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ABSTRACT: A new alternating copolymer of dithienosi-
lole and thienopyrrole-4,6-dione (PDTSTPD) possesses
both a low optical bandgap (1.73 eV) and a deep highest
occupied molecular orbital energy level (5.57 eV). The
introduction of branched alkyl chains to the dithienosilole
unit was found to be critical for the improvement of the
polymer solubility. When blended with PC,BM,
PDTSTPD exhibited a power conversion efficiency of
7.3%20n the photovoltaic devices with an active area of
1 cm”™

Bulk heterojunction (BHJ) organic solar cells based on con-
jugated p-type polymers and n-type fullerene derivatives
have been intensively investigated in both academia and industry
over the past decade due to their potential of being fabricated on
flexible and light-weight substrates using high- throughput print-
ing techniques and providing low-cost solar electricity." Signifi-
cant progress has been made in this field, and the power
conversion efficiencies (PCEs) of solution-processed polymer
solar cells have reached 7—8%, prlmarlly due to the development
of new low-bandgap p-type materials” and better control of the
nanoscale morphology of the interpenetrating electron donor/
acceptor networks.”

After years of intensive interdisciplinary research, some basic
rules have become clear for de51gn1ng an eficient p-type material
for solar cell applications.* First, the material should possess a
relatively low optical bandgap (1.2—1.9 eV) and have strong
optical absorption in the solar spectral range. Second, the mate-
rial should have a low-lying HOMO energy level to offer high
open circuit voltage (V,.) when blended with a fullerene
derivative as the photovoltaic (PV) active layer. Third, the energy
offset between the LUMO energy levels of the polymer and the
fullerene derivative should be well controlled to be just large
enough to provide a driving force for efficient charge separation
and not cause too much energy loss. Fourth, the material should
have good hole mobility for efficient charge transport. Finally, the
material should have good solubility in organic solvents for
solution processing.

Along these lines, the combination of electron-rich (push) and
electron-deficient (pull) moieties has been used effectively to
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lower the bandgap of alternating conjugated polymers. Recent
studies show that such push—pull structures can also enhance
charge carrier moblhty due to the reduced interchain —m
stacking distance. In thls regard, a number of electron-rich units,
such as 2,7- carbazole, indolo[3,2-b]carbazole,” cyclopenta[z 1-
b:3,4- b/]dlthlophene, dithieno[3,2-b:2/,3"-d]silole,” and benzo-
[1,2-b:4,5-b']dithiophene,"® and quite a few electron-deficient
units, such as 2,1,3-benzothiadiazole,"" diketopyrrolo[3,4-c]-
pyrrole-1 4-dione,"* ester- or ketone-substituted thieno[3,4-
b]thiophene,” and thieno[3,4-c]pyrrole-4,6-dione,"> have been
developed. However, different combinations of push—pull struc-
tures can result in totally different optoelectronic properties."* It
is still challenging to achieve a low-bandgap polymer with a deep
HOMO energy level while maintaining enough driving force for
electron transfer to fullerenes in BHJ solar cells. On the other
hand, although the design and use of side chains is a classic topic
in organic synthesis, it has gained growing attention in the field of
organic electronics since it affects not only the solubility but also
the molecular packing and the interaction between the polymer
and acceptor molecules." In this work, we demonstrate for the
first time that a low bandgap (1.73 €V) and a deep HOMO
energy level (5.57 eV) can be simultaneously obtained from an
alternating copolymer of 4,4-bis(2-ethylhexyl)-dithieno[3,2-b:2/,
3'-d]silole and N-octylthieno| 3,4-c| pyrrole-4,6-dione (PDTSTPD).
The advantages of the dithienosilole unit over its carbon-bridged
counterpart include better hole-transport properties and lower
HOMO energy levels."® With a rational choice of branched alkyl
chains on the dithienosilole unit, the resulting polymer
PDTSTPD has an excellent solubility in a wide range of organic
solvents, including chloroform, chlorobenzene (CB), and di-
chlorobenzene (DCB), which is a critical material parameter for
applications in large-scale device production. By blending
PDTSTPD with [6,6]-phenyl C,;-butyric acid methyl ester
(PC;;BM) at a weight ratio of 1:2 as the PV active material, a
PCE of 7.3% has been achieved on solar cells with an active area of
1 cm” under simulated AM 1.5G solar irradiation of 100 mW/cm”.
The alternating copolymer PDTSTPD was prepared by
a Stille coupling reaction between 4,4-bis(2-ethylhexyl)-
2,6-bis(trimethyltin)-dithieno[3,2-b:2,3"-d]silole ~ and  1,3-

dibromo-S-octylthieno[3,4-c]pyrrole-4,6-dione  in  refluxing
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Scheme 1. Synthetic Route to an Alternating Copolymer,
PDTSTPD
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Figure 2. (a) J—V characteristics and (b) EQE curves of the solar cells
based on the PDTSTPD/PC;;BM blends with different weight ratios
fabricated from DCB solutions containing 3 vol % DIO.
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Figure 1. (a) UV—vis absorption spectra of neat PDTSTPD films
(50 nm) and PDTSTPD/PC-,BM BH]J films (1:2 by weight, 90 nm).
(b) Cyclic voltammogram of a PBDTTPD film cast on a platinum wire
in Bu,NBF,/CH;CN at a scan rate of 50 mV's_ .

toluene/dimethylformamide (10:1) under Ar in the presence of
Pd(PPh;), as the catalyst for 42 h, as shown in Scheme 1.
Trimethylphenyltin (0.075 equiv) and bromobenzene (0.3
equiv) were then consecutively added at a time interval of 5 h
to end-cap the polymer. The polymer was precipitated in
methanol, collected by filtration, and purified by Soxhlet extrac-
tion. Low-molecular-weight oligomers were successfully re-
moved by extraction with hexanes and dichloromethane. The
remaining high-molecular-weight part was extracted with chloro-
form. The purified polymer has a number-average molecular
weight of 28 kDa and a polydispersity index of 1.6, as determined
by gel permeation chromatography using CB as the eluent. This
high-molecular-weight polymer PDTSTPD could be readily
dissolved in chlorinated solvents even at room temperature. In
contrast, when the two ethylhexyl groups on the dithienosilole
unit were replaced by two linear hexyl groups, the resulting
polymer had a very poor solubility and precipitated out during
polymerization, and the polymer molecular weight reached only
4.3 kDa as a result. Polymer PDSTPD shows a glass transition
temperature around 109 °C, as measured by differential scanning
calorimetry. The hole mobility of PDSTPD is about 1 x 10
cm?/(V+s), as measured from a bottom-contact field effect
transistor on a SiO,/Si substrate.

The PDSTPD film spin-cast from CB solution has two strong
absorption peaks at 614 and 670 nm, respectively. The onset of
the optical absorption of the PDTSTPD film is at ~717 nm,
corresponding to an optical bandgap of 1.73 eV, which is about
0.1 eV lower than that of the recently relported benzodithio-
phene/thienopyrrole-4,6-dione copolymer.'> As PDTSTPD has
low absorption below 500 nm, PC,;BM was chosen as the
electron acceptor for the BHJ solar cell in order to increase the

light absorption between 300 and 550 nm. As can be seen from
Figure 1a, the PDSTPD/PC,;BM BHJ film (1:2 by weight) has
strong absorption over a broad wavelength range, 300—690 nm.
PDTSTPD exhibits reversible cathodic reduction and anodic
oxidation curves in cyclic voltammetry measurements, as shown
in Figure 1b. Based on the onset potentials of the oxidation and
reduction processes, the HOMO and LUMO energy levels of
PDSTPD are estimated to be at 5.57 and 3.88 eV, respectively.
The obtained electrochemical bandgap (1.69 eV) is in good
agreement with the optically measured one (1.73 V).

The PV performance of PDTSTPD was first investigated by
blending PDTSTPD with PC;;BM in 1,2-DCB at different
weight ratios. 1,8-Diiodooctane (DIO, 3% by volume) was added
as a processing additive. The PV device structure employed in
this study is ITO/PEDOT:PSS (30 nm)/PDTSTPD:PC,,BM
(90 nm)/BCP (5 nm)/Al, where BCP stands for bathocuproine,
which functions as a hole/exciton blocking layer.'” The processes
for device fabrication and characterization are described in detail
in the Supporting Information (SI). The devices were tested in
air without encapsulation. Figure 2 shows the typical current
density—voltage (J—V) characteristics under one sun of simu-
lated AM 1.5G solar irradiation (100 mW/cm?) and the external
quantum efficiency (EQE) spectra of PV devices with different
PDTSTPD:PC,,BM weight ratios (1:1.5, 1:2, and 1:3). Among
the devices prepared using DCB as the processing solvent, the
best performance was obtained at a weight ratio of 1:2, with V. =
0.90 V, Joc = 10.95 mA/cm?, a fill factor (FF) of 0.63, and an
overall PCE of 6.2%. One striking feature of PDTSTPD-based
solar cells is the high V, resulting from the deep HOMO level of
PDTSTPD. As expected, the devices exhibit a broad photore-
sponse range from 350 to 690 nm, with a maximum EQE of 55%
at 608 nm. The wavelength integration of the product of the EQE
curve and the standard AM 1.5G solar spectrum yields a
calculated J,. of 10.54 mA/cm’, within 4% error compared to
the J; value obtained from the J—V measurement.

We found that the device performance can be further im-
proved by changing the device fabrication solvent from DCB to
CB containing 3% DIO by volume. The weight ratio of
PDTSTPD to PC,;BM and the active layer thickness were kept
at 1:2 and 90 nm, respectively. The best device, prepared using
CB with 3% DIO, reached an EQE-calibrated PCE of 7.3%, with
Voo =088V, J.. = 122 mA/cm?, and FF = 0.68. The maximum
EQE reaches 65% at 608 nm, compared with 55% for the devices
spin-cast from DCB solutions. Figure 3 shows the typical current
density—voltage (J—V) characteristics under simulated AM
1.5G solar irradiation (100 mW/cm?) and the EQE curve for
the best device.
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Figure 3. (a) J—V characteristics and (b) EQE curves of the solar cells
based on the 1:2 PDTSTPD/PC-;BM blend with different thicknesses
fabricated from CB solutions (with no additive and 2 or 3 vol % DIO).

It is important to point out that the processing additive, DIO,
played an important role in improving the nanoscale morphology
of the BHJ film. Without this additive, the device performance
dropped significantly, with a PCE below 1.0%. Study of the film
morphology by atomic force microscopy (AFM) showed that
PC,,BM formed large isolated domains (~0.4 um diameter) in
the blend film prepared without using DIO (see SI Figure SS).
These large isolated domains are not favorable for efficient exci-
ton dissociation and charge transport. As a result, the J,. dropped
from 122 to 2.6 mA/cm?, and the V,. and FF also decreased
significantly. When DIO (3% by volume) was added to the
solution, the resulting BHJ film showed a much more uniform
and finer domain structure with an average domain size of 20—40
nm, ideal for an effective polymer/PC,;BM interpenetrating
network (Figure SS). As a result, the device performance was
greatly improved. This finding highlights the importance of
morphology control toward high-performance solar cells.

We also tested PDTSTPD/PC-,BM-based devices with thick-
er active layers. A PV device with an active layer of 220 nm and an
area of 1.0 cm”® reached an EQE-calibrated PCE of 6.1%, with
Jo = 13.3 mA/cm?, V,. = 0.85 V, and FF = 0.54, as shown in
Figure 3. This preliminary result demonstrates the potential of
PDTSTPD for use in thick-active-layer solar cells (d > 200 nm).
We believe that a higher efficiency can be expected after device
optimization. A thicker active layer will not only give us access to
the second, stronger Ii%ht absorption maximum as calculated
from optical simulation, ® but will also make it possible to fabri-
cate PV devices by roll-to-roll printing techniques.

In conclusion, a new alternating copolymer of dithienosilole
and thienopyrrole-4,6-dione, PDTSTPD, has been designed and
synthesized. Four unique features of PDTSTPD—alow bandgap
(1.73 eV), a deep HOMO level (5.57 eV), an excellent solubility
in organic solvents even at room temperature, and a relatively
simple synthetic procedure—make this material a very promising
candidate for solar cell applications. A high power conversion
efficiency of 7.3% has been obtained on PV devices with an active
area of 1.0 cm”. We fully expect that the device performance can
be further improved by the optimization of the material and the
device fabrication.
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© supporting Information. Experimental details of poly-
mers synthesis, instruments, AFM images of the polymer/
PC,;BM blends, device fabrication, and characterization. This
material is available free of charge via the Internet at http://pubs.
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