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Fluorinated thienyl-quinoxaline-based D–p–A-type
copolymer toward efficient polymer solar cells:
synthesis, characterization, and photovoltaic
properties†

Hsieh-Chih Chen,*ab Ying-Hsiao Chen,ab Chung-Hao Liu,c Yen-Hao Hsu,a

Yun-Chen Chien,a Wei-Ti Chuang,ab Chih-Yang Cheng,c Chien-Liang Liu,ab

Shang-Wei Chou,ab Shih-Huang Tung*bc and Pi-Tai Chou*ab

A tailor-made donor–p–acceptor copolymer comprising of a medium electron-donating alkylthienyl-

benzodithiophene (BDTT) moiety and a strong electron-accepting fluorinated thienyl-quinoxaline (TTFQ)

segment with thiophene p-bridge units has been synthesized by Stille coupling polymerization and

thoroughly characterized for use as a p-type semiconducting polymer. The semicrystalline copolymer

PBDTT-TTFQ shows a broad visible-near-infrared absorption band with an optical bandgap of 1.67 eV

and possesses a relatively low-lying HOMO level at �5.34 eV. In addition, the PBDTT-TTFQ neat film

reveals a highly dense fibrillar nanostructure with a certain degree of long-range order, suggesting the

nanoscale self-assembly of PBDTT and TTFQ segments. A bulk-heterojunction polymer solar cell based

on the blend of 1 : 1 PBDTT-TTFQ:PC71BM shows an open circuit voltage of 0.75 V, a short circuit current

density of 14.6 mA cm�2, and a fill factor of 56.1%, achieving a power conversion efficiency of 6.1%

under the illumination of AM 1.5G, 100 mW cm�2. The results unambiguously indicate that the

PBDTT-TTFQ is an auspicious candidate for next-generation solar cell materials.
Introduction

In recent years, polymer solar cells (PSCs) have drawn consid-
erable promise as renewable energy sources owing to their
advantages in low-cost, lightweight, and good-exibility for
sustainable solar energy conversion.1,2 Nowadays, the most
efficient architecture of PSCs is a bulk-heterojunction (BHJ)
structure with a three-dimensional interpenetrating network of
conjugated polymers blended with soluble fullerene deriva-
tives1–17 or nanocrystals.18–22 Recent advances in the develop-
ment of novel tailor-made materials, mostly low bandgap
copolymers of alternating electron-rich (donor, D) and electron-
poor (acceptor, A) repeat unit congurations, have brought
about great improvements in device performances. The D–A
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intramolecular charge transfer (ICT) within the backbone
repeat unit allows facile reduction of the bandgaps, ne-tuning
of the frontier molecular orbital energies, and harvesting of
light absorption toward longer wavelengths.1,2 In addition,
highly extended p-conjugated polymers also benet from
ordered or crystalline domains to promote strong face-to-face
p–p stacking of the conjugated backbones, resulting in higher
charge-carrier mobility and broadening of the absorption bands
relative to the lower homologues.5,23–25 Recently, signicant
progress has been made in this eld, and the power conversion
efficiencies (PCEs) of PSCs have reached 7–8%,3–10 primarily
because of the development of new low-bandgap polymers
and better control over the nanoscale morphologies of inter-
penetrating electron D–A networks.

Benzo[1,2-b:4,5-b0]-dithiophene (BDT), as one of the most
successful electron donor units, has emerged as an attractive
building block for PSCs due to its rigidity, coplanarity by fusing
a benzene with two anking thiophene units, high hole
mobility, extended p-conjugated structures, and proper side
chain patterns for enhanced solubility.26,27 Very recently, via
replacing the alkoxy-substitutes attached to the BDT-based D–A
copolymer with alkylthienyl groups, Hou et al.5 were capable of
constructing a two-dimensional (2-D) conjugated BDT-polymer
possessing a broader absorption band, a lower highest occupied
molecular orbital (HOMO) energy level, a higher hole mobility,
Polym. Chem., 2013, 4, 3411–3418 | 3411
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as well as a better photovoltaic efficiency than that of the alkoxy-
substituted analogues. In a relevant contribution, we reported a
new alternating copolymer PBDT-TFQ containing an alkoxy-
substituted-BDT moiety, and a uorinated quinoxaline (TFQ)
unit as the D and the A, respectively, which was then applied in
organic photovoltaic devices (OPVs) with power conversion
efficiencies (PCEs) up to 8%.3 This result indicates that TFQ is
one of the efficacious acceptor units for organic semiconductors
because of its strong electron affinity that offers deep HOMO
energy levels and a broad absorption range, which are impor-
tant parameters for p-type semiconducting polymers.3 However,
one of the main bottlenecks for the PBDT-TFQ is its relatively
short absorption coverage at the near-infrared (NIR) region due
to the fact that the TFQ moiety possesses a high content of
benzene rings. The high aromaticity and hence the great
stabilization energy of phenyl substitution leads to a relatively
larger optical bandgap that limits light-harvesting. This draw-
back may be crucial, which motivated us to further replace the
phenyl substitutions of the TFQ core with thienyl substitutions
in an aim to achieve better sunlight harvesting. This is simply
due to the fact that sulfur is a soer atom (cf. the carbon atom)
so that thienyl substitution is expected to enhance the
p-conjugation.

In this context, we report herein a facile and straightforward
synthetic methodology to prepare a novel semi-crystalline uo-
rinated thienyl-quinoxaline-based D–A alternating copolymer
with thiophene p-bridge units, namely, poly{4,8-bis(5-(2-ethyl-
hexyl)thiophen-2-yl)benzo[1,2-b:4,5-b0]dithiophene-2,6-diyl-alt-
[5,8-bis(50-thiophen-20-yl)-6,7-diuoro-2,3-bis(5-hexylthiophen-2-
yl)quinoxaline-5,50-diyl]} (PBDTT-TTFQ, see Scheme 1), by Stille
coupling polymerization reactions, which turns out to be a very
promising candidate for efficient PSCs. This low bandgap poly-
mer, designed based on the intrachainD–A copolymermotif, was
capable of extending the absorption into the red and NIR region
with the desired deep HOMO and lowest unoccupied molecular
orbital (LUMO) energy levels, and also exhibited a higher hole
mobility. As a result, the PSC fabricated under a blend ratio of
Scheme 1 Synthetic route adopted for the preparation of the PBDTT-TTFQ
copolymer. The reagents and conditions: (i) Fe, AcOH, 50 �C, 4 h; (ii) 1,2-bis-
(5-hexylthiophen-2-yl)ethane-1,2-dione, AcOH, reflux, overnight; (iii) 2-(tributyl-
stannyl)thiophene, PdCl2(PPh3)2, toluene, reflux, 24 h; (iv) NBS, DMF, 30 �C, 8 h;
(v) Pd(PPh3)4, toluene, reflux, 72 h.

3412 | Polym. Chem., 2013, 4, 3411–3418
1 : 1 PBDTT-TTFQ:PC71BM attained an open-circuit voltage (Voc)
of 0.75 V, a short-circuit current density ( Jsc) exceeding 14 mA
cm�2, a PCE of as high as 6.1%, demonstrating that the uori-
nated thienyl-quinoxaline segment is a promising building block
for the development of semiconducting polymers with high
photovoltaic efficiency.
Experimental section
Measurement and characterization
1H, 13C, and 19F NMR spectra were recorded on a Varian
Mercury 400. Mass spectra were obtained on a FINNIGAN LCQ
mass spectrometer. Chemical shis (d), quoted in parts per
million (ppm), and coupling constants ( J) were recorded in
Hertz (Hz). All NMR spectra were recorded in deuterated chlo-
roform or 1,1,2,2-tetrachloroethane (CDCl3 or C2D2Cl4) with
solvent containing 0.003% TMS as an internal reference. The
molecular weight and molecular weight distribution of the
synthesized polymers were measured with aWaters GPC (Breeze
system) using THF as an eluent at 35 �C. The apparatus was
equipped with two Waters Styragel columns (HR3 and HR4E), a
refractive index detector (Waters 2414), and a dual-wavelength
absorbance detector (Waters 2487). Polystyrene standards
(Waters) were used for calibration. Cyclic voltammetry (CV) was
performed on an Autolab PGSTAT 30 Electrochemical Work-
station with a three-electrode system in a solution of 0.1 M
tetrabutylammonium perchlorate (Bu4NClO4) in deoxygenated
acetonitrile (CH3CN) at a scan rate of 50 mV s�1. The polymer
lms were coated on ITO sheet working electrodes by solvent
casting. A Pt-wire was used as the counter electrode, and an
Ag-wire was used as a quasi-reference electrode. The HOMO
level of the polymer was calculated from the onset potential of
oxidation (Eonset

ox ) by assuming the absolute energy level of
ferrocene at �4.8 eV below the vacuum level; the LUMO level
was calculated from the HOMO energy level and the absorption
edge.3 The potential of the polymer was corrected in the
standard of Fc/Fc+ in CH3CN (0.45 V vs. Ag/Ag+ electrode).
Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) measurements were performed under a
nitrogen atmosphere at heating rates of 10 and 5 �C min�1

using a TA Instruments (TGA-951 and DSC-910S, respectively).
Tapping mode atom force microscopy (TM-AFM) images were
taken on a NanoScope IIIa controller (Veeco Metrology Group/
Digital Instruments, Santa Barbara, CA), using built-in soware
(version V6.13R1) to capture images. The TEM images were
obtained by JEOL JEM-1230 and Philips/FEI Tecnai 20 G2 S-Twin
transmission electron microscopes. Grazing incidence wide-
angle X-ray scattering (GIWAXS) measurements were conducted
at the BL23A1 endstation of the National Synchrotron Radiation
Research Center (NSRRC), Taiwan. The thin lms for charac-
terization were deposited on a 1 cm � 2 cm silicon wafer. A
monochromatic beam of wavelength l ¼ 0.826 Å (15 keV) was
used and the incident angle was 0.2�. The scattering patterns
were collected on a CMOS at panel X-ray detector C9728DK
(52.8 mm � 52.8 mm). The scattering intensity proles were
extracted from the 2D patterns and reported as the plots of the
scattering intensity I vs. the scattering vector q, where q¼ (4p/l)
This journal is ª The Royal Society of Chemistry 2013
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sin(q/2) and q is the scattering angle. The absorption spectra
were obtained on a Hitachi U-4100 spectrophotometer. Hole-
only devices were fabricated according to a similar method
described in the literature,37,38 using a diode conguration of
ITO/PEDOT:PSS/polymer:PC71BM/Pd (80 nm). Electron-only
devices were fabricated with a diode conguration of ITO/Al
(50 nm)/polymer:PC71BM/Al (100 nm). The SCLC current was
measured under dark conditions using a Keithley 4200 Source
Meter.
Solar cell device fabrication and characterization

Optimized solar cell devices used in this study were prepared by
dissolving PBDTT-TTFQ and PC71BM (purchased from Nano-C)
in 1,2-dichlorobenzene (DCB) in the weight ratios of 1 : 1, and
1 : 2 with a PBDTT-TTFQ concentration of 10 mg mL�1. For
device fabrication, the solution was stirred for more than 12 h to
ensure complete dissolution. Patterned indium tin oxide (ITO)-
coated glass substrates (Kintec Company, 15 U per ,) were
successively cleaned by ultrasonication in 1% neutral detergent
in water, followed by deionized water, then acetone, and nally
ethanol for 20 min each. The substrates were then dried and O2

plasma cleaned immediately prior to the deposition of a 35 nm
thick layer of aqueous PEDOT:PSS PH500 (H. C. Starck) solu-
tion, as veried by a Filmetrics Model F10-RT-UV system.
Deposition of the PEDOT:PSS layer was followed by baking at
140 �C for 20 min. Substrates were subsequently transferred to
an inert N2-lled glove box (<0.1 ppm O2 and H2O), and the
active layer was spin-coated. The wet lm was slowly dried in a
covered Petri dish for a certain time and subsequently annealed
at 150 �C for 10 min in the glove box. The thicknesses of the
PBDTT-TTFQ:PC71BM composite lms were adjusted to�100 to
130 nm by controlling the spin-coating rates. The coated
substrates were then transferred to a thermal evaporator and
evacuated to#1 � 10�6 Torr before a 30 nm thick calcium layer
followed by a 100 nm aluminum electrode layer were deposited.
The effective area of one cell was 0.04 cm2. The fabricated device
was encapsulated in a nitrogen-lled glove box with UV epoxy
and cover glass. The J–V curves were measured with a Newport-
Oriel (Sol3A Class AAA Solar Simulators) AM 1.5G light source
operating at 100 mW cm�2, and independently cross-checked
using a 300 W AM 1.5G source operating at 100 mW cm�2 for
verication. The light intensity was determined by a mono-
silicon detector (with KG-5 visible color lter) calibrated by the
National Renewable Energy Laboratory (NREL) to minimize
spectral mismatch. An IPCE (QE10) characterization platform
supplied by PV Measurement, Inc. was used for data acquisi-
tion. All IPCE spectra were recorded using a lock-in technique at
a chopping frequency of 100 Hz.
Fig. 1 (a) Thermogravimetric analysis (ramp rate: 10 �C min�1) of PBDTT-TTFQ.
The purge gas for TGA was nitrogen. Inset: DSC curve of the studied copolymer.
(b) UV-vis absorption spectra of PBDTT-TTFQ in 1,2-dichlorobenzene solution and
as a film.
Results and discussion

On the basis of the D–A concept, the medium electron-donating
BDTT moiety and strong electron-accepting TTFQ unit were
utilized to synthesize the low bandgap PBDTT-TTFQ copolymer.
The brief synthetic routes of monomers and the corresponding
polymer are illustrated in Scheme 1. PBDTT-TTFQ was
This journal is ª The Royal Society of Chemistry 2013
synthesized in good yield through a Stille coupling reaction
using Pd(PPh3)4 as a catalyst via thermal heating shown in the
ESI.† The crude polymer was precipitated into methanol and
ltered, followed by careful extraction with methanol, acetone,
dichloromethane and chloroform with Soxhlet apparatus to
remove byproducts and oligomers. The nal product was
obtained from the chloroform fraction precipitated into meth-
anol, ltered and dried under vacuum for 12 h. PBDTT-TTFQ
exhibits an excellent lm-casting property as well as good
solubility in common halogenated solvents. The number-
average molecular weight (Mn) of the synthesized copolymer
PBDTT-TTFQ was determined by gel permeation chromatog-
raphy (GPC) using a polystyrene standard in THF eluent, and
was found to be 43 kg mol�1 with a polydispersity index (PDI)
of 1.58.

The thermal stability of the copolymer was conrmed by
thermogravimetric analysis (TGA) at a temperature ramp rate of
10 �C min�1 under nitrogen atmosphere. The onset decompo-
sition temperature of PBDTT-TTFQ at 5% weight loss is 405 �C,
indicating high thermal stability of the as-prepared polymer
(see Fig. 1a). Through differential scanning calorimetry (DSC)
measurements, PBDTT-TTFQ copolymer shows a high glass-
transition temperature (Tg) of 126 �C probably because of the
high chain rigidity of the polymer backbone. The optical
absorption spectra of PBDTT-TTFQ acquired in 1,2-dichloro-
benzene (DCB) solution and as a lm are shown in Fig. 1b.
Polym. Chem., 2013, 4, 3411–3418 | 3413
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Fig. 2 DFT optimized geometries and corresponding charge-density isosurfaces
for the HOMO and LUMO distributions of PBDTT-TTFQ copolymer.
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PBDTT-TTFQ in dilute DCB solution exhibits a broad and strong
absorption spectral feature across the entire UV-vis region, with
three major absorption bands and hence peak wavelengths
located at 359, 421 and 563 nm. The two higher energy bands
originate from the localized p–p* transitions, whereas the
lowest lying band is attributed to the ICT from the PBDTT unit
to the TTFQ core. In the polymer lm, the corresponding
absorption becomes broader and is signicantly red-shied as
compared with the corresponding maxima of the polymer
solution with four peaks at 361, 441, 593 and 645 nm. The large
red-shi of 30 nm is observed in the absorption maxima (lmax)
relative to the dilute solution as a result of a more planar
polymer chain structure and/or the degree of interchain
p-stacking in the solid lm. Such an ordered packing of poly-
mer chains is benecial for improving the charge carrier
mobility of the resulting lms. Furthermore, the absorption
edge (ledge) of PBDTT-TTFQ lm is 742 nm, from which the
lowest-lying energy gap Eopt

g of PBDTT-TTFQ, deduced from
the onset of absorption in the solid state, is determined to be
1.67 eV. Detailed optical and electrochemical properties of
PBDTT-TTFQ are summarized in Table 1.

Experimentally, cyclic voltammetry (CV) was employed to
examine the electrochemical properties and determine the
HOMO and LUMO energies of the as-prepared copolymer (see
Fig. S14†). The PBDTT-TTFQ copolymer showed stable and
quasi-reversible p-doping and n-doping processes, which are
important prerequisites for p-type semiconductor materials.
The HOMO and LUMO energy levels for PBDTT-TTFQ were
found to be �5.34 and �3.26 eV, respectively. A slightly higher
energy bandgap was determined using CV (2.08 eV) than that
from UV-vis absorption measurements (1.67 eV). The discrep-
ancy, on the one hand, is probably because of an energy barrier
between the polymer lm and electrode used in the CV
measurement. On the other hand, however, the different
binding energy of excitons created in the optical and electro-
chemical measurement cannot be eliminated. A deeply low-
lying HOMO energy level was obtained for PBDTT-TTFQ, which
is in an ideal range to ensure better air-stability and can be
anticipated to approach high Voc, in accordance with the linear
correlation of the difference between the HOMO energy level of
a donor polymer and the LUMO energy level of an acceptor.28

Considering the LUMO level of PC71BM is located at �4.0 eV,
the offset between donor polymer and acceptor PC71BM should
provide a sufficient driving force for efficient exciton dissocia-
tion at the D–A interface, ensuring energetically favorable
electron transfer.1,2

To provide an in-depth insight into the molecular architec-
ture of the polymer, a molecular simulation was carried out
using density functional theory (DFT) at the B3LYP/6-31G* level
Table 1 Physical, optical and electrochemical properties of the polymer

Polymer Mn [kg mol�1] PDI Tg [�C] Td [�C] Solution/lmax [nm

PBDTT-TTFQ 43 1.58 126 405 359, 421, 563

a HOMO and LUMO levels were estimated from the onset of the oxidation
bandgap calculated from the CV. c Optical bandgap estimated from the o

3414 | Polym. Chem., 2013, 4, 3411–3418
with the Gaussian 09 package in an aim to estimate the
optimized geometries and the corresponding charge-density
isosurfaces properties. The resulting frontier molecular orbitals
depicted in Fig. 2 predict that the electron density of the HOMO
is mainly localized at the PBDTT and in part at the benzene site
of TTFQ, while the electron density of the LUMO is dominantly
localized on the entire TTFQ moiety. The analysis provides
sufficient evidence of the formation of a D–p–A structure and
the intramolecular charge transfer (ICT) behavior of the
material.

Photovoltaic properties of the PBDTT-TTFQ copolymer
were investigated in solar cells with a device conguration
of ITO/PEDOT:PSS/polymer:PC71BM/Ca/Al. The asymmetric
PC71BM was used due to its stronger light absorption in the
visible region than that of PC61BM. Fig. 3a depicts the current
density–voltage ( J–V) curves of the BHJ solar devices with
various blend ratios of PBDTT-TTFQ:PC71BM measured under
simulated one-sun AM1.5G illumination. It was noticed that the
Voc of PBDTT-TTFQ-based devices dropped from 0.75 to 0.72 V
with increasing PC71BM content in the blends, and the device
with a D–A ratio of 1 : 1 showed the highest Jsc in these two
conditions. As reported, the device fabrication process of a PSC
can be further improved by thermal annealing and/or by using
1,8-diiodooctane (DIO) as an additive owing to its high boiling
point (168 �C) and ability to solvate the fullerenes during the
spin-coating process.29,30 In this work, both of these two
methods (150 �C for 10 min, 3 vol% DIO) were employed to
optimize the device performance. The device based on the
PBDTT-TTFQ:PC71BM (1 : 1 in wt%) blends revealed a Voc of
0.75 V, a Jsc of 14.6 mA cm�2, a FF of 56.1%, delivering an
exceptional PCE of 6.1%. Indeed, the high Voc is attributed to
the lower-lying HOMO energy level of PBDTT-TTFQ as a result of
the uorine electron-withdrawing effect on the TTFQ unit, and
the result is in complete accord with previous reports.3,4,7,31 The
] Film/lmax [nm] HOMOa [eV] LUMOa [eV] EEC
g

b [eV] Eopt
g

c [eV]

361, 441, 593, 645 �5.34 �3.26 2.08 1.67

and reduction peaks of the cyclic voltammogram (CV). b Electrochemical
nset of UV-vis spectrum of the lm.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 (a) Current density versus voltage (J–V) characteristics of optimized
devices made from different blend ratios of PBDTT-TTFQ:PC71BMmeasured under
AM 1.5G solar illumination. For the 1 : 1 device ( ): Voc ¼ 0.75 V, Jsc ¼ �14.6 mA
cm�2, FF ¼ 56.1%, and PCE ¼ 6.1%. For the 1 : 2 device ( ): Voc ¼ 0.72 V,
Jsc ¼ �12.8 mA cm�2, FF ¼ 52.3%, and PCE ¼ 4.8%. (b) Corresponding
IPCE spectra of the optimized devices made from different ratios of the
PBDTT-TTFQ:PC71BM blends illuminated by monochromatic light.
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introduction of uorine substituents on D–A conjugated poly-
mers has a minor effect on their optical properties but affects
signicantly their energy levels owing to its strong electroneg-
ativity. This has led to the decrease of both HOMO and LUMO
energy levels, rendering higher Voc values. The superior PSC
performance of the 1 : 1 blends is associated with the high
hole mobility and better nanoscale morphology of the inter-
penetrating network (vide infra), allowing efficient exciton
dissociation and enhancing charge carrier transportation.32–36

However, further increasing the blend ratio to 1 : 2 signicantly
deteriorates all photovoltaic parameters (Voc, Jsc, and FF) and
results in a lower PSC efficiency (see Fig. 3a and Table 2). To
verify the accuracy of the photo J–V measurements, the corre-
sponding incident photon-to-current efficiency (IPCE) spectra
Table 2 Hole and electron mobility and photovoltaic performance for BHJ devices

D–A ratio Voc [V] Jsc [mA cm�2] FF [%] PCEm

1 : 1 0.75 14.6 56.1 6.1/6
1 : 2 0.72 12.8 52.3 4.8/4

This journal is ª The Royal Society of Chemistry 2013
of the devices elaborated above were measured under illumi-
nation of monochromatic light shown in Fig. 3b. According to
the PSC devices fabricated with various PBDTT-TTFQ:PC71BM
blend ratios, very broad panchromatic spectra over the entire
excitation spectral range were obtained from IPCE measure-
ments. The optimum device very efficiently harvests solar light
with the maximum IPCE of 72% at 420 nm, and exhibits a broad
photoresponse of over 60% in the 343–612 nm range. Moreover,
the IPCE spectra accord well with the absorption spectra of the
blends (Fig. S15†), resulting in a close correlation with the
photocurrents. The integral Jsc of both devices with blend ratios
of 1 : 1 and 1 : 2 from IPCE curves are 13.4 and 11.7 mA cm�2,
respectively. The Jsc values calculated from integration of the
IPCE spectra are within 5–10%, which conform well to those
obtained from the J–Vmeasurements, supporting the reliability
of the photovoltaic measurement. Regardless of the blend
ratios, the data for these devices highlight an important fact in
that IPCE exceeds 50% for more than half of the visible region.

Besides the absorption and energy levels, charge-carrier
mobility is another crucial factor for achieving high-efficiency
devices. Both hole- and electron-mobility were calculated using
the space-charge-limited current (SCLC) model at low
voltage.37,38 The device characteristics were extracted by
modeling the dark current under forward bias, described by the
Mott–Gurney law. We found about threefold enhancement in
hole mobility of the 1 : 1 PBDTT-TTFQ:PC71BM devices
compared to the 1 : 2 PBDTT-TTFQ:PC71BM devices, with
mobility increasing from 2.2 � 10�4 cm2 V�1 s�1 to 6.5 � 10�4

cm2 V�1 s�1 (see Fig. 4). Moreover, the 1 : 1 device shows a well-
balanced mobility (me/mh ¼ 1.5) as compared to that of the 1 : 2
device (me/mh ¼ 4.0). The balanced mobility contributes, in part,
to the higher Jsc and FF observed in the optimized BHJ devices
because the accumulated SCLC charges and hence recombina-
tion processes are reduced by the increased hole mobility and
enhanced charge collection efficiency.35,36

The nano-scale morphology plays an important role in the
device performance. Proper morphology is necessary not only
for exciton dissociation but also for charge transport to
respective electrodes for efficient collection.32–36 Therefore, the
morphological structures of PBDTT-TTFQ:PC71BM blend lms
with various compositions were probed by tapping mode atom
forcemicroscopy (TM-AFM)measurements. In Fig. 5a and d, the
pristine lm reveals a highly dense brillar nanostructure with
a certain degree of long-range order, suggesting the nanoscale
self-assembly of PBDTT and TTFQ segments (vide infra). The
distinct spacing of the nanostructures has a lateral dimension
ranging from 18 to 22 nm, which is approximately in the same
magnitude as the exciton diffusion length, and may effectively
assist charge transport prior to recombination.11 The 1 : 1
PBDTT-TTFQ:PC71BM blend lm (Fig. 5b and e) shows a
ax/ave [%] mh [cm2 V�1 s�1] me [cm
2 V�1 s�1] me/mh

.0 6.5 � 10�4 1.0 � 10�3 1.5

.6 2.2 � 10�4 8.9 � 10�4 4.0
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Fig. 4 Determination of the hole mobility from the dark current densities for
PBDTT-TTFQ:PC71BM diodes with ( ) 1 : 1 and ( ) 1 : 2 compositions. The applied
voltage was corrected for the built-in voltage (Vbi) arising from the work function
difference between the contacts and the voltage loss (Vr) due to contact resis-
tance and series resistance across the electrodes.

Fig. 5 Morphology characterization of TM-AFM height (upper row) and
phase images (lower row) of PBDTT-TTFQ:PC71BM blend films with various
compositions: (a and d) 1 : 0, (b and e) 1 : 1, and (c and f) 1 : 2. The imaging area
is 3 mm � 3 mm. The scale bar is 500 nm in each panel.

Fig. 6 Two-dimensional grazing incidence X-ray scattering (GIWAXS) patterns
of the (a) neat PBDTT-TTFQ film and (b) 1 : 1 PBDTT-TTFQ:PC71BM blend film after
thermal annealing at 150 �C for 10 min. GIWAXS out-of-plane diffractograms of
the corresponding (c) neat PBDTT-TTFQ film and (d) 1 : 1 PBDTT-TTFQ:PC71BM
blend film.
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relatively ner and more evenly distributed morphological
surface with a root-mean-square (rms) roughness of 3.8 nm,
which is benecial to the exciton dissociation and charge
carriers transportation.33 The 1 : 2 blend lm (Fig. 5c and f )
shows a similar surface morphology to the 1 : 1 blends, but
forms a larger cluster with a rms roughness of 5.2 nm. The net
result is to destroy the continuous percolating pathway for hole
and electron transport to the corresponding electrodes, thereby
increasing the rate of recombination of charge carriers and
reducing the Voc,32,36 accounting for the lower PCE (vide supra).
Moreover, the rough surface will also induce high surface
resistance, which is destructive to the performance of solar
cells. These results suggest that, 1 : 1 blends may provide an
adequate combination of polymer solubility and miscibility
with PC71BM to achieve optimal lm morphology. The nano-
scale phase separation of PBDTT-TTFQ:PC71BM blend lms was
also examined by TEM experiments. As shown in Fig. S16,† the
bright PBDTT-TTFQ-rich domains tend to form a highly dense
3416 | Polym. Chem., 2013, 4, 3411–3418
brillar nanostructure, whereas the dark PC71BM-rich domains
are well distributed in the polymer matrix. The PBDTT-TTFQ
nanobers with 13–20 nm in width are observed in the TEM
images. These nanobers form an interpenetrated network
surrounded by the PC71BM phase, the combination of which
develops a bicontinuous nanoscale morphology that enlarges
the contact area between the PBDTT-TTFQ nanobers and the
PC71BM clusters for efficient charge separation and transport.
These TEM images of blend lms are identical to those of
TM-AFM observations shown in the Fig. 5.

To gain deeper insight into the molecular packing and
nanostructural orderwithin the active layer, synchrotron grazing
incidence wide-angle X-ray scattering (GIWAXS) analysis was
performed to examine the neat polymer lm and the optimized
1 : 1 PBDTT-TTFQ:PC71BM BHJ blend lm. In Fig. 6a, the 2D
GIWAXS pattern of the neat PBDTT-TTFQ lm shows arc and
anisotropic ring scattering patterns. TheBragg scattering peak of
(100) appears relatively strong in intensity at q ¼ 0.302 Å�1 with
an interlayer d100 spacing of 20.80 Å, corresponding to the peri-
odic lamellae of polymer backbones, and the weak diffraction
peak at q� 0.64 Å�1 represents the second-order (200) reection
of lamellae (d200 spacing � 9.83 Å). Moreover, the stronger
intensity of the (100) reection in the out-of-plane scattering
prole than in the in-plane scattering prole indicated that the
lamellar packing PBDTT-TTFQ preferentially stacked out of the
lm plane (edge-on rich orientation), though with some
randomness. The resultsmaybe attributed to the introduction of
branched alkyl side-chains in PBDTT-TTFQ resulting in the
misorientation of the polymer lamellae.39 In addition, PBDTT-
TTFQ homopolymer exhibited a distinctive arc scattering along
the qz axis at q¼ 1.75 Å�1, corresponding to the face-to-face (010)
p–p stacking packing reection peak of the polymer backbones.
We also notice that the (010) peak is prominent in the out-of-
plane orientation, which implies a large portion of p–p stacking
This journal is ª The Royal Society of Chemistry 2013
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is perpendicular to the substrate. This arrangement is benecial
for charge transport in the device and has oen correlated with
high OPV performance.5,23–25 Additionally, the result coincides
with the TM-AFM image of the neat PBDTT-TTFQ (Fig. 5a) that
clearly reveals a crystalline brillar interpenetrating network,
possibly owing to the strong intermolecularp–p interactions.11,40

It is noteworthy that the arc and anisotropic ring scatterings
became sharper and more intense than those of the as-cast lm
(Fig. S17†) upon thermal annealing, suggesting that structures of
the lm became more ordered and preferentially oriented aer
thermal annealing. Interestingly, the same diffraction peaks of
the pristine polymer were still visible in the 2D patterns of the
blend lm shown in Fig. 6b. The lamellar packing is visible in
the blends, indicating that the PBDTT-TTFQ is able to retain the
same edge-on arrangement of the molecules when blended with
fullerene. The broad ring is corresponding to the presence of
nanoscale PC71BM domains interspersed in the blended phase
(Fig. 6b), indicating random orientation with respect to the lm
substrate. Moreover, in assessing the effect of these p–p inter-
actions on solar cell performance, it is important to consider
p-stacking distance. Comparedwith panels c, d of Fig. 6, thep–p
stacking distance in the blend lm (d010 spacing ¼ 3.26 Å) is
signicantly smaller than that in the neat lm (d010 spacing ¼
3.49 Å). A shorter distance is thought to reduce the energetic
barrier for charge hopping between adjacent molecules, which
can enhance the out-of-plane charge transport and light
absorption, resulting in the increase of device performance.41,42

An additional intense (300) reection peak can be clearly
observed, indicating that lamellar stacking of the blend lm has
further been improved (see Fig. 6b and d). The result may arise
from the strong polymer–fullerene interactions that delay the
fullerene self-assembly in the nal drying process. Therefore,
fullerene aggregation during lm formation may promote the
self-organization of the polymer.43,44

By extracting from the out-of-plane GIWAXS prole, the 1-D
intensity proles of (100) reection peak associated with
the backbone lamellae of the neat PBDTT-TTFQ, and the
Fig. 7 Overlay of GIWAXS out-of-plane diffractograms of neat PBDTT-TTFQ
film and 1 : 1 PBDTT-TTFQ:PC71BM blend film after thermal annealing at 150 �C
for 10 min.

This journal is ª The Royal Society of Chemistry 2013
PBDTT-TTFQ:PC71BM blend lm are plotted in Fig. 7. Gaussian
curve tting results indicate that the full width at half-
maximum (FWHM) value for the blend lm (0.042 Å�1) is
signicantly smaller than that of the pristine lm (0.053 Å�1).
The smaller FWHM of the scattering patterns corresponds to a
larger crystal dimension in the polymer as a result of mixing
with PC71BM, indicating that fullerene could induce polymer
self-assembly towards the kinetics equilibration of the blends'
phase separation.11,45
Conclusion

In conclusion, a novel PBDTT-TTFQ D–A copolymer with thio-
phene p-bridge units has been successfully synthesized and
characterized. Not only did the resulting copolymer reveal a very
broad and intense absorption prole, but it also preserved
many attractive properties of the desired deep HOMO and
LUMO energy levels, semicrystallinity, high hole mobility, and
optimal blending with fullerenes at favorable ratios, allowing
high Voc and Jsc values. PSCs prepared from 1 : 1 PBDTT-
TTFQ:PC71BM blends exhibited a high power conversion
efficiency of 6.1% with a short-circuit current density of 14.6 mA
cm�2, an open-circuit voltage of 0.75 V, and a ll factor of 56.1%
under AM 1.5G illumination, which reveals a promising
candidate for next-generation solar cell materials. The results
also indicate that the TTFQ unit is an ideal building block to
develop high-performance polymer solar cells. Further modi-
cations to the polymer structure and the device architecture are
being tested in an effort to achieve better performances.
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and J. R. Reynolds, J. Am. Chem. Soc., 2009, 131, 7514–
7515.

24 C. Piliego, T. W. Holcombe, J. D. Douglas, C. H. Woo,
P. M. Beaujuge and J. M. J. Fréchet, J. Am. Chem. Soc.,
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