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Two novel conjugated polymers based on 3,4-ethyl-
enedithiathiophene (EDTT) were designed and synthesized through
the palladium-catalyzed Suzuki coupling method and Stille cross-
coupling reactions. Conventional and inverted cells were fabricated
and device processing conditions were optimized, respectively. The
maximum power conversion efficiency (PCE) of 2.4% was obtained
with an open-circuit voltage (V,) of 0.69 V, a short circuit current (Js)

of 6.62 mA cm™2, and a fill factor (FF) of 53%, respectively.

Introduction

Bulk heterojunction polymer solar cells (BHJ-PSCs), which are
promising in terms of their potential advantages of low cost,"*
light weight,® good mechanical flexibility,* and simplicity to
manufacture,™® have attracted considerable research interest in
recent years.” BHJ solar cells are prepared from a p (or n)-type
organic semiconductor and an electron acceptor (or donor).®°
Among a variety of photoactive donor-acceptor composites, the
blend of poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-Cg;-
butyric acid methyl ester (PCBM) has been extensively investi-
gated since cells based on such a composite have a reproducible
power conversion efficiency (PCE) of 3-5%.' Although the
maximum PCE of PSCs increased significantly during the past
years,'>'> which have the potential to compete effectively with
alternative solar cell technologies, it is still an urgent issue to
explore new types of photovoltaic materials.

It is known that poly(3,4-ethylenedioxythiophene) (PEDOT)
was first reported in 1995 by I. Winter et al'® Since then,
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numerous variants of EDOT have been investigated,** such as
3,4-butylenedioxythiophene (BDOT),** thieno[3,4-b]-1,4-oxa-
thiane (EOTS)," 3,4-ethylenediselenathiophene (EDST),"” 3,4-
ethylenedithiaphosphole (EDPP),'® etc. Moreover, the commer-
cialization of EDOT was begun in 1998 by Bayer AG because of
its advantages of high electron conductivity with optical trans-
parency in its oxidized states and high thermal stability.
Although there are many reports about the analogues of EDOT,
few research associated with 3,4-ethylenedithiathiophene
(EDTT) was published. Compared to EDOT, EDTT shows a lower
oxidation potential and has a better electronic interaction
between polymer chains through intermolecular S-S attractions
in its polymeric derivatives."” On the other hand, benzodithio-
phene (BDT) has attracted an increasing amount of attention as
a common building block in conjugated polymers and the
maximum PCE of BDT-based polymers has improved
rapidly.>*** For instance, J. Hou et al. have synthesized eight
new BDT-based polymers with commonly used conjugated
units, such as thiophene, benzo[c|[1,2,5] thiadiazole (BT),
thieno[3,4-b]pyrazine (TPZ), etc.*> However, there have been no
reports on the photovoltaic properties of BDT combining EDTT
into one single chain polymer to date. Meanwhile, in order to
take advantage of the donor-acceptor (D-A) approach for PSCs,
it is proposed that the EDTT unit polymerizes with the electron-
deficient isoindigo unit to form copolymers. (E)-1H,10H-Biin-
dolylidene-2,20-dione (isoindigo) is one of the indigoid natural
organic dyes and can be obtained from various natural sour-
ces.”?* John R. Reynolds research group first used isoindigo (iI)
as a new acceptor in il-based small molecules.* The isoindigo-
based oligomers showed long wavelength absorption spectra
and low HOMO energy levels.>**” This group also reported the
synthesis of the homopolymer of isoindigo (an acceptor
conjugated polymer) and its use in all-polymer BH] solar cells
with P3HT, yielding efficiency approaching 0.5%.?®

Here, we designed and synthesized two novel conjugated
polymers based on EDTT with BDT or isoindigo, respectively, as
shown in Scheme 1, and explored their thermal, optical, elec-
trochemical, and photovoltaic properties. In addition, extensive
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Scheme 1 The synthesis and structures of EDTT-based polymers.

research efforts were focused on improving the performance of
the PSCs. Both the conventional cells and inverted cells were
fabricated, and solvent additives were used, and the other
conditions, such as the ratio of the polymer to PCy,BM,
solvents, concentration, spin-coating speed and annealing
temperature, were also carefully optimized. As a result, a PCE of
2.4% was achieved, suggesting that EDTT is a good candidate
for the building block applicable to efficient PSCs.

Results and discussion
Design and synthesis of polymers

Based on reports published by other groups, when the copol-
ymer of BDT and thiophene was blended in a bulk hetero-
junction configuration as the core component for PSC, it
exhibited a hole mobility of 0.25 cm® V™" s™* which is a quite
higher value for conjugated polymers.* It is presumed that BDT
based polymers can improve mobility due to their large planar
conjugated structure. As the all-sulfur analog of EDOT, EDTT
exhibits some distinctive properties. For example, EDTT is
twisted by 45° compared to EDOT because of the replacement of
oxygen atoms by sulfur atoms, which lead to the copolymers
becoming less sterically hindered.** Accordingly, it is reason-
able to presume that copolymers of BDT and EDTT exhibit good
mobility. Since the homopolymer of isoindigo is a typical n-type
semiconductor,* the electron-rich comonomer should be
chosen in order to increase the HOMO level of the desired
polymers and obtain p-type isoindigo-based polymers.** The
donor-acceptor interactions of the electron-deficient isoindigo
skeleton and electron-rich units enhance the interchain w-m
stacking.*® Therefore, we synthesized two types of copolymers,
P(iI-EDTT) and PBDTEDTT. The synthetic routes of the mono-
mers and polymers are illustrated in Scheme S1f and the
synthesis and polymerization reactions are provided in detail in
the ESL.T PBDTEDTT was synthesized by Stille cross-coupling
reactions with a 1 : 1 monomer ratio in the presence of tris(di-
benzylideneacetone)-dipalladium (Pd,(dba);) as a catalyst and
P(o-tol); as a ligand in dry degassed toluene at 85 °C to give
purple-blue materials. P(iI-EDTT) was obtained through the
palladium-catalyzed Suzuki coupling method. The crude poly-
mers were purified by silica gel column chromatography using
chloroform as the eluent, then precipitated in methanol. The
number average molecular weights (M,) of PBDTEDTT and
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P(iI-EDTT) were 22 kDa (PDI 2.1) and 19 kDa (PDI 2.3), respec-
tively. The typical FT-IR spectra of PBDTEDTT showed charac-
teristic bands associated with C-O at around 1047 cm '
(Fig. S1t) and the characteristic absorption peak of the C=0
stretching in P(il-EDTT) was exhibited at around 1693 cm '
(Fig. S27).

Thermal behavior of copolymers was measured using ther-
mogravimetric analysis (TGA) and differential scanning calo-
rimetry (DSC) under a nitrogen atmosphere at atmospheric
pressure. TGA indicates that PBDTEDTT and P(iI-EDTT) have
good thermal stability with the decomposition temperature (Ty)
up to 300 °C (Fig. S3t). The 5% weight loss of PBDTEDTT took
place at 331 °C whereas the polymer of P(il-EDTT) started to
degrade at temperatures above 351 °C. DSC reveals that there is
no obvious glass transitions for the two polymers (Fig. S41).

Optical and electrochemical properties

The absorption spectra of the polymers in chloroform solution
and in films are shown in Fig. 1, and the data are summarized in
Table 1. In dilute chloroform solutions, the absorption peaks of
PBDTEDTT and P(iI-EDTT) locate at 494 nm and 612 nm,
respectively. In films, the peak of absorption of PBDTEDTT is at
about 537 nm, followed by P(il-EDTT) at 626 nm. The longer

—®— PBDTEDTT in solution
—&— P(il-EDTT} in solution
—O—PBDTEDTT in film
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Fig. 1
in films.

UV-vis absorption spectra of the polymers in chloroform solution and
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Table 1 Optical and electrochemical properties of the copolymers

Chloroform solution Thin film Ccv
Polymer Amax (nm) Jonget (NM) EgP* (eV) Amax (nm) Aonset (NM) EgP* (eV) ESs (eV) HOMO (eV) LUMO (eV)
PBDTEDTT 494 580 2.13 537 637 1.95 0.76 —5.18 —3.23
P(iI-EDTT) 612 714 1.74 626 737 1.68 0.86 —5.28 —3.60

wavelength absorption of P(il-EDTT) compared to PBDTEDTT is
due to a strong D-A charge transfer state, which lead to the
extended absorption. The UV-vis absorption spectra of
PBDTEDTT and P(il-EDTT) in films are broader and red-shifted
relative to those measured in solution as shown in Fig. 1. This
behavior is due to the enhanced intermolecular interactions
between the polymer chains and the planarization effect of the
T-conjugated polymer backbone, which enable the polymer
chains to self-assemble into a well-ordered nanostructure in the
solid state. From the different red-shifted wavelengths (43 nm
vs. 14 nm), one can observe that the planarization effect of
PBDTEDTT is stronger than that of P(iI-EDTT) (see XRD spectra
in Fig. S91). The optical bandgaps of PBDTEDTT and P(il-EDTT)
can be estimated at 1.95 and 1.68 eV, respectively, from their
onset absorption in the thin film.

Cyclic voltammetry (CV) was performed on a CHI660D elec-
trochemical workstation to determine the redox potentials of
the polymers. It is equipped with a three-electrode cell con-
sisting of a glassy carbon working electrode, a saturated calomel
reference electrode (SCE) and a platinum wire counter elec-
trode. The measurements were done in anhydrous acetonitrile
containing 0.1 M nBu,NPF; as a supporting electrolyte under an
argon atmosphere at a scan rate of 100 mv s *. Thin films were
deposited from chloroform solution onto the working elec-
trodes and dried under nitrogen prior to measurement. The
redox potential of the Fc/Fc' internal reference is 0.38 V vs. SCE.
The HOMO and LUMO energy levels of the polymers are
determined by calculating the empirical formula of Egomo =
—e(Eox T 4.8 — E1ja,reper))y ELumo = Enomo t Eg, where Ey is
estimated from the onset of the oxidation potential and E, is the
solid state optical band gap. The related electrochemical data
are summarized in Table 1. The onset oxidation potentials of
PBDTEDTT and P(iI-EDTT) are 0.76 V and 0.86 V (Fig. S5T), thus
the corresponding HOMO energy levels are —5.18 eV and —5.28
eV, respectively. The deep HOMO energy level of P(il-EDTT) is
desirable for a higher open circuit voltage of the PSCs (Table 2).

Table 2 Device performance of the copolymers

Jse FF PCE
Copolymer Ratio Solvent V.. (mAcm™?) (%) (%)
PBDTEDTT:PC4BM 2.5:1 CB 0.69 5.91 51 2.07
PBDTEDTT:PC4o0BM 2:1 CB 0.69 6.62 53  2.40
PBDTEDTT:PC4BM 1.7:1 CB 0.67 5.21 52 1.82
PBDTEDTT:PC¢,BM 1.3:1 CB 0.67 3.87 53 1.51
PBDTEDTT:PC4oBM 1:1 CB 0.66 4.21 53 1.47
PBDTEDTT:PC4BM 1:2 CB 0.60 1.17 33 0.23
P(il-EDTT):PC¢oBM  1:1 1,2-DCB 0.81 1.66 22 0.30

This journal is © The Royal Society of Chemistry 2013

The LUMO energy levels of PBDTEDTT and P(il-EDTT) are
—3.23 eV and —3.60 eV, respectively.

Photovoltaic properties

In order to investigate the potential applications of the two
copolymers in solar cells, the bulk heterojunction PSCs were
fabricated with a device structure of ITO/PEDOT:PSS/copoly-
mer:PCq,BM/LiF/Al (Fig. S67), and tested under a simulated AM
1.5G illumination of 100 mW cm 2. The blends of PBDTEDTT
and PCq,BM at different weight ratios of 2.5:1, 2:1, 1.7 : 1,
1.3:1,1:1 and 1: 2 were used to optimize the device perfor-
mance and their current density versus voltage (/-V) curves are
shown in Fig. 2 and S10,f and the detailed device parameters
are summarized in Table 2. The other conditions, such as
solvents (1,2-dichlorobenzene (DCB) and chlorobenzene (CB)),
concentration, spin-coating speed and annealing temperature
(Table S1t), were also carefully optimized. Finally, the PCE of
2.4% for the PBDTEDTT polymer was obtained with an open-
circuit voltage of 0.69 V, a short circuit current density of 6.62
mA cm ™2, and a fill factor of 53%, when the device was made at
a donor-acceptor weight ratio of 2 : 1 in CB at a concentration
of 10 mg mL ™', spun cast at 1000 rpm and annealed at 120 °C
before LiF/Al deposition.

The photoresponse curve of the ITO/PEDOT:PSS (30 nm)/
PBDTEDTT:PCs,BM (100 nm)/LiF (1 nm)/Al (100 nm) device can
be seen in Fig. 3. It exhibits a relatively broad photoresponse
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Fig. 2 J-V curves of the different ratios of PBDTEDTT:PCgoBM and P(il-
EDTT):PCgoBM based BHJ solar cells, under AM 1.5G solar illumination, in
conventional architecture.
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Fig. 3 The incident photon-to-current efficiency (IPCE) of PBDTEDTT:PCqoBM
with the ratio of 2 : 1 in conventional cells.

range between 300 and 620 nm, indicating that the absorption
of the PBDTEDTT:PC¢,BM blends reflects the photocurrents in
these wavelength regions. The device based on PBDTEDTT
shows a high maximum incident photon-to-current conversion
efficiency (IPCE) value of 53%, which is coincident with the J.
value for the photovoltaic performance of the PBDTEDTT:PCBM
PSC device, as mentioned above.

View Article Online

Different ratios of solvent additive 1,8-diiodooctane (DIO)
were added, however, no improvement of the performance was
observed (Table S21). The inverted cells based on the structure
of ITO/ZnO/PBDTEDTT:PC,BM/M00O;/Ag were also fabricated
(Fig. S6T). The PCE of inverted cells was lower compared to
those of the conventional ones (Table S27).

PBDTEDTT demonstrates higher photovoltaic performance
over P(iI-EDTT) (Fig. 2 and Table 2), even though P(il-EDTT) is a
D-A copolymer. One potential reason is the poor solubility of
P(iI-EDTT) which cannot be dissolved completely in CB and
DCB, whereas PBDTEDTT has good solubility in common
solvents, such as toluene, chloroform and tetrahydrofuran.
Moreover, the atomic force microscopy (AFM) images of
PBDTEDTT:PCg,BM and P(il-EDTT):PC¢,BM blending films are
shown in Fig. 4. It is found that the surfaces of
PBDTEDTT:PC,BM (2 : 1) composite thin films are very smooth
(Fig. 4a), and their root-mean-square (rms) of roughness is
about 0.6 nm which indicates the extraordinarily good misci-
bility between PBDTEDTT and PC4,BM in the solid state. The
phase images show that the blending film of
PBDTEDTT:PC4,BM forms interpenetrating structures (Fig. 4b)
compared to that of the P(iI-EDTT):PC4,BM (1 : 1) blending film
(Fig. 4d), which would result in higher charge separation.
Therefore, it could improve the photovoltaic performance
of the PBDTEDTT:PC¢,BM blending film. Although the
P(iI-EDTT):PC4,BM cell has a V,. of 0.81 V which is consistent
with the high HOMO energy level of the polymer, the efficiency

deg

O 2 N Wb OO N ® O

deg
18

16

Fig.4 The AFM tapping mode height (a) and phase (b) images (2 um x 2 um) of the PBDTEDTT:PCgoBM (2 : 1) film and height (c) and phase (d) images (2 um x 2 um)

of the P(il-EDTT):PCgoBM (1 : 1) film.
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is limited by the low Ji. of 1.66 mA cm ™2 and FF of 22%. This
low PCE can be explained by the high surface roughness
and very weak phase separation which are observed in the
P(il-EDTT):PC¢oBM blending film morphology (Fig. 4c and d).
This entails a limited donor-acceptor interface in the BH]J,
leading to a reduced number of excitons being dissociated in
the film.

In order to obtain insight into the nanostructure of the blend
films, the cross-sections of the samples were imaged by Scan-
ning Electron Microscopy (SEM). Each layer can be clearly seen
from Fig. S7 and S8.f Moreover, the ordering structure of the
blend films was investigated using X-ray diffraction (XRD)
spectra. As shown in Fig. S9,t the PBDTEDTT:PC4,BM (2 : 1)
blend film displays a -7 stacking (26 = 27.7°) peak whereas
only the peak corresponding to the ITO substrate (20 = 21.6°)
can be detected in the P(il-EDTT):PC¢BM (1:1) blend film,
which could be another potential reason that PBDTEDTT
exhibits better performance compared to P(il-EDTT) with a less
ordered structure.

The stability of the devices was also evaluated using a
conventional cell architecture. The results can be seen from
Fig. S11-14.T When these devices were well encapsulated, they
showed a good stability.

Conclusion

In summary, two novel copolymers, PBDTEDTT and P(il-EDTT),
were synthesized, in which 3,4-ethylenedithiathiophene was
incorporated into the backbone. The absorption spectra of the
P(iI-EDTT) polymer ranges from 400 nm to 737 nm, almost
covering the whole visible region. The maximum PCE of 2.4%
for PBDTEDTT was obtained with an open-circuit voltage of 0.69
V, a short circuit current of 6.62 mA cm ™2, and a fill factor of
53%. However, the device based on P(il-EDTT):PCs,BM had
much lower /i, FF and PCE, although it had higher V,. It could
be explained by the molecular structure, w-m stacking, solu-
bility and morphology of the film. Our preliminary results
exhibited that EDTT is a promising donor unit, and when it is
combined with a suitable building block, the resultant polymer
would give high photovoltaic performance.
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