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a b s t r a c t

In this work, we reported efficient polymer solar cells with balanced hole/electron mobilities tuned by
the acceptor content in bulk heterojunction blend films. The photovoltaic cells were fabricated with two
new wide band-gap D-A polymers PBDDIDT and PBDDIDTT as the donor material. The molecular con-
formations of new polymers are carefully evaluated by theoretical calculations. The results of photo-
voltaic studies show that two devices reach their optimal conditions with rich PC71BM content up to 80%
in blend films, which is uncommon with most of reported PSCs. The as-cast devices based on PBDDIDT
and PBDDIDTT reveal good photovoltaic performance with PCE of 7.04% and 6.40%, respectively. The
influence of PC71BM content on photovoltaic properties is further detailed studied by photoluminescence
emission spectra, charge mobilities and heterojunction morphology. The results exhibit that more effi-
cient charge transport between donor and acceptor occurs in rich PC71BM blend films. Meanwhile, the
hole and electron mobilities are simultaneously enhanced and afford a good balance in rich PC71BM
blend films (D/A, 1:4) which is critical for the improvement of current density and fill factors.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

During the past decade, polymer solar cells (PSCs) with bulk
heterojunction (BHJ) structure have made great achievements
owing to their low-cost, low weight and easy fabrication of large
area devices [1e4].The optoelectronic properties of active-layer
materials of PSCs with blend of donor material and acceptor ma-
terial largely determined the power conversion efficiencies (PCEs)
of solar cells. Up to date, the study of PSCs has achieved great
progress with PCEs exceeding 10% in single- and multi-junction
bulk heterojunction (BHJ) devices [5e10]. The electron acceptors
including fullerene derivatives (PC61BM, PC71BM et al.) and
fullerene-free n-type semiconductors (N2200, ITIC et al.) have been
developed and proved efficient [11e16]. To match well with special
acceptor materials, donor materials play an important role and the
ouc.edu.cn (M. Sun), yangrq@
molecular structures and basic optoelectronic properties should be
carefully regulated.

Donor-acceptor (D-A) conjugated polymers composed of
electron-donating unit (D) and electron-accepting unit (A) are
widely investigated as donor materials for easy-tuning of frontier
energy levels, absorption spectra and charge mobilities via con-
struction of intramolecular charge transfer (ICT) effect [17,18]. To
harvest more solar photons, narrow band-gap (NBG, Eg < 1.8 eV)
polymers with broad absorption spectra were designed and
intensively studied. PSCs based on narrow band-gap polymers can
exhibit favorable short-circuit current densities (JSC) benefiting
from the broad and strong ICT absorption bands, yet the devices
often exhibit decreased open-circuit voltages (VOC) owing to the
high-lying highest occupied molecular orbitals (HOMO). For
example, the D-A polymers composed of strong electron-accepting
diketopyrrolopyrrole (DPP) unit often possess narrow band-gaps
around 1.40 eV and broad absorption [19e21]. DPP-based D-A
polymers reported by Janssen exhibit decent JSC of 15.9 mA cm�2,
relatively low VOC of 0.75 V and the overall power conversion ef-
ficiencies (PCEs) of 8.0% [22]. Furthermore, Janssen and coworkers
reported a series of small-band gap D-A polymers between 1.13 eV
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and 1.34 eV, composed of strong electron-donating dithieno[3,2-
b:20,30-d]pyrrole (DTP) unit and DPP unit. The PSCs devices reveal
high near-infrared photo-response, presenting particularly high JSC
up to 23.0 mA cm�2; while low VOC of 0.44 V are obtained, leading
to a moderate efficiency of 5.3% [23]. Yan and coworkers developed
novel narrow band-gaps D-A polymers around 1.6 eV based on
difluorobenzothiadiazole (ffBT), the resulting PSCs exhibit high JSC
up to 18.8 mA cm�2, enhanced VOC of 0.77 V and state of the art PCE
of 10.8% [24]. Nevertheless, the open-circuit voltages of photovol-
taic devices based on narrow band-gap polymers are difficult to be
further improvedwhich inevitably restrict the further development
of polymer solar cell efficiencies.

To solve the above challenges, medium band-gap (MBG,
Eg:1.6e1.8 eV) and wide band-gap (WBG, Eg > 1.8 eV) D-A polymers
were designed to explore a balance between JSC and VOC of PSCs.
Currently, benzodithiophene (BDT) moieties and analogues
including one-dimension (1D), two-dimension (2D) and asym-
metric 1D-2D derivatives are efficient electron-donating building
blocks to construct medium or wide band-gap D-A photovoltaic
donor materials, due to its high stability against oxidation ability
and planar molecular framework [25e30]. Recently, our group
developed a series of D-A polymers based on asymmetric 1D-2D
BDT derivatives to combine the strength of both 1D and 2D BDT
based polymers. Among them, the polymer PBDTbNPFBT blend
with PC71BM exerts high JSC of 15.53 mA cm�2 and greatly
enhanced VOC of 0.89 V compared to NBG polymer based devices,
leading to the excellent PCE up to 9.80% [31]. Moreover, the MBG
and WBG BDT based D-A polymers also demonstrate impressive
applications in fullerene-free solar cells with small molecular and
polymeric n-type semiconductors as acceptors [32,33].

Besides, fused ring ladder-type units are another classic building
blocks to design D-A polymers for the decent coplanarity of poly-
mer backbones which could enhance the interchain interactions
and lead to higher hole mobility. For example, indacenodithio-
phene (IDT) and indacenodithieno[3,2-b]thiophene (IDTT) have
been proved highly efficient as electron-donating moieties to
design A-D-A small molecular fullerene-free acceptor materials
[34e37]. The PCEs of polymer solar cells based on these fullerene-
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Scheme 1. Synthesis and chemical stru
free acceptors have reached 13% [38].In contrast, the D-A polymers
with IDT or IDTT as the electron-donating moiety exhibit relatively
low performance of PCE around 8% [39e45].Yang's group reported
two D-A conjugated polymers with IDT and IDTT as electron-
donating moieties and the polymers possess wide optical energy
band-gaps over 2.0 eV as well as high hole mobility up to 10�3

cm2V�1 s�1 and PCE exceeding 7% [39]. Wang and coworkers re-
ported a series of MBG IDT based D-A polymers with band-gaps
around 1.75 eV, and the fabricated devices exhibit high perfor-
mance with PCE of 7.8% [40,41]. Very recently, Zheng's group re-
ported a WBG polymer PIDTBTO-TT with PCE up to 8.15%, which
represents the highest solar cell efficiency achieved with IDT-based
polymers so far [45]. These results demonstrate that IDT and IDTT
moieties are promising building blocks for MBG and WBG D-A
conjugated donor materials for the suitable electron-donating
abilities and favorable molecular planarity.

Herein, to further investigate the photovoltaic performance of
IDT/IDTT based polymers, we select relatively weak electron-
withdrawing moietybenzo[1,2-c:4,5-c’]dithiophene-4,8-dione
(BDD) to couple weak electron-donating moiety IDT and IDTT and
synthesize two wide band-gap D-A conjugated polymers PBDDIDT
and PBDDIDTT with optical band-gap over 1.85 eV. Two polymers
show similar absorption profiles which are synthetically deter-
mined by different polymer structures and distortion dihedral an-
gles between D and A moieties. Polymer solar cells were fabricated
with PC71BM as acceptor material. The results reveal that both
additive-free devices based on PBDDIDT and PBDDIDTT exhibit
favorable photovoltaic properties with PCE up to 7.04% and 6.40%,
respectively. The photovoltaic performance based on PBDDIDT is
one of the highest efficiencies achieved with WBG IDT-based
polymers. Notably, the polymer/PC71BM weight ratios have a sig-
nificant impact on FF values and fullerene-rich devices exert better
performance when the optimal weight ratios for two devices are
determined to be 1:4. This is very different from other IDT-based
polymer devices and most of PSCs. The correlations between
donor/acceptor weight ratios and fill factors are investigated and
proved to be mainly affected by high and balanced hole/electron
charge transport. Photoluminescence (PL) spectra were carried out
h3)4
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Table 1
Decomposition temperatures, molecular weights, optical properties and frontier
energy levels of polymers.

Polymers Td Mn PDI lmax(nm) Eg
opt HOMOcv LUMOcv

(�C)a (kDa) solution film (eV)b (eV)c (eV) c

PBDDIDT 396 21.8 2.15 547 570 1.85 �5.62 �3.77
PBDDIDTT 385 25.6 1.98 545 560 1.86 �5.65 �3.79

a Measured under N2 atmosphere.
b Calculated based on the onset of thin films absorption spectra.
c Calculated from cyclic voltammograms curves.
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to study exciton separation/transport and detailed morphological
nature was further analyzed by atomic force microscopy (AFM) and
transmission electron microscopy (TEM).
2. Results and discussions

2.1. Synthesis and characterization

The synthetic route of polymer PBDDIDT and PBDDIDTT are
shown in Scheme 1. Polymers were prepared by Stille polymeriza-
tion in the presence of Pd(PPh3)4 as catalyst and the detailed syn-
thetic procedures are provided in Experimental Section. The
chemical structures of two polymers were confirmed by 1H NMR
spectroscopy. Two Polymers exhibit favorable solubility (>20 mg/
mL) in common solvents such as tetrahydrofuran (THF), chloroform,
toluene, chlorobenzene (CB) and o-dichlorobenzene (o-DCB) at
room temperature. As shown in Fig. S1 and Fig. S2 (Supporting In-
formation), the number-average molecular weights (Mn) and poly-
dispersity index (PDI) of PBDDIDT and PBDDIDTT are estimated by
gel permeation chromatography (GPC) with tetrahydrofuran(40 �C)
as the eluent and determined to be 21.8 kDa and 25.6 kDa as well as
2.15 and 1.98, respectively, and the relevant data are collected in
Table 1. As shown in Fig. S3 (Supporting Information), the thermal
properties of two polymers were measured by thermogravimetric
analysis (TGA) and the decomposition temperatures (Td) with 5%
weight loss for PBDDIDT and PBDDIDTT are confirmed to be 396 �C
and 385 �C, respectively, which suggest that the thermal stability of
the polymers is good enough for application in PSCs devices.
2.2. Optical properties and frontier energy levels

The UVevis absorption spectra of PBDDIDT and PBDDIDTT are
measured in dilute chloroform solution and as thin films and the
corresponding data are listed in Table 1. As shown in Fig. 1a, two
polymers exhibit similar absorption profiles with broad absorption
Fig. 1. (a) UVeVis absorption spectra of polymers in CHCl3 dilute solutions and thin films; (b
a scan rate of 100 mV s�1.
from 300 nm to 700 nm. The minor bands around 425 nm should
be attributed to pep* transition and the major bands around
550 nm probably originate from intramolecular charge-transfer
(ICT) effect between the electron-donating and electron-
withdrawing units [46,47]. Furthermore, compared to the absorp-
tion spectra in solution, thin film spectra are red-shifted by
20e30 nm induced mainly by the enhanced intermolecular in-
teractions in solid states [48]. Unexpectedly, the spectra of polymer
PBDDIDTT with larger conjugated backbones show slightly hypo-
chromatic shift compared to PBDDIDT which probably be corre-
lated with the planarity of polymer backbones as studied below.
Also, the absorption maximum (from solution to film state) of
PBDDIDT is red-shifted by 23 nm, larger than that of PDBBIDTT
(15 nm), which may be correlated to the better solid packing of
PBDDIDT resulting from its more planar structure. From the onset
of thin film absorption spectra, the optical band-gap of polymer
PBDDIDT and PBDDIDTT were calculated to be 1.85 eV and 1.86 eV,
respectively.

Electrochemical cyclic voltammetry (CV) measurement was
carried out to measure the oxidation/reduction potentials and
further estimate highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) energy levels of
polymers. The relevant data were collected in Table 1. As shown in
Fig. 1b, both PBDDIDT and PBDDIDTT show qusi-reversible oxida-
tion process. The oxidation onset potentials (Eox) of PBDDIDT and
PBDDIDTT referenced to Ag/AgCl (Ag/Agþ) were determined to be
1.21 V and 1.24 V, respectively. Calculated from the equation:
EHOMO ¼ �e(4ox þ 4.8� 41/2, FeCp2) (eV), the HOMO energy levels of
PBDDIDTand PBDDIDTTare identified to be�5.62 eV and�5.65 eV,
respectively [49]. Based on the optical band-gaps, LUMO energy
levels are calculated to be �3.77 eV and �3.79 eV for PBDDIDT and
PBDDIDTT, respectively.
2.3. Theoretical calculations

To further understand the molecular conformations of PBDDIDT
and PBDDIDTT, theoretical calculation was employed by using
density functional theory (DFT) at the B3LYP/6-31G* level. The long
alkyl side chains were replaced with methyl groups to reduce the
calculation time. As shown in Fig. 2, the dihedral angels between
BDD core and neighboring thiophene units (blue arrows in Fig. 2)
are close in both polymers. While great difference of dihedral an-
gels between IDT/IDTT unit and neighboring thiophene unit are
observed (red arrows in Fig. 2). The torsion angles between IDTT
and thiophene (16.13�) is more than two times larger than that of
IDT and thiophene (7.61�). The large torsion of PBDDIDTT backbone
will negatively affect the effective extend of conjugated degree,
) the CV curves of two polymers on glassy carbon electrodes in 0.1 M Bu4NPF6-CH3CN at



Fig. 2. Theoretically calculated model molecules, corresponding torsion angles, and calculated frontier energy levels of PBDDIDT and PBDDIDTT.
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which should partially explain the slightly bule-shifted absorption
spectra of PBDDIDTT compared to PBDDIDT. The distributions of
HOMO and LUMO energy orbitals of two polymers are also shown
in Fig. 2. The electron cloud of HOMO and LUMO frontier orbitals of
PBDDIDT and PBDDIDTT are mainly distributed along the conju-
gated backbone proportionally, which would be beneficial to the
charge carrier transport.
2.4. Photovoltaic properties

Polymer solar cells were prepared with polymer (PBDDIDT/
PBDDIDTT) as donor material and PC71BM as acceptor material and
measured under AM 1.5G (100 mW cm�2) illumination. As shown
in Fig. 3a, the devices were fabricated with a configuration of in-
dium tin oxide (ITO)/poly(3,4-ethylenedioxythiophene) poly-
styrene sulfonate (PEDOT:PSS)/polymer: PC71BM/PFN/Al and the
energy level diagrams of materials in photovoltaic device are
Fig. 3. (a) The construction of PSCs devices; (b) energy level diagrams of the materials in PSC
the corresponding PSCs.
shown in Fig. 3b. Different polymer:PC71BM weight ratios (w/w)
were scanned from 1:1 to 1:5. The photovoltaic data were sum-
marized in Table 2 and corresponding current density-voltage (J-V)
curves are shown in Fig. S4. As shown in Table 2, devices based on
two polymers reveal similar varying tendency and the photovoltaic
parameters of JSC and FF strongly depended on the D:A ratio. VOC
changes slightly with increase of acceptor content. While the values
of JSC and FF are improved markedly with the increase of acceptor
content and reach the highest value for the devices with D/A w/
w ¼ 1:4. Notably, optimal PSCs devices with rich acceptor content
up to 80% are seldom reported. J-V curves at the optimal weight
ratios of two devices are shown in Fig. 3c, and the corresponding
EQE curves exhibit broad response between 300 and 700 nm with
the maximum values exceeding 70% (see Fig. 3d). Devices based on
polymer PBDDIDT exhibit the best efficiency of 7.04% with
VOC ¼ 0.910 V, JSC ¼ 11.38 mA cm�2 and FF ¼ 0.68. Devices based on
polymer PBDDIDTT exhibit the optimal PCE of 6.40% with
s device; (c) J-V curves of PSCs devices under different weight ratios; (d) EQE curves of



Table 2
Photovoltaic data of the PSCs based on polymer:PC71BM with different weight ratios under the illumination of AM 1.5G at 100 mWcm�2.

Active layer w/w VOC

V
JSC
mA cm�2

FF PCE
%

RS
a RSh

a mh
b meb mh/me

U cm-2 kU cm-2 10-4cm2 V-1s-1

PBDDIDT:PC71BM 1:1 0.895 8.11 0.44 3.19 230 3.20 0.71 0.33 2.15
1:2 0.901 10.31 0.61 5.67 77 6.27 3.59 2.75 1.31
1:3 0.914 10.38 0.64 6.07 83 8.41 4.17 3.32 1.25
1:4 0.910 11.38 0.68 7.04 62 8.90 4.28 4.25 1.01
1:5 0.913 9.25 0.62 5.24 97 7.84 4.35 2.50 1.74

PBDDIDTT:PC71BM 1:1 0.888 7.85 0.41 2.86 207 2.63 0.49 0.28 1.75
1:2 0.877 10.45 0.55 5.04 100 3.81 2.92 2.35 1.25
1:3 0.898 10.68 0.60 5.75 78 5.27 3.97 3.01 1.32
1:4 0.895 11.52 0.62 6.40 61 5.58 4.38 3.83 1.14
1:5 0.889 10.75 0.61 5.83 93 5.85 3.86 3.10 1.25

a Data are obtained from J-V curves under illumination.
b Based on SCLC measurement.
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VOC ¼ 0.895 V, JSC ¼ 11.52 mA cm�2 and FF ¼ 0.62. As shown in
Table 2, the VOC value of PBDDIDT device is slightly higher than that
of PBDDIDTT. According to previous report, the maximum value of
VOC appears to be limited by the energy difference between the
HOMO of the donor and the LUMO of the acceptor [50]. However,
apart from this, different donor-acceptor distance, morphologies of
active layers, device structures and many other factors can also
affect VOC [51]. As Table 2 reveals, PSCs based on PBDDIDT possess
enhanced photovoltaic performance than PBDDIDTT, which is
mainly attributed to the higher fill factors. As shown in Table S1, the
additives including diiodooctane (DIO) and chloronaphthalene
(CN) cannot produce a positive effect in this work.

The series resistance (Rs) and shunt resistance (Rsh) of the PSCs
are measured to understand the effect of polymer:PC71BM weight
ratios from their respective J-V curves under illumination. As shown
in Table 2, with the increase of weight ratio, Rs decreased and Rsh
increased gradually and reached the lowest Rs and highest Rsh
values at w/w ¼ 1:4, suggesting better overall diode characteristics
at optimal conditions [52].

The exciton separation and charge transfer behavior in blend
films with different D/A weight ratios is studied on the basis of
photoluminescence (PL) spectra, since the charge separation and
transfer efficiency can be inferred from the degree of PL quenching.
As shown in Fig. 4, the PL emission of PBDDIDT and PBDDIDTT neat
films are largely quenched by addition of PC71BM content. The
quenching efficiencies are above 90% in the two blend films with D/
A weight raito of 1:1. And the PL emission of neat films are nearly
completed quenched when the D/A weight raito reached 1:4 with
Fquench higher than 96.5%, which indicates that very efficient
exciton dissociation arises at the donoreacceptor interface [53].

To further investigate the charge transport efficiency of devices,
we focus on the study of charge carrier mobilities, since charge
mobility is considered to be one of the key parameters dominating
the efficient charge transport to electrodes. Space-charge-limited
current (SCLC) method was adopted to measure charge mobil-
ities. The calculated hole and electronmobilities are summarized in
Table 2 and the plots of the current density vs. voltage of devices are
shown in Fig. S5. Fig. 4c and d demonstrate a more intuitive dia-
gram of the hole mobilities, electron mobilities and mobility ratios
values (hole/electron) in two PSCs devices as a function of D/A
weight ratios. As Table 2, Fig. 4c and d shows, the hole mobilities
and electron mobilities are simultaneously enhanced with the
decrease of D/Aweight ratios from 1:1 to 1:4 and reduce slightly in
w/w ¼ 1:5. Meanwhile, the values ofmhole/melectron mobilities afford
a balance in devices with w/w ¼ 1:4. For PBDDIDT and PBDDIDTT
based devices, the ratios of hole/electron mobilities were
confirmed to be 1.01 and 1.14, respectively. This concurrently
improved and balanced hole and electron mobilities will definitely
facilitate the charge transport to anode and cathode electrodes, and
suppress bimolecular recombination and further maximize the
photocurrent and fill factors of solar cells [54].

2.5. Morphology study

To explore the effect of the surface morphology of blend films on
the photovoltaic performance of the two PSCs, AFM measurements
by tapping-mode and TEM measurements were applied to study
the surface morphology information and in-depth nature of the
polymer/PC71BM blend films with different D/A weight ratios (1:1,
1:4, w/w). As shown in Fig. 5a,b,e,f, PBDDIDT: PC71BM blend film
with weight ratios (1:4) exhibits uniform and continuous crystal-
line domains with larger root-mean-square (RMS) roughness of
2.25 nm than film with weight ratios (1:1). Identical results were
observed fromTEM images (Fig. 5iej). According to previous report,
the increased RMS in uniform films would facilitate the charge
transport agreement with the results of SCLC measurements [55].
For PBDDIDTT: PC71BM blend films, flat films with small and similar
RMS were obtained. While the rich PC71BM blend film (1:4, w/w)
presents more distinct continuous nanoscale phase separation
from AFM phase images and uniform morphology (Fig. 5geh) with
less defects from TEM results (Fig. 5kel). From the results of AFM
and TEM, it can be concluded that the content of PC71BM in blend
films has great influence on the morphology of heterojunction,
which will further influence the charge separation and transfer as
well as the photovoltaic performance of PSCs.

3. Conclusions

In this work, we demonstrate efficient polymer solar cells based
on two newwide band-gap polymers PBDDIDTand PBDDIDTTwith
balanced hole/electron mobilities tuned by the acceptor content in
bulk heterojunction blend films. Polymers PBDDIDT and PBDDIDTT
were synthesized by analyzing and coupling appropriate electron-
donating moieties and electron-withdrawing moieties. Two poly-
mers show similar absorption profiles which are synthetically
determined by different polymer structures and molecular con-
formations. Polymer solar cells were prepared with PC71BM as
acceptor material and polymers PBDDIDT or PBDDIDTT as donor
material. The results show that two devices reach their optimal
conditions with rich PC71BM content up to 80% in blend films,
which is unusual reported in PSCs. Devices based on PBDDIDT and
PBDIDTT reveal good photovoltaic performance with PCE of 7.04%
and 6.40%, respectively, free of any additives or annealing. Notably,
the performance based on PBDDIDT represents one of the highest
efficiencies achieved with IDT-based donor polymers. Exciton
separation and charge transfer behaviors were investigated by PL



Fig. 4. (a, b) Photoluminescence spectra and quenching efficiencies Fquench of PBDDIDT and PBDDIDTT in the blend films (w/w ¼ 1:1, 1:4). The PL spectra were all excited at 570 nm;
(c, d) Hole mobilities, electron mobilities and mobility ratios values (hole/electron) as a function of D/A weight ratios. The mobilities were calculated from SCLC currents measured
for the hole-only devices (ITO/PEDOT:PSS/active layer/MoO3/Al) and electron-only devices (ITO/ZnO/active layer/PFN/Al).
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emission spectra and charge carrier mobilities in different D/A
weight ratios. The results of PL measurements show that fluores-
cence quenching efficiencies are enhanced in rich PC71BM blend
films implying more efficient charge transport between polymer
and PC71BM. SCLC results exhibit that hole and electron mobilities
were simultaneously enhanced and afford a good balance in rich
PC71BM blend films (D/A, 1:4) and would benefit the improvement
of JSC and FF. This work demonstrates two efficient WBG D-A con-
jugated photovoltaic polymers based on IDT and IDTT units and
makes an instructive in-depth study about the influence of donor/
acceptor ratios to photovoltaic performance.
4. Experimental section

4.1. Synthesis

Acceptor materials PC71BM and monomers (IDT monomer and
IDTT monomer) are purchased from Solarmer Materials Inc. All
solvents and reagents were purchased from Alfa Aesar andTCI Inc,
and utilized directly unless stated otherwise. Monomer 2BrBDD
were synthesized according to previous report.

Synthesis of PBDDIDT: To a 25 mL flask, 2,8-bis(trimethyltin)-
indacenodithiophene (IDT monomer) (123.3 mg, 0.1 mmol) and
2BrBDD (76.7 mg, 0.1 mmol) were added to dry toluene (4.5 mL)
and purged with argon for 30 min. Then Pd(PPh3)4 (7.0 mg,
0.0055 mmol) were added and the solution was refluxed for 30 h.
After cooling to room temperature, the solution was poured into
methanol (100 mL) and the polymer is filtered and subjected to
Soxhlet extraction successively with methanol, acetone and hexane
for the removal of remaining monomers, oligomers and catalytic
impurities. The polymer was collected using CHCl3 as the eluent
and precipitated against methanol. The residue was filtered and
dried under vacuum for 24 h at 40 �C. Polymer PBDIDTwas afforded
as deep purple solids with a yield of 85%. GPC: Mn ¼ 21.8 kDa,
PDI ¼ 2.15. Td ¼ 396 �C (95%, nitrogen).1H NMR (600 MHz, CDCl3,d
(ppm): 7.76e7.65 (m, 2H), 7.46e7.35 (m, 2H), 7.15 (m,18H), 3.33 (br,
4H), 2.57 (s, 8H), 1.77 (s, 2H), 1.60 (br, 8H), 1.35e1.25 (m, 35H),
0.94e0.86 (m, 24H). Elemental analysis (C98H110O2S6): C 77.87%, H
7.58%, S 12.47%. Found: C 77.19%, H 8.00%, S 12.31%.

Synthesis of PBDDIDTT:PBDDIDTT was synthesized according to
the same procedure as PBDDIDT, except using the monomer 2,10-
bis(trimethyltin)-indacenodithieno[3,2-b]thiophene (IDTT mono-
mer) (134.5 mg, 0.1 mmol). Polymer PBDDIDTT was obtained as
deep purple solids with a yield of 92%. GPC: Mn ¼ 25.6 kDa,
PDI ¼ 1.98. Td ¼ 385 �C (95%, nitrogen). 1H NMR (600 MHz, CDCl3,d
(ppm):7.72 (m, 2H), 7.56e7.42 (m, 4H), 7.22e7.10 (m, 16H), 3.34 (br,
4H), 2.57 (s, 8H), 1.78 (s, 2H), 1.60 (br, 8H), 1.46e1.22 (m, 35H),
1.03e0.70 (m, 24H). Elemental analysis (C102H110O2S8): C 75.50%, H
7.07%, S 15.50%. Found: C 75.05%, H 7.32%, S 16.25%.
4.2. Measurements and characterizations

1H NMR and 13C NMR spectra were collected on a Bruker
AVANCE-III 600 Spectrometer as solutions in CDCl3. The molecular
weight of the polymers was measured by gel permeation chro-
matography (GPC) using tetrahydrofuran (THF) as the eluent
(40 �C). Thermalgravimetric analysis (TGA) measurement was car-
ried out by STA-409 at a heating rate of10 �C/min. UVevis ab-
sorption spectra were obtained using a Hitachi U-
4100spectrophotometer. PL spectra were measured using a



Fig. 5. AFM topography images (a-d, 2 mm � 2 mm), phase images (e-h, 2 mm � 2 mm) and TEM images (iel) of different polymer/PC71BM blend films (1:1, 1:4, w/w). The scale bar of
TEM images was 200 nm.
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Fluoromax-4 fluorescence spectrometer. Cyclic voltammetry (CV)
measurements were recorded on a CHI660D electrochemical
workstation with a three-electrode system. Density functional
theory (DFT) calculations were confirmed by the Gaussian 09
program at the B3LYP/6-31G(d,p) level. Atomic force microscopy
(AFM) images were obtained using Agilent 5400 scanning probe
microscope in tapping-mode with MikroMasch NSC-15 AFM tips.
Transmission electron microscopy (TEM) images were obtained by
using a HITACHI H-7650 electron microscope with an acceleration
voltage of 100 kV.

4.3. Device fabrication and testing

Photovoltaic devices were fabricated with a conventional device
structure of ITO/PEDOT:PSS/polymer:PC71BM/PFN/Al. The ITO-
coated glass substrates were cleaned successively with detergent,
deionized water, acetone and isopropanol, and dried with N2 flow.
And then, the PEDOT:PSS layer was spin-coated onto the ITO from
different weight ratios of donor and PC71BM blends in o-dichloro-
benzene solution with different spin-coating speeds. The concen-
tration of all blend solutions is 25 mg/mL, and stirred overnight at
room temperature before spin-coating the active layer. Then PFN
solution (in CH3OH) was spin-coating as electron transfer layer.
Finally, aluminum (100 nm) was evaporated onto the active layer at
a vacuum of ~2 � 10�4 Pa to form the top electrode. The effective
area of the device is 0.1 cm2. The current-voltage (J-V) character-
istics were measured with a Keithley 2420 source measurement
unit. The PSCs were measured under an irradiation intensity of
100 mW/cm2 (AM 1.5 G) by a Newport solar simulator. The EQE
spectrawere analyzed using a certified Newport IPCEmeasurement
system. The hole and electron mobilities were calculated using the
space charge limited current (SCLC) model with a device configu-
ration of ITO/PEDOT:PSS/active layer/MoO3/Al and ITO/ZnO/active
layer/PFN/Al, respectively, where the current density is calculated
by:

J ¼ 9εmV2/(8L3)

where ε represents the dielectric constant of the metal, and m is the
carrier mobility, V is the voltage drop across the device and L is the
thickness of the active layer.
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