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ABSTRACT: Compared with the dominant donor—acceptor approach to construct low-band-gap polymers,
the quinoid strategy has been much less explored. However, a new series of polymers based on a prequinoid
structure, thieno[3,4-b]thiophene (TT), and a comonomer, benzo[1,2-5:4,5-b']dithiophene (BnDT), have recently
achieved over 7% power conversion efficiency in bulk heterojunction (BHJ) polymer solar cells (PSC).
In order to further explore the utility of the thienothiophene (TT), we studied a library of six polymers by
varying the electronic properties of the comonomers (NDT, naphtho[2,1-b:3,4-5']dithiophene, QDT, dithieno-
[3,2-£:2',3'-h]quinoxaline, and BnDT) and those of the thienothiophene (TT and fluorinated TT (FTT)). It was
discovered that the thienothiophene unit predominantly decides the low-band-gap characteristic of these poly-
mers; however, the highest occupied molecular orbital (HOMO) energy level of these polymers can be tuned,
depending upon the electronic properties of the comonomer and the substitution of fluorine on TT. Therefore,
the open-circuit voltage of related BHJ devices changes accordingly. However, all observed short circuit cur-
rents were low, which limited the overall efficiency of all devices to less than 1%. Plausible reasons for such low
currents include low molecular weight, unoptimized side chains, and low hole mobilities. These results indicate
that materials optimization to achieve high efficiency polymer solar cells is a convoluted process; side chain
length (and shape) and molecular weight, in addition to band gap and energy levels, all need to be carefully

evaluated.

Introduction

In the quest to develop cost-effective renewable energy, polymer
solar cells (PSC), specifically bulk heterojunction solar cells (BHJ),
which usually employ electron-donating polymers and fullerene-
based acceptors, have stood out as an attractive alternative to
prohibitively costly silicon-based inorganic solar cells.'* Signifi-
cant progresses have been made in designing semiconducting poly-
mers with low band gaps (maximizing the light absorption and the
short-circuit current, Ji.) and low highest occupied molecular or-
bital (HOMO) energy levels (maximizing the open-circuit voltage,
V), with efficiencies of over 7% achieved recently in a number of
reports.*?

Two different approaches are usually employed in developing
new polymers of narrow band gap for BHJ solar cells. The first
and most common one is the donor—acceptor (D—A) approach
to covalently link an electron-donating moiety and an electron-
accepting moiety as the repeating unit of the D—A copolymer.®’
The band gap of such a polymer is narrowed through the forma-
tion of a quinoid resonance structure via intramolecular charge
transfer (ICT).®? The unique feature of this approach is that
the HOMO level of these D—A copolymers is predominantly
determined by the donor moiety, and the lowest unoccupied
molecular orbital (LUMO) almost exclusively resides on the
acceptor moiety.'®"'? This allows a largely independent control
of the HOMO energy level (affecting V,.) and the band gap
(deciding J,.). The second and much less explored approach to
lowering the band gap is through the quinoid resonance structure
stabilization."*~'® Typically, two aromatic units are fused in a
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particular geometry to take advantage of the larger value of
resonance energy of the first aromatic unit (e.g., benzene, 1.56 eV)
over the second unit (e.g., thiophene, 1.26 eV), so that the second
aromatic unit (e.g., thiophene) tends to dearomatize to adopt a
quinoid structure. Since the quinoid resonance form is lower in
energy than the aromatic form, stabilizing the quinoid form will
effectively reduce the band gap of related conjugated polymers.
Advantages of this quinoid approach include the complete eli-
mination of charged species in the resonance structure of the con-
jugated backbone (Figure 1) and continuous i orbitals, both of
which could potentially improve the hole mobility due to fewer
instances of charge trapping.'” Although the quinoid approach is
far less explored than the D—A approach, a series of copolymers
of alternating benzo[1,2-b:4,5-b'|dithiophene (BnDT) and thieno-
[3,4-b]thiophene (TT) units (or monofluorinated TT unit, FTT),
i.e., PTB series, have set record power conversion efficiencies of
greater than 7% in polymer solar cells.*> This significant achieve-
ment testifies to the viability of the quinoid approach in develop-
ing low-band-gap materials with high efficiency. In other studies,
however, this quinoid approach has been far less successful.'®
In addition, the quinoid approach does have one disadvantage: it
is more difficult to independently control the HOMO/LUMO
energy levels due to the lack of a designated electron donor and
acceptor. This implies that low-band-gap polymers incorporating
quinoid structures would not necessarily own a low HOMO en-
ergy level. In contrast, one could achieve both a low band gap and
a low HOMO level from the D—A approach.'’

Even with the success of the PTB series, two outstanding ques-
tions still remain. The first one is whether the high performance of
the PTB series is an exception or whether the TT/FTT unit can be
employed to yield highly efficient polymers with fused aromatic
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comonomers other than BnDT (Figure 2). The second question
is whether or not one can control the HOMO and LUMO ener-
gy levels of the quinoid-type copolymer by changing the electron-
donating ability of the comonomer to the TT unit. If the energy
levels of quinoid-type resonance structures could be fine-tuned
by varying the electron-donating ability of the comonomer, the
quinoid approach would offer control over both the current (via
the band gap) and the voltage (via the HOMO level) of related
BHJ solar cells, thus making it even more attractive as an alter-
native to the D—A approach.

As part of our attempt to answer these questions, we conducted
a detailed investigation of a small library of new polymers incor-
porating the TT or FTT structural unit with two alternative fused
aromatic comonomers, naphtho[2,1-b:3,4-0']dithiophene (NDT)
and dithieno[3,2-£:2,3'-h]quinoxaline (QDT), which have been
proven to have different electron-donating abilities (Figure 2).%°
For comparative purposes, an additional pair of polymers con-
sisting of BnDT and TT/FTT monomers was also synthesized
for the control study in which high power conversion efficiencies
were expected. Indeed, all polymers show low-band-gap char-
acter. Furthermore, the HOMO energy level varies depending
upon the electronic properties of the comonomer (NDT, QDT, or
BnDT), which directly impacts the observed open-circuit voltage
(Voe). However, all obtained short-circuit currents (Jy.) are small,
which led to overall efficiencies below 1%.
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Figure 1. Donor—acceptor vs quinoid approach. (a) Donor—acceptor
type polymer with low band gap due to increased double-bond char-
acter between monomers. (b) Example of quinoid resonance stabilized

polymers, showing formation of aromatic benzene or thiophene unit
which stabilizes quinoid resonance structure.
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Results and Discussion

Monomer and Polymer Synthesis. In order to use Stille
coupling polymerization to construct the small library of
polymers, two thienothiophene units were synthesized and
dibrominated according to literature procedures to offer the
prequinoid monomers: 2-ethylhexyl 4,6-dibromothienol[3,4-5]-
thiophene-2-carboxylate (TT)?! and octyl 4,6-dibromo-3-fluor-
othieno[3,4-b]thiophene-2-carboxylate (FTT).>* The other
three monomers, naphtho[2,1-5:3,4-b']dithiophene (NDT),
dithieno[3,2-/:2",3’-h]quinoxaline (QDT), and 4,8-bis(3-
butylnonyl)benzo[1,2-b:4,5-b'|dithiophene (BnDT), were syn-
thesized and distannylated according to literature proce-
dures.”* 2° A small library of six polymers was thus prepared
for further study (Scheme 1).

All polymers were carefully purified. For polymers made
according to condition 1 in Scheme 1, the reaction mixture
after each polymerization was precipitated into methanol
to offer the crude polymer, which was collected and further
purified by Soxhlet extractions with methanol and ethyl
acetate successively to remove byproducts and oligomers.
Finally, the polymer was Soxhlet extracted with hexane,
THF, or chloroform and recollected by precipitation into
methanol and dried under vacuum to yield dark blue solids.
For PBnDT-TT, synthesized according to condition 2 in
Scheme 1, the reaction mixture was precipitated into metha-
nol, and the resulting crude polymer was dissolved in CHClj;,
filtered through Celite to remove the metal catalyst, and then
precipitated into ethyl acetate and dried under reduced pressure
to yield a dark blue solid. The yields and molecular weights
of the polymers are listed in Table 1. Molecular weights were
determined by gel permeation chromatography (GPC) in
THF by referring to polystyrene standards. The high molec-
ular weight of the PBnDT-TT and PBnDT-FTT polymers
can be attributed to a better solubility in the polymerization
solvent due to the longer C13 side chains on the BnDT unit
compared to C8 side chains on the NDT and QDT unit.

Optical and Electrochemical Properties. The solution and
film absorption spectra of all six polymers are shown in
Figure 3. Generally, all six polymers are low-band-gap mate-
rials, with band gaps as small as 1.4 eV in the case of PNDT-
TT (Table 2). It appears that the thienothiophene unit predo-
minantly decides the band gap of these six polymers; changing
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Figure 2. Studied library of polymers incorporating the thienothiophene (TT or FTT).
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Scheme 1. Synthesis of Polymers via Palladium-Catalyzed Coupling Reactions”
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“Conditions: (1) o-dichlorobenzene, Pd,(dba);/P(o-tol); = 1:8, 150 °C, microwave 300 W, 20 min; (2) toluene, Pd,(dba);/P(o-tol); = 1:8, reflux 24 h,

no Soxhlet extraction (just filtered through Celite) for condition 2.

Table 1. Polymerization Results for Polymers

polymer yield [%] M, [kg/mol]* M,, [kg/mol]” PDI
PNDT-TT 51 19.9 51.0 2.56
PNDT-FTT 58 14.0 24.6 1.76
PQDT-TT 29 13.2 26.0 1.97
PQDT-FTT 68 12.1 23.2 1.91
PBnDT-TT 64 42.7 80.1 1.88
PBnDT-FTT 23 41.9 61.6 1.47

“Determined by GPC in THF using polystyrene standards.

the structure of the other comonomers (e.g., NDT, QDT or
BnDT) or adding fluorine onto thienothiophene (from TT to
FTT) makes very little impact to the observed optical band
gap.

However, varying the structure of the comonomer (NDT,
QDT, or BnDT) does affect the energy levels of the polymers
based on the TT unit, as does the switching from TT to FTT
(Table 2). First, the HOMO energy level increases with the
electron-donating ability of the comonomer to the thieno-
thiophene. For example, since the QDT in PQDT-TT is less
electron donating than the NDT in PNDT-TT,** the HOMO
in PQDT-TT is ~0.3 eV lower than that in PNDT-TT (— 4.99
eV vs —4.70 eV). This demonstrates some degree of control
of at least the HOMO level of the polymers with an identical
prequinoid structure (TT or FTT).

It is interesting to notice that the HOMO energy level of
PBnDT-TT in this study is the lowest among the three TT based
copolymers even though BnDT appears to be more electron
donating compared with QDT. Two plausible reasons account
for this observation. First, the noticeably longer side chains with
bigger branches (C9C4) on the BnDT would interfere with the
s1—t stacking between polymer chains, leading to a decrease in
the HOMO level.?® For example, a HOMO energy level of
—5.04 eV was observed when straight C8 chains were anchored
on the BnDT,* in contrast to —5.12 eV in C9,4-PBnDT-TT of
this study. Second, the structural configuration/geometry of
BnDT is different from that of NDT or QDT. In BnDT, the
two flanking thiophene units are attached to the center benzene
in an opposite orientation (with regard to the sulfur) in a linear
fashion, adopting a C,;, symmetry, while the same thiophene
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Figure 3. UV—vis spectra of all polymers: (a) PNDT-TT, PQDT-TT,
and PBnDT-TT polymers in chlorobenzene solution (solid line) and in
solid film (dash line) and (b) PNDT-FTT, PQDT-FTT, and PBnDT-
FTT polymers in chlorobenzene solution (solid line) and in solid film
(dashed line).

units are fused to the center benzene with a bent geometry
(C», symmetry) in the case of NDT or QDT. These differ-
ences further explain the seemingly “unusual” behavior of
PBnDT-TT.*"*

On the other hand, substituting the only remaining aro-
matic hydrogen of the thienothiophene with a strong electron-
withdrawing fluorine (i.e., turning TT into FTT) unanimously



Article

Macromolecules, Vol. 44, No. 4, 2011 ~ 875

Table 2. Optical and Electrochemical Data of all Polymers

UV—vis Absorption

cyclic voltammetry

chlorobenze solution film Eonset (V) E&S . (V)
polymer Amax [MM]  Aonsee [NM] E“ [eV]  Apmax [NM]  Aopsee [nm]  E,“[eV]  HOMO [eV]  LUMO [eV]  electrochemical E, [eV]
PNDT-TT 633 890 1.39 661 900 1.38  —0.10/—4.70  —1.86/—2.94 1.76
PNDT-FTT 599 840 1.48 638 870 1.43 0.20/=5.00  —1.69/—3.11 1.89
PQDT-TT 619 865 1.43 635 890 1.39 0.19/—4.99  —1.86/—2.94 2.05
PQDT-FTT 655 870 1.43 650 880 1.41 0.36/=5.16  —1.65/—3.15 2.01
PBnDT-TT 655 820 1.51 650 865 1.43 0.32/=-5.12  —1.85/=2.95 2.16
PBnDT-FTT 633 790 1.57 638 860 1.44 0.51/—5.31 —1.83/-2.97 2.34
“Calculated from the intersection of the tangent on the low energetic edge of the absorption spectrum with the baseline.
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Figure 4. Cyclic voltammograms of the oxidation and reduction beha-
vior of thin films of PNDT-TT, PNDT-FTT, PQDT-TT, PQDT-FTT,
PBnDT-TT, and PBnDT-FTT.

decreases the HOMO energy level of all three TT based poly-
mers by ~0.2 eV (0.17—0.3 eV), consistent with the previous
report.?? This represents another means of further fine-tuning
the HOMO energy level in these polymers incorporating pre-
quinoid structures.

Photovoltaic Properties. The photovoltaic properties of
these six polymers were probed via BHJ PV devices with a typical
configuration of ITO/PEDOT:PSS(40 nm)/polymer:PCs BM/
Ca(40 nm)/Al(70 nm). All PV devices were tested under simu-
lated AM1.5G illumination (100 mW/cm?). Typical current
density—voltage (J—¥) characteristics are shown in Figure 5
and summarized in Table 3. The power conversion efficiencies
were all less than 1%, including those of PBnDT-TT- and
PBnDT-FTT-based devices as the “control”. As expected,
the V. increased consistently with the decreasinﬁg HOMO
level, comparable to those achieved by Liang et al.*"*> How-
ever, the highest J,. achieved was only 3 mA/cm? in the case
of PQDT-FTT, far less than the over 10 mA/cm? achieved
with PBnDT-TT and PBnDT-FTT polymers in the litera-
ture.”!"?? Polymers of insufficient molecular weight can severely
limit the current in BHJ devices,”** which could play an imp-
ortant role in the case of NDT- and QDT-based polymers with
relatively low molecular weight. However, the molecular weight
argument would not apply to the PBnDT-TT and PBnDT-
FTT polymers, which have high molecular weight but yielded
even lower currents of 0.70 and 0.55 mA /em? in corresponding
BHJ devices, respectively. It must be noted, however, that the
PBnDT-TT- and PBnDT-FTT-based polymers made by Liang
et al.?"** had side chains much shorter than those used in this
study. It is possible that this combination of monomers is
particularly sensitive to longer side chains, which can reduce
the ability of charges to hop between polymer chains and
transfer current.”®

Current Density (mA/cmz)

04 06 08

Voltage (V)

02

1.0

Figure 5. Characteristic J—V curves of the optimized devices of poly-
mer-based BHJ solar cells under 1 Sun condition (100 mW/cm?).

Table 3. PV Performances of All Polymers

polymer:  thickness Jse Voe n

polymer PCBM (nm) (mA/em®) (V) FF (%)
PNDT-TT 1:1 95 2.37 0.53 0.34 043
PNDT-FTT 1:1 70 1.58 0.61 0.48 0.46
PQDT-TT 1:1 70 1.59 0.61 0.34 0.33
PQDT-FTT 1:1 80 3.00 0.67 0.36 0.73
PBnDT-TT 1:1 90 0.70 0.66 0.43 0.19
PBnDT-FTT 1:1 100 0.55 0.73 0.44 0.18

Table 4. Mobility of Polymers under SCLC Condition
polymer:PCBM (1:1)

polymer only

thickness mobility thickness mobility

polymer (nm) (cm?/(V s)) (nm) (ecm?/(V-s))
PNDT-TT 75 7.71x 107° 50 5.12x107°
PNDT-FTT 85 3.20x107° 50 6.24x107°
PQDT-TT 75 1.55x107° 60 5.15%x107°
PQDT-FTT 80 5.84x107° 50 2.66x 107°
PBnDT-TT 70 1.40 x 107° 60 6.44% 1077
PBnDT-FTT 70 9.68 x 107¢ 50 7.22%107°

The hole mobility of these polymers and their BHJ blends
measured by space charge limited current (SCLC) offers ad-
ditional evidence to explain the observed low J. (Table 4). In
general, the hole mobilities of all six golymers in their BHJ
blends are very low (107°—=107° cm?/(V-s)) compared to
10~* cm?/(V +s) for the PTB series reported by Liang et al.>
The bulkier side chains on the BnDT polymers in this study
(C9C4 vs C8) may increase the steric hindrance and interfere
with interchain packing which would lower the hole mobi-
lity. The low hole mobilities in the NDT and QDT polymers,
however, cannot be explained by the presence of bulky side
chains, since these monomers also incorporated side chains of
only eight carbons each. As mentioned previously, molecular
weight issues may also be causing this poor hole mobility.
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Conclusion

We show that the incorporation of the prequinoid unit, thi-
enothiophene (TT), as one comonomer into the conjugated back-
bone leads to small-band-gap polymers, regardless of the other
comonomer (e.g., NDT, QDT, or BnDT). However, the energy
levels of these polymers can still be tuned by varying the electron-
donating ability of the comonomer to the TT unit. Adding sub-
stituents such as fluorine to the conjugated backbone offers addi-
tional control over the energy levels with low-band-gap character
conserved. Therefore, the open-circuit voltage of related BHJ de-
vices increases consistently with decreasing HOMO levels of indi-
vidual polymers.

However, the short-circuit currents of all six studied polymer-
based BHJ devices are significantly lower than the values reported
for similar polymer-based devices, even in the case of PBnDT-TT
and PBnDT-FTT which have the identical backbone to the PTB
series as reported.?"*> The noticeably longer side chains on PBnDT
series polymers in our study could account for the lower-than-
expected J, while the unsatisfactory molecular weight in the
NDT- and QDT-based polymers could deter the achieving of
a high current. Our study provides another example showing that
the materials optimization to achieve high-efficiency polymer
solar cells is a convoluted process; side chain length (and shape)
and molecular weight, in addition to band gap and energy levels,
all need to be carefully evaluated.

Experimental Section

Reagents and Instrumentation. All reagents and chemicals
were purchased from commercial sources (Aldrich, Acros, Strem,
Fluka) and used without further purification unless stated other-
wise. Reagent grade solvents were dried when necessary and
purified by distillation. Microwave-assisted polymerizations
were conducted in a CEM Discover Benchmate microwave reac-
tor. Gel permeation chromatography (GPC) measurements were
performed on a Waters 2695 separations module apparatus with a
differential refractive index detector, employing tetrahydrofuran
(THF) as the eluent. The obtained molecular weight is relative to
the polystyrene standard. UV—vis absorption spectra were obtained
by a Shimadzu UV-2401PC spectrophotometer. For the measure-
ments of thin films, polymers were spun-coated onto precleaned
glass slides from 10 mg/mL polymer solutions in o-dichlorobenzene.
The thicknesses of films were recorded by a profilometer (Alpha-
Step 200, Tencor Instruments). An Asylum Research MFP3D ato-
mic force microscope was used for taking AFM images. 'H nuclear
magnetic resonance (NMR) measurements were recorded with a
Bruker 400 MHz DRX spectrometer. Chemical shifts were ex-
pressed in parts per million (ppm), and splitting patterns are de-
signated as s (singlet), d (doublet), m (multiplet), and br (broad).
Coupling constants J are reported in hertz (Hz).

Synthesis of Polymers. PNDT-FTT.Toa 10 mL microwave-
pressurized vial equipped with a stir bar, distannylated naphtho-
[2,1-b:3,4-b'|dithiophene (NDT), (119 mg, 0.15 mmol), octyl 4,6-
dibromo-3-fluorothieno[3,4-b]thiophene-2-carboxylate (FTT),
(71 mg, 0.15 mmol), Pd,(dba); (5%) and P(o-tol); (40%) were
added. The tube was then sealed and evacuated and refilled with
argon for three cycles and 0.5 mL chlorobenzene was added
inside a glovebox. The reaction tube was placed in a microwave
reactor and heated to 150 °C under 300 W microwave for 20 min.
After cooling to room temperature, the organic solution was ad-
ded dropwise to 200 mL of methanol to obtain precipitate, which
was collected by filtration and washed with methanol and dried.
The crude polymer was then extracted subsequently with metha-
nol, ethyl acetate, hexane, and CHCls in a Soxhlet’s extractor. The
residue after extracting with CHCl; was collected by precipitation
into methanol and dried under reduced pressure to give the poly-
mer PNDT-FTT (67 mg, 58%) as a dark blue solid.

Polymers PQDT-TT, PQDT-FTT, and PBnDT-FTT were
synthesized with respective monomers according to the same
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procedure as PNDT-FTT. PNDT-TT was synthesized accord-
ing to the same procedure as PNDT-FTT, but a THF fraction
was obtained before the final CHCl; fraction and was combined
with the final product.

PBnDT-TT. To a flame-dried 25 mL two-neck round-bottom
flask with stir bar and reflux condenser was added 2-ethylhexyl
4,6-dibromothieno[3,4-b]thiophene-2-carboxylate (TT) (68 mg,
0.15 mmol) with 10 mL of toluene. Under positive argon pres-
sure, 4,8-bis(3-butylnonyl)benzo[1,2-5:4,5-b']dithiophene (BnDT)
(135 mg, 0.15 mmol), P(o-tol); (40%), and Pd,(dba); (5%) were
then added in rapid succession. The polymerization was carried out
at 120 °C for 24 h under argon protection. After cooling to room
temperature, the organic solution was concentrated under re-
duced pressure and was added dropwise to 200 mL of methanol
to obtain precipitate, which was collected by filtration and
washed with methanol and dried. The crude polymer was
dissolved in CHCl;, filtered through Celite to remove the metal
catalyst, and then precipitated into ethyl acetate and dried under
reduced pressure to give the polymer PBnDT-TT (67 mg, 64%)
as a dark blue solid.

The polymerization yields and "HNMR characterization
data obtained for all six polymers are listed below:

PNDT-TT: (51% yield). HNMR (400 MHz, CDCI,CDCl,,

400 K): 6 0.75—1.15 (18H, br), 1.21—1.75 (24H, br), 1.76—

2.13 (3H, br), 2.93 (4H, br), 4.40 (2H, br), 8.14 (5H, br).
PNDT-FTT: (58% yield). '"H NMR (400 MHz, CDCl,-
CDCl,, 400 K): 6 0.67—1.22 (15H, br), 1.22—1.80 (28H,
br), 1.80—2.15 (4H, br), 2.65—3.10 (4H, br), 4.28—4.62 (2H,
br), 7.52—8.43 (4H, br).

PQDT-TT: (29% yield). "H NMR (400 MHz, CDCL,CDCl,,

400 K): 6 0.65—1.23 (18H, br), 1.23—2.22 (24H, br), 2.22—

2.43(3H, br), 3.14 (4H, br), 4.44 (2H, br), 7.76—8.62 (3H, br).
PQDT-FTT: (68% vyield). '"H NMR (400 MHz, CDCl,-
CDCl,, 400 K): 6 0.78—1.20 (27H, br), 1.21—2.05 (57H, br),
2.11—2.45(2H, br), 3.09 (4H, br), 4.45 (2H, br), 8.33 (2H, br).
PBnDT-TT: (64% vyield). '"H NMR (400 MHz, CDCl.-
CDCl,, 400 K): 6 0.87—1.30 (18H, br), 1.31—1.82 (42H, br),
1.82—2.15 (5H, br), 2.65—3.37 (4H, br), 4.28—4.68 (2H, br),
7.20—8.30 (3H, br).

PBnDT-FTT: (23% vyield). "H NMR (400 MHz, CDCl,-
CDCl,, 400 K): 6 0.85—1.23 (15H, br), 1.30—1.73 (53H, br),
1.79—2.19 (4H, br), 2.82—3.37 (2H, br), 4.48 (2H, br),
7.05—8.00 (2H, br).

Electrochemistry. Cyclic voltammetry measurements were
carried out using a Bioanalytical Systems (BAS) Epsilon poten-
tiostat equipped with a standard three-electrode configuration.
Typically, a three-electrode cell equipped with a glass carbon
working electrode, a Ag/AgNO; (0.01 M in anhydrous acet-
onitrile) reference electrode, and a Pt wire counter electrode was
employed. The measurements were done in anhydrous acetoni-
trile with tetrabutylammonium hexafluorophosphate (0.1 M) as
the supporting electrolyte under an argon atmosphere at a scan
rate of 100 mV/s. Polymer films were drop-cast onto the glassy
carbon working electrode from a 2.5 mg/mL chloroform solu-
tion and dried under house nitrogen stream prior to measure-
ments. The electrochemical onsets were determined at the posi-
tion where the current starts to differ from the baseline. The
potential of Ag/AgNO; reference electrode was internally cali-
brated by using the ferrocene/ferrocenium redox couple (Fc/
Fc™), which has a known reduction potential of —4.8 eV. The
highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) energy levels of copolymers
were calculated from the onset oxidation potentials (Egnse) and
onset reductive potentials (E&d,,), respectively, according to
eqgs 1 and 2.

HOMO = — (EX . +4.8) (eV) (1)

onse!

LUMO = — (E®, +4.8) (eV) (2)

OnS
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Polymer Solar Cell Fabrication and Testing. Glass substrates
coated with patterned indium-doped tin oxide (ITO) were
purchased from Thin Film Devices, Inc. The 150 nm sputtered
ITO pattern had a resistivity of 15Q/0. Prior to use, the sub-
strates were ultrasonicated for 20 min in acetone followed by
deionized water and then 2-propanol. The substrates were dried
under a stream of nitrogen and subjected to the treatment of
UV-ozone over 30 min. A filtered dispersion of PEDOT:PSS in
water (Baytron PH500) was then spun-cast onto clean ITO sub-
strates at 4000 rpm for 60 s and then baked at 140 °C for 10 min
to give a thin film with a thickness of 40 nm. A blend of polymer
and [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM) (1:1 w/w,
10 mg/mL for polymers) was dissolved in o-dichlorobenzene with
heating at 100 °C for 6 h. All the solutions were spun-cast at 1100
rpm for 60 s onto the PEDOT:PSS layer. The substrates were then
dried at room temperature in the glovebox under a nitrogen
atmosphere for 12 h. The devices were finished for measurement
after thermal deposition of a 40 nm film of calcium and a 70 nm
aluminum film as the cathode at a pressure of ~1 x 10~° mbar.
There are 8 devices per substrate, with an active area of 12 mm?
per device. Device characterization was carried out under AM
1.5G irradiation with the intensity of 100 mW/cm? (Oriel 91160,
300 W) calibrated by a NREL certified standard silicon cell. Cur-
rent versus potential (/— V) curves were recorded with a Keithley
2400 digital source meter. EQE were detected under monochro-
matic illumination (Oriel Cornerstone 260 1/4 m monochromator
equipped with Oriel 70613NS QTH lamp), and the calibration of
the incident light was performed with a monocrystalline silicon
diode. All fabrication steps after adding the PEDOT:PSS layer
onto ITO substrate, and characterizations were performed in
gloveboxes under a nitrogen atmosphere.

For mobility measurements, the hole-only devices in a con-
figuration of ITO/PEDOT:PSS (40 nm)/copolymer-PCBM/Pd
(50 nm) were fabricated. The experimental dark current densi-
ties J of polymer:PCBM blends were measured when applied
with voltage from 0 to 6 V. The applied voltage V' was corrected from
the built-in voltage V},; which was taken as a compensation voltage
Vi = Voe + 0.05V and the voltage drop Vs across the indium tin
oxide/poly(3.4-ethylene-dioxythiophene):poly(styrenesulfonic acid)
(ITO/PEDOT:PSS) series resistance and contact resistance, which is
found to be around 35 Q from a reference device without the poly-
mer layer. From the plots of J % vs ¥, hole mobilities of copolymers
can be deduced from

9 &
J = ggrfoﬂhﬁ

where ¢ is the permittivity of free space, ¢, is the dielectric constant
of the polymer which is assumed to be around 3 for the conjugated
polymers, u, is the hole mobility, V' is the voltage drop across the
device, and L is the film thickness of active layer.
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