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The effects of substitute side chain �alkyl or alkoxy� on optical and electrical properties of
low-band-gap conjugated copolymers were investigated using poly�2,7-dihydroindeno�2,1-
a�indene-co-4,7-di-2-thienyl-2,1,3-benzothiadiazole�, poly�2,7-dihydroindeno�2,1-a�indene-co-
4,7-bis�4-hexyl-2-thienyl�-2,1,3-benzothiadiazole� �PININE-DHTBT�, and poly�2,7-
dihydroindeno�2,1-a�indene-co-4,7-bis�3-�hexyloxy�-2-thienyl�-2,1,3-benzothiadiazole� �PININE-
DHOTBT�. Alkyl introduced PININE-DHTBT exhibits blueshifted absorption spectrum, while
alkoxy introduced PININE-DHOTBT exhibits redshifted absorption spectrum. Because of steric
hindrance of alkyl or alkoxy side chain, highest occupied molecular orbitals of PININE-DHTBT and
PININE-DHOTBT highly localized on donor segments, thereby decreasing hole mobilities of
PININE-DHTBT and PININE-DHOTBT. Consequently, despite the spectral advantage of
PININE-DHOTBT for photovoltaic cells, the actual solar cell property of PININE-DHOTBT was
not enhanced. © 2008 American Institute of Physics. �DOI: 10.1063/1.3059554�

Conjugated copolymers with electron donor-acceptor
�D-A� units in the repeat unit have drawn considerable atten-
tion for bulk heterojunction photovoltaic �PV� cells because
their intramolecular delocalization over the electron-donating
and electron-accepting segments can lead to low-band-gap
conjugated polymers that enable efficient harvesting of the
solar spectrum.1–10 By using donor units with highest occu-
pied molecular orbital �HOMO� corresponding to high ion-
ization potential, one can also expect large open circuit volt-
ages in bulk heterojunction �BHJ� PV cells.6 Because they
exhibit relatively high hole mobilities, such D-A conjugated
copolymers are also of interest as the active materials in
polymer field-effect transistors �PFETs�.8–11

A number of D-A copolymers have been generated and
subsequently characterized, including 4,7-di-2-thienyl-2,1,3-
benzothiadiazole �DTBT� combined with conventional con-
jugated donor units, such as fluorene,1,3,11 2,7-carbazole,8,9

and 4,4-dialkyl-4H-cyclopenta�2,1-b:3,4-b��dithiophene-
2,6-diyl.2 Although conjugated core unit possesses solubiliz-
ing power, D-A copolymers have relatively low solubility if
it has high molecular weight �Mw� fraction. Achieving high
Mw with good solubility is one of the important factors for
polymer electronic devices; generally, the highest perfor-
mance was obtained from highest Mw material.12,13

The general approach to improve the solubility in D-A
copolymers is the introduction of either alkyl or alkoxy side
chains at the thiophene unit.3,14–17 Substituted side chains,
however, often significantly alter the conjugated chain con-
figuration and thereby affect their electronic properties. Thus,
resultant polymers have somewhat different properties com-
pared to the original analogs.7,18 Although the effects of side
chain substitution in conventional conjugated polymers are

well known, the effect of side chain in D-A alternating co-
polymers has not yet been fully explored.

We have investigated the effect of substituted side chain
�alkyl or alkoxy� on the optical and electrical properties of
D-A conjugated copolymers, poly�2,7-dihydroindeno�2,1-
a�indene - co-4,7-di-2 - thienyl - 2,1,3 - benzothiadiazole�
�PININE-DTBT�, poly�2,7-dihydroindeno�2,1-a�indene-co-
4,7-bis�4-hexyl-2-thienyl�-2,1,3-benzothiadiazole� �PININE-
DHTBT�, and poly�2,7-dihydroindeno�2,1-a�indene-co-
4,7 -bis�3 - �hexyloxy� - 2-thienyl� - 2,1,3-benzothiadiazole�
�PININE-DHOTBT�.

Polymer solar cells were prepared according to
the following procedure. Conducting poly�3,4-
ethylenedioxylenethiophene�-polystyrene sulfonic acid
�PEDOT:PSS, Baytron P� was spin cast �5000 rpm� with
thickness of �40 nm from aqueous solution on the pre-
cleaned indium tin oxide glass. The dichlorobenzene solution
comprised of PININE-DTBT �1 wt %�: �6,6�-phenyl
C61-butyric acid methyl ester �PCBM� �3.5 wt %�, PININE-
DHTBT �1 wt %�: PCBM �4 wt %�, and PININE-
DHOTBT �1 wt %�: PCBM �4 wt %� was then spin cast at
3000 rpm with thickness �80 nm on top of the PEDOT
layer. Finally, a �120 nm Al electrode was deposited on top.
Measurements were done with the solar cells inside the glove
box filled with N2 gas using a high quality optical fiber to
guide the light from a solar simulator �AM1.5G� outside the
glovebox. Current density-voltage curves were measured
with a Keithley 236 source measurement unit.

PFETs �with the top contact geometry� were fabricated
on heavily doped n-type silicon �Si� wafers each covered
with a thermally grown silicon dioxide �SiO2� layer with
thickness of 200 nm. The active layer was deposited by spin
coating at 2500 rpm. Prior to active layer deposition, SiO2
surfaces were treated with octyltrichlorosilane to make sur-
face hydrophobic. All solutions were prepared at 0.5 wt %
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concentration in chlorobenzene. The thickness of the depos-
ited films was about 60 nm. Prior to deposition of source-
drain electrodes, the films were dried on hot plate stabilized
at 80 °C for 30 min. All fabrication processes were carried
out in the glovebox filled with N2. Source and drain elec-
trodes using Au were deposited by thermal evaporation using
shadow mask. The thickness of source and drain electrodes
was 50 nm. Channel length �L� and channel width �W� were
50 �m and 1.5 mm, respectively. Electrical characterization
was performed using a Keithley semiconductor parametric
analyzer �Keithley 4200� under N2 atmosphere.

All thin film samples for UV-visible absorption were
prepared by spin coating �3000 rpm, 60 s� on quartz sub-
strates using 1 wt % solution. UV-visible absorption spectra
were taken using a Varian 5E UV/visible/near infrared spec-
trometer.

Figure 1 shows UV-visible absorption spectra of the
PININE-DTBT, PININE-DHTBT, and PININE-DHOTBT
thin films along with their molecular structures. The details
of synthesis and the chemical properties of these copolymers
are described elsewhere.19 All absorption spectra are typical
of D-A conjugated copolymers films that show two distinct
broad absorption peaks. Although the precise origin of the
two absorption peaks is not known, the short-wavelength ab-
sorption peaks have been attributed to a delocalized �-��

transition in the polymer chains and long-wavelength absorp-
tion peaks attributed to a localized transition between the
D-A-D charge transfer states in DTBT segment.5,20,21 Al-
though all the absorption spectra in Fig. 1 are similar in
shape, substituted side chains on the thiophene moiety in-
duce dramatic shifts in the absorption spectrum. For the
PININE-DHTBT, the onset of absorption is blueshifted by
50 nm compared to the PININE-DTBT. In case of PININE-
DHOTBT, however, the onset of absorption is redshifted by
20 nm compared to the PININE-DTBT. The redshift of the
absorption spectrum of PININE-DHOTBT might originate
from stronger ICT due to the oxygen in the alkoxy chain �the
oxygen in alkoxy chain tends to make the thiophene unit
more electron rich�.

We have fabricated BHJ PV cells using the copolymer as
donor with PCBM as the acceptor. The initial PV cell results
are promising, as summarized in Table I. The PV cell fabri-
cated using the BHJ mixture of PININE-DTBT and PCBM
yields maximum power conversion efficiency �PCE� of 2%.
With PININE-DHTBT and PCBM, because of the blue-
shifted absorption spectrum, the maximum PCE is 1.1%.

With PININE-DHOTBT and PCBM, the maximum PCE is
1.3%. Differences in the BHJ morphology presumably play a
role since the PININE-DHOTBT has the longest wavelength
absorption cutoff.

Because good charge transport mobility is also an impor-
tant factor for high PCE, we examined the field-effect mo-
bilities of the three copolymers. Figure 2 shows the transfer
characteristics, Ids versus Vgs and Ids

1/2 versus Vgs of the poly-
mer FETs fabricated with PININE-DTBT, PININE-DHTBT,
and PININE-DHOTBT. The polymer FET properties were
significantly influenced by the side chain substitutions.
Linear plots of Ids

1/2 versus Vgs deduced from the Ids versus
Vgs measurements yield hole mobilities of �1=9.1
�10−3 cm2 /V s, �2=3.1�10−4 cm2 /V s, �3=3.9
�10−3 cm2 /V s for PININE-DTBT ��1�, PININE-DHTBT
��2�, and PININE-DHOTBT ��3�. The mobility of the
PININE-DTBT is significantly higher than that of PININE-
DHTBT and PININE-DHOTBT. In addition, these measured
mobilities show strong correlation with PV cell performance.
The highest mobility PININE-DTBT shows better PCE
value, while relatively lower mobility PNINE-DHOTBT
shows lower PCE value �see Table I�.

Steric hindrance is the most serious effect of side chain
functionalization because it affects the coplanarity of the
conjugated backbone. In order to investigate how much the
side chain disturbs the chain conformation, we carried out
semiempirical quantum chemical simulations using the pa-
rametrized model 3.22 Since the alkyl side chains in PININE
moiety do not contribute significantly to the variation in
chain conformation and charge-density isosurface, they were
excluded from our calculation. Figure 3 shows the charge-
density isosurfaces for the HOMO and lowest unoccupied
molecular orbital �LUMO� levels of PININE-DTBT,
PININE-DHTBT, and PININE-DHOTBT with the most en-

FIG. 1. �Color online� �a� Chemical structure of PININE derivatives and �b�
UV-visible absorption spectra of thin films.

TABLE I. Photovoltaic properties and FET mobilities of PININE deriva-
tives.

PININE-
DTBT

PININE-
DHTBT

PININE-
DHOTBT

Voc 0.71�0.03 0.76�0.02 0.64�0.01
Jsc �mA /cm2� 5.85�0.13 3.50�0.45 4.35�0.29
FF 0.40�0.02 0.32�0.02 0.41�0.02
PCE �%� 1.67�0.32 0.87�0.23 1.15�0.15
Mobility �cm2 V−1 s−1� 9.1�10−3 3.1�10−4 3.9�10−3

FIG. 2. �Color online� Transfer characteristics �a� Ids vs Vgs and �b� Ids
1/2 vs

Vgs of PFET devices measured in saturation regime �Vds=−60 V�.
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ergetically favorable geometry. For the PININE-DTBT, the
HOMO isosurface shows delocalization on both donor and
acceptor sites. In addition, the conjugated backbone is rela-
tively flat. The LUMO isosurface of PININE-DTBT, how-
ever, tends to be localized on the benzothiadiazole �BT�. This
localization might be one of the reasons of the absence of
n-channel behavior in the FETs. For the PININE-DHTBT,
because of steric hindrance by alkyl side chain, the structure
of the conjugated backbone is seriously twisted. Moreover,
both the LUMO orbital and the HOMO orbital are localized,
consistent with the lower values obtained for the hole mo-
bilities. For the PININE-DHOTBT, although the isosurfaces
of HOMO and LUMO orbitals are similar to those of
PININE-DHTBT, the backbone is more nearly planar than
that of PININE-DHTBT; only the BT moiety tilted from the
backbone plane. Thus, we attribute the somewhat higher mo-
bility of PININE-DHOTBT to better planarity of conjugated
backbone.

In conclusion, alkyl or alkoxy side chains were intro-
duced onto the D-A conjugated copolymer, PININE-DTBT,
to obtain better solubility. The alkyl or alkoxy side chains
alter the optical and electrical properties. Because of steric
hindrance, the HOMOs of PININE-DHTBT and PININE-
DHOTBT are localized on the donor segments, thereby de-
creasing the hole mobilities. Thus, in spite of the spectral
advantage of PININE-DHOTBT for PV cells, the power con-
version efficiency of PININE-DHOTBT was less than that
obtained from the PININE-DTBT:PCBM cells.
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FIG. 3. �Color online� Charge-density isosurface for the HOMO �left� and LUMO �right� levels of PININE-DTBT �top�, PININE-DHTBT �middle�, and
PININE-DHOTBT �bottom�.
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