS/P:PCBM or P:PB:PCBM/Al structure. The active
area of the device is 5 mm2. For thermal annealing, the photoactive
layer was thermally annealed at temperature of 120 ◦C for 2 min,
before the deposition of the Al electrode.

The current–voltage (J–V) characteristics of the devices in dark
and under illumination were measured by a semiconductor param-
eter analyzer (Keithley 4200-SCS). A xenon lamp source (Oriel
USA) was used to give the simulated irradiance of 100 mW cm−2

(equivalent to AM 1.5 irradiation) at the surface of the device.
The photoaction spectra of the devices were measured using a
monochromator (Spex 500 M, USA) and the resulting photocurrent
was measured with a Keithley electrometer (model 6514), which
is interfaced to the computer by LABVIEW software.

2.5. Fabrication of polymer sensitized solar cells

TiO2 paste was prepared by slowly adding 1 g of TiO2 powder
(P25 Degussa) to a mixture of 0.2 mL acetic acid, 1 mL of water, and
60 mL of ethanol. Then this mixture was sonicated for 3 h. Finally
Triton X-100 was added and the well dispersed colloidal paste was
coated over the FTO glass by the doctor blade technique. The TiO2
coated FTO electrode was sintered at 450 ◦C for 30 min. Copoly-
mer P was dissolved in THF solution and the TiO2 electrode was
immersed into this solution for 12 h and after the sensitization, the
electrode was washed. The thickness of the copolymer sensitized
TiO2 layer is about 20 �m. Quasi solid state polymer electrolyte was
prepared by adding 0.083 g of P25 TiO2 powder, 0.1 g of LiI, 0.019 g
of I2, 0.264 g of PEO, and 44 �L of 4-tert-butylpyridine (TBP) to a
(1:1) acetone/propylene carbonate solution. Finally, the electrolyte
was spin coated over the polymer sensitized TiO2 electrode.

To prepare the platinum counter electrode, H2PtCl4 solution in
iso-propanol (2 mg mL−1) was deposited onto the FTO glass sub-
strates and sintered at 400 ◦C for 30 min. The polymer sensitized
quasi solid state solar cell was fabricated by sandwiching the elec-
trolyte between the polymer sensitized TiO2 photoanode and the
counter electrode. The effective area of the DSSC is 0.25 cm2. The J–V
characteristics of the device were measured by the same method
as described for BHJ solar cells.

3. Results and discussion

3.1. Synthesis and characterization

Copolymer P was synthesized by a four-step reaction sequence
which is outlined in Scheme 1. In particular, compounds 1 [37] and
2 [37] were synthesized following the reported procedures. The
condensation of 2 with cyanoacetic acid in glacial acetic acid in
the presence of a catalytic amount of ammonium acetate afforded
compound 3. Finally, the Heck coupling of 3 with 1,4-divinyl-2,5-
bis(hexyloxy)-benzene in DMF utilizing Et3N as acid scavenger and
Pd(OAc)2 as catalyst gave copolymer P. The crude product was
purified by dissolution in THF and precipitation into methanol.
This copolymer displayed enhanced solubility in common organic
solvents like THF, dichloromethane and chloroform due to the
hexyloxy side chains and the nonplanar configuration of the TPA

segment. Copolymer P had number average molecular weight (Mn)
of 8600, by GPC, with a polydispersity of 2.3.

The FT-IR spectrum of P showed characteristic absorption bands
at 3340–3200 (O–H stretching of carboxyl); 2952, 2926 (C–H
stretching of hexyloxy); 2212 (cyano); 1697 (C O stretching of
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Scheme 1. Synt

arboxyl); 1284, 1070, 1008 (ether bond); 1314 (C–N stretching
f TPA); 3030, 1592, 1506 (aromatic) and 966 cm−1 (trans viny-
ene bond). The 1H NMR spectrum of P displayed upfield signals
t 12.00 (carboxyl) and 8.05 ppm (cyanovinylene). The signals at
.90 and 7.43 ppm were assigned to the TPA protons ortho to
yanoacrylic acid and ortho to vinylene respectively. The TPA pro-
ons ortho to nitrogen were overlapped with the vinylene protons
t 7.25–7.12 ppm, while the phenylene protons ortho to oxygen
ave peaks at 6.82 ppm. Finally, the aliphatic protons of the hexy-
oxy chains resonated at the range of 3.95–0.92 ppm.

.2. Photophysical properties

Fig. 1 depicts the UV–vis absorption spectra of copolymer P
n both dilute (10−5 M) THF solution and thin film, while Table 1
ummarizes all photophysical characteristics of copolymers P and
B. The absorption spectra of P were broad and extended from
00 up to ∼650 nm. They displayed long-wavelength absorp-
ion maximum (�a,max) at 390 nm in solution and 420 nm in
hin film. Moreover, both absorption spectra showed a shoul-
er approximately at 476 nm. The �a,max at 390 and 420 nm was
ssigned to an intramolecular charge transfer (ICT) between the

PA/dialkoxyphenylene donor and the cyanoacrylic acid acceptor
38]. Similar absorptions have been observed in other TPA-
ontaining dyes which have been used for DSSCs [39]. After thermal
nnealing of the thin film at 120 ◦C for 2 min, the �a,max was red-

ig. 1. UV–vis spectra of copolymer P in THF solution and thin film as cast and after
hermal annealing at 120 ◦C for 2 min.
of copolymer P.

shifted by 15 nm and appeared at 435 nm, while the shoulder at
476 nm became more distinct (Fig. 1). The red shift of the main
absorption peak and the distinct vibronic shoulder of annealed film,
compared to as cast film, was attributed to a higher degree of crys-
tallinity induced by thermal annealing. Interestingly, the solution
absorption onset was almost the same with that in thin film which
indicates that there is not any stacked aggregation in solid state due
to the non-planar structure of the TPA unit. The thin film absorp-
tion onset was located at 640 nm corresponding to an optical band
gap (Eopt

g ) of 1.94 eV. The optical bang gap of P (1.94 eV) is almost
the same with that of poly(3-hexylthiophene) (P3HT). This suggests
that copolymer P can be used as electron donor for BHJ PV devices
with PCBM as electron acceptor.

Cyclic voltammetry (CV) is employed to calculate the oxidation
and reduction potentials, the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
energy levels of P. The potentials have been measured with respect
to the Ag/Ag+ electrode. HOMO and LUMO levels were calculated
from the following equations:

EHOMO(eV) = −e[Eox
onset(V) + 4.7] and

ELUMO(eV) = −e[Ered
onset(V) + 4.7]

where Eox
onset and Ered

onset are the onset oxidation and reduction poten-
tials observed in the cyclic voltammogram. The electrochemical
values are compiled in Table 1. The HOMO and LUMO levels of P are
−5.45 eV and −3.45 eV, respectively. The electrochemical band gap
(2.00 eV) is larger than the optical band gap (1.94 eV), as usually
observed in other conjugated polymers. The difference between
the LUMO levels of P and PCBM (−4.0 eV) is approximately 0.55 eV,
which indicates that the combination of P as a donor with PCBM as
an acceptor can be used for BHJ polymer solar cells.

3.3. Charge carrier mobility of copolymer P

We have measured the J–V characteristics of the ITO/PEDOT:
PSS/P/Au device in dark to estimate the hole mobility of copoly-
mer P. Since the HOMO level of P is close to both HOMO level of

PEDOT:PSS and work function of Au, we assume that under for-
ward bias (PEDOT:PSS/ITO electrode is positive with respect to Au
electrode), both interfaces (Au/P and ITO/PEDOT:PSS/P) form the
nearly Ohmic contact in the device. The device acts as hole only
device. The J–V data were analyzed using nonlinear square fitting
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ig. 2. Current–voltage characteristics of ITO/PEDOT:PSS/P:PCBM/Al devices in dark
nd under illumination intensity of 100 mW cm−2.

o the modified Mott–Gurnay equation, described as:

= 9
8

εε0�
V2

L3
exp

(
0.89ˇ

√
V

L

)

here J is the current density, V is the applied voltage, L is the thick-
ess of the active layer, � is the zero field mobility, ε is the dielectric
onstant, ε0 is the permittivity of free space (8.85 × 10−12 F m−1)
nd � is the field activation factor. From the analysis of the J–V
urve in dark and using the above equation, the zero field mobil-
ty of the as cast and thermally annealed P were determined to be
.2 × 10−5 and 3.3 × 10−5 cm2 V−1 s−1, respectively. The increase in
he hole mobility for the thermally annealed P, was attributed to the
nhanced crystallinity of P as it has been shown in the absorption
pectra of this copolymer.

.4. Photovoltaic properties of P:PCBM blend device

We have used copolymer P as electron donor with PCBM as
lectron acceptor for BHJ PV devices. The J–V characteristics of the
evice in dark and AM 1.5 irradiation (100 mW cm−2) are shown in
ig. 2. The device ITO/PEDOT:PSS/P:PCBM/Al shows a rectification
ffect in dark. The optimized PV parameters are listed in Table 2. We
ave observed quite high open circuit voltage (Voc) for this device,
hich is attributed to the large difference between the LUMO of

CBM and HOMO of P. In a BHJ device, if both electrodes form the
hmic contact with the photoactive layer, the open circuit is mainly
overned by the difference between the LUMO level of acceptor

nd the HOMO level of donor used in the device [40]. The HOMO
evel of PEDOT:PSS (−5.1 eV) almost matches with the HOMO level
f P (−5.45 eV), resulting in nearly Ohmic contact for holes in the
evice, under forward bias conditions. On the other hand, the Al
akes nearly Ohmic contact for electron injection from Al into the

able 2
hotovoltaic parameters of BHJ devices based on binary and ternary blended films.

Blends Short circuit current (Jsc) (mA cm−2) Open circuit

P:PCBM (as cast) 2.73 0.98
P:PCBM (annealed) 3.60 0.95
PB:PCBM (as cast) [34] 3.80 0.86
PB:P:PCBM (as cast) 5.60 0.88
PB:P:PCBM (annealed) 7.50 0.86
er Sources 196 (2011) 2364–2372

LUMO of PCBM. For this case the Voc is given by [40]

q(Voc − �Vb) = (HOMO)donor − (LUMO)acceptor

where �Vb is the sum of the voltage losses at each contact due
to the band bending. For the ideal case, the theoretical value of
Voc of the device using P:PCBM blend should be 1.45 V. But the
experimental value of Voc is about 0.98 V, which is lower by 0.47 V
than the theoretical value. This may be attributed to the voltage
losses at the interfaces, due the mismatching of the HOMO of P
and the LUMO of PCBM with the energy levels of PEDOT:PSS and Al
electrodes, respectively.

The values of short circuit current (Jsc) and fill factor (FF) are
2.73 mA cm−2 and 0.43, respectively resulting PCE of ∼1.15% which
is lower than that for other conjugated polymers having a similar
band gap. We assume that this lower PCE may be a result of the low
hole mobility of P and charge carrier losses at the interfaces, due
to the unbalanced charge transport, which leads to the formation
of space charge at the interface. As it can be seen from Table 2, the
PCE of the device based on the thermally annealed P:PCBM blend
has been increased up to 1.54%. The increase in the PCE may be
attributed to the raise in hole mobility and enhanced crystallinity
of the P in P:PCBM blend.

3.5. Photovoltaic properties of the P:PB:PCBM ternary blend

Recently, the energy harvesting capabilities of OSCs have been
improved through the use of low band gap conjugated poly-
mers [41]. Although the absorption spectra of these polymers are
extended into the long-wavelength region (e.g., near infrared), they
still sacrifice some absorption in the visible region. Moreover, the
offsets of the HOMO levels of the donors and acceptors lead to
significant losses upon exciton dissociation. Therefore, to enhance
photocurrent generation, great interest remains in combining
organic semiconductors that exhibit complementary spectra.

We have investigated an approach to enhance the spectroscopic
response of P:PCBM by blending this with a low band gap conju-
gated copolymer PB. We found that the low band gap copolymer
PB, whose electronic levels are well aligned with the electro-
chemically determined potentials of P and PCBM, whose potential
for application in organic PVs has been investigated earlier [34],
efficiently contributes to photocurrent generation in longer wave-
length region of the spectrum. The charge transport mechanism
and sensitization effect of PB with P:PCBM blend on PV response
are investigated by both J–V characteristics in dark and under illu-
mination and IPCE spectra of the device. The transfer of positive
charge from both PB to P and P to PB is found to be the dominant
process which leads to a design rule for the ternary systems, where
copolymers PB and P act as light absorber and charge transporter,
respectively.

Copolymer PB with smaller band gap (Eg = 1.65 eV) has broader
absorption feature in comparison to copolymer P (Eg = 1.94 eV).
Besides the absorption peak at 525 nm, PB exhibits vibronic fea-

tures at longer wavelength around 630–640 nm. These features,
which are originally absent in the absorption profile of PB in solu-
tion, indicate the presence of strong interchain �–� interactions
due to the high degree of crystallinity in the blend, as it has been
also reported for P3HT [42].

voltage (Voc) (V) Fill factor (FF) Power conversion efficiency (�) (%)

0.43 1.15
0.47 1.60
0.48 1.57
0.52 2.56
0.54 3.48
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PB:P:PCBM blends is about 0.98 × 10−6 cm2 V−1 s−1 and 4.6 × 10−5

cm2 V−1 s−1, respectively. Hence, the increase in the hole mobility
also contributes to the enhancement in the Jsc for ternary blend
device as compared to binary blend device. Thermal annealing fur-
ig. 3. Flat energy band diagrams for binary BHJ (a) PB:PCBM, (b) P:PCBM and (c)
onor (PB or P) and the LUMO of the electron acceptor (PCBM).

PB has been used as a donor copolymer in conjugation with the
:PCBM blend for two reasons. Its absorption spectrum extends

nto longer wavelength region. It is thus complementary to copoly-
er P, which has absorption maximum around 420 nm, where

B has an absorption minimum. The criteria for the selection of
:PB:PCBM are the positions of the electronic energy levels of P,
B and PCBM. Table 1 displays the HOMO and LUMO levels of P,
B as determined by CV. The HOMO level of P is located between
he HOMOs of PB and PCBM (as shown in Fig. 3). The LUMO
evels for P and PB are almost the same. As a consequence, pho-
oinduced charge transfer is energetically allowed between P and
CBM, between PB and PCBM, as well as between P and PB. The key
arameters, to improve the PCE of polymer solar cells are the con-
rol of nanoscale morphology and light harvesting property of the
hotoactive blend layer [43]. The competing processes which are
trongly reliant on blend morphology are exciton dissociation and
harge transport. To maximize the dissociation of photogenerated
xcitons, a larger D/A interfacial area should be achieved.

From the electronic point of view, one important effect is that
he band gap of PB is about 0.30 eV smaller than that for P. This
mplies that the PB will be more appropriate for harvesting light
n the red and infrared parts of the sun’s spectrum. Charge mobil-
ty will also depend on the interaction between neighboring chains
44] and in fact, hole mobility of P (1.2 × 10−5 cm2 V−1 s−1) is lower
han that of PB (4.6 × 10−5 cm2 V−1 s−1) [34]. Consequently, in
rder to ensure good charge generation (and Jsc) in OPVs based on
ernary systems, the amount of P should, theoretically, be smaller
ompared to PB.

The flat energy band diagram of the ternary system is shown in
ig. 3. Considering the energy band diagram, the Voc in the present
ernary blend (PB:P:PCBM) device configuration is expected to be
mproved when the P component directly contacts the PEDOT:PSS.
his assumption is based on the report that the trend of Voc

n organic solar cells is ideally determined by the offset energy
etween the HOMO of the electron donating component (here P
r PB) and the LUMO of the electron-accepting component (here
CBM).

Fig. 4 displays the J–V characteristics of the devices based on
he as cast and thermally annealed PB:P:PCBM ternary blends, in
ark and under illumination intensity of 100 mW cm−2. The device
hows good rectification effect indicating the formation of a BHJ

evice. The PV parameters are summarized in Table 2. The device
ased on PB:P:PCBM ternary blend exhibits Voc value about 0.88 V,
hich is the intermediate value of two binary blend devices that

s slightly close to the PB:PCBM device. This implies that the PB
omponent in the ternary blend device became relatively richer in
:PCBM ternary BHJ. �˚ denotes the offset energy between the HOMO of electron

the direction of PEDOT:PSS. The Jsc in the device based on ternary
blend is higher than that for both devices based on either P:PCBM
or PB:PCBM binary blend. The photocurrent in the device based on
P:PB:PCBM blend is induced by the light absorption of both P and
PB and followed by the excitons creation. These excitons diffuse
to the D/A interfaces, where they can dissociate into free carriers
depending upon the strength of the local electric field that results
from the difference between the LUMO levels of P or PB and PCBM.
Therefore, the interfacial electric field drives the charge separation
effectively and generated electrons are transported through PCBM
towards Al electrode, while the holes are transported through both
P and PB towards PEDOT:PSS electrode. The steepest slope of the
J–V curves at the forward voltage above the Voc observed for the
device based on ternary blend indicates the lowest charge blocking
resistance for this device [45].

The charge carrier mobility study of the devices with ternary
blend (as cast and thermally annealed) was conducted with hole
and electron only devices using the space charge limited cur-
rent methods [46]. The hole mobility for the as cast P:PCBM and
Fig. 4. Current–voltage characteristics of ITO/PEDOT:PSS/PB:P:PCBM/Al devices in
dark and under illumination intensity of 100 mW cm−2.
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ig. 5. . UV–vis spectra of the as cast and thermally annealed at 120 ◦C for 2 min
B:P:PCBM blend.

her increases the hole mobility up to 6.1 × 10−5 cm2 V−1 s−1, which
lso enhances the PCE of the device up to 3.48% due to the increased
rystallinity of both copolymer P and PB. Thus, more balanced
ole/electron mobility and lower internal resistance as a result of
ernary blend, are likely expected to contribute to the increase in
F and hence the PV performance of the device.

Thermal annealing is employed to trigger reorganization of the
and PB in the blend to a more crystalline structure. The optical

bsorption spectra of ternary blend film before and after thermal
nnealing are shown in Fig. 5. The major effect of thermal anneal-
ng on the blend film is the shifting of the absorption peaks towards
he longer wavelengths. The absorption peaks around 440 nm and
10 nm observed in the blend before thermal annealing correspond
o P and PB, respectively. These peaks are red shifted upon thermal
nnealing. Consequently, the large red shift of P, in contrast to the
mall red shift of PB peak, resulted in a broadening of the absorp-
ion wavelength range of the P:PB:PCBM blend film. Therefore, the
ernary blend annealed at 120 ◦C, increases the absorbed photons
hrough the broadening of the absorption wavelength range occur-
ing by thermal annealing. The effect of thermal annealing on the
lend film, which appears as a red shift of the absorption peaks of
oth P and PB, can be explained by the basis of the structure organi-
ation of both P and PB chains, which are well known to crystallize
pon thermal annealing, as has been reported for other conju-
ated polymers [47]. After thermal annealing, the part of absorption
pectra originating from the ordered phase is red shifted. This is
n agreement with the crystal growth theory of polymers, which
tates that with the increase of temperature, the size of crystallites
ncreases. As the polymer chains are extended through the crystal-
ites, the thicker crystallites would give a longer conjugation length
48]. The overall red shift in the absorption of blend film by ther-

al annealing is an indication of increasing conjugation length in
he blend. This means that the alternation of single–double bonds
etween the carbon atoms increases, and therefore, the �–�* tran-
ition shifts to lower energy. This tends to result in a decrease in
he energy band gap of the blend by thermal annealing. Therefore,
y thermal annealing, the blend absorbs a large amount of pho-
ons, which have lower energy, and consequently the generation of
harge carriers, may be increased in the solar cell. The improvement
n the ternary blend with thermal annealing may result in a positive
mpact on the Jsc. The heat treatment facilitates the reorganiza-
ion of the copolymers to a more thermodynamically stable state.

he absorption profile of the heat treated blend exhibits a distinct
houlder peak around 610–615 nm, while an increase in the inten-
ity is observed at absorption near 510 nm peak. Since, both PCBM
nd P have no significant absorption above 450 nm, this shoulder
eak is attributed to reorganization of PB chains into crystallites.
Fig. 6. IPCE spectra of BHJ photovoltaic devices based on (a) P:PCBM and PB:PCBM,
(b) as cast and thermally annealed ternary PB:P:PCBM blend.

Thermal annealing facilitates the diffusion of copolymers and their
phase separation, enhancing the interchain �–� interaction of PB
chains, and eventually improving the absorption of blend around
480–650 nm, as has been reported for other conjugated polymer
blend with PCBM [49].

The thermal treatment is found to affect the Jsc significantly,
which depends strongly on various factors, such as the amount
of photons absorbed, efficiency of exciton dissociation and effec-
tiveness of free charge carrier transport. The increase in Jsc can be
attributed to the improved degree of crystallinity that results in
enhanced absorption and charge transport. As shown in the photo-
luminescence (PL) study, the improved charge transport is one of
the contributing factors to the PL quenching in the blend films. The
reduction in the Voc is attributed to the decrease in the HOMO level
of the donor due to the increase in crystallinity [50]. The low value
of FF in OSC may indicate an imbalance between hole and elec-
tron transport and poor morphology. The difference in the charge
mobility induces build up of the space charge region, which can
impede charge extraction by the electrodes, increasing the inter-
nal resistance in the blend [51]. The improvement in hole mobility
induced by the thermal annealing reduces the imbalance in the
charge transport, leading to in enhancement in the FF.

The IPCE spectra of the devices based on the as cast and ther-
mally annealed P:PB:PCBM blends are shown in Fig. 6(b). The IPCE
spectra of the P:PCBM and PB:PCBM are also shown in Fig. 6(a).
It can be seen from these figure that the IPCE spectra of the
P:PB:PCBM blend is the sum of the P:PCBM and PB:PCBM blends.

The IPCE profile is similar to the absorption spectra of the ternary
blend, indicating that the overall photocurrent is stemmed from
the absorption of both PB and P copolymers. The increase in IPCE
for the device based on the thermally annealed ternary blend as
compared to the as cast based device has been attributed to the
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Fig. 7. UV–vis absorption spectra of P film, P adsorbed into TiO2 film, and IPCE
spectra of the device “a”.
J.A. Mikroyannidis et al. / Journal o

mproved light harvesting property of the annealed blend and bet-
er charge transport in the device. This observation is in consistence
ith the value observed for Jsc.

The improvement in the PV performance is consistent with the
hermally activated molecular organization observed in the optical
bsorption spectrum of the annealed ternary blend thin film. The
PCE increases significantly after the thermal annealing. In particu-
ar, a considerable amount of current is produced in the absorption
egion of P:PB blend. This enhancement in photocurrent and IPCE
an also be explained by an increase in hole mobility in the annealed
ctive blend layer. We believe that in the BHJ device based on the
nnealed blend, the improvement of the PV performance is due
o the better copolymer chain ordering within thin film, allowing
harge transport. The high PCE could be attributed to the ther-
ally induced modification of morphology, i.e. thermally induced

rystallization and improved charge transport across the interface
etween BHJ materials and PEDOT:PSS/ITO electrode.

.6. Quasi solid state DSSCs based on copolymer P

The widely used dyes are Ru complexes, which involve a rare
etal with low yield. Great efforts have been devoted to replacing

u complex dyes with metal free organic dyes [52]. The advantages
f sufficiently large absorption coefficient, tunable energy levels
nd easy deposition at various substrates make conjugated poly-
ers promising candidates as organic sensitizers in DSSCs. The

pplication of conjugated polymers as sensitizers in DSSCs have
een reported recently [53]. Although the DSSCs based on liquid
lectrolyte have already afforded a PCE of 10.6%, the poor long term
tability of the liquid electrolyte obstructs their practical applica-
ions. An efficient way to prevent the volatility is to use the quasi
olid state polymer gel electrolyte. However, PCE for the DSSCs
ssembled with polymer gel electrolytes is lower than that with
iquid electrolyte [54]. Therefore, there has been a great deal of
tudies on the relationships between the performance of DSSCs
nd the properties of polymer get electrolyte to improve the PCE of
he DSSCs based on polymer gel electrolyte. We have studied the
SSCs with polymers gel electrolyte and copolymer P as sensitizer

o improve the stability of the device.
It has been reported that the minimum energy difference

etween the LUMO level of the organic sensitizer used in DSSCs
nd the conduction band of the TiO2 must be greater than 0.2 eV
or efficient electron injection into the conduction band from the
xcited state of the sensitizer [55]. The LUMO level or excited level
−3.45 eV) of copolymer P is well above the conduction band of TiO2
−4.2 eV), therefore the electron injection from the excited state of

is energetically feasible. In addition, the oxidation potential of
is sufficiently more positive that the standard redox potential

f iodine/iodide couple (0.34 V vs Ag/Ag+). Therefore the photo-
xidized copolymer P could be efficiently reduced by the iodide
ons. On the basis of electrochemical properties of P (having cyano-
crylic acid as anchoring group), we have used copolymer P as
rganic sensitizer for the quasi solid state DSSCs.

Fig. 7 shows the absorption spectra of P film and P adsorbed into
iO2 film. In comparison to the absorption spectra of copolymer
lm, the absorption on the TiO2 film is broadened and slightly red
hifted, indicating that P is assembled on the TiO2 film in a mono-
ayer state. A requirement for the metal free organic sensitizer is
hat it should posses any of the OH, COOH, C O and cyano-acrylic
cid groups [56] at its backbone, which are able of anchoring the
iO2. Copolymer P carries cyano-acrylic acid groups in its back-

one, which are responsible for transferring the electrons from the
xcited state of P into the conduction band of TiO2.

The J–V curves for the devices based on polymer electrolyte with
BP (device “b”) and without TBP (device “a”) are shown in Fig. 8.
evice “a” had a Jsc of 8.56 mA cm−2, a Voc of 0.68 V, a FF of 0.48, and
Fig. 8. Photocurrent–voltage curves of DSSCs for device “a” and “b”.

overall PCE 2.8%. Improved device performance was observed for
device “b”, which showed a Jsc of 9.45 mA cm−2, Voc of 0.74 V, and a
FF of 0.54, yielding a PCE of 3.78%. The improved PCE for the DSSCs
based on electrolyte with TBP has been attributed to the negative
shift in the conduction band of TiO2 electrode and the suppression
of charge recombination in the presence of TBP [57].

The incident photon to current efficiency (IPCE) spectra of the
device “a” are shown in Fig. 7. The maximum IPCE is in the wave-
length range of 400–500 nm, with a peak value of 54% at 458 nm,
which is similar with the absorption spectrum of P adsorbed into
TiO2 film. This observation indicates that the photocurrent is gov-
erned by electron injection from the excited copolymer P through
its anchoring groups, into the conduction band of TiO2.

4. Conclusions

The Heck coupling of (E)-3-(4-(bis(4-bromophenyl)amino)
phenyl)-2-cyanoacrylic acid with 1,4-divinyl-2,5-bis(hexyloxy)-
benzene afforded copolymer P. The hexyloxy side chains and the
non-planar structure of the TPA unit enhanced the solubility of P.
This copolymer showed long-wavelength absorption maximum at
390–420 nm with an optical band gap of 1.94 eV. We have inves-
tigated the utility of copolymer P as donor for P:PCBM blend for
the fabrication of BHJ PV device and found that the PCE is about

1.15% and 1.60% for the as cast and thermally annealed blends,
respectively. The improvement in the PCE has been attributed to
the increase in the crystalline nature of P upon thermal treatment,
leading to an increase in the hole mobility. We have achieved PCE
of about 2.56% and 3.48% for the devices based on the as cast and
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hermally annealed PB:P:PCBM ternary blends, respectively. These
alues are higher than that for either P:PCBM or PB:PCBM blends
hich is attributed to the improvement in the light harvesting
roperty of the blend and increased number of D/A interfaces in
he BHJ active layer. Further increase in the PCE with thermally
nnealed ternary blend is due to the enhanced crystalline nature
f both P and PB, which leads to an increase in hole mobility and
etter charge transport.

We have also explored the possibility of using copolymer P as
rganic sensitizer for DSSCs, and found that it is suitable as polymer
ensitizer. The overall PCE for quasi solid state DSSCs based on P
ensitizer is about 3.78%.
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