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Highly Crystalline and Low Bandgap Donor Polymers
for Efficient Polymer Solar Cells

Jun Liu, Hyosung Choi, Jin Young Kim, Chris Bailey, Michael Durstock, and Liming Dai*

Polymer solar cells (PSCs) have recently attracted great atten-
tion because of their potential advantages, including flexibility,
light weight, and low fabrication cost.l'"* Photon absorption by
conjugated polymers often creates bound electron/hole pairs
(i.e., excitons). Charge collection, therefore, requires disso-
ciation of the excitons, a process which is known to be favo-
rable at the interface between conjugated polymers as donors
and Cg derivatives as acceptors. Since [6,6]-phenyl-Cg;-butyric
acid ester (PCBM) is still one of the best electron acceptors,
most recent efforts have focused on the development of low
bandgap donor polymers.’22 Examples of low bandgap poly-
mers include conjugated polymers having electron-donating
(D) and electron-accepting (A) moieties in the main chain.?!"??
The bandgap of the D-m-A polymers can be effectively reduced
through intramolecular charge transfer while their physical
properties can be readily tuned by tailoring structures of the
D and A moieties and/or the linking bridge. An ideal donor
polymer should have a broad absorption spectrum for an efficient
solar photon harvesting, a low HOMO level for a high open-
circuit voltage (Voc), a good compatibility with PCBM for the
formation of a bi-continuous network (i.e., bulk heterojunction,
BHJ) with a large interface area, and a high hole mobility for
an efficient transportation of the photo-generated charge car-
riers.) When designing donor polymers, therefore, a delicate
balance between the crystallinity and the solubility needs to be
taken into consideration.’! Highly crystalline conjugated poly-
mers with closely packed polymer chains in the solid state often
show high hole mobility, but low solubility in organic solvents.
Although the high hole mobility is an asset to PSCs, highly crys-
talline polymers with poor solution-processability rarely form
the desired bi-continuous morphology with PCBM, and hence
usually exhibit poor photovoltaic performance. In the present
study, we have devised a general approach to D-m-A polymers
that not only have a low bandgap but also a high crystallinity
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using ethylene bridging units to ensure a coplanar configura-
tion between the polymer backbone and the side chains. Based
on the above discussion, the resultant highly crystalline and
low bandgap polymers should be highly desirable donors for
high-performance BH]J PSCs. In view of the poor processability
associated with most highly crystalline polymers, we have also
developed a new method for the PSC device construction by
solution-casting the newly synthesized highly crystalline poly-
mers at an elevated temperature (120 °C).

Side chains of a donor polymer play an important role in con-
trolling the polymer crystallinity by regulating the stacking of
the main chain.?3?% In most of the reported D-7-A donor poly-
mers, the side chains are bonded to the sp? hybridized C or Si
bridging atom along the polymer backbone.#-222°] Owing to the
sp?® hybridization of the bridging atoms, the side chains “stick
out” from the main chain plane and impede a close packing
of the main chains.[®22 Figure 1 shows chemical structures for
the D-7-A donor polymer synthesized in this study (Figure 1b)
and its analogues reported in the literature,1%'13 which can
be used for discussion on the bridging unit effect. Although
PEDTBT (Figure 1la) has two alkyl side chains connected to
the C atom with a “sticking-out” configuration to prevent close
packing of the main chains, this amorphous polymer is still
an efficient donor because of its relatively low bandgap.l'!!l
By inserting an ethylene bridging unit between the side chain
and the main chain of the D-n-A donor polymer synthesized in
this study (i.e., EI-PFDTBT, Figure 1b), we can effectively elimi-
nate the undesired steric hindrance effect of the side chains.
Because of the sp? hybridization of the carbon atoms in the eth-
ylene unit, the side chains and the main chain in EI-PFDTBT
adopt a coplanar configuration, as schematically shown in

a) b)
CgH17™ “CeHyr N‘s'N N‘S‘N
= % Ci2H2s” "CigHas
PFDTBT sticking-out

EI-PFDTBT coplanar

Figure 1. Schematic illustration of the side chain configuration of PFDTBT
(a) and EI-PFDTBT (b). For clarity, all the alkyl side chains, including one
branched and long alkyl chain, are simplified. The chemical structures of
the two polymers are also shown.
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Figure 1b. This coplanar configuration could
facilitate a close intermolecular 77 stacking
between the main chains, leading to a high
hole mobility for efficient PSCs. To the best
of our knowledge, there has been no reported
work on the use of an ethylene bridging
unit in donor polymers for the formation of
a coplanar configuration between the side
chains and the conjugated main chain when
this project was initiated.*’]

A literature survey shows that crystal struc-
tures of two model molecules, 2,7-dibromo-
9,9-dioctylfluorene (Figure Sla, Supporting
Information)?® and 2,7-dibromo-9-(1’-hexy-
lheptylidene)fluorene (Figure S1b),*”! have
been reported. It was found that the two octyl
chains directly connected to the sp® hybrid-
ized C atom at the 9 position of fluorene in
Figure Sla are perpendicular to the fluorene
plane whereas the hexyl chains in Figure S1b
are coplanar with the fluorene unit because
of the sp? hybridized C in the ethylene unit.
Consequently, the ethylene bridging unit can
be used to improve crystallinity for polymers
with side chins bonded to the main chain
through an sp? hybridized C or Si atom.[10-20]
On this basis, we have devised EI-PFDTBT
with a bridging ethylene unit between the
flanking side chains and the main chain
(Figure 1b), which is expected to show signif-
icantly improved photovoltaic performance
over the existing efficient donor polymer
PFDTBT. In spite of the above-mentioned
processing difficulties associated with highly
crystalline polymers, we have achieved a
power conversion efficiency (PCE) exceeding
5% by spin-coating the EI-PFDTBT/PC;BM
blend solution at an elevated temperature (120 °C) in this
study.

Scheme 1 shows the synthetic route for EI-PFDTBT while
detailed experimental procedures and structural characteri-
zation can be found in the Supporting Information. The key
monomer 4 was readily synthesized by a four-step reaction,
followed by copolymerization with commercially available
monomer 5 to afford EI-PFDTBT. The chemical structure of
EI-PFDTBT was verified by '"H NMR and elemental analyses
(see Supporting Information). The viscosity-average molec-
ular weight was determined by a Ubbelohde viscometer to
be 45 000 (GPC measurements were tried without success).
The resultant EI-PFDTBT exhibits a good thermal stability
with a decomposition temperature (T3) of 385 °C, as revealed
by thermogravimetric analyses (TGA, Figure S2, Supporting
Information). The HOMO and LUMO levels of EI-PFDTBT
were calculated, from the onset potentials of the oxidation
and reduction peaks in the cyclic voltammogram (Figure S3,
Supporting Information), to be —5.31 and -3.61 eV, respec-
tively. The deep-lying HOMO level of EI-PFDTBT suggests a
high V,. for the PSC devices to be developed (see below).[8]
The energy levels of EI-PFDTBT are very close to those of
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EI-PFDTBT

Scheme 1. Synthetic route to the EI-PFDTBT polymer (reagents and conditions: i) NaOC4H,,
CS,, CHsl, DMSO, rt.; ii) Li,CuCly, CygH3sMgBr, THF; i) Li,CuCly, n-Cy,H,sMgBr, THF;
iv) Pd(dppf),Cl,, KOAc, bis(pinacolato)diboron, 1,4-dioxane, 80 °C; v) Pd (PPhs),, toluene,
1,4-dioxane, tetrabutylammonium hydroxide, 90 °C).

the analogous polymer PFDTBT,!!%!3 indicating a negligible
effect of the ethylene bridging unit on the bandgap structure
of the polymer main chain. As expected, however, the inser-
tion of the ethylene unit caused a significant effect on the n—r
packing of the main chains in EI-PFDTBT, as confirmed by
X-ray diffraction (XRD) and UV/Vis absorption spectroscopic
measurements.

Figure 2a reproduces the XRD profile for a EI-PFDTBT
powder. The strong diffraction peak at 21.3° indicates the
4.1 A m-stacking spacing between polymer layers along the
z-direction while the peak at 3.9° corresponding to 22.6 A is
attributable to the spacing between the polymer main chains
separated by the side chains in the plane. Figure 2b shows
UV-Vis absorption spectra for EI-PFDTBT in dichlorobenzene
(107> m) and in the solid state. As can be seen, the absorption
maximum red-shifted from 550 nm for the solution at 150 °C
to 601 nm in the solid film. The observed 51 nm red-shift
clearly indicates that a close m—r stacking in the solid state
has been achieved for EI-PFDTBT with a coplanar configu-
ration between the side chains and main chain. The absorp-
tion spectrum of EI-PFDTBT at 25 °C also shows a significant
red-shift compared with that at 150 °C because of the strong
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Figure 2. a) X-ray diffraction pattern of EI-PFDTBT powder. b) UV-Vis
absorption spectra of EI-PFDTBT in o-dichlorobenzene solution and in
solid film.

n—r stacking of the main chain at the low temperature even in
solution. In contrast, PFDTBT having a non-coplanar configu-
ration with two “sticking out” side chains per monomer unit
is amorphous without any XRD peak.['”y PFDTBT also shows a
small red-shift (5 nm) in the absorption peak from solution to
the solid state,!'” indicating a disordered film structure because
of the weak interchain interaction of the PFDTBT main chains
with large steric hindrance induced by the “sticking out” alkyl
side chains (see Figure 1la). The close m—n packing seen in
the EI-PFDTBT film (Figures 1b and 2a) could greatly facili-
tate charge carrier hopping along the polymer main chains to
enhance the charge carrier mobility in PSCs. Furthermore, the
large red-shift associated with the optical absorption peak of
the EI-PFDTBT film indicates a much improved solar absorp-
tion capability. Both the enhanced hole mobility and solar
absorption capability could improve the photovoltaic perform-
ance of EI-PFDTBT.

The photovoltaic properties of EI-PFDTBT were inves-
tigated with the device structure of ITO/PEDOT:PSS/
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EI-PFDTBT:PC;;BM(1:2)/Ca/Al (ITO, indium tin oxide;
PEDOT:PSS, poly(styrene sulfonate) doped poly(ethylenedioxy-
thiophene). The current density-voltage (J-V) curves of
the devices under simulated AM1.5G illumination are
shown in Figure 3a while the characteristics of the devices
are listed in Table 1. As can be seen in Figure 3a, the PSC
device with the active layer spincoated at room tempera-
ture (20-25 °C) exhibits a poor performance with a PCE of
only 1.53%. Conventional device optimization approaches,
including thermal annealing, solvent annealing, solvent
optimization, and solvent additive, have been applied, all
leading to a decreased PCE (see the Supporting Informa-
tion). However, the device performance is greatly improved
by spincoating the polymer active layer at elevated tem-
peratures. In fact, the device constructed by spincoating
the polymer active layer at 120 °C exhibits a Vo of 0.85 V,
short-circuit current density (Jsc) of 11.04 mA cm™2, and fill
factor (FF) of 0.54, leading to a PCE of 5.07%. This value
of PCE is among the highest reported for PSCs based on
similar low-bandgap polymers. Figure 3b shows the external
quantum efficiency (EQE) spectra of the devices. For the
device with spincoating at 120 °C, the maximum EQE is
64%, indicating efficient photon-to-electron conversion. The
relatively low FF value suggests that there is still consider-
able room for further improvement in the device perform-
ance through careful optimization of the spincoating con-
ditions, the morphology of the active layer, and the device
structure.

The greatly enhanced photovoltaic efficiency by high tem-
perature solution processing can be attributed to the ther-
mally induced self-ordering of the chain into the desirable
bi-continuous morphology with a relatively high crystallinity
in the active layer. Figure 3c—e show atomic force micros-
copy (AFM) images of the active layer spincoated at 25, 80,
and 120 °C, respectively. The corresponding photographs are
given in Figure S4a—c, Supporting Information. As shown
in Figure 3c and S4a, the active layer spincoated at 25 °C
exhibits a very rough surface with plenty of large particles.
In contrast, the uniform and smooth film formed at 120 °C
is pinhole-free and particle-free (Figure 3e and S4c). The root
mean square (rms) roughnesses for the films spincoated at
25, 80, and 120 °C are 5.79, 4.70, and 1.79 nm, respectively. The
observed smooth surface indicates a good miscibility between
EI-PFDTBT and PC;BM without strong phase separation,
leading to an improved device performance. These results
reveal great potential for the high temperature processing to
be used for constructing high-performance PSCs from highly
crystalline polymers.

In conclusion, we have developed a new class of highly crystal-
line, low bandgap D-7-A polymers using ethylene bridging units
to ensure a coplanar configuration between the side chains and
main chain. High efficiency polymer solar cells with a power
conversion efficiency exceeding 5% have been constructed
from the newly-synthesized polymer by solution-processing at
elevated temperatures. Using the elevated-temperature solution
processing demonstrated in this study, therefore, high-perform-
ance PSCs could be constructed from many (semi-)crystalline
polymers previously reported to be insoluble and incompatible
with PCBM for photovoltaic applications.

Adv. Mater. 2012, 24, 538-542
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Figure 3. J-V curves (a) and EQE spectra (b) under AM1.5G irradiation of the devices based on EI-PFDTBT:PC;;BM = 1:2 with the active layers
spincoated at specific temperatures. AFM images (3 um x 3 um) of EI-PFDTBT:PC;,BM = 1:2 films spincoated from 1,2,3-trichlorobenzene solution

at 25 (c), 80 (d), and 120 °C (e).

Table 1. Characteristics of devices based on a EI-PFDTBT:PC;;BM active
layer spincoated at different temperatures.

Temperature Voc Jsc FF PCE
Ko ) [mA cm-2 (%]
25 0.64 731 0.34 1.59
80 0.80 9.02 0.35 2.52
120 0.85 11.04 0.54 5.07

Experimental Section

Synthesis of EI-PFDTBT: A mixture of 2,7-di(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-9-(9-hexyltricosan-11-ylidene)-9H-fluorene (4) (0.247 g,
0.300 mmol), 4,7-bis (5-bromothiophen-2-yl)benzo[c][1,2,5]thiadiazole (5)
(0.137 g, 0.300 mmol), Pd(PPh;), (0.006 g, 0.006 mmol), toluene
(5 mL), 1,4-dioxane (1.5 mL), and 20% aqueous tetrabutylammonium
hydroxide (1.5 mL) was degassed and stirred at 90 °C for 6 h in the dark.
Phenylboronic acid 1,3-propanediol ester was then added and the mixture
was stirred for another 2 h. Bromobenzene was added and the
resulting mixture was stirred for 2 h. After cooling to room temperature,
the mixture was poured into methanol and the precipitate was collected
and washed with water. The precipitate was purified by Soxhlet extraction
sequentially with acetone, hexane, chloroform, and chlorobenzene for
24 h each. The chlorobenzene fraction was collected and concentrated,
followed by pouring into methanol. The dark solid was collected and
dried under vacuum. Yield: 0.122 g (46.7%). "H NMR (600 MHz, d*-o-
dichlorobenzene, 6): 8.17 (br, 2H), 7.68 (br, 8H), 7.43 (br, 2H), 3.31 (br
4H), 2.18 (br, TH), 1.90-1.00 (br, 44H), 0.76 (br, 9H). Anal Calcd. for
Cs7H7,N,S;: C 77.67, H 8.23, N 3.18. Found: C 77.41, H 8.58, N 2.87.

PSC Device Fabrication and Characterization: Patterned ITO glass
substrates (sheet resistivity: 15 Q per square) were ultrasonicated
sequentially in detergent, deionized water, acetone, and iso-propyl
alcohol for 10 min each. The substrates were dried with N, flow
and then subjected to UV-ozone treatment for 15 min. A solution
of PEDOT:PSS (Clevios VP Al 4083 from H. C. Starck Inc.) was
spincoated onto the cleaned ITO substrate at 5000 rpm for 40 s
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and then baked at 140 °C for 10 min to give a thickness of 30 nm.
The active layer was then spincoated on the PEDOT:PSS layer from
the solution of EI-PFDTBT:PC;;BM = 1:2 in 1,2,4-trichlorobenzene
(EI-PFDTBT concentration: 10 mg mL™") at 1000 rpm for 60 s. For
devices undergoing high temperature processing, both the solution
and the ITO/PEDOT:PSS glass substrate were heated on a hotplate at
a specific temperature and then used for spincoating immediately. The
spin-coated sample was then heated at 70 °C for 10 min, followed by
transferring to a vacuum chamber. Finally, a 30 nm film of Ca and a
100 nm film of Al were sequentially deposited by thermal evaporation
at 1077 torr. The area of each device was 0.10 cm?. The current density—
voltage (J-V) curves of the devices were obtained using a Keithley 2400
source meter and a Newport Oriel sol 2A solar simulator (AM1.5G,
300 W). The light intensity was calibrated to be 100 mW cm™ using
a calibrated Si solar cell, which had been standardized by the National
Renewable Energy Laboratory.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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