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Initially, the role of an alkyl chain on a conjugated polymer was
to confer solubility of the rigid-rod-like structure in common

organic solvents. It is now apparent that the choice of solubilizing
chain can vastly affect the properties of the polymer, as it can be used
to tune a materials’ crystallinity in the solid state as well as its
miscibility with other materials in thin film blends. The latter of these
is of extreme importance in thefieldofOPVwhere the extent of phase
separation between a donor conjugated polymer and a fullerene
acceptor is a critical factor in determining solar cell performance.1�5

Yanget al. studied theeffectsof side chainvariationonanaphtho[2,1-
b:3,4-b0]dithiophene-co-4,7-di(thiophen-2-yl)benzothiadiazole system6

and observed differences in the Voc and Jsc. These were quantita-
tively correlated with a pre-exponential dark current term, which
they claimed accounts for the intermolecular interactions in the
polymer/fullerene blend. Biniek et al. studied the effect of side
chain variation and site of attachment on a benzo[1,2-b:4,5-b0]
dithiophene-co-thieno[3,4-b]thiophene polymer.7 They found
an increased solar cell efficiency using ethylhexyl chains over
linear dodecyl chains. Szarko et al. very recently reported on the
effect of side chain variation on thieno[3,-b]thiophene-co-benzo-
dithiophene polymer systems, which have given record breaking
(∼8%) PCEs.8 They found that varying the degree of alkyl chain
branching affected theπ�π stacking distance which they suggested
allowed a varying amount of fullerene intercalation to occur. A study
on the variation of the side chain on the acceptor portion of a N-
alkylthieno[3,4-c]pyrrole-4,6-dione polymer demonstrated that the
highest solar cell efficiency was achieved with a linear chain.9

Recently, we reported the synthesis and high hole mobility of
an indacenodithiophene-co-benzothiadiazole (IDT�BT) copo-
lymer with hexadecyl alkyl chains P4.10 The long linear alkyl
chains were attributed to impart some degree of crystallinity in
thin film. Chen et al. demonstrated the high performance of a
similar IDT�BT copolymer bearing phenylhexyl side chains in
solar cell devices.11 Replacement of benzothiadiazole on this
system with alternative acceptors has also yielded efficient solar
cells.12 We were interested in investigating the role the solubilizing
chains play in the performance of this low-band-gap polymer in both
TFT and OPV devices. The effect of varying the alkyl chain from
short and branched (methylbutyl) to long and linear (hexadecyl) on
the optical and electronic properties is presented here.

Copolymers P1�P4 were synthesized via Suzuki couplings
using previously reported conditions.10 It was not possible to
achieve high molecular weights with the methylbutyl side chains P1
due to precipitation of the polymer during polymerization, a

consequence of its lower solubility. The remaining polymers were
synthesized in high molecular weights, as expected, due to the
enhanced solubilizing effect of the longer alkyl chains (Table 1).

The solution and thin filmUV�vis absorption spectra are shown
in Figure 1. In solution, polymers P2�P4 display very similar
absorption maxima at around 660 nm. The absorption maxima of
P1 is at a slightly shorter wavelength (645 nm)which is attributed to
the lower molecular weight of the material. In all polymers a slight
shoulder can be observed at a shorterwavelength,which is attributed
to solution aggregation. In thin film, polymers P1, P3, and P4
display red-shifted absorbance maxima (∼10�15 nm). Further-
more, the shoulder at a shorter wavelength (∼575 nm) is clearly
more pronounced for all polymers which is attributed to solid state
aggregation, which has been demonstrated previously for P4. In
contrast, there is no significant red-shift in the absorbance ofP2, and
there is only a slight shoulder observed at shorter wavelengths,
perhaps due to a lack of thin film crystallinity and subsequent
backbone planarization. The HOMO energy levels were measured
by PESA (photoelectron spectroscopy in air), and the small
variations were believed to be due to the standard error in the
measurement rather than an actual difference in the energy levels of
the polymers. The LUMO was estimated by addition of the optical
band gap (absorption edge of the thin film UV�vis absorption
spectra) to the measured HOMO values.

Bottom-contact, top-gate architecture field effect transistors were
fabricated from P1�P4, and the details are collected in Table 2.
P2�P4 all display extremely high holemobility (>0.1 cm2V�1 s�1),
the highest of which is the material with the longest alkyl chains
(P4). The slightly lower mobility of P3 which also contains linear
alkyl chains can be attributed to the difficulty in obtaining good
quality films due to the lower solubility of this sample (which arises
from its higher molecular weight and the inherent lower solubilizing
effect of the shorter linear alky chain). P1 displayed significantly
poorer hole mobility, which is probably, in part, a result of its
significantly lower molecular weight. The extremely high hole
mobility measured for P2 is remarkable considering the absence
of any observed aggregation effects in the solid-state absorption
spectrum and the presence of only short bulky side chains. A
similar phenomenon has been observed by Tsao et al., who
measured the charge carrier mobilities of a conjugated polymer
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Scheme 1. Synthesis of IDT�BT Copolymers

Table 1. Properties of IDT�BT Polymers

polymer Mn/kDa
a Mw/kDa

a PDIa λmax (soln)/nm
b λmax (film)/nmc HOMOd LUMOe

P1 9 13 1.4 645 655 �5.3 �3.6

P2 40 87 2.2 659 660 �5.3 �3.6

P3 33 243 7.4 660 674 �5.3 �3.7

P4 38 108 2.8 663 677 �5.4 �3.7
a Estimated by SEC using PS standards and chlorobenzene as eluent. b In dilute CHCl3 solution.

c Spun from chlorobenzene solution (5 mg/mL).
dMeasured by PESA. eAddition of absorption onset in thin film UV�vis onto HOMO.

Figure 1. Normalized solution (left) and thin film (right) UV�vis absorption spectra of IDT�BT copolymers. Solution measurements were done in
dilute CHCl3. Thin films were spun from a 5 mg/mL solution in chlorobenzene.

Figure 2. OFET transfer (left) and output (right) curves of P2.
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with either branched or linear alkyl chains and suggested that
molecular weight played a more vital role in obtaining high hole
mobilities than choice of side chain.13

Solar cells with device structure ITO/PEDOT:PSS/polymer
(P1�P4):PC71BM/Ca/Al were fabricated, and their averaged
properties are shown in Figure 3 and Table 3. The active layers
were spin-coated from o-dichlorobenzene (ODCB) with a blend
of polymer (P1�P4):PC71BM in a 1:3.5 (w/w) ratio. Devices
made from P1�P3 all showed high performance with P2 giving
the highest average PCE of ∼4.5%. The open-circuit voltage
(Voc) and fill factor (FF) of all the devices were all comparable, in
the range of 0.75�0.79 and 0.44�0.49, respectively. However, it is
interesting to note that slightly higher Voc was observed for the
branched chain polymers (P1 and P2) than those with linear alkyl
chains (P3 and P4). The deep HOMO energy level of this series of
polymers allows for the high observed Voc, when used in conjunction
with the fullerene acceptor.14 The short-circuit current (Jsc) was
significantly more variable with an impressive�11.45 mA cm�2 for
devices made from P2. P4 had a significantly lower Jsc which resulted
in the lower observed PCE. A maximum PCE of 5.5% was obtained
for P2 by spin-coating the active layer from a less concentrated
solution at a slower spin speed. The increase in PCE is due to an
increase in short-circuit current to 13mAcm�2, and a higherfill factor
(0.54), which we believe to be a result of the slower drying of the
active layer which allows for formation of a more desirable morphol-
ogy. Chen et al. observed a significant improvement in fill factor and
PCEupon the use of additives or solvent annealing in a similar system
with phenylhexyl side chains.11,15 Further device optimization with
the use of additives with these polymers is ongoing.

In order to probe the underlying cause of this significant
variation in device performance, AFM images of the devices were
recorded (Figure 4). In devices containing P1, large crystals of
PC71BM can be observed. This causes an extremely high surface
roughness to be measured (21.69 nm). In devices containing P2
and P3, a smoother film is observed (surface roughness∼0.5 nm)
where the phase separation appears to be in the nanometer regime.

In the case of devices containing P4, extremely large (∼300 nm)
domains are clearly visible. This unfavorable phase separation is
likely to be the cause of the extremely low device efficiency relative
to the other materials.

The difference in observed BHJmorphology is attributed to the
varying degrees of interaction between the fullerene and the
polymer chains. With the short bulky chains (P1), there is likely
to be insufficient miscibility between the polymer and the full-
erene, which results in the formation of PCBM crystallites. It is
remarkable that a good PCE is obtained from such an undesirable
morphology, although it is possible that enough fullerene is
dispersed within the film (it is in significant excess), and the
remainder is free to form crystallites. It is clear that a more desirable
morphology is obtained with both ethylhexyl and octyl alkyl chains
(P2 and P3, respectively). However, it is very interesting to note
that despite the similar morphology, a significantly higher PCE is
obtained with the ethylhexyl side chains. A possible reason for this
could be the increased steric bulk of the ethylhexyl chains which
would shield the fused donor portion of the polymer from associa-
tion with the fullerene. This would result in the fullerene preferen-
tially residing closer to the accepting part of the polymer (i.e., BT)
which could facilitate electron transfer onto the fullerene. In the case
of the hexadecyl side chain containing polymer (P4) the large
domains observed can lead to high levels of geminate recombination
from isolated donor�acceptor pairs, resulting in low charge separa-
tion and device currents. It is interesting to note that there is no
correlation between FET mobility and short-circuit current (Jsc) as
demonstrated by the fact that even themodest holemobility ofP1 is
sufficient to extract charges, resulting in a high efficiency OPV
device. In stark contrast, P4, which has the highest FET hole
mobility, has a significantly reduced short-circuit current, which
further demonstrates the vital need for morphological control in
polymer:fullerne blend OPV devices.

Figure 3. Current density�potential curves for solar cells of IDT�BT copolymers (left) and EQE spectra of devices (right).

Table 3. OPV Characteristics of IDT�BT Copolymersa,b

polymer Voc/V Jsc/mA cm�2 FF PCE (%)

P1 0.78 �9.75 0.49 3.79

P2 0.79 �11.45 0.49 4.46 (5.5)c

P3 0.74 �10.05 0.46 3.39

P4 0.75 �2.02 0.44 0.66
aUnder AM1.5 illumination. ITO/PEDOT:PSS/active layer/Ca/Al device
structure. Active layer was polymer:PC71BM (1:3.5 w/w) in ODCB;
∼80 nm layer. bAverage values. cOptimized spin-coating conditions.

Table 2. OFET Characteristics of IDT�BT Copolymers

polymer on/off ratio max hole μ sat./cm2 V�1 s�1

P1 102 0.003

P2 105 0.57

P3 104 0.15

P4 104 1.2
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In conclusion, we have studied how the OFET and OPV
performance of a donor�acceptor IDT�BT type polymer is
affected by the variation of the solubilizing alkyl chains. For
OFETs, a very long linear chain is most beneficial, as this results
in the most aggregated solid-state structure (as observed by an
increasing amount of a shoulder in the thin filmUV�vis spectra).
However, extremely high mobilities are also observed in poly-
mers with shorter bulky side chains, which challenges the notion
that long linear chains are a necessity in high charge carrier
mobility materials. In terms of OPV performance, ethylhexyl side
chains lead to very desirable phase separation in this polymer
class (as observed by AFM) and extremely good device PCEs.
Even shorter and bulkier side chains result in the formation of
PCBM crystallites, whereas a long linear chain results in large
domains. Further solid-state analysis of the interaction between
the polymer side chains and the fullerene acceptor is ongoing and
will be presented separately.
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Figure 4. AFM images (tappingmode) ofOPVdevices.Main 20� 20μm,
inset 2 � 2 μm.


