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Abstract: Low band gap conjugated polymers with proper energy levels for charge transfer are required
to achieve high-efficiency polymer solar cells. We report the synthesis and characterization of two new
regioregular copolymers that are based on 3-alkoxythiophene monomers: poly(3-octylthiophene-2,5-diyl-
co-3-decyloxythiophene-2,5-diyl) (POT-co-DOT) and poly{(9,9-dioctylfluorene)-2,7-diyl-alt-[4,7-bis(3-de-
cyloxythien-2-yl)-2,1,3-benzothiadiazole]-5',5"-diyl} (PF-co-DTB). Compared to the alkyl substituents, the
alkoxy side chains on the thiophene units can effectively lower the band gap of copolymers and enhance
the charge transfer to electron acceptors such as (6,6)-phenyl Ce;-butyric acid methyl ester (PCBM). The
chemical structure and regioregularity of the copolymers were confirmed by NMR. Both copolymers are
readily soluble in organic solvents and form high-quality thin films. Electrochemical and photophysical studies
reveal band gaps of 1.64 eV for POT-co-DOT and 1.78 eV for PF-co-DTB. Bulk heterojunction photovoltaic
devices were fabricated using blends of these copolymers with PCBM as the active layer, ITO-glass as
the anode, and aluminum as the cathode. Power conversion efficiency of 1.6% was obtained under simulated
solar light AM 1.5 G (100 mW/cm?) from a solar cell with an active layer containing 20 wt % PF-co-DTB
and 80 wt % PCBM. Regioregular poly(3-decyloxythiophene-2,5-diyl) (P3DOT) was also studied for
comparison purposes.

1. Introduction can be used as photosensitizers and hole transporters in bulk
heterojunction polymer solar cef&:1” Power conversion
efficiencies (PCE) exceeding 3% under AM1.5 G illumination
and between 4 and 5% under white light illumination from a
solar simulator have recently been reportgd’ Further
improvement on the PCE entails new conjugated polymers with

higher carrier mobility and broader absorption of the solar

Conjugated polymers have been developed into useful materi-
als for a variety of applications, including light-emitting
diodes!? photovoltaic cells (PVsJ,® and thin-film transistors
(TFTs)5-8 In the past few years, photovoltaic devices based
on conjugated polymers have been extensively stutie@the
most widely used configuration of polymer solar cells is the

so-called “bulk heterojunction” devices in which the active layer

consists of a blend of an electron-donating material, e gtype
conjugated polymer, and an electron-accepting materigige)
such as (6,6)-phenyl g&butyric acid methyl esterRCBM).

spectrum, especially in the red and infrared range. Moreover,
the relatively low PCE of the polymer cells1?is largely due
to the relatively low open-circuit voltage¥{,). The maximum
open-circuit voltage is limited by the difference between the

Photoinduced charge transfer from conjugated polymers to electronegativity, i.e., the lowest unoccupied molecular orbital

PCBM with quantum yields up to 100% has been obtaifiéd.
Regioregular poly(3-alkylthiophene)B3ATs) have been found

to be among the most promising conjugated polymers. They
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(LUMO) of PCBM and the polymer’s ionization potential, i.e.,
the highest occupied molecular orbital (HOM®¥1 Therefore,
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Scheme 1. GRIM Synthesis of Regioregular Poly(3-decyloxythiophene-2,5-diyl) (P3DOT) and Random Regioregular
Poly(3-octylthiophene-2,5-diyl-co-3-decyloxythiophene-2,5-diyl) (POT-co-DOT)
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HOMO level is also an important parameter to consider when g‘;",ﬁ/tiééizxjoigfl#ﬁgs\’\é%%? and Composition of Polymers

designing new, electron-donating polymers of low band gap.

comonomer

Polythiophenes with substituents other than alkyl groups have comonomer feed molar ratio
also been investigated, among which those with electron- M2 M My2 molar ratio® in copolymersb<
donating alkoxy groups have displayed promising electronic and p3poT 107x 100 1.48 —
optical propertied223 Compared tdP3ATSs, the incorporation POT-coDOT  1.45x 10* 1.75 11 251

of an alkoxy group to the 3-position of the thiophene ring yields PFcoDTB 6.80x 10" 1.69 11 11

pon(S-aIkoxythiophenes)P(3AOTs)_ with optical _absorption aCalculated from GPC (eluent: THF; polystyrene standafdSpmono-
maxima at longer wavelength. This may be attributed to both mer ratios are 3-decyloxythiophene to 3-octylthiophenB@T-co-DOT,
the electron-donating effect of the alkoxy group and the more a“fiﬁo': ItOtPTB ti)“ PECGDTBf; t;éﬁélculj\tEdef’g:E'MR SPeCtg‘?‘ based
coplanar conformation of tHie3AOTs 225 Therefore, polymers g, trﬁgshi'r\]': r‘r’i‘ngg ances© Feman 2 grotips adeiing
and copolymers based on 3-alkoxythiophene may also have
smaller band gaps than those basedRBATs?%27 Conse-  architecture based on blends of these copolymers R@BM
quently, they can more efficiently absorb the red and near- gre als0 described.
infrared portion of the solar emission spectrum.

In our effort to synthesize new conjugated polymers for 2. Results and Discussion
photovoltaic application, we began with regioregular poly(3-
decyloxythiophene-2,5-diylR3DOT),?° but we found that thin - co00vmer, poly(3-octylthiophene-2,5-digb-3-decyloxythio-
f|Im§ of P3DOT did _n_ot have sufficiently high uniformity and phene-2,5-diyl)sROT-co-DOT) was synthesized via condensa-
envw_onmental stab|llty._Therefore, we _turned to co_polymers. tion polymerization using the Grignard metathesis (GRIM)
In this paper, we describe the synthesis, characterization, and,athod initially reported by McCullough et #:2°(Scheme 1).
optical and electrochemlcal proper.tles ofa regloregular copoly- Equimolar amounts of 2,5-dibromo-3-decyloxythiopheBeafid
mer, poly(3-octylthiophene-2,5-diyle-3-decyloxythiophene- 5 5_giiromo-3-actylthiophened] were employed. The results
2,5-diyl) (POT-co-DOT), and an alternating regioregular co- ¢ o\ merization are summarized in Table 1. The obtained
polymer, poly (9,9-dioctylfluorene)-2,7-diyhlt-[4,7-bis(3- copolymerPOT-co-DOT has a dark blue color similar to the
decyloxythien-2-yl)-2,1,3-benzothiadiazol€]s5-diyl} (PF-co- regioregularP3DOT prepared also by the GRIM method.lt is
DTB). The incorporation of 3-alkoxythiophene units onto the o4l soluble, at high concentrations and room temperature,
conjugated backbones enhances the electron-donating property, -ommon organic solvents such as chlorobenzene, tetrahy-

of the polymer and lowers its band gap. The fabrication and q4f,ran (THF) and chloroform. In comparisd?8DOT exhibits
performance of photovoltaic cells with bulk heterojunction |imiteq solubility in chlorobenzene and dichlorobenzene. At

ambient temperature, the solubility BBDOT is limited to less
than 0.5%. We were able to prepare solutions of higher

2.1. Polymer Synthesis and CharacterizationThe random
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gf{g B'L?”i‘?“’x“f"L'.*SL'E%eJS%BB"aMge{i??l 41, 503. spin-coated from such solutions contained numerous particles
(25) Daouet, G.; Leclerc, MMacromolecules991, 24, 455. and pinholes.
(26) McCullough, R. D.; Lowe, R. D.; Jayaraman, M.; Anderson, DJ.LOrg.
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Mater. 2005 17, 3317. 852.
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thiophene}é2” These!H NMR results are evidences of highly

a regioregular H-T linkages of the thiophene units POT-co-
DOT.
.OCH.- On the basis of the relative areas of the peaks at 4.16 and
z 2.79 ppm, the molar ratio of 3-decyloxythiophene to 3-octyl-
1 2 thiophene units iPOT-co-DOT was estimated to be 2.5:1. This

ratio is much higher than the comonomer feed ratio, 1:1, for
copolymerization. This discrepancy indicates that during the
GRIM copolymerization, the intermediate Grignard compound

7.2 70 68 66 64 6.2 4.6 4.4 4.2 4.0 3.8 3.6 (2) in Scheme 2, which contains the alkoxy side chain, is more
_ reactive and adds onto the propagating polymer chain more
readily than the intermediate Grignard compoufidcontaining
‘ I\ an alkyl side chain. The resulting copolymer is mainly made
- - - - - X - up of 3-alkoxythiophene units.
7 6 5 4 3 2 1 0 Scheme 2 illustrates the synthetic routes to 4,7-bis-(3-

decyloxy-thiophen-2-yl)-2,1,3-benzothiadiazdll@) (6) and
poly{ (9,9-dioctylfluorene)-2,7-diy&lt-[4,7-bis(3-decyloxythien-
2-yl)-2,1,3-benzothiadiazole]-5"-diyl} (PF-co-DTB). DTB
was synthesized via Kumada coupling method fi®and 4,7-
dibromo-2,1,3-benzothiadiazole. 4,7-Bis-(5-bromo-3-decyloxy-
thiophen-2-yl)-2,1,3-benzothiadiazole (monont®@rwas syn-
thesized fron6 and NBS in THFPF-co-DTB was synthesized
via Suzuki cross-coupling polymerization using equimolar
amounts of 9,9-dioctylfluorene-2,7-bis(trimethylenebordB)F)
and 7 in the presence of a Pd(Phcatalyst, KCOs, and
Aliquat336. At the end of the polymerization, bromobenzene
and phenylboronic acid were added successively to convert the
boronic acid and bromine located at the ends of the polymer
chain to the more inert phenyl groups. The resulti?ig-co-
DTB is a dark red solid and has better solubility in organic

Chemical Shift 5 (ppm)

CgHiz  OCygH2q

B\

72 7.0 6.8 66 64 62 45 40 35 3.0 25

A

1 1 N 1 N 1 N 1 N 1 2 1 L ]

solvents such as toluene, chloroform, THF, etc., thaR8IDOT
andPOT-co- DOT.
The chemical structure ¢¥F-co-DTB was confirmed byH

7 6 5 4 3 2 1 0 NMR spectroscopy. The OCH,— protons from thédTB units
Chemical Shift § (ppm) appear at chemical shift 4.16 ppm, whereas dhmethylene
protons of the DOF units are at 2.07 ppm. The molar ratio of
Figure 1. H NMR spectra of (aP3DOT: 1. aromatic region; 2-OCH,— fluorene toDTB in the copolymer, which can be calculated
region; (b)POT-co-DOT: (1) aromatic region; (2} OCH;— and—CH,— from the integrated areas of the peaks at 4.16 and 2.07 ppm, is

adjoining thiophene rings. 1:1. This value is the same as the comonomer feed ratio in

copolymerization. It is also consistent with an alternative
copolymer structure. The GPC shows relatively high molecular
weights, withM, = 6.8 x 10* M,, = 1.15 x 1C® (using
t polystyrene standards) and a polydispersity of 1.75 (Table 1).
is noted that théM,, of analogous poly[2,7-(&'-ethylhexyl)-
hexylfluorene)alt-5,5-(4',7'-di(thien-2-yl)-2,1',3-benzothia-
diazole] COPF-1) without any substituents on the thiophene
units, reported by Svensson et ®lis about 4800. This low
molecular weight was attributed to the poor solubilityGPF-
1. Compared t&€COPF-1, PF-co-DTB has substantially higher
molecular weights and better solubility.
2.2. UV—Visible Absorption. Optical absorption spectra of

Gel permeation chromatography (GPC) showed B@f -
co-DOT has a single and narrow molecular weight distribution.
This is consistent witfPOT-co-DOT being a copolymer rather
than a blend of two homopolymers. Using THF as the eluen I
and polystyrene as the standards, the GPC data demonstrate th%tt_
the number-averagév(;) and weight-averageMy) molecular
weights of POT-co-DOT are 1.45x 10% and 2.55x 10*
respectively. The polydispersity indek{/M,) is 1.75 (Table
1). These molecular weight values are slightly higher than those
of P3DOT, whoseM, andM,, are 1.07x 10* and 1.59x 10,
respectively, with polydispersity of 1.48. THd NMR spectrum
of PSDO.T dlspl_ayed In Figure 1a revea_ls one aromatic-H peak the polymers were measured in dilute chloroform solution (1
at chemical shift 6.91 ppm, qnd one smglet'peak at4.16 PPM 1074 g/mL) as well as in solid thin films. The spectra are
for the.—OCHz—. group. This s consistent with the extensive depicted in a, b, and c of Figure 3. The spectroscopic data of
analysis on regl_oregu_IzRBAO'Ifs andP3_ATs by MCCL_"Hough the polymers are summarized in Table 2. In dilute chloroform
et al.26:2829and it confirms a highly regioregular-HTr linkage solution,POT-co-DOT has ar—x* absorption band atmay =

) 1 ) — _ :
in P3DOT. The *H NMR of POT-co-DOT shovv_n In Figure 538, approximately 30 nm blue-shifted compared to that of
1b has one sharp singlet peak at 4.16 ppm, similar to that of
the regioregulaP3DOT homopolymer shown in Figure 1a, and  (30) (a) Svensson, M.; Zhang, F.; Veer:jstra, S.C, Vert:jees, W. J. H.; Hummelen,

i i 5 J. C.; J. M. Kroon,; O. Ingdisa Andersson, M. RAdv. Mater. 2003 15,
another singlet peak at 2.79 ppm corrgspondlng tootimee 988. (b) Ingarig, O.; Svengsson, M.; Zhang, F.; Gadiusa, A.; Persson, N. K;
thylene protons of regioregular -HI linked poly(3-octyl- Wang, X.; Andersson, M. RAppl. Phys. A2004 79, 31.
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Scheme 2. Synthesis of 4,7-Bis-(3-decyloxy-thiophen-2-yl)-2,1,3-benzothiadiazole (DTB) and Its Alternating Copolymer with

9,9-Dioctylfluorene (PF-co-DTB)

N
N N
\
OC1oH21 OC1oH21 Br4<:>*Br (
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(0] o + \
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8 7

Table 2. UV—Vis Absorption and Electrochemical Properties of
Various Polymers in Solution and in Solid State

A max (M) bandgap  Ex  HOMO  LUMO
in CHCl3 film (eV) (V)e (eV) (eV)

P3DOT 565 624 1.60 0.075 —4.47 -—-2.87
POT-co-DOT 538 621 1.64 0.146 —455 —-2.91
PF-co-DTB 412,560 416,581 1.78 0.740-5.14 —-3.36
P3HT2 425 514 1.92 0.348 —4.75 —2.83
P300TE 458 472 1.91 0.069 —4.47 —-2.56
COPF-1¢ 380,540 384, 545 2.02 1.07 —5.47 —-3.46
COPF-X 370,520 370,525 2.06 1.20 -5.60 —3.54

aPurchased from Sigma-Aldrich.Prepared by Feght 0°C.24 ¢From
ref 30.9 From ref 31.¢ Eo is the onset potential of oxidation of polymer.
The values forCOPF-130 and COPF-231 were obtained by the same
calculation method.

P3DOT, possibly due to the presence of 3-alkyl side groups in
the copolymer which are less effective in lowering the band
gap of the polymer than the electron-donating alkoxy side
chains. Compared to the 98% regioregular poly(3-hexyl-
thiophene) P3HT) purchased from Aldrich, the—sx* absorp-

tion of copolymerPOT-co-DOT is red-shifted by about 140
nm. In solution, PF-co-DTB has two distinct absorption
peaks: one near 416 nm and another in 560 nm. The former
peak is assigned to—s* transition associated with the fluorene
units. This peak is red-shifted by abot80 nm compared to
those of other fluorene copolymeis3! The red-shift may be
due to the strong electron-donating alkoxy side chains on
thiophene rings that change the ionization potential of fluorene
through the pushpull effect. The absorption peak at 560 nm
may be assigned to the—sx* transition of the sum of the
delocalized structure resulted from the alternating denor
acceptor structure in the copolymer (Figure 2c). We also
evaluated the solvatochromic properties of the polymers. It is
apparent that the absorption peak at 538 nnPoiT-co-DOT

in chloroform gradually shifts to 598 nm with the concentration
of methanol (poor solvent) being increased to the methanol/
chloroform = 3/2 (volume ratio). The peak also broadens
(Figure 3b). This solvatochromism indicates tRQT-co-DOT
chains may have higher coplanarity and stronger intermolecular
interaction in solid state than in solution. This phenomenon is
also observed iP3DOT (Figure 3a) and®F-co-DTB (with
much smaller red-shift as shown in Figure 3c).

Pd(Pphg3)4/Toluene
—_—
K,CO43/H,0

N

N N

W/ N
S S \ /N
/ \ I NBS o s S._Br

\ I
OC1gH24 OC1oH24 / \
6 OC1oH21 OC1oH21

PF-co-DTB

Thin films of the copolymers 5680 nm thick were spin-
coated from their solutions in chlorobenzene. For comparison
convenience, the U¥vis absorption spectra of thin films of
P3DOT, POT-co-DOT, PF-co-DTB, regiorandom poly(3-
octyloxythiphene) P30OT) prepared by oxidative polymeri-
zation using FeGF* and regioregulaP3HT are all plotted in
Figure 3d. The spectrum of regioreguR@®T-co-DOT thin film
has an absorption maximum-a621 nm (Figure 3d and Table
2). The band gap, determined from the onset of the absorption
spectrum, is 1.64 eV. This value is similar to thatR8DOT
but lower than those of the regiorandd®30OOT and regio-
regularP3HT. McCullough et ak® and Rieke et &’ reported
similarly large red-shifts of the absorption spectra from regio-
random to regioreguld®3ATs. They attributed the red-shift to
high percentages of head-to-tail linkages in the regioregular
polymers that lead to longer conjugated length and more orderly
packing of the polymer chains. Becau8®T-co-DOT has a
regioregular structure and electron-donating decyloxy side chain,
the absorption is substantially red-shifted compared to those of
P300T and P3HT.

The general feature of the UWis absorption spectrum of
PF-co-DTB in solid state is similar to that in solution. The lower
energy absorption peak af.x = 581 nm is red-shifted only
by 20 nm from solution to thin film. This red-shift indicates
higher coplanarity of the polymer and/or enhanced intermo-

PF-co-DTB

Hzc M 7
o'o 0

n

(31) (a) Hou, Q.; Xu, Y. S.; Yang, W.; Yuan, M.; Peng, J. B.; CaoJYMater.
Chem.2002 12, 2887. (b) Hou, Q.; Zhou, Q. M.; Zhang, Y.; Yang W.;
Yang R. Q.; Cao, YMacromolecule004 37, 6299.

-O-CH,- -CH,-
\ \
. Lll“ rham “.}\1 1 ) y
9 8 7 6 2 1 0
Chemical Shift 5 (ppm)
Figure 2. *H NMR spectra and chemical structure PF-co-DTB.
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o ' lecular electronic interactions in the solid state; nonetheless, the
4 10r a P3DOT increase in coplanarity and/or the enhancement of intermolecular
S —=—1*10" g/ml electronic interactions is less significant thanABDOT and
o 08 :;83’ m:g: POT-co-DOT. The onset of the optical absorption in the thin
8 +30%: MeOH film is at about 700 nmEy = 1.77 eV). This value is~0.14
§ 061 —+—50% MeOH eV lower than that oP3HT, a popular material used in polymer
e \ || 7 film solar cells.
= It is worthwhile to compare the band gapRiF-co-DTB with
£ those of COPF-1%° and poly[2,7-(9,9-dioctylfluorenegit-2',2 -
ZO (4, 7-di(3-hexylthien-2-yl)-2,1',3'-benzothiadiazole)|[§OPF-
2) (reported by Cao et &F). The band gap oPF-co-DTB is
800900 ~0.2 eV smaller than those GIOPF-1andCOPF-2. The UV-
vis absorption peak d?F-co-DTB is approximately 40 and 60
° nm red-shifted compared to those GOPF-1 and COPF-2,
Q POT-co-DOT respectively (Table 2). The electron-donating decyloxy groups
S —a— 1*10% g/mL in PF-co-DTB raise the HOMO level and consequently reduce
5 ﬁ>—1o:/o MeOH the band gap of the copolymer. The smaller band gap should
o iigoﬁ mgg: help improve the absorption efficiency in the solar spectrum.
< —o— 40% MeOH 2.3. Electrochemical Characterization.The electrochemical
° k| —%—60% MeOH characteristics of polymer thin films coated on Pt electrode were
N —+— film studied by cyclic voltammetry in a 0.1 M BN-BF; solution
g \ in acetonitrile. The scan rate was 100 mV/s. The results are
o A summarized in Table 2. The oxidation potentidsy, were
z s derived from the onset in the cyclic voltammograms. Hag
0'800 460 5(-)0 6(-)0 760 00 500 values of COPF-1 and COPF-2 (Table 2) were cited from
references 30 and 31 and were calculated by the same method.
Wavelength (nm) The cyclic voltammogram d?OT-co-DOT reveals a broad and
g 101 c reversible oxidationg-doping) wave. Thé&y is 0.146 vs SCE,
= PF-co-DBT higher than théx of 0.075 V forP3DOT, due to the presence
£ o8t ::012 M%’g"_'i of the 3-octylthiophene units. Compared to thg values of
2 —o— 20% MeOH the regiorandonP300T and regioregulaP3HT shown in
g 06t —v—40‘;/o MeOH Table 2, theEyy of PO-co-DOT is at lower potentials. This is
- igg;: ng: not unexpected since longer conjugation and/or alkoxy side
_§ 0.4 A groups maké?O-co-DOT more oxidizable.
© [ The highest occupied molecular orbital (HOMO) is calculated
g 0.2 Y according t&?
= 0 . 1 . e Eromo = —&(Ex +4.4V)
800 400 500 600 = 700 800 900 whereEyy is the onset oxidation potential vs SCE. From this
Wavelength (nm) equation, the HOMO values &3DOT andPOT-co-DOT were
o 1ob e P3DOT calculated to be-4.47 and—4.55 eV, respectively.
Q ’ d —o— POT-co-DOT B(_ecause no reversibtedoping process was obse_rved on the
S —4— PF-co-DTB cyclic voltammograms, the LUMO levels were estimated from
g 08¢ » :ﬁgg& the HOMO values and values of optical band gaps by
2 "
2 0.6 ELumo = Eromo T Ey
§ 0.4 From this equation, the LUMO values BBDOT and PO-co-
S DOT were calculated to be2.87 and—2.91 eV, respectively.
E 0.2 The cyclic voltammogram of the copolym&f-co-DTB
g exhibits two reversiblep-doping processes. No reversible

500 600 700
Wavelength (nm)
Figure 3. UV —vis absorption spectra of (83DOT, (b) POT-co-DOT,
and (c)PF-co-DTB in solution (1x 10-4 g/mL chloroform as solvent), in
solid state (thin film spin-coated from chlorobenzene solution), and in
chloroform solution containing various volume concentrations of methanol.
(d) UV—vis absorption spectra of solid films &f3DOT, POT-co-DOT,
PF-co-DTB, P3HT (purchased from Aldrich), anB30OT (prepared by
oxidative polymerization using Feg€f).

0'800 460
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n-doping process was observed. The firgtoping process with

an onset potential of 0.740 V may be assigned to the oxidation
associated with th®TB units. The second oxidation process
at 0.940 V may be associated with the oxidation of the fluorene
segments. This potential is lower than the typical oxidation onset
of polyfluorene homopolymer at 1.4 $.The difference may

(32) Leeuw, D. M.; Simenon, M. M. J.; Brown, A. R.; Einerhand, R. E. F.
Synth. Met1997, 87, 53.

(33) Janietz, S.; Bradley, D. D. C.; Grell, M.; Giebeler, C.; Inbasekaran, M.;
Woo, E. P.Appl. Phy. Lett1998 73, 2453.



Regioregular Copolymers of Alkoxythiophene ARTICLES
Table 3. Characteristics of Bulk Heterojunction Polymer Solar ) Fa
Cells: Short-Circuit Current Density (Jsc), Open-Circuit VVoltage £ 10
(Voe), Fill Factor (FF), Power Conversion Efficiency (PCE) at o +qark
Various Polymer/PCBM Weight Ratios (AM 1.5 G irradiation at < ¢ —o_light
100 mW/cm?) E -
polymer/PCBM I Vi FF PCE 2
(wiw ratio) (mA/cm?) (V) (%) (%) 8 10%L
P3DOT 11 014 002 265 0.0007 ] P3DOT
POT-co-DOT 1:1 0.60 022 412 0.054 - PCE=0.0007%
PF-co-DTB 2:1 0.74 0.83 255 0.16 s 10* Jsc=0.14 mA/cm?
PF-co-DTB 1:1 2.92 078 328 074 c Voc=0.02 V
PF-coDTB 1:2 4.00 0.76 446  1.27 3 10° FF=26.5%
PF-co-DTB 1:4 4.31 0.76 486 1.60
92 00 02 04 06 08 10
Voltage (V)
have resulted from the possible charge transfer between 10°
neighboring fluorene anBTB units. Using the equations above, b
the HOMO and LUMO values oPF-co-DTB were calculated "‘E 10l —=— dark
to be —5.14 and—3.36 eV, respectively. 3] —light
2.4. Polymer Solar Cells.The polymer solar cells had a E 10°
layered structure of glass/ITREDOT-PSSpolymerfPCBM - .
blend/LiF/Al. The active layer is a polym&@CBM blend at %‘ 10°¢ POT-co-DOT
various polymef?CBM weight ratios. It was spin-coated from S 1 PCE=0.054%
a solution containing the polymer aRCBM in chlorobenzene aQ 3 JV5°=_°~62° mA/cm
onto an ITO/glass substrate covered by poly(3,4-ethylenedi- T 10°L F,c_-’:?'.szv
oxythiophene)/poly(styrenesulfonat®EDOT-PSS. Thin lay- 2
ers of LiIF (1 nm) and aluminum (80 nm) were thermally 5 10* . . . .
deposited under vacuutiRepresentative characteristics of the 02 00 02 04 06 08 10
solar cells are listed in Table 3. All data were obtained under Voltage (V)
white light illumination (air mass 1.5 G, 100 mw/épfrom a 10 —#— dark
solar simulator which had been calibrated by silicon diode with Sl (17 ——ight
Hamamatsu KG-5 filter. The spectral mismatch of our measuring § 10°
system has been taken into the calculations. < . ]
The current-voltage characteristics of the solar cells based E w0}
on the three blend83DOT/PCBM, POT-co-DOT/PCBM, and 2 10
PF-co-DTB/PCBM are shown in Figure 4ac. Under white g 1ok SE'E:D;?
light illumination (100 mW/crd), the cell based o3DOT/ a .\ JSC=; 31 ;Ncmz
PCBM as the active layer has a short circuit current density w 107 Voc=0.76 V/
(Js9 of 0.14 mA/cn?, an open circuit voltagevye) of 0.020 V, 9‘:’ 10°} FF=48.6%
and a fill factor (FF) of 26.5%. The low rectification ratie-( 0‘3 10° . . . , ,
1) may be resulted from one of these two factors: that the 0.2 0.0 0.2 04 0.6 08 1o
polymer blend layer was not uniform due to poor film-forming Voltage (V)
ability of P3DOT or thatP3DOT was oxidized upon exposure 0 d
to air (Eox = 0.075 vs SCE), thus reducing shunt resistance. < |0 PF-coDTB: PCBM=1:4_]
These negative factors witi3DOT are alleviated ilPOT-co- § 4
DOT/PCBM which are better film-forming and have higher <
oxidation potential. Under the same white light illumination, é 2
Jscis 0.60 mA/cnd, Vocis 0.22 V, and FF is 41.2%. The power 2
conversion efficiency (PCE) is increased to 0.054%, a substantial 8
improvement compared to that of tR8DOT-based cell (PCE 3 3
= 0.0007%) but is still far from being satisfactory. The =
rectification ratio of thePOT-co-DOT cell is still low, due to o 4
high dark current or low shunt resistance. Mgeof this device 5
is also low. Generallyy,cis a measure of the difference between o 5
the oxidation potential of the dondPQT-co-DOT andP3DOT) 00 01 02 03 04 05 06 07 08

and the reduction potential of the accepteC8M).3435Thus,
raising HOMO, as inPOT-co-DOT, closer to the LUMO of
PCBM diminishes the value of,.. Annealing has been effective
in enhancing the performance of tR3HT/PCBM bulk

(34) Waldauf, C.; Schilinsky, P.; Hauch, J.; Brabec, O:hin Solid Films2004
451-452 503.

(35) Gadisa, A.; Svensson, M.; Andersson, M. R.; Ingana®\pl. Phys. Lett.
2004 84, 1609.

Voltage (V)

Figure 4. Current-voltage characteristics of polymBIZBM bulk het-
erojunction solar cells in the dark and under white light illumination (AM
1.5 conditions). (aP3DOT/PCBM = 1:1; (b) POT-co-DOT/PCBM =
1:1; (c) PF-co-DTB/PCBM = 1:4; (d) From (c),PF-co-DTB/PCBM =
1:4, with photocurrent plotted in linear scale betwdeV andVqc.

heterojunction solar cell€-17 Such an enhancement has not
been attained in either tHe3DOT or POT-co-DOT systems.
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Preliminary study showed that annealing at 110 and 430 cated effects on both the, andn-channel materials, as well
had little effect on the PCEs ¢#3DOT- and POT-co-DOT- as the bulk heterojunction, extensive study on annealing is
based solar cells. underway. We are also experimenting with otheype materi-
The solar cell made from copolymé&tr-co-DTB exhibits als having LUMO values higher than thoseREEBM to further
higher PCE.PF-co-DTB has not only much better solubility  improve theV,. and the PCE values. The results will be reported
and processability thaR3DOT and POT-co-DOT but also in a future publication.
has the lowest HOMO value—6.14 eV). The low HOMO
value accounts for a high value &f,c up to 0.76 V. The 3. Conclusion
weight ratio of PF-co-DTB to PCBM has a significant influ-
ence on the performance of the cell, similar to the perfor-
mance of bulk heterojunction solar cells based on poly-
[2-methoxy-5-(3,7'-dimethyloctyloxy)p-phenylenevinylene]-
(MDMO —PPV):PCBM .%6:37 The composition dependence of
the polymer solar cells reflects the combined results of the

We have synthesized a series of new conjugated polymers
using alkoxythiophene as the building block. The copolymer
POT-co-DOT has high head-to-tail regioregularity similar to
the homopolymeP3DOT. The alternating copolyme?F-co-

DTB is also regioregular as the comonomers have symmetric

exciton generation efficiency (absorption efficiency), the ef- structures. Optical and electrochemical characterizations reveal
y that all these copolymers have low band gaps and high

ficiency of e-h separation at the polym&CBM interfaces, regioregularity, making them promising materials for the
and the percentage of electrons and holes reaching the charge- gloregulanty, 9 P 9 .
collecting electrodes. Lower content BCBM leads to inef- photosensitizers, electron donors, and hole transporters in

ficient dissociation of exciton and a decrease in photocurrent. polymer.solar cells. The bulk heterojunction solar ce!l; fabri-
With increasingPCBM content, both thele, and FF are cated using blends of these polymers ViRtBBM have exhibited

. . . ) varied performances, depending on the polymers’ film-forming
:;Zrne diselggibr:f;%i))t{;ssg?gee%tgli__t_lcr:}tgig O‘I'[r);?e/; (r:eBlme ability, environmental stability, and HOMO level. The best solar

very high content oPCBM lowers the absorption efficiency. cell performance obtaln-ed has "f‘ Iayered structure O.f o/
. - PEDOT-PSSPF-co-DTB:PCBM(1:4)/LiF/Al. Under white
The best performance we have obtained thus far is from the . ~ S .
bl - . . . . light illumination (AM 1.5 G, 100 mW/crf), the obtaineds.
end with the weight ratio dPF-co-DTB to PCBM being 1:4. . . - .
NG S is 4.3 mA/cn?, Vo is 0.76V, FF is 48.6%, and PCE is 1.6%.
Under white light illumination (AM 1.5 G, 100 mW/cfj the . .

. . . . All these results were calibrated by the spectral mismatch of
obtainedls is 4.31 mAJC, Voo is 0.76 V, FF is 48.6%, and our measuring system. Study to further improve the solar cell
PCE is 1.6% (Figure 4c,d) These results may be compared Withalrjchitectul:el a%ndyPCE is ulrjld)érwau improv
those of the high-performance polymer solar cell based on Y-

COPF-1 reported by Svensson et @I The spectrum oPF- Acknowledgment. We thank Han Zhang and Dr. Wei Wu
co-DTB is red-shifted by about 30 nm. The chart of incident ¢ oy |aboratory for critically reviewing the manuscript.
photon to charge carrier efficiencyPCE) as a function of

wavelength (see Supporting Information) follows the copoly-  Note Added after ASAP Publication.The axis scales were
mer's UV—vis absorption spectrum. Therefore, red-shift of the missing from Figures 14 and from the figures in the Support-
absorption spectrum indeed helps increase the total photovoltaicing Information and the structure BIOT-co-DOT was incorrect
current because the solar photon flux is higher in this energy in Scheme 1, Figure 1b, and the table of contents graphic in
range. On the other hand, as the polymer's HOMO is increasedthe version published ASAP on June 14, 2006. The corrected
to —5.14 eV from the—5.47 eV for COPF-1, the Vi is graphics are present in the version published ASAP on June
decreased. Overall, the PCE is on the same level. Annealing at20, 2006.

110°C increased th&/, from 0.76 to 0.79 V (see Supporting . . . _ )
Information). However, thds;was decreased. The overall PCE ~ Supporting Information Available: All experimental details
was not enhanced. On the other hand, annealing at@3tad for the syntheses of monomers7) and polymersR3DOT,
detrimental effect on the PCE. TNg. andJs.decreased to 0.6 POT-co-DOT, and PF-co-DTB); cyclic voltammograms of

V and 2.3 mA/cri, respectively. Since annealing has compli- Polymers; details for device fabricatiof?CE plot of PF-co-
DTB; current-voltage characteristics for the solar cells as a

(36) van Duren, J. K. J.; Yang, X,; Loos, J.; Bulle-Lieuwma, C. W. T.; Sieval, result of annealing. This material is available free of charge
A. B.; Hummelen, J. C.; Janssen, R. A Atv. Funct. Mater.2004 14, . .
via the Internet at http://pubs.acs.org.

425,
(37) Mihailetchi, V.; Koster, A.; Blom, P.; Melzer, C.; Boer, B.; van Duren, J.
K. J.; Janssen, R. A. Adv. Funct. Mater.2005 15, 5. JA061664X
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