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The photovoltaic properties of a series of low band-gap conjugated copolymers, in which alkyl side chains
were substituted at various positions, were investigated using donor–acceptor (D–A) conjugated copolymers
consisting of a cyclopentadithiophene derivative and dithienyl-benzothiadiazole. The base polymer, which
has no alkyl side chains, yielded promising power conversion efficiency of 3.8%. Polymers with alkyl side
chains, however, exhibited significantly decreased performance. In addition, the effects of processing additive
became negligible. The results indicate that substituted side chains, which were introduced to improve solu-
bility, critically affected the optical and electronic properties of D–A conjugated copolymers. Furthermore, the
position of the side chain was also very important for controlling the morphological properties of the D–A
conjugated copolymers.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Conjugated copolymers with electron donor (D)–acceptor (A)
units in the repeat unit have drawn considerable attention for their
use in bulk-heterojunction (BHJ) photovoltaic cells. These conjugated
copolymers exhibit intra-molecular charge transfer (ICT) over the
electron-donating and electron-accepting segments, which can lead
to low-band-gap conjugated polymers that efficiently harvest the
solar spectrum [1–4].

A number of D–A copolymers have been generated and subse-
quently characterized [1–6]. The most popular D–A copolymer struc-
ture is the donor-thiophene–acceptor-thiophene structure (DDAD
type) [2–7]. However, because they convey solubility only from the
conjugated core units, DDAD type copolymers have relatively low sol-
ubility if they have a high molecular weight (Mw) [3,7–9]. Introducing
alkyl side chains at the thiophene unit is the simplest approach to
improving the solubility of DDAD type copolymers. In a previous re-
port, we investigated the effects of the position of substituted alkyl
side chains on the transport properties in field-effect transistors
[10]. Although the substituted side chains conferred better solubility
of the D–A conjugated copolymers, we found that the intrinsic
charge transport properties were significantly altered due to a dis-
turbance in ICT between the donor and acceptor segments.
rights reserved.
In the present study, the photovoltaic properties of a series of low
band-gap conjugated copolymers with alkyl side chains substituted at
various positions was investigated using donor–acceptor (D–A) con-
jugated copolymers consisting of a cyclopentadithiophene (CPDT)
derivative and dithienyl-benzothiadiazole (DTBT) (see Fig. 1).

2. Experimental details

The CPDT-based copolymers were synthesized through a Stille
coupling reaction of a distannyl derivative of CPDT and alkyl chain-
substituted dithienyl-benzothiadiazole derivatives. Tri(dibenzylide-
neacetone)dipalladium (Pd2(dba)3) was used as the catalyst and
tri(o-tolyl)phosphine as the ligand [6,10]. Molecular weights were
determined by gel permeation chromatography in chlorobenzene
using polystyrene standards and they were found to be in the range
of 7.0 kDa–12 kDa with a polydispersity index of 1.3–2.0. The poly-
mers are soluble in common organic solvents, such as tetrahydrofu-
ran, chloroform, and toluene.

BHJ solar cells were fabricated on an indium tin oxide (ITO)-coated
glass substrate. Poly(3,4-ethylenedioxylthiophene):poly(styrenesul-
fonate) (PEDOT:PSS) was spin-cast in air at 5000 rpm for 40 s onto
the pre-cleaned ITO/glass. The blend solutions of polymer:PC71BM
(1:1.5 w/w) in chlorobenzene with 10 mg/mL were prepared. The so-
lutions were subsequently deposited by spin casting onto the PEDOT:
PSS/ITO/glass after stirring the solutions on a hot plate at 100 °C for
overnight. After active layer deposition, the films were dried on a
hot plate and stabilized at 80 °C for 30 min. Al metal was then depos-
ited by thermal evaporation in high vacuum (4×10−4 Pa). Prior to
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Fig. 1. Chemical structures of the polymers.
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Fig. 2. (a) Absorption spectra of the polymers in chloroform (solid line) and in the solid
state (dashed line). (b) Energy levels for the polymers.

5439S.K. Lee et al. / Thin Solid Films 520 (2012) 5438–5441
cathode metal deposition, a 1 nm lithium fluoride (LiF) layer was
deposited.

Current–voltage characteristic curves were measured using a
Keithley 2400 source meter. Solar cell performance was characterized
using an AM 1.5 G solar simulator (100 mW/cm2). An aperture was
used on top of the cell to eliminate extrinsic effects such as cross
talk, wave guiding, and shadow effect. Incident-photon-to-electron
conversion efficiency (IPCE) spectra were measured using a solar
cell spectral response measurement system (PV Measurements, Inc.,
Model QEW 7). Tappingmode atomic force microscopy (AFM) images
were obtained using a Multimode microscope with a Nanoscope IIIa
controller (Veeco).

3. Results and discussion

Fig. 1 shows the chemical structures of the D–A conjugated copoly-
mers studied in this work. Based on the original copolymer, poly
[2,6-(4,4-bis(2-octyl)-4H-cyclopenta-[2,1-b:3,4-b′]dithiophene)-alt-
4,7-bis(thiophene-2-yl)benzo-2,1,3-thiadiazole] (PCPDT-TBTT, P1),
alkyl chains were introduced in a tail–tail configuration for the poly
[2,6-(4,4-bis(2-octyl)-4H-cyclopenta-[2,1-b:3,4-b′]dithiophene)-alt-
4,7-bis(4-octyl-thiophene-2-yl)benzo-2,1,3-thiadiazole] (PCPDT-
ttOTBTOT, P2). For the poly[2,6-(4,4-bis(2-octyl)-4H-cyclopenta-
[2,1-b:3,4-b′]dithiophene)-alt-4,7-bis(3-octyl-thiophene-2-yl)benzo-2,
1,3-thiadiazole] (PCPDT-hhOTBTOT, P3), alkyl chains were introduced
in a head–head configuration. The synthetic details and chemical prop-
erties of these copolymers are described elsewhere [10].

The UV–vis absorption spectra of the three polymers are shown
in Fig. 2(a). All absorption spectra are typical of D–A conjugated
copolymers that show camel-back absorption spectra with two dis-
tinct broad absorption peaks. The short-wavelength absorption
peaks are attributed to a delocalized π–π⁎ transition in the polymer
chains while the long-wavelength absorption peaks are attributed
to a localized transition between the D–A–D charge transfer states
[11,12]. Although all the absorption spectra in Fig. 2 are similar in
shape, substituted side chains on the thiophene moiety induced
blue shifts in the absorption spectrum. The origin of the low
band-gap properties in D–A conjugated copolymers is understood
to be based on ICT. Therefore, we attributed the blue shifted ab-
sorption spectra for P2 and P3 to weaker ICT resulting from small
alterations in the main chain configuration due to the alkyl side
chains. Energy level diagrams for the three polymers are depicted
in Fig. 2(b).

The current–voltage characteristics of the BHJ solar cells are
shown in Fig. 3. BHJ solar cells were fabricated with a structure of
ITO/PEDOT:PSS/polymer:PC71BM/LiF/Al. Initially, to find the optimum
blend ratio, devices were prepared and tested with various mixture
ratios (1:1.5, 1:3, and 1:4, w/w). As shown in Fig. 3(a), the perfor-
mance depends on the amount of PC71BM (see Table 1). The 1:1.5
ratio P2:PC71BM yields power conversion efficiency (PCE) of 1.80%
with short circuit current density (JSC) of 8.40 mA/cm2, an open cir-
cuit voltage (VOC) of 0.62, a fill factor (FF) of 0.34, while device with
1:3 ratio resulted PCE=1.56% with JSC=7.01 mA/cm2, VOC=0.64 V,
FF=0.35. In the case of 1:4 ratio solar cell, the performance was
more decreased in PCE=1.04% with JSC=5.01 mA/cm2, VOC=
0.63 V, FF=0.33. We conclude that the optimum P2:PC71BM mixture
ratio is 1:1.5. P1 and P3 polymer also showed the highest perfor-
mance at same blend ratio.

To enhance solar cell performance more, we applied a processing
additive using 2% 1,8-diiodooctane. Under standard AM 1.5 G condi-
tions (100 mW/cm2), P1:PC71BM (with 1,8-diiodooctane) was the
best performing solar cell. This cell exhibited a PCE=3.8% with
JSC=12.9 mA/cm2, VOC=0.56 V, and FF=0.51. Detailed solar cell
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Fig. 3. (a) Current density (J)–voltage (V) characteristics (under simulated AM 1.5 G ra-
diation at 100 mW/cm2) for a P2 polymer:PC71BM with various blend ratios. (b) J–V
characteristics for a series of polymers:PC71BM with and without 1,8-diiodooctane
additive.

Table 2
Photovoltaic performance of the devices based on the blend of P1, P2 and P3 polymers
with PC71BM (1:1.5 w/w) under AM 1.5 G illumination.

VOC (V) JSC (mA/cm2) FF PCE Additive

PCPDT-TBTT (P1) 0.53 10.7 0.36 2.1 0
0.56 12.9 0.51 3.8 2

PCPDT-ttOTBTOT (P2) 0.64 4.8 0.39 1.2 0
0.62 8.40 0.34 1.8 2

PCPDT-hhOTBTOT (P3) 0.62 3.2 0.30 0.6 0
0.72 3.1 0.30 0.7 2
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performance data are listed in Table 2 and the measured IPCE is pre-
sented in Fig. 4. All solar cells fabricated with P2 or P3, which have
alkyl side chains, exhibited significantly decreased photovoltaic
parameters. Furthermore, in these solar cells, the effects of the pro-
cessing additive were negligible. The P3:PC71BM solar cell exhibited
poor performance that is explained by the low charge mobility
(~10−6 cm2/V s) of P3 and a blue shifted absorption spectrum.
The P2:PC71BM solar cell had significantly suppressed solar cell
performance. This result was unexpected since the P2 field-effect
mobility of 1.8×10−3 cm2/V s is similar to that of P1 (4.9×10−3

cm2/V s) [10].
Interestingly, although the P1:PC71BM solar cell showed the high-

est PCE value, the VOC value of P1:PC71BM solar cell is relatively lower
than that of P2:PC71BM and P3:PC71BM solar cells. The VOC value
expected from the gap between HOMO of polymer and LUMO of
fullerene is especially observed when the BHJ layer has better mor-
phology. For instance, the VOC values of P3HT:PCBM are exhibited at
0.4 V to 0.7 V in their variable morphologies even though same mate-
rial is used. From this similar reason, the trend of VOC value of
cyclopentadithiophene-based copolymers could be hidden on the
Table 1
The photovoltaic properties of the devices with various P2/PC71BM blend ratios.

P2:PC71BM ratio VOC (V) JSC (mA/cm2) FF PCE

1:1.5 0.62 8.40 0.34 1.80
1:3 0.64 7.01 0.35 1.56
1:4 0.63 5.01 0.33 1.04
affection by the different morphology. In general, not only the VOC,
all parameters determining the performance of BHJ solar cells are
strongly correlated to the nanomorphology of the film [2,13–15]. Dif-
ferences in the BHJ morphology presumably play a crucial role in solar
cell devices.

Fig. 5 shows the height images of the P1:PC71BM, P2:PC71BM, and
P3:PC71BM films recorded by AFM. For the P1:PC71BM film without
additive, the AFM height image exhibited a rough film morphology
consisting of oval shaped grains. Apparently, these valleys character-
ize an uneven surface with a root-mean-square (rms) roughness of
1.45 nm for a 2×2 μm2 scan area. In contrast, after processing with
additive, the AFM topography changed to a slightly smoother film
(rms: 1.37 nm) and smaller granules. Such modified film morphology
probably improved solar cell performance.

The oval shaped grains of the P2:PC71BM film disappeared due to
the slightly enhanced solubility caused by the substituted alkyl side
chains. In addition, film smoothness of the P2:PC71BM film (rms:
0.45 nm) is significantly improved compared to P1:PC71BM film.
However, the P2:PC71BM film still exhibited aggregate morphology
on AFM. This aggregate morphology did not improve at all with pro-
cessing additive. Only the surface roughness improved slightly, from
0.45 nm to 0.33 nm, which resulted in slightly enhanced PCE values,
from 1.2% to 1.8%. However, the photovoltaic performance of the P2
polymer is still limited by its aggregate morphology. Note that the
error of rms values ranges in ±0.5 nm. Therefore, the roughness of
polymer:PC71BM films could be a minor parameter to determine de-
vice performance here.

Interestingly, alkyl side chains located at different positions of a
thiophene moiety can significantly change the film morphology.
The AFM topography of a P3:PC71BM film shows a uniform film
surface with a low rms value of 0.52 nm, indicating the enhanced
solubility caused by alkyl side chains in a head–head configura-
tion. Although the P3:PC71BM film with additive shows better sur-
face features rather than that without additive, this enhanced
morphology could not overcome the intrinsic disadvantages (low
300 400 500 600 700 800 900
0

10

Wavelength (nm)

Fig. 4. IPCE spectra of polymer BHJ solar cells composed of polymer:PC71BM with and
without 1,8-diiodooctane.
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mobility and inefficient harvesting of the solar spectrum) of the
material itself.
4. Conclusions

In conclusion, we have investigated the effects of the position of
substituted alkyl side chains on the photovoltaic properties of
DDAD type copolymers based on CPDT derivatives and DTBT. The
solar cell performance of the P1 base polymer, which has no alkyl
side chains, resulted in a PCE of 3.8% with processing additive. How-
ever, for P2 and P3, which have alkyl side chains, the photovoltaic
parameters significantly decreased and the effects of processing ad-
ditive became negligible. We attributed the low performance of P3
to low mobility and inefficient harvesting of the solar spectrum.
The suppressed solar cell performance of the P2 polymer might
have resulted from its aggregate morphology. These results indicated
that the introduction of substituted side chains to improve solubility
also critically affected the optical and electronic properties of D–A
conjugated copolymers. Furthermore, the position of the side chain
is very important for controlling the morphological properties of
D–A conjugated copolymers.
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