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Two novel copolymers P1 and P2 having phenylenevinylene donor and cyanovinylene
4-nitrophenyl acceptor units, were synthesized by heck coupling and employed as electron
donor along with PCBM or modified PCBM (F) as electron acceptor for the fabrication of
bulk heterojunction (BHJ) photovoltaic devices. These copolymers P1 and P2 showed broad
band absorption around 640–700 nm and optical band gap of 1.60 eV and 1.72 eV, respec-
tively. The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) estimated from cyclic voltammetry measurement reveals that these values
are well suitable for the use of these copolymers as electron donor along with PCBM deriv-
atives as electron acceptor for BHJ active layer. The suitable LUMO off set allows efficient
photo-induced charge transfer at the donor/acceptor interfaces in the BHJ photovoltaic
device and resulting power conversion efficiency (PCE) of 2.8% and 3.29% for P1 and P2,
respectively, when PCBM is used as acceptor. This value has been improved up to 3.52%
and 4.36% for the devices based on P1 and P2 when F is used as electron acceptor, instead
of PCBM. We have also investigated the effect of solvent annealing on the photovoltaic per-
formance of device based on P1: F and P2: F blends and found that the over all PCE of the
devices is 4.36% and 4.88%, respectively. The increase in PCE is mainly due to the improve-
ment in the Jsc, which is due to the increased charge transport in the annealed device as
compared to as cast device.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Organic p-conjugated polymers and small molecules
constitute an important class of functional materials [1].
Their abilities to act as semiconductors and to facilitate
charge transport had led to their use as the active materials
in various optoelectronics devices such as light emitting
diodes (LEDs) and solar cells [2]. In recent years, polymer
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solar cells (PSCs) have attracted considerable attention be-
cause of their advantages of low cost, easy to fabrication,
light weight, and the capability to fabricate flexible large
area devices [3]. Solar cells based on organic semiconduc-
tor donor/acceptor (D/A) interfaces have the potential to
provide a cost effective alternative photovoltaic technology
for power generation. The highest performing organic
semiconductor devices employ a bulk heterojunction
(BHJ) architecture containing highly intermixed blends of
conjugated polymer donors and fullerene derivative accep-
tors [4]. One of the most critical processes in organic
photovoltaic devices is free charge carrier generation from
the photogenerated excitons, at the D/A interfaces [5].
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Generally, a high efficient photovoltaic device needs both a
photoactive layer with excellent light absorption capabili-
ties and large D/A interfacial area for efficient dissociation
of photogenerated excitons into free electrons and holes.
Therefore, the lowest unoccupied molecular orbital
(LUMO) offset between the donor polymer and fullerene
acceptor must be larger enough (normally in the range
0.3–0.4 eV) to ensure the efficient dissociation of excitons
[3g]. Power conversion efficiencies (PCEs) approaching 5%
have been realized using poly (3-hexylthiophene) (P3HT)
and fullerene derivatives as electron donor and electron
acceptor, respectively in BHJ active layer [6]. Recently, Li
et al. have used different types of new fullerene derivatives
as electron donor for the BHJ polymer solar cells and
achieved a PCE more than 6% for polymer solar cell with
a blend of P3HT and new fullerene derivative [7]. However,
further improvement in the PCE for BHJ solar cells based on
P3HT:PCBM blend is limited by the relatively large band
gap of P3HT (1.9 eV), which limits the harvest of solar light
beyond wavelength region 620 nm and relatively small en-
ergy difference between the LUMO of PCBM and HOMO of
P3HT, resulting low value of open circuit voltage (Voc). For
an industrial point of view, solar cells should exhibit a PCE
of around 10% [8]. The design of new active layer materials
with appropriate properties is one of the main approaches
toward high performance PSCs. Optical band gap is one of
the key parameters of the active layer for PSCs. In order
to harvest more sunlight, the mismatch between the
absorption spectrum of active materials and solar spec-
trum should be minimized. The optoelectronic properties
of conjugated polymer semiconductors are primarily
governed by the conjugated blocks incorporated in the
polymer backbone. It has been well proven that the incor-
poration of electron donating (D) and electron accepting
(A) units in the main backbone is one of the most promis-
ing and alternative strategies for making low band gap
organic semiconducting polymers [3c,9]. Selection of such
D–A units in the conjugated backbone requires special
attention paid to certain properties such as electron donat-
ing or accepting capability and efficient tunability of elec-
tronic characteristics through side chain substitution.
Such a D–A combination allows for the band gap tuning
through hybridization of the HOMO of the donor moiety
with LUMO of the acceptor moiety and has been used effec-
tively to lower the band gap of conjugated polymers
copolymers and also enhance the charge carrier mobility
due to the reduced interchain p–p stacking distance [10].
Through the donor–acceptor intrachain charge transfer
(ICT) method, as series of low band gap polymers have
been synthesized in recent years on D–A copolymerization
and shown efficient photovoltaic response [11]. The power
conversion efficiency (PCE) of the BHJ polymer solar cells
based on D–A copolymers has steadily increased in recent
years and reached in the range 6–7.4% [12]. To date the
PCEs based on conjugated copolymers polymer solar cells
have reached as high up to 8.13% and 8.3% by Solarmer
[13a] and Konarka [13b], respectively. These advances in
solar cells has came largely through the synthesis of new
materials having a modified electronic structure to
optimally harvest the sun light (materials with a small
bandgap) and ability to separate the excitons into free
charge carriers.

Various low band gap small molecules and polymers
carrying cyanovinylene 4-nitrophenyls have been synthe-
sized by Mikroyannidis et al., and used for BHJ solar cells
[14] and dye-sensitized solar cells [15] with enhanced effi-
ciency. Recently, Mikroyannidis and Sharma have synthe-
sized two low band gap phenylenevinylene copolymers
with cyanovinylene 4-nitrophenyl segments and used as
electron donor for BHJ solar cells reported PCE of 4.0%
[16]. The present investigation deals with the optical and
electrochemical properties of the two low band gap D–A
copolymers P1 and P2. In these copolymers cyanovinylene
4-nitrophenyl group behave as electron acceptor and
phenylenevinylene unit as electron donor. We have fabri-
cated the BHJ photovoltaic devices employing blend photo-
active layer in which these copolymers are used as electron
donor and PCBM and modified PCBM (F) as electron accep-
tor. We have achieved a PCE of 2.8% and 3.29% for P1 and
P2, respectively, when PCBM is used as acceptor. The PCE
value has been improved up to 3.72% and 4.36% for the de-
vices based on P1 and P2 when modified F [17] is used as
electron acceptor, instead of PCBM. The PCE value of P1:F
and P2:F has been further improved up to 3.68% and
4.6%, respectively, when the BHJ layer is solvent annealed.
The higher value of PCE for the device based on solvent an-
nealed active layer has been attributed to the more bal-
anced charge transport in the device due to the increased
hole mobility.
2. Experimental part

All the chemicals were purchased from Sigma–Aldrich
used without further purification. The copolymers poly
[[2,5-bis [2-cyano-2-(4-nitrophenyl) ethenyl]-1,4-pheny-
lene]-1,2-ethenediyl [2,5-bis (hexyloxy)-1,4-phenylene]-
1,2-ethenediyl] (P1) and poly[[(4-formylphenyl)imino]-
1,4-phenylene-1,2-ethenediyl [2,5-bis(hexyloxy)-1,4-phe-
nylene]-1,2-ethenediyl-1,4-phenylene] (P2) were synthe-
sized with the similar procedure as reported earlier [16]
and the chemical structure of the conjugated polymers
P1 and P2 are shown in Chart 1. The synthesis of modified
PCBM i.e. 30H-Cyclopropa[1,9][5,6]fullerene-C60-Ih-30-
butanoic acid, 30-phenyl-, 4-[2-cyano-2-(4-nitrophenyl)
ethenyl]phenyl ester (F) was already reported earlier
[17]. Organic photovoltaic (OPV) devices were fabricated
on indium tin oxide (ITO) coated glass substrates with a
configuration ITO/PEDOT:PSS/polymers: PCBM derivatives
blend/Al. The ITO coated glass substrates were cleaned by
ultrasonication sequentially in detergent, water, acetone
and 2-propanol and then dried overnight in oven. A layer
of PEDOT:PSS (�60 nm) was spin coated on the substrate
at 1500 rpm using an aqueous solution of PEDOT:PSS (Bay-
tron) and then dried for 10 min at 100 �C. The BHJ active
layer (P1 or P2:PCBM derivative acceptors i.e. PCBM and
F chemical structure shown in Chart 1) was then deposited
by spin coating a solution of (10 mg/mL) of polymer
(50 wt.%) and PCBM derivative (50 wt%) in a THF solvent,
at rpm 2500 rpm on the top of PEDOT:PSS layer and then



Chart 1. Chemical Structure of P1, P2, PCBM and F.
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dried at room temperature for 1 h to remove the excess
solvent. The film thickness of BHJ active layer was opti-
mized by changing the spinning speed during the spin
coating. The thickness of the BHJ active layer used in the
OPV devices is around 90 nm. An aluminum (Al) cathode
was deposited by thermal evaporation through a shadow
mask (area 5 mm2) under a pressure of �10�5 Torr to com-
plete the device.

The solvent annealing treatment of the polymer:PCBM
blend films were carried out before the deposition of the
metal electrode. The samples were transferred into a glass
jar filled with DCB, where they remained for 30 min. The
solvent annealing was controlled by the slow evaporation
rate of the solvent, which was carried out by adding a small
amount of solvent into the glass jar to keep the film wet
until it had completely solidified.

Current density–voltage (J–V) characteristics (in dark
and under illumination) of the devices were measured
using a Keithley 238 source meter unit. The measurements
were conducted in air under the irradiation of AM 1.5 sim-
ulated solar light (100 mW/cm2). Light intensity was ad-
justed by using a standard luxmeter with an optical filter.

The hole-only devices ITO/PEDOT: PSS/P2:F/Au, were
used to estimate the hole mobility in the blend films and
were fabricated as described above except that the top
electrode was replaced with Au. Electron-only devices
having structure Al/P2:F/Al was also fabricated by
spin-coating the active layer on glass/Al substrates, fol-
lowed by deposition of the Al electrode.
3. Results and discussion

3.1. Optical and electrochemical properties

The absorption spectra of both the polymers in THF
solution and thin films are shown in Fig. 1a and b, respec-
tively. The absorption spectra in thin film have normalized
with respect to longer wavelength peak. Both the polymers
showed two absorption peaks, which is a common feature
of donor–acceptor type copolymers [17]. In the polymer
solution, the maximum absorptions of the copolymers at
390 nm for P1 and 396 nm for P2 corresponds to the p–
p⁄ transition of the polymer backbone. The absorption
peak at longer wavelength region corresponds to the intra-
molecular charge transfer (ICT) from the donor to the
acceptor in the copolymers. When the maximum absorp-
tion wavelengths of the polymers in solution are compared
with those in thin film, it reveals that both the polymers
show a pronounced peak broadening and red shift of
absorption edges, indicating that the polymer chains are
highly aggregated in the solid state. The optical bandgaps
ðEopt

g Þ, as determined from the onset of the absorption spec-
tra of the polymers are 1.72 eV and 1.60 eV for P1 and P2,



Fig. 1. UV–visible absorption spectra of P1 and P2 in (a) THF solution and (b) thin films cast from THF solvent.
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respectively. These values are close to the ideal bandgap
(1.5–1.7 eV) of polymer solar cells [8]. The value of optical
band gap is comparable with other related organic materi-
als as reported earlier [14a,18] and much smaller than
most commonly used conjugated polymer P3HT (1.90 eV).

The electrochemical data of polymers are obtained from
the oxidation and reduction cyclic voltammograms, as
shown in Fig. 2. It can be seen from these curves that both
the polymers exhibit reversible cathodic reduction and
anodic oxidation curves in cyclic voltammetry measure-
ments. Based on the onset potentials of oxidation (Eonset

ox )
and reduction (ðEonset

red Þ processes, the HOMO) and LUMO en-
ergy levels of the polymers are estimated from the follow-
ing expression [19]
HOMO ¼ �ðEred
ox þ 4:70Þ eV

LUMO ¼ �ðEonset
red þ 4:70Þ eV

The HOMO and LUMO energy levels of polymers are
estimated from the onset oxidation and reduction poten-
tials, assuming the absolute redox potential of reference
Ag/Ag+ electrode to be 4.7 eV below vacuum. The HOMO
energy levels of the polymers, estimated from above equa-
tion, are �5.26 eV and �5.2 eV, for P1 and P2, respectively.
The LUMO levels of the P1 and P2, calculated from the on-
set reduction potentials are – 3.40 eV and �3.44 eV for P1
and P2, respectively. It has been reported that the thresh-
old HOMO level for the air stable conjugated polymers
being estimated to be �5.2 eV [20], the lower HOMO level



Fig. 2. Cyclic voltammetry of P1 and P2 in TBAPF6 (0.1 M) at scan rate 100 mV/s using carbon glassy rod, Ag/AgCl and Pt wire as working, reference and
counter electrodes, respectively.
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of these two polymers should be beneficial to their chem-
ical stability. Since the open circuit voltage (Voc) of poly-
mer solar cells is linearly dependent on the difference
between the HOMO level of the electron donor and the
LUMO level of the electron acceptor, used in the BHJ active
layer, the low-lying HOMO level of the donor polymer is
expected to afford a high Voc for resulting polymer solar
cells. Moreover, considering that a LUMO–LUMO offset of
0.3–0.4 eV [21] is necessary for efficient electron transfer
from donor polymer to fullerene derivative, is expected
that the excitons can be easily dissociated at the interface
between the these polymers and fullerene derivates, be-
cause the LUMO levels of polymer (�3.40 to �3.44 eV)
are sufficiently higher than that of fullerene derivatives
(�4.0 eV to �3.75 eV). Therefore, from these electrochem-
ical characteristics, it is concluded that these two polymers
are promising electron donor materials along with fuller-
ene derivatives for BHJ polymer solar cells.

3.2. Electrical properties of polymers

We have investigated the J–V characteristics of P1 and
P2 using a single layer device having structure ITO/PED-
OT:PSS/P1 or P2/Al in dark as shown in Fig. 3a. The J–V
characteristics of the device in the dark show a rectifica-
tion effect when positive potential is applied to the ITO/
PEDOT:PSS electrode with respect to the Al electrode. Since
the HOMO level of P1 (�5.26 eV) or P2 (5.2 eV) is very
close to the work function of PEDOT:PSS (�5.1 eV), the
PEDOT:PSS/P1 or P2 interface behaves as Ohmic contact
in their respective devices, for hole injection from the PED-
OT:PSS into the HOMO level of polymer. However, the
LUMO level of these polymers (�3.40 and 3.44 eV) is very
far from the work function of Al (�4.2 eV), the polymer–
Al interface behaves as Schottky barrier for the electron
injection from the Al into the LUMO level of Polymer.
Therefore, the rectification observed in the J–V characteris-
tics in dark is due to the formation of a Schottky barrier at
the Al/polymer interface and both the polymers behaves as
p type organic semiconductor and can be used as electron
donor component along with PCBM as electron acceptor
for BHJ active layer.

Charge carrier mobility in the conjugated polymer is
important to the performance of the BHJ polymer solar
cells. We have estimated the hole mobility in the polymers
measuring the current–voltage characteristics in dark for
nearly hole only devices. We have fabricated nearly hole
only device having structure ITO/PEDOT:PSS/P1 or P2/Au
device. Since the work function of Au is about 4.8 eV, we
assume that Au form a nearly ohmic contact with the both
polymers. In these devices both interfaces behaves as oh-
mic contact.

The hole mobilities of an organic semiconductor can be
estimated from the J–V characteristics in the dark using
space charge limited current (SCLC) with trap free limit.
The current in this limit can be expressed as [22]

JSCLC ¼ ð9=8Þe0erlhðV
2=d3Þ ð1Þ

where JSCLC is the current density in SCLC region, eo is the
permittivity of free space, er is the dielectric constant of
the material, lh is the hole mobility, V is the applied volt-
age corrected for built in voltage (Vbi) arising from the
work function of the electrodes, and d is the thickness of
the organic layer. We have investigated the J–V character-
istics of the device having structure ITO/PEDOT:PSS/P1 or
P2/Au and shown in Fig. 3b. It can be seen from this figure
that in the higher voltage region above 0.48 V, the current
can be fitted with the Eq. (2). The hole mobilities estimated
from intercepts of corresponding lines in SCLC region are
1.65 � 10�4 and 7.4 � 10�5 cm2/Vs for P2 and P1,
respectively.



Fig. 3a. Current–voltage (J–V) characteristics of ITO/PEDOT:PSS/P1 or P2/Al devices, in dark

Fig. 3b. Current–voltage characteristics of ITO/PEDOT:PSS/P1 or P2/Au devices for the estimation of hole mobility.
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3.3. Photovoltaic properties of BHJ devices

The photovoltaic properties of the polymers were inves-
tigated with a conventional device configuration of ITO/
PEDOT:PSS/polymer: PCBM or modified PCBM i.e. F/Al.
The weight ratio of donor and acceptor is 1:1. Fig. 4a and
b show the current–voltage (J–V) characteristics of the de-
vices based on P1 and P2 as electron donor and PCBM and



Fig. 4. Current–voltage characteristics, under illumination of the BHJ devices based on (a) P1:PCBM and P2:PCBM and (a) P1:F and P2:F blends.
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F as electron acceptor and photovoltaic parameters are
complied in Table 1. The device based on P1:PCBM shows
a open circuit voltage Voc of 0.83 V, a short circuit current
Jsc of 7.0 mA/cm2, and a fill factor of 0.48, resulting PCE if
2.8%. However, the device based on P1:F shows Voc of
0.96 V, Jsc of 7. 46 mA/cm2 and a fill factor of 0.52, resulting
a PCE of 3.72%. Under the same conditions, the P2:PCBM
device showed a PCE of 3.29% with a Voc of 0.80 V, Jsc of
7.9 mA/cm2 and FF of 0.52. The device based on P2:F
showed a PCE of 4.36% with Voc of 0.93, Jsc of 8.52 mA/
cm2 and FF of 0.55. The values of both Jsc and FF for the
device based on P2:F are higher than that for P2:PCBM,
resulting improved value of over all PCE. The Jsc mainly
depends on the number of excitons generated in the
photoactive layer after the absorption of light, and their
dissociation into free charge carriers at D–A interfaces
present in the BHJ active layer and their transportation
towards the collecting electrodes. The number of excitons



Table 1
Photovoltaic parameters of BHJ solar cells using different blends.

Blend Jsc (mA/cm2) Voc (V) FF PCE (%)

P1:PCBM 7.0 0.83 0.48 2.8
P1:F 7.46 0.96 0.52 3.72
P2:PCBM 7.9 0.80 0.52 3.29
P2:F 8.52 0.93 0.55 4.36
P1:Fa 8.6 0.94 0.54 4.36
P2:Fa 9.69 0.90 0.56 4.88

a Solvent anealing.
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generated in the active layer mainly depends on the band
gap and optical absorption spectra of the material used
as photoactive layer in the device. Lower band gap and
broader absorption spectra in longer wavelength region,
of P2 as compared to P1 imply that number of excitons
generated in the photoactive layer with P2 is higher than
that for the photoactive layer with P1. Moreover, the high-
er value of hole mobility in the P2 results more efficient
charge transfer in the device based on P2. We conclude
that the higher light harvesting property of the blend based
on P2 leads to higher exciton generation in the photoactive
layer, resulting higher photocurrent in the device.

The over all PCE of the BHJ photovoltaic devices based
on F as electron acceptor is higher than that for the devices
based on PCBM as electron acceptor, which is attributed to
the increase in both Jsc and Voc. Since, in the BHJ photovol-
taic device, the Voc is directly related to the energy differ-
ence in the LUMO of electron acceptor and HOMO of
donor employed in the photoactive layer. The LUMO of
the F is about �3.75 eV, which is higher than that of PCBM
(�4.0 eV). The higher value of LUMO for F is attributed to
the higher value of Voc for the devices based on F electron
acceptor. The value of Jsc is related with the light absorp-
tion capabilities of the photoactive layer and number of
the exciton generated in photoactive layer after the
absorption of light. We have already reported that the F
shows stronger absorption in the wavelength region 300–
550 nm in comparison to PCBM [17], therefore the light
harvesting capability has been improved for the blend of
polymer (P1 or P2) with F in this wavelength region, which
is missing for the blend based on PCBM. We conclude that
the increase in the Jsc for the devices based on F as electron
acceptor is due to the improved light harvesting property
of blend and generation of more excitons, resulting more
free charge carriers.

The over all PCE of the devices based on these copoly-
mers is still low for the commercial applications. It has
been reported that photocurrent generation in the BHJ
photovoltaic device is determined by the three processes:
the diffusion of exciton towards the D/A interface, exciton
dissociation into free charge carriers and the collection of
charge carriers by the electrodes [23]. The diffusion of
the excitons towards the D/A interface in the BHJ photoac-
tive depends on the nanoscale morphology of the blend.
The charge carrier transport depends upon the separate
interpenetrating percolated paths for electron and hole
towards the collecting electrodes.

We have investigated the effect of solvent treatment
(annealing) of BHJ active layer on the photovoltaic
response of the BHJ devices based on P1:F and P2:F blends.
The J–V characteristics of the devices under the illumina-
tion intensity of 100 mW/cm2 are shown in Fig. 5 and the
photovoltaic parameters are complied in Table 1. The over-
all PCE of the devices based on solvent annealing P1:F and
P2:F are 4.36% and 4.88%, respectively. The increase in the
PCE for the device based on solvent annealed photoactive
layer is mainly due to the increase in the Jsc and FF as com-
pared to the device based on as cast active layer. However,
there is a slight decrease in the Voc, which is compensated
by the increase in both Jsc and FF. The increase in the PCE of
the device upon solvent annealing can be understood in
terms of improvement in the light absorption, by extend-
ing the conjugation length and balance charge transport,
by increasing the hole mobility of the conjugated copoly-
mer. These results were mainly attributed to the improved
morphology of the copolymer, which can easily self orga-
nize into well ordered chain during the solidification
through the solvent annealing.

The information about the degree of crystallinity in the
copolymer film can be evaluated by investigating the opti-
cal absorption spectra of the blends (as cast and solvent
annealed blend). We have recorded the optical absorption
spectra of the P1:F and P2:F blends (as cast and treated
with DCB for 10 min) and shown in Fig. 6 for P2:F blend.
Similar results have been also observed for P1:F blend. It
is found that the broad absorption band, red shift in the
absorption peak and enhanced absorption intensity and
clearly observed vibronic shoulder in longer wavelength
region for solvent annealed P2:F film is attributed to the
enhanced conjugation length and more ordered structure
of the copolymer. During the solvent annealing process,
the solvent molecules penetrate into the film and increase
the space between copolymer chains and the chains be-
come more mobile and self organization occurs to form
the ordering.

Thin film XRD was used to get information about the
difference in the crystallinity of the copolymer: F blended
films (as cast and solvent annealed). The XRD patterns of
the P2 (as cast), P2:F (as cast) and P2:F (solvent annealed)
are shown in Fig. 7. It can be seen from this figure that the
pristine as cast P2 film exhibits a sharp XRD band with a
peak centered at 2h = 7.75�, which is related to the inter-
planar distance of 9.6 A�. When the P2 is blended with
the F, this peak become weak and is broadened suggesting
effective mixing of F with P2. However, when the P2:F
blend is solvent annealed, this peak again reappears. This
indicates that blend film cast from the THF solvent was
not sufficiently crystallized. However, when the film cast
from THF solvent is treated with DCB, the crystallinity of
the blend is increased. The change in the film crystallinity
with the solvent annealing agrees with the change ob-
served in the absorption spectra. Since most of the fuller-
ene derivatives do not show any diffraction peak in the
range 2h values (4–10�) [24], we assume that the change
in the crystallinity after solvent annealing is mainly attrib-
uted to the increased crystallinity of copolymer P2.

In BHJ photovoltaic devices the ratio of electron and
hole mobilities plays an important role in deciding the
charge collection efficiency and therefore the PCE of the
device. The hole and electron mobilities of P2:F blend film



Fig. 5. Current–voltage characteristics, under illumination of the BHJ devices based on solvent annealed P1:F and P2:F blends.

Fig. 6. Normalized optical absorption spectra of the as cast and solvent annealed P2:F blends.
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were estimated from the space charge limited current
(SCLC) measurements [25], with hole and electron only de-
vices. Fig. 8 shows the dark current–voltage characteristics
of ITO/PEDOT:PSS/P2:F (as cast or solvent annealed)/Au
hole only devices, with corrected bias voltage, which is
determined by the work function of Au and HOMO level
of the P2. Similar results have been observed for devices
based on P1:F. In the higher voltage region, the J–V charac-
teristics can be fitted with SCLC region with trap free limit.
The hole mobilities in the blends were estimated by fitting
the J–V characteristics with SCLC model (Eq. (2)). The hole
mobility in is 2.3 � 10�5 cm2/Vs and 1.2 � 10�5 cm2/Vs for
as cast and solvent annealed P2:F blend, respectively.
Therefore the hole mobility enhancement upon the solvent
annealing is caused by the enhanced p–p⁄ stacking and
chain ordering, as supported by the absorption spectra



Fig. 7. XRD pattern of as cast P2, as cast P2:F and solvent annealed P2:F thin films.

Fig. 8. Current–voltage characteristics in dark for hole only ITO/PEDOT:PSS/P2:F/Au devices based on as cast and solvent annealed blends.
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and XRD pattern. We have also measured the electron
mobility in the P2:F blend for electron only Al/P2:F (as cast
or solvent annealed)/Al device and the electron mobility is
2.4 � 10�4 cm2/Vs and 3.6 � 10�4 cm2/Vs for as cast and
solvent annealed blends, respectively. The hole mobility
increases by about one order of magnitude, but the
electron mobility is slightly changed. This observation
shows that the F domain does not change much with the
solvent annealing process. With the hole mobility
enhancement and similar value of electron mobility, more
balanced electron and hole transport can be achieved,
which reduces the formation of space charge, improves
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the PCE of the device. The ratio of the electron and hole
mobility for the devices based on as cast and solvent an-
nealed blends is 10.4 and 3, respectively. In the case of
the device based on as cast blend, the charge transport in
unbalanced (hole mobility is much lower than the electron
mobility), hole accumulation occurred, near the anode i.e.
ITO/PEDOT:PSS electrode and the photocurrent is space
charge limited [26]. However, the device processed from
the solvent annealed blend, shows the higher value of hole
mobility, due to the increased crystalline nature of copoly-
mer, in the blend, whereas, the charge transport in more
balanced and the effect of space charge is reduced, result-
ing improved PCE.
4. Conclusions

The optical and electrochemical properties of two novel
low band gap D–A conjugated polymers P1 and P2 have
been investigated and found that the absorption spectra
of these copolymers in thin film form has been extended
up to 750 nm and 800 nm for P1 and P2, respectively.
The optical band gap of P1 and P2 is 1.62 eV and 1.70 eV,
respectively. The electrochemical data i.e. HOMO and
LUMO energy levels of both P1 and P2 indicate that these
copolymers are suitable as electron donor with PCBM or
modified PCBM F as acceptor for efficient BHJ PV devices.
The higher value of the Voc for the devices based on P1
and P2 with respect to P3HT has been attributed to the
deeper HOMO level of both P1 and P2 as compared to
P3HT. The BHJ PV devices based on the as cast P1:PCBM
and P2:PCBM show an overall PCE about 2.8% and 3.29%,
respectively, whereas the PCE values for the devices based
on P1:F and P2:F exhibit about 3.72% and 4.36%, respec-
tively. The higher values of PCE for the device based on
P2 relative to P1 is due to the more efficient photo-induced
charge transfer and higher value of hole mobility for P1.
The higher value of devices based on F as electron acceptor
is ascribed to the higher absorption of coefficient of F in
visible region as compared to PCBM. We have also investi-
gated the effect of solvent annealing on the photovoltaic
response of the BHJ devices based on P1:F and P2:F layers
and found that the PCE of the devices is about 4.36% and
4.88%, respectively. The increase in the PCE has resulted
from the increase in the crystalline nature of copolymer
in the blend, which in turn improves the hole mobility.
The increase in hole mobility results in a more balanced
charge transport in the device.
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