
1728 New J. Chem., 2013, 37, 1728--1735 This journal is c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2013

Cite this: NewJ.Chem.,2013,
37, 1728

A facile strategy to enhance the fill factor of ternary
blend solar cells by increasing charge carrier mobility

Kun Lu,a Jin Fang,a Xiangwei Zhu,a Han Yan,a Denghua Li,a Chong’an Di,b

Yanlian Yanga and Zhixiang Wei*a

Two conjugated polymers based on benzo[1,2-b:4,5-b0]dithiophene (BDT) with triethylene glycol (TEG)

and ethylhexyl side chains (abbreviated as PBDTT-TEG and PBDTT-EH, respectively) were designed and

synthesized. A polymer field-effect transistor of PBDTT-TEG exhibited a charge carrier mobility nearly

one order of magnitude higher than that of PBDTT-EH. Measurements on polymer solar cells (PSCs)

based on polymer:[6,6]-phenyl-C71-butyric acid methyl ester (PC71BM) binary blends showed the PBDTT-

TEG-based devices had higher short-circuit current density (Jsc) than PBDTT-EH. The effect of the

incorporation of PBDTT-TEG into PBDTT-EH on the photovoltaic properties has been investigated by

blending them together with different ratios. The optimization of the devices showed an obvious

increase in fill factor (FF) values and an improvement in efficiency compared with their binary ones,

which is ascribed to a higher charge mobility and higher crystallinity of PBDTT-TEG.

1. Introduction

Over the past decades, significant progress has been made on
p-conjugated polymers due to their excellent optoelectronic
properties and potential applications in bulk heterojunction
(BHJ) polymer solar cells (PSCs), polymer field-effect transistors
(PFETs) and light-emitting diodes.1–4 Specifically, PSCs have
drawn worldwide attention during the last ten years for their
potential as a green, flexible, and low-cost renewable energy
source.2,3,5–8 With more recently developed polymer materials,
high power conversion efficiencies (PCEs) of 6–9% have been
demonstrated.9–11

As an efficient route toward application of PSCs, blending is
a commonly employed strategy in the manufacturing of com-
modity polymer products to enhance their performance, reduce
cost, and impart additional functionalities.12–14 At present,
most PSCs are based on polymer–fullerene binary blends and
most efforts are made to search for alternative donor polymers.
However, the parameters of binary blend BHJ PSCs are usually
difficult to tune, limited by single donor polymer. Blending
multiple donor components with different properties into one
PSC is an alternative method. Recently, this simple method has
been successfully demonstrated by the addition of a small

fraction of dye molecules or a small band gap polymer into
the archetypical poly(3-hexylthiophene)/[6,6]-phenyl-C-butyric
acid methyl ester (PCBM) BHJ cells.15,16 Although ternary blend
solar cells have received far less attention, they have been
recognized as a potential route to increase the efficiency while
retaining the simplicity of a single active-layer processing
step.12,13,17–19 Despite this potential advantage, it has been
proposed that one of the drawbacks of them was that the fill
factor (FF) would not be high enough for the compatibility of
the polymers, thus limiting the perceived impact of this device
platform.13,20 Generally, polymer–polymer blends have a
strong, entropy-driven, tendency towards phase separation.14

To date, using two p-type conjugated polymers in one PSC has
not been extensively explored due to their immiscibility and
phase separation problems, although a few examples could
achieve high FF values in this polymer–polymer–fullerene
ternary system.21,22 Mixing of two polymers might disturb the
chain stacking in the solid state. The other aspect is the
mismatch of energy levels for the two polymers which may
inhibit charge transfer in their blending state.

One of the efficient routes to improve FF values of PSCs is
enhancing the carrier mobility of the donor polymers.23 As a
typical p-conjugation unit, benzo[1,2-b:4,5-b0]dithiophene (BDT)
has been demonstrated to be one of the most excellent building
blocks for the synthesis of organic functional materials.24,25 BDT
has a symmetric and planar conjugated structure, and hence
tight stacking can be expected for the BDT-based conjugated
polymers. Therefore, BDT-based polymers usually gain a high
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carrier mobility.11,24,26 In the research of conjugated polymers,
side chains modifying the backbones is one of the important
aspects for optoelectronic applications.27–30 Previous works
found that alkoxy side chains, especially triethylene glycol
(TEG) chains, had several advantages over alkyl analogous.31–33

The first is that if the oxygen is directly attached to the fused
ring, the bandgap of the polymer can be reduced by a substantial
amount. The second is that alkoxy side chains will not cause a
detrimental steric twist of the polymer out of planarity which is
beneficial for charge transport and can lead to high carrier
mobility. The third is alkoxy side chains generally lead to good
crystallinity which is important to film morphology.31–34 TEG
has been densely used in optoelectronic applications, and are
proved to be a benefit to promote device performance.34–40 In
photovoltaic applications, TEG derivatives are usually used to
modify electrodes as a buffer layer for improving the contact of
organic/metal interfaces and enhance the open circuit voltage
(Voc) values.36,39,40 There are also some works reporting that TEG-
modified fullerenes, which could self-segregate to the surface of
the blend film forming an ideal vertical morphology, could
improve the efficiency and stability of the PSCs.35

In this paper, two polymers with TEG and ethylhexyl-
substituted BDT coupling with thiophene units (PBDTT-TEG
and PBDTT-EH, respectively) were designed and synthesized
through a Stille coupling reaction. The synthetic route is shown
in Scheme 1. The similarity in the chemical structures of the
polymers was envisioned to give good miscibility between
them. The ethylhexyl side chains on the BDT unit enhanced
the solubility, while the linear TEG side chains led to a lower
solubility in orthodichlorobenzene (ODCB). Both the two poly-
mers were soluble in chloroform. The PFETs and PSCs were then
fabricated and characterized. Consequently, ternary PSCs were
fabricated to improve the photovoltaic performance by altering
the blending ratios of two polymers. The absorption spectra,
energy levels, and film morphology were then investigated in

order to emphasize the effects of the structural factors on the
charge transfer and photovoltaic properties of polymers.

2. Experimental section
2.1 Instruments
1H-NMR (400 MHz) spectra were obtained on a Bruker DMX-400
NMR Spectrometer using tetramethylsilane as internal standard.
MS spectra (MALDI-TOF-MS) were determined on Micromass
GCT-MS spectrometer. The electrochemical cyclic voltammetry
was conducted on an electrochemical workstation (VMP3 Biologic,
France) with Pt disk coated with the polymer film, Pt plate, and
Ag/Ag+ electrode as working electrode, counter electrode and
reference electrode respectively in a 0.1 mol L�1 tetrabutyl-
ammonium hexafluorophosphate (Bu4NPF6) acetonitrile solution.
AFM images of the blend films prepared by spin coating
10 mg mL�1 polymer:[6,6]-phenyl-C71-butyric acid methyl ester
(PC71BM) solutions in dry dichlorobenzene on the indium/tin
oxide (ITO) substrates were obtained on a Nanoscope IIIa AFM
(Digital Instruments) in tapping mode. XRD measurements
were carried out in the reflection mode at room temperature
using a 12-Kw D/max-rA X-ray diffraction system. The step size
for all scans was 1 degree with a count time of 1 min per step.
The thickness of the active layer was controlled by changing the
spin speed during the spin-coating process and measured on a
Kla-Tencor D–120 profilometer. The J–V curves were obtained
by a Keithley 2420 source-measure unit. The photocurrent was
measured under illumination using an Oriel Newport 150W
solar simulator (AM 1.5G), and the light intensity was calibrated
with a Newport reference detector (Oriel PN 91150V). The EQE
measurements of the devices were performed in air with an
Oriel Newport system (Model 66902).

2.2 Synthesis

Materials. All reagents and chemicals were purchased from
Aldrich, Alfa and used as received. Solvents and other common
reagents were obtained from the Beijing Chemical Plant. Toluene,
chloroform and tetrahydrofuran (THF) were freshly distilled prior
to use. The other materials were used without further purification.
TEG monomethyl ether, 2,5-bis(tributylstannyl)thiophene (4),
2,5-dibromothiophene (6) were purchased from Aldrich and used
as received. benzo[1,2-b:4,5-b0]dithiophen-4,8-dione (1) was pre-
pared according to the literature procedures.41

4,8-Bis(2-TEG)benzo[1,2-b:4,5-b0]dithiophene (2). Com-
pound 2 was prepared according to the literature procedures.11

The benzo[1,2-b:4,5-b0]dithiophen-4,8-dione (1.0 g, 4.5 mmol)
was mixed with zinc dust (0.65 g, 10 mmol) in a flask. Ethanol
(4 mL) and NaOH solution (15 mL, 20%) were added, and the
mixture was refluxed for 1 h. 2-TEG p-toluenesulfonate was
added in portions with stirring until the color changed to red.
The resulting precipitate was filtered and the filtrate was
diluted with 100 mL of water and extracted with chloroform
(100 mL). The organic extraction was dried with anhydrous
sodium sulfate and evaporated in vacuum. Column chromato-
graphy on silica gel using dichloromethane and hexanes mixed
eluents yielded the compound as light yellow oil. Yield = 45%.Scheme 1 Synthetic route of the polymers.
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MS (MALDI): m/z. 514 1H NMR (CDCl3, 400 MHz): d (ppm) =
7.67–7.65 (d, 2H), 7.36–7.35 (d, 2H), 4.44–4.43 (t, 4H), 3.88–3.86
(t, 4H), 3.78–3.75 (t, 4H), 3.73–3.71 (t, 4H), 3.70–3.68 (t, 4H),
3.66–3.55 (t, 4H), 3.38 (s, 6H).

4,8-Bis(2-ethylhexyloxy)benzo[1,2-b:4,5-b0]dithiophene. This
compound was synthesized according to the procedures above.
Yield = 40%. MS: m/z. 447 1H NMR (CDCl3, 400 MHz): d (ppm) =
7.50–7.46 (d, 2H), 7.36–7.32 (d, 2H), 3.97–3.84 (m, 4H),
1.62–1.50 (m, 2H), 1.38–1.10 (m, 16H), 0.90–0.72 (m, 12H).

2,6-Dibromo-4,8-Bis(2-TEG)benzo[1,2-b:4,5-b0] dithiophene
(3). 2.57 g (5.0 mmol) 4,8-Bis(2-TEG)benzo[1,2-b:4,5-b0] dithio-
phene in CHCl3 (20 mL) was reacted with 2 g (11.2 mmol) NBS
and 2 mL acetic acid at room temperature overnight. The light
gray suspension was treated with water and filtered off. After
silica column chromatography with hexane, 2.95 g pale white
solid was obtained, yield = 88%. MS (MALDI): m/z. 670 1H NMR
(CDCl3, 400 MHz): d (ppm) = 7.55 (s, 2H), 4.35–4.33 (t, 4H),
3.85–3.82 (t, 4H), 3.76–3.73 (t, 4H), 3.72–3.69 (t, 4H), 3.58–3.56
(t, 4H), 3.38 (s, 6H).

2,6-Bis(trimethyltin)-4,8-bis(2-ethylhexyloxy)benzo[1,2-b:4,5-
b0]dithiophene (5). This compound was prepared according
to the literature procedures.23 4,8-Bis(2-ethylhexyloxy)benzo-
[1,2-b:4,5-b0]dithiophene (0.62 g, 1.4 mmol) was dissolved in
20 mL of anhydrous THF and cooled in an acetone/dry ice bath
under nitrogen protection. Butyllithium solution (1.4 mL,
3.5 mmol) was added dropwise with stirring, after the addition
the mixture was kept in a dry ice bath for 30 min and at room
temperature for 30 min. The mixture was cooled in the dry ice
bath and trimethyltin chloride solution (4.2 mL, 4.2 mmol, 1 M
in THF) was added, and the mixture was stirred at room
temperature overnight. The mixture was quenched with
50 mL of water and extracted with hexanes. The organic
extraction was dried with anhydrous sodium sulfate and
evaporated in vacuo. Recrystallization of the residue from
ethanol yielded the compound 5 as colorless needles, yield =
80%. MS (MALDI): m/z. 774 1H NMR (CDCl3, 400 MHz): d (ppm) =
7.51 (t, 2H), 4.23–4.15 (d, 4H), 1.58–1.54 (m, 4H), 1.35–1.33
(m, 18H), 1.10–0.90 (m, 12H), 0.43 (s, 18H).

General method of polymerization. The polymerization was
prepared according to the literature procedures.42 Pd(PPh3)4

(50 mg, 0.043 mmol), compound 3 and 4 (1 mmol), or com-
pound 5 and 6 (1 mmol) were put into a three-neck flask. The
mixture was flushed with argon for 10 min and then 10 mL
toluene was added. Under the protection of argon, the reactant
was heated to reflux for 18 h. The mixture was cooled to room
temperature and a solution of KF (5 g) in water (10 mL) was
added and stirred at room temperature for 2 h to remove the tin
impurity. The mixture was extracted with toluene (2 � 150 mL),
washed with water (2 � 150 mL), and dried over anhydrous
MgSO4. The solution was concentrated to 5 mL and poured into
30 mL of methanol and then filtered into a Soxhlet thimble.
Soxhlet extraction was performed with methanol, hexanes, and
chloroform. The polymer was recovered from the chloroform
fraction by rotary evaporation. Finally, the polymer was further
purified by size exclusion column chromatography over Bio-
Rad Bio-Beads S = X1 eluting with chloroform to afford a solid.

The solid was dried under vacuum overnight. The yield and
molecular weight of the polymers are as follows. PBDTT-TEG,
yield = 48%, Mn = 57.9 kDa, PDI = 2.36; 1H NMR (CDCl3, 400
MHz): d (ppm) = 7.63 (br, 2H), 7.18 (br, 2H), 4.48 (br, 4H), 3.94
(br, 4H), 3.82–3.79 (br, 4H), 3.71 (br, 4H), 3.56 (br, 4H), 3.37 (br,
6H). Elemental analysis called (%) for C28H34O8S3: C56.54,
H5.76; found: C56.10, H5.32. PBDTT-EH, yield = 45%, Mn =
42.4 kDa, PDI = 2.35; 1H NMR (CDCl3, 400 MHz): d (ppm) = 7.52
(br, 2H), 6.99 (br, 2H), 4.19 (br, 4H), 2.26 (br, 2H), 2.02–1.56 (br,
16H), 0.92–0.86 (br, 32H). Elemental analysis called (%) for
C30H38O2S3: C68.40, H7.27; found: C67.88, H7.48.

2.3 PFET device fabrication and measurement

PFETs were constructed on octadecyltrichlorosilane (OTS)-
modified SiO2/Si substrates with top-contact configuration.
The 10 mg ml�1 ODCB solutions of the polymers were spin-
coated on the substrates in air at room temperature. The source
and drain electrodes were patterned through the mask using
thermal evaporation method. The channel length were 100 mm
and the ratio of channel width to channel length W/L = 110. The
mobility in the saturation regime was determined using the
equation: IDS = (mFETWCi/2L)(VG � VT)2,42 where IDS is the drain-
source current in the saturated regime, mFET is the field-effect
mobility, W the channel width, L the channel length, Ci the
capacitance of SiO2 dielectric layer, VG the gate voltage and VT

the threshold voltage.

2.4 PSC device fabrication and measurement

PSC devices with the structure ITO/poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS)/polymers:PC71BM(w/w)/Ca/
Al were fabricated as follows: After spin-coating a 40 nm layer
of PEDOT:PSS onto cleaned ITO-coated glass substrates, the
polymer/PC71BM solution used in this study for spin-coating
was 10 mg mL�1 ODCB/CHCl3 (2 : 3) solutions. In order to
compare the device parameters, all of the optimized devices
had active-layer thicknesses of B100 nm. The devices were
completed by evaporating Ca/Al metal electrodes with an area
of 4 mm2 as defined by masks. To optimize device performance,
different D/A weight ratios (1 : 1 to 1 : 5) were used in binary
devices and specific D/A weight ratios ratio (1 : 3) were used in
ternary devices during the device fabrication process.

3. Results and discussion

The optical and electrochemical properties of the polymers
were further analyzed. As shown in Fig. 1, both polymers
showed a similar absorption in the 300–600 nm area. The
absorption spectrum of PBDTT-TEG in chloroform solution and
film showed absorption maxima at 500/538 and 515/545 nm,
respectively. While the PBDTT-EH in chloroform solution and film
showed maximum absorption peaks at 499/535 and 505/543 nm,
respectively. The peak positions of PBDTT-EH are slightly blue-
shifted in the low energy range which could be explained as the
bulkier side chains and more steric interactions inhibiting back-
bone planarity.27 The spectra of the two polymers showed a similar
red shift from solution to film, which was attributed to their similar
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structure and stacking state. On the other hand, the absorption
edge of PBDTT-TEG (595 nm) was larger than that of PBDTT-EH
(587 nm) in films, indicating the efficient conjugation length
of PBDTT-TEG was bigger than the PBDTT-EH. This was con-
sistent with the assumption that TEG side chains did not cause
a detrimental steric twist of the polymer out of planarity which
would be beneficial for the p–p stacking.33

The electrochemical properties of the polymers were
investigated by cyclic voltammetry (CV). As shown in Fig. 2,
the polymers showed similar reversible p-doping/dedoping
(oxidation/re-reduction) and n-doping/dedoping (reduction/
reoxidation) processes. The energy levels of the highest occu-
pied molecular orbital (HOMO) an dthe lowest unoccupied
molecular orbital (LUMO) can be calculated from the onset
oxidation and reduction potentials according to the equations:
HOMO = �e(Eox

on + 4.71) and LUMO = � e(Ered
on + 4.71) (eV).43 The

electrochemical band gaps (Eec
g ) can be calculated from the

equation: Eec
g = (Eox

on � Ered
on ) (eV). The results of the CV were also

listed in Table 1. The HOMO levels and the LUMO levels of
PBDTT-TEG and PBDTT-EH were estimated to be at �4.99,
�5.15 eV and �2.66, �2.59 eV, respectively. It was found that
the HOMO level of PBDTT-TEG was higher than that of PBDTT-
EH, which should be attributed to the electron-rich property of
the TEG groups. This higher HOMO level was considered
detrimental for obtaining high Voc in photovoltaic applications
containing the polymers as donors, because the Voc value was
closely related to the difference between the HOMO level of the

donor and the LUMO level of the acceptor in BHJ PSCs.2,44 The
band gap of PBDTT-TEG (2.33 eV) was narrower than that of
PBDTT-EH (2.56 eV), which may be attributed to the better
stacking properties and smaller steric hindrance of the TEG
side chain compared with the branched one.

The PFETs with a conventional bottom-contact and bottom-
gate configuration were fabricated using the two polymers as
the active layer. Fig. 3 showed the representative transfer and
output current–voltage plots for the PFETs fabricated on an
OTS-treated Si/SiO2 (300 nm) substrate. The devices showed a
typical p-type transporting characteristic measured under ambi-
ent conditions. The PBDTT-EH-based PFETs exhibited relatively
lower hole mobility of 5.1 � 10�4 cm2 V�1 s�1 with an on/off
ratio of 1.8 � 103, while the PBDTT-TEG-based devices showed
a higher hole mobility of 4.1 � 10�3 cm2 V�1 s�1 with a higher
on/off ratio about 3.0 � 104. The nearly one order of magnitude
higher mobility of the PBDTT-TEG could be induced by the
better conjugation along the backbone and better p–p stacking.
This relatively high mobility was absolutely necessary to reach
high current density (Jsc) and FF of the PSC devices as previous
reported in the literatures.3

PSCs were then fabricated with a conventional sandwich
structure, where the active layer was composed of polymers as
the donor and PC71BM as the acceptor with a general structure
of indium/ITO/PEDOT:PSS/polymer:PC71BM (w/w)/Ca/Al under
simulated AM 1.5 G illumination (100 mW cm�2), where
PEDOT:PSS was used to facilitate the hole extraction. Fig. 4a
shows the typical current density–voltage (J–V) curves of the
binary devices. Optimizations were carried out by altering the
polymer:PC71BM ratios, film thickness and thermal annealing
temperatures. The best devices for PBDTT-TEG and PBDTT-EH
demonstrated Voc of 0.47 and 0.72 V, Jsc of 6.82 and 4.18 mA cm�2,
and FF of 0.44 and 0.53, with film thickness B100 nm. The
resulting PCEs thus reached 1.42% and 1.60%. The device
performance of PBDTT-EH was very coincident with the
efficiency of similar polymers reported in previous literature.45

It was found that both the polymers exhibited the best perfor-
mance when the D/A ratio was 1 : 3. However, the PCEs of the
devices were limited to less than 1% when the amount of
acceptor continuously increased. The corresponding best Voc,
Jsc, FF and PCE values of the devices in different conditions are
summarized in Table 2. The two polymer–fullerene binary
blends gave significantly different values of Voc (B0.50 V for
PBDTT-TEG and B0.70 V for PBDTT-EH) due to the different
positions of the HOMO levels (�4.99 eV for PBDTT-TEG and
�5.15 eV for PBDTT-EH, respectively). The Voc value was closely
related to the difference between the LUMO level of the
acceptor and the HOMO level of the donor in BHJ PSCs.2,3,8

Fig. 1 Normalized absorption spectra of polymers as a film and in chloroform
solution.

Fig. 2 Cyclic voltammograms of polymer films on a platinum electrode in
0.1 mol L�1 Bu4NPF6 (CH3CN) solution.

Table 1 Optical and electrochemical properties of polymers

Polymers

UV-vis absorption spectra

Eec
g

(eV)
HOMO
(eV)

LUMO
(eV)

Solution lmax
(nm)

Film lmax
(nm)

PBDTT-TEG 500/538 515/545 2.33 �4.99 �2.66
PBDTT-EH 499/535 505/543 2.56 �5.15 �2.59
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Obviously, the Jsc values of PBDTT-TEG devices were higher
than those of PBDTT-EH, which should arise from the red-
shifted absorption spectrum and the higher carrier mobility.3,46

As the two polymers possessed similar energy levels, the
same backbone structure and a suitable high mobility, their
ternary blend devices were assumed to have higher PSC

Fig. 3 The typical PFET performance based on the two polymers:, (a), (b) are the transfer curves for PBDTT-TEG and PBDTT-EH; (c), (d) are the output curves for PBDTT-
TEG and PBDTT-EH.

Fig. 4 Typical J–V curve for (a) binary devices and (b) different ratios of ternary blend devices under an illumination of AM 1.5G, 100 mW cm�2.

Table 2 Photovoltaic parameters of PSCs based on polymer/PC71BM binary films

Polymer Polymer : PC71BM ratio Active layer thickness (nm) Annealing temperature (1C) Voc (V) Jsc (mA cm�2) FF (%) Z (%)

PBDTT-TEG 1 : 1 90 100 0.51 5.04 41.6 1.07
1 : 2 95 RTa 0.48 5.27 45.0 1.14
1 : 3 95 RT 0.47 6.82 44.3 1.42
1 : 4 98 RT 0.49 4.49 38.2 0.84

PBDTT-EH 1 : 1 100 RT 0.71 3.65 43.6 1.13
1 : 2 96 80 0.73 3.19 60.0 1.40
1 : 3 98 110 0.72 4.18 53.1 1.60
1 : 4 92 RT 0.70 3.16 39.8 0.88

a Room temperature.
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performance. We suspected that the PBDTT-TEG were more
likely to become entangled with the PBDTT-EH polymer chains,
thereby utilizing its better charge transport property and good
crystallinity. PSC devices containing ternary blends in the
conventional device configuration ITO/PEDOT:PSS/(PBDTT-
TEG:PBDTT-EH, w/w):PC71BM(1 : 3)/Ca/Al were fabricated by
blend with different ratios of PBDTT-TEG into PBDTT-EH,
and the results are showed in Table 3. Fig. 4b shows the typical
J–V curves of the ternary devices. Jsc and FF values of the three-
component solar cells showed an obviously increase comparing
with the PBDTT-EH binary ones. When the ratio of PBDTT-
TEG : PBDTT-EH was 10 : 90, the gain of FF and Jsc over-
compensated the Voc losses, which resulted in an increase in
overall efficiency. The distinct increase of the FF value could be
attributed to balanced, trap-free charge transport through the
bulk and favorable morphology. It was highly possible that the
PBDTT-TEG with high mobility and good crystallinity served as
an additional charge transport channel in the ternary device, to
facilitate charge transport and consequently enhance the effi-
ciency. Other concentrations of PBDTT-TEG in PBDTT-EH from
20–99% were also investigated. Unfortunately, the PCE values
decreased rapidly when a large amount (greater than 30%) of
PBDTT-TEG was blended into the PBDTT-EH. And the Voc

values decreased to under 0.47 eV (not listed), like some other
conventional multi-blend systems where the observed Voc

decreased to the smaller Voc of the corresponding binary
blends.12

The X-ray diffraction (XRD) patterns of the PBDTT-TEG,
PBDTT-EH and the blend samples were recorded to validate
their crystallinity and structures in the solid state (Fig. 5). The
diffraction peaks of PBDTT-TEG and PBDTT-EH were at 2y =
5.241 and 5.661, corresponding to interchain d-spacings of
16.86 and 15.61 Å, respectively, which were referenced as
(100) reflections. The peak of PBDTT-TEG : PBDTT-EH (10 : 90)
blend exhibited a relatively broad diffraction peak from 5.241 to
5.661. Otherwise, peaks corresponding to the interchain
distance for polymers were observed with different intensities,
indicating that PBDTT-TEG has much better crystallinity than
PBDTT-EH. This was consistent with the point that the TEG side
chains benefited the crystallinity. However, PBDTT-TEG : PBDTT-
EH (10 : 90) blend showed a similar intensity as PBDTT-EH film,
which demonstrated that a small amount of PBDTT-TEG blend
into PBDTT-EH film would bring a slight change and maybe just
fine tuning of the resultant crystallinity.

On the other hand, film morphology control and formation
of a nanoscale interpenetrating network via phase separation
tuning was one of the critical issues to achieve high efficiency of
BHJ PSCs.47,48 To understand why blending good crystalline
PBDTT-TEG into PBDTT-EH could influence the performance
in the ternary devices, atomic force microscopy (AFM) was used
to further characterize the surface morphology of the active
layer. As shown in Fig. 6, an obvious difference in surface
morphology could be found in the binary and ternary blend
topography images. All the films showed smooth and bicontin-
uous morphology, which suggested that both of the polymers
were compatible with PC71BM molecules. The PBDTT-TEG/
PC71BM (1 : 3) blend film showed no significant aggregation
(Fig. 6a). There were some pin-like domains in the PBDTT-TEG
blend film. It should come from the volatilization of solvent in
polymer material which has large viscosity. In contrast, clear
aggregation domains with sizes of hundreds of nanometers
could be observed from the image of PBDTT-EH/PC71BM blend
and PBDTT-TEG : PBDTT-EH (10 : 90)/PC71BM film (Fig. 6b and
c), indicating the PBDTT-EH was prone to aggregate when

Table 3 Photovoltaic parameters of PSCs based on different ratio of (PBDTT-
TEG:PBDTT-EH) as donor and PC71BM as acceptor (D/A was 1 : 3)

PBDTT-TEG :
PBDTT-EH

Active layer
thickness (nm)

Annealing tem-
perature (1C)

Voc

(V)
Jsc (mA
cm�2)

FF
(%)

Z
(%)

1 : 99 92 RTa 0.59 3.30 70.3 1.37
3 : 97 96 100 0.53 3.81 68.8 1.39
5 : 95 96 RT 0.51 5.17 66.0 1.74
10 : 90 98 RT 0.52 5.14 66.2 1.77
15 : 85 95 RT 0.50 4.38 57.6 1.26
30 : 70 100 110 0.46 5.22 40.0 0.96

a Room temperature.

Fig. 5 XRD patterns of PBDTT-TEG : PC71BM (1 : 3), PBDTT-EH : PC71BM (1 : 3) and
(PBDTT-TEG : PBDTT-EH, 10 : 90):PC71BM (1 : 3) spin coated on the quartz
substrate.

Fig. 6 Tapping mode AFM topography image (a) of PBDTT-TEG/PC71BM (1 : 3)
blended film; (b) of PBDTT-EH/PC71BM (1 : 3) blend film; (c) of (PBDTT-TEG :
PBDTT-EH, 10 : 90)/PC71BM (1 : 3) blend film; (d) of (PBDTT-TEG : PBDTT-EH,
30 : 70)/PC71BM (1 : 3) blend film. The dimension of the images is 5 � 5 mm2.
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blended with PC71BM. Previous work reported that TEG group
with good crystallization would induce other components
crystallizing on the surface when blended together.49 Com-
pared to PBDTT-EH/PC71BM binary film, the PBDTT-TEG :
PBDTT-EH (10 : 90)/PC71BM exhibited bigger and more clearly
dense domains, probably due to the induced aggregated effect
of PBDTT-TEG. This slightly better crystalline morphology was
very necessary to obtain large-area electron D–A interfaces to
dissociate the excitons into free charges for pursuing a high
photocurrent.4 The improvement of FF values and overall PCE
of the ternary blend were proposed to be attributed to the
optimized phase separation compared to the binary blends.
However, when a bigger amount (410%) of PBDTT-TEG
blended into PBDTT-EH, the film showed amorphous morphol-
ogy and no self-assembled structures could be found (see
Fig. 6d), which probably led the rapid decline of corresponding
PSC performance.

4. Conclusions

In summary, we have fabricated ternary blend BHJ PSCs con-
taining two polymers with TEG- and ethylhexyl-substitued BDT
units as donor and PC71BM as acceptor. In this ternary blend
system, PBDTT-TEG acts as the ‘‘guest’’ to improve the mor-
phology and charge transport property of the ‘‘host’’ PBDTT-
EH-based BHJ. Devices were tested at different polymer ratios
and showed uniformly high FF values greater than 0.6 with a
small amount of guest polymer blending into the host polymer.
It was believed that additional higher mobility polymer would
supply extra charge carriers which were able to transport to the
anode via the better crystalline donor phase. To understand
this improvement, the crystallinity and morphology of the
binary and ternary samples were characterized, which showed
that the best ternary device exhibited better crystalline aggrega-
tion and more proper phase separation than the binary devices.
Though a detailed working mechanism in ternary devices
remains to be further investigated, we believe ternary BHJ
devices open a new avenue to accelerate the efficiency improve-
ment of PSCs. We foresee that this approach might be of
further use in other material systems to achieve even higher
efficiency.
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