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a b s t r a c t

Terthiophene, including one α–α and one branching α–β connection of the thiophene units, is intro-
duced as benzodithiophene (BDT) side chain to build a novel two-dimensional (2D) conjugated BDT
block. By copolymerizing this BDT block with three electron acceptors (DTTz (bis(thiophene-2-yl)-tet-
razine), DPP (diketopyrrolopyrrole), DTffBT (4,7-bis(4-hexylthienyl)-5,6-difluoro-2,1,3-benzothiadiazole))
and one electron donor (TTT (2,5-Di(2-thienyl)thiophene)), four terthiophene side-chained benzo-
dithiophene based copolymers were synthesized. Due to the difference in electron affinity among DTTz,
DPP, DTffBT and TTT, these four polymers show different UV–vis absorption spectra and optical band gaps
(1.3–2.0 eV), while fortunately they all remain deep highest occupied molecular orbital (HOMO) energy
levels (�5.3 to 5.6 eV) which is very favorable to high open-circuit voltage (Voc) polymer solar cells
(PSCs). By comparing the photovoltaic properties with polymers which have same backbone but do not
have the bulky 2D side group in the literatures, our polymer solar cells devices show higher Voc. Espe-
cially for PQ3 (a copolymer of benzodithiophene and diketopyrrolopyrrole), the donor photon energy
loss (Eg–eVoc) is 0.51 eV which is almost the lowest value achieved by the researchers. It can be con-
cluded that: the bulky terthiophene side group helps to improve Voc of the PSCs devices. The overall
performance of solar cells devices is correlated with the molecule conformation, polymer hole mobility
and polymer/PCBM blend film morphology.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Polymer solar cells (PSCs) have attracted considerable interests
due to their unique advantages in the development of renewable
energy resources, such as low cost, light weight, flexibility and easy
processability [1]. Bulk heterojunction (BHJ) polymer solar cells
device architecture, based on a variety of blends of electron-donating
semiconductor polymers and electron-accepting fullerene deriva-
tives, has been proved to be the most efficient devices structure
[2–5]. Among various types of semiconducting polymers, the benzo
[1,2-b:4,5-b′]dithiophene (BDT) based polymers exhibited promising
photovoltaic properties, since BDT unit possesses its special merits.
Firstly, BDT has a large planar conjugated structure and easily forms
π–π stacking, which improves polymer mobility [6,7]. Secondly, there
ax: þ86 532 66781927.
fax: þ86 532 80662778.
is small steric hindrance between BDT and adjacent units, as 4,9-
bis-substituted-BDT has no substituent on 1,3,5 and 7 positions,
which makes BDT an ideal conjugated unit for photovoltaic material.
Thirdly, starting from 4,8-dihydrobenzo [1,2-b:4,5-b′] dithiophene-
4,8-dione, it is very easy to attach different substituents to the central
benzene core of BDT by nucleophilic addition which can tune the
optical-electronic properties of resultant polymers.

In 2008, Hou et al. synthesized the 4,8-bisalkoxy-BDT monomer
and prepared eight photovoltaic polymers by copolymerizing this
BDT monomer with different units [8]. After that, lots of new alkoxy-
BDT based polymers have been designed, synthesized and applied
for PSCs within the past five years [9–12]. Many milestone
PCE achievements in recent years are also based on BDT polymers
[13–17]. According to the reported works, efficient photovoltaic
materials can be obtained by copolymerizing BDT units with other
types of conjugated building blocks [18]. For example, 8–9% PCEs
have been achieved by the BDT with thieno[3, 4–b]thiophene (TT)
copolymers [13–16], the BDT with TPD copolymers [17], etc.
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Therefore, how to further improve photovoltaic properties of the
BDT-based polymers is a very important topic for molecular
engineering.

Li’s group developed the concept of two-dimensional conjugated
polythiophenes (2D-PTs) [19]. Recently, Li et al. summarized the
progress of the 2D-PTs in a review paper [20]. They found that, it is a
very effective method to enhance the open-circuit voltage (Voc) by
using the 2D-structure. On this basis, Yang and Hou et al. introduced
2,4-dioctylthienyl substituent onto BDT unit and constructed the
first 2D-conjugated BDT polymer [21], named as PBDTTBT-T.
Although the steric hindrance caused by the alkyls at 4-position of
the thiophene unit is too strong to get effective conjugated effect of
the side groups, PBDTTBT-T showed a high Voc of 0.92 V, thus
resulting in one of the outstanding photovoltaic data. Then, many
pairs of BDT polymers, which are substituted by alkoxyl or con-
jugated side groups, were designed and synthesized [22–28]. By
comparing the photovoltaic properties of each pair of polymers, the
conclusion is drawn that once the substituents on BDT are changed
from alkoxyl chains to conjugated side groups, their HOMO levels
are reduced and thus the Voc of corresponding PSCs device is
increased. So far, we can say that, for all the materials based on BDT,
it is a certain thing to increase their Voc by introducing the con-
jugated side chain substituent [29].

Terthiophene, including one α–α and one branching α–β con-
nection of the thiophene units, can be used to directly allow
selective reactions at the inner free α-position, and the other two
outer α-positions can connect different functional groups by
electrophilic reactions. Janssen et al. designed and synthesized
two series of oligothiophene dendrimers based on terthiophene
unit with silylated and nonsubstituted two outer α-positions [30].
Solution-processed bulk heterojunction photovoltaic cells based
on these two materials exhibited a high Voc of 1.0 V which showed
that terthiophene unit is an excellent group for organic electronics.

Previously, our research group has reported one new 2D BDT
building block, bulky terthiophene-substituted BDT (3TC12BDT).
Polymer based on this building block and 4,7-di(thiophen-2-yl)-
benzo[c] [1, 2, 5] thiadiazole showed a PCE of 3.57% [31]. In this
work, we selected three other acceptors and one donor unit, DTTz
[32], DPP [33], DTffBT [34] and TTT [35] to copolymerize with
3TC12BDT forming four novel polymers. The PSCs devices based
on these four polymers with our new bulky side chain (terthio-
phene) show high Voc compared with those polymers without 2D
side chain or even those with typically 2D side chain (alkylthienyl).
2. Experimental section

2.1. Materials

All reagents and chemicals were purchased from commercial
sources (Acros, Aldrich, Alfa, J&K) and used as received without
further purification unless otherwise noted. 3TC12BDTBr was syn-
thesized according to our previously published procedures [31].
DTTz [32], DPP [33] and TTT [35] have been reported in the corre-
sponding literatures. DTffBT was bought from Derthon Optoelec-
tronic Materials Sciences & Technology Co., LTD. All reactions were
conducted under purified argon atmosphere. Tetrahydrofuran (THF)
and toluene were distilled from sodium/benzophenone. N,N-Dime-
thylformamide (DMF) was distilled from calcium hydride.

2.2. Instrumentation

1H and 13C NMR spectra were recorded using the Bruker Avance-
III 600MHz spectrometer at 25 °C in CDCl3. The number-average (Mn)
and weight-average (Mw) molecular weights of polymers were
determined by gel permeation chromatography (GPC) on a HLC-8320
instrument, using THF as eluting solvent and polystyrene as standard.
The thermal gravimetric analysis (TGA) was made using a SDT Q600
instrument and operated under a nitrogen atmosphere. The Ultra-
violet–visible (UV–vis) absorption spectra were measured by a Hitachi
U-4100 spectrometer. Cyclic voltammetry (CV) was performed on a
CHI660D electrochemical workstation with a glassy carbon working
electrode, a platinum wire counter electrode and Ag/AgCl reference
electrode in a solution of Bu4NPF6 (0.1 M) in acetonitrile at a scan rate
of 50 mV/s. The XRD samples of the polymer only and blend films
with PCBM were prepared by casting the corresponding solutions in
o-DCB (ortho-dichlorobenzene) in a concentration of 24 mg/ml. AFM
studies were carried out on a VEECO-dimension 5000 scanning probe
microscope.

2.3. Preparation of solar cell devices

Solar cells devices were fabricated with the structure of ITO/
PEDOT:PSS/Polymer:PCBM/Ca/Al. Glass substrates coated with ITO
(170 nm) were patterned using standard photolithography. The
substrates were cleaned by ITO lotion (commercially available), dis-
tilled water, acetone and isopropyl alcohol in ultrasonication bath for
30 min. The substrates were subjected to oxygen plasma treatment
for 3 min twice prior to use. After that, poly(3,4-ethyl-enediox-
ythiophene):poly(styrenesulfonate) (PEDOT:PSS) was spin coated on
the substrates (4000 rpm, 20 s). The thickness of the PEDOT:PSS
layer was �30 nm, as determined by a Dektak 150 surface profil-
ometer. The substrates were annealing at 160 °C for 30 min under a
nitrogen atmosphere. Polymer:PCBM blends (1:1 to 1:4) were in
o-DCB with a total blend concentration of 24 mg/ml which were spin
coated on to the PEDOT:PSS treated substrates. Films of 20 nm Ca and
100 nm Al were thermally evaporated onto the substrates through a
shadow mask to obtain the solar cell devices. J–V testing was carried
out under a controlled nitrogen atmosphere using a Keithley 2420
source measurement unit under simulated 100 mW/cm2 (AM 1.5G)
irradiation from a Newport solar simulator. The active area of the
devices was 0.1 cm2.

2.4. Space Charge Limited Current (SCLC)

ITO/PEDOT:PSS/Polymer:PCBM substrate was prepared as solar
cells devices and then Au (100 nm thickness) was thermally eva-
porated on the substrates through a shadow mask to obtain the
devices. J–V testing was carried out under a controlled nitrogen
atmosphere using a Keithley 2420 source measurement unit. The
active area of the devices was 0.1 cm2. The active layer film
thickness was measured using a Dektak 150 surface profilometer.
The SCLC mobilities μ were extracted using the standard trap-free
SCLC transport equation:

J
U

d

9
8 r o

2

3
ε ε μ=

where εr is the relative dielectric constant, ε0 is the vacuum
permeability, U is the applied voltage, and d is the device
thickness.

2.5. Synthesis of the monomer and polymers

The monomer 3TC12BDTBr was synthesized according to our
reported procedures [31].

2.5.1. Synthesis of 3TC12BDTSn
3TC12BDTBr (3.03 g, 2.0 mmol) and 80 mL of THF were added into

a 200 mL flask under an inert atmosphere. The solution was cooled
down to 0 °C by an ice-water bath, and 5.0 mmol of n-butyllithium
(3.13 mL, 1.6 M in n-hexane) was added dropwise. After being stirred
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at 0 °C for 2 h, a great deal of yellow solid precipitate appeared in the
flask. Then, 5.4 mmol of trimethyltin chloride (5.4 mL, 1 M in n-hex-
ane) was added in one portion, and the reactant turned to clear
rapidly. The cooling bath was removed, and the reactant was stirred at
ambient temperature overnight. Then, it was poured into 100 mL of
cool water and extracted with ether three times. The organic layer
was washed by water twice and then dried by anhydrous MgSO4.
After removing solvent under vacuum, the residue was recrystallized
by isopropanol twice and used in next step for the copolymerization
(2.6 g, 1.55 mmol, Yield¼77.5%). 1H NMR (600 MHz, CDCl3): δ (ppm)
7.78 (s, 2H), 7.53 (s, 2H), 7.07 (d, J¼3.6 Hz, 2H), 7.00 (d, J¼3.6 Hz, 2H),
6.73 (d, J¼3.0 Hz, 2H), 6.71 (d, J¼3.6 Hz, 2H), 2.80 (m, 8H), 1.68 (m,
8H), 1.38–1.26 (m, 72H), 0.88 (m, 12H), 0.43 (s, 18H). 13C NMR
(151 MHz, CDCl3): δ (ppm) 147.77, 146.28, 143.31, 143.11, 138.49,
137.38, 134.97, 132.16, 132.15, 132.10, 130.94, 130.46, 127.81, 126.28,
124.26, 124.09, 121.57, 31.94, 31.65, 31.63, 31.60, 30.24, 30.17, 29.70,
29.69, 29.67, 29.62, 29.42, 29.40, 29.38, 29.16, 29.15, 26.93, 22.71,14.13,
�8.19.

2.5.2. General procedure for the synthesis of copolymers
These four polymers were synthesized with the same procedure of

coupling dibromide compounds with bis(trialkylstannyl)-substituted
compounds. 0.2 mmol of dibromide compound and 0.2 mmol of bis
(trialkylstannyl)-substituted compound were mixed in 8 mL of
toluene and 2 mL of DMF. After being purged by argon for 30 min,
5.5 mg of Pd2(dba)3 and 14.6 mg of P(o-tol)3 were added as catalyst.
Then the mixture was purged by argon for another 30 min and
heated up to 100 °C and kept for 36 h. The reactant was cooled down
to room temperature, poured into MeOH (200 mL), and then filtered
through a Buchner funnel. The crude product was then subjected to
Soxhlet extraction with methanol, hexane, and chloroform. The
polymer solution was concentrated and was poured into MeOH. Then
the precipitate was collected and dried under vacuum overnight.

PQ1 (265 mg, Yield¼83%): 1H NMR (600 MHz, CDCl3): δ (ppm)
7.99–7.43 (br, 4H), 7.22–6.20 (br, 12H), 3.01–2.64 (s, 8H), 1.89–1.58
(s, 8H), 1.50–1.03 (s, 72H), 0.96–0.75 (s, 12H).

PQ2 (250 mg, Yield¼78%): 1H NMR (600 MHz, CDCl3): δ (ppm)
7.75–7.29 (br, 4H), 7.22–6.14 (br, 14H), 3.16–2.42 (s, 8H), 2.01–1.60
(s, 8H), 1.51–1.04 (s, 72H), 0.92–0.77 (s, 12H).

PQ3 (342 mg, Yield¼91%): 1H NMR (600 MHz, CDCl3): δ (ppm)
8.00–7.28 (br, 4H), 7.22–6.25 (br, 12H), 3.01–2.67 (s, 10H), 1.88–1.62
(s, 12H), 1.53–1.14 (s, 88H), 1.00–0.86 (s, 24H).
Scheme 1. Synthetic route of
PQ4 (305 mg, Yield¼82%): 1H NMR (600 MHz, CDCl3): δ (ppm)
8.71–7.33 (br, 4H), 7.18–6.18 (br, 10H), 3.24–2.17 (s, 12H), 2.00–1.62
(s, 12H), 1.52–1.03 (s, 84H), 1.00–0.68 (s, 18H).

 

3. Results and discussion

3.1. Synthesis and characterization

Four alternating copolymers have been synthesized by poly-
merizing our new synthesized benzodithiophene building block
containing bulky terthiophene side chain substitute with four other
building blocks, DTTz, TTT, DPP and DTffBT in good yields (around
80%). The general synthetic route for 3TC12BDTSn and the copoly-
mers is outlined in Scheme 1. All the polymers show excellent
solubility at room temperature in common organic solvents such as
chloroform (CHCl3), tetrahydrofuran (THF), toluene, chlororbenzene
and o-dichlorobenzene (o-DCB). The molecular weight (Mn and Mw)
and polydispersity (PDI) were measured by gel permeation chro-
matography (GPC) using THF as the eluent and polystyrenes as the
internal standards, and the results are listed in Table 1. The Mn of
PQ1, PQ2, PQ3, PQ4 is 34.7, 33.9, 48.2, 32.6 kDa, and PDI is 1.76, 2.44,
1.43, 1.58, respectively.
3.2. Thermal properties

Thermal properties of the polymers were investigated using
thermogravimetric analysis (TGA). All polymers exhibited good
thermal stability (Fig. 1). The decomposition temperature (Td) of
PQ1, PQ2, PQ3 and PQ4 determined at 5% weight loss was 329,
445, 420 and 447 °C, respectively. Interestingly, a plateau at 5%
weight loss from 329 to 439 °C appears in the TGA plot of PQ1. It is
reasonable for the assumption that the Td of 329 °C resulted from
the tetrazine unit because its mass fraction in the repeated unit is
definitely 5% which agree with the experimental data. Similar
phenomenon was also observed from other tetrazine containing
polymers [32]. In addition, the plateau also indicated that the
decomposition of tetrazine did not affect the thermal properties of
residual fragments.
the polymers (PQ1–PQ4).  



Q. Liu et al. / Solar Energy Materials & Solar Cells 138 (2015) 26–34 29
3.3. UV–vis absorption properties

The Ultraviolet–visible (UV–vis) absorption spectra of these four
polymers in chloroform solutions and thin films are shown in Fig. 2
Table 1
Molecular weights and thermal properties of the polymers.

Polymers Yield (%) Mn (kDa) Mw (kDa) PDIa Td
b (°C)

PQ1 83 34.7 61.1 1.76 329
PQ2 78 33.9 82.7 2.44 445
PQ3 91 48.2 68.9 1.43 420
PQ4 82 32.6 51.6 1.58 447

a PDI¼Mw/Mn.
b The decomposition temperature (Td) was taken as 5% weight loss under

nitrogen.

Fig. 1. TGA plots of the four copolymers with a heating rate of 10 °C/min under
inert atmosphere.

Fig. 2. UV–vis absorption spectra of polymers i

Table 2
Optical properties and electronic energy levels of the polymers.

Polymers λmax
a(nm) λmax

b(nm) λonset
c(nm) Eg

d(eV)

PQ1 532 533 632 1.96
PQ2 567 584 628 1.97
PQ3 757 757 962 1.29
PQ4 585 601 716 1.73

a Absorption peak measured in chloroform solution.
b Absorption peak measured in thin film.
c The lambda offset equaled the intersection formed by the linear extrapolation of U
d Calculated from the empirical equation: Eg¼1240/λonset.
e The Eox,onset equaled the intersection formed by the linear extrapolation of CV of s
f Estimated from the onset of oxidation wave of CV.
g LUMO¼EgþHOMO.
h DFT data.
(a) and (b), respectively. The four polymers show much different
absorption properties. As listed in Table 2, the absorption peaks of
PQ1, PQ2, PQ3, and PQ4 are located at 532, 567, 757, and 585 nm in
solution, respectively which are due to the π–π transition along the
conjugated polymer backbone [36,37]. From solution state to solid
film, PQ1, PQ2, and PQ4 exhibited a red-shift (11 nm for PQ1, 17 nm
for PQ2, 16 nm for PQ4), while PQ3 did not show any red-shift. The
absence of a red-shift was attributed to the fact that the PQ3 polymer
has a rigid rod conformation both in solution and thin films [38,39].
The red-shift of PQ1, PQ2, and PQ4 indicated more structural orga-
nization and ordered packing which enhanced the aggregation of the
polymer in thin films compared to that of the solution. For PQ2, we
can observe an obvious increase in the intensity of the shoulder peak
from solution (533 nm) to solid state (547 nm) which could be due to
the enhanced intermolecular interactions in the solid state [25,40].
The onset wavelength (λonset) of the four polymer films are 632, 628,
962, and 716 nm for PQ1, PQ2, PQ3, and PQ4, respectively, from
which the optical band gaps (Eg) were calculated according to
Eg¼1240/λonset and the results are listed in Table 2. UV–vis absorp-
tion of the polymer is not affected by the deposition conditions and
thermal annealing process (Figs. S1–S3). The absorption coefficients
of these four polymer are around 2–5*104 cm�1 (Fig. S4).

3.4. Electrochemical properties

The electrochemical cyclic voltammetry was performed for
determining the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) energy levels of the
conjugated polymers [41]. The HOMO energy levels were deter-
mined by measuring the onset oxidation potential (Eox,onset) of the
polymer films. To obtain the oxidation potentials, the reference
electrode was calibrated using ferrocene/ferrocenium (Fc/Fcþ),

 

 

n (a) chloroform and (b) as thin solid film.

Eox,onset
e(V) HOMOf(eV) LUMOg(eV) HOMOh LUMOh

1.20 �5.61 �3.65 �5.04 �2.57
0.87 �5.28 �3.31 �4.87 �2.05
0.90 �5.31 �4.02 �4.84 �2.59
1.18 �5.59 �3.86 �4.95 �2.73

V–vis absorption spectrum and the background signal.

pectrum and the background signal.
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which had a redox potential with an absolute energy level of
�4.80 eV in a vacuum; the potential of this external standard under
the same conditions was 0.39 V vs Ag/Agþ . Fig. 3 shows the cyclic
voltammograms of the copolymer films on Pt disk electrode in
0.1 mol/L Bu4NPF6 acetonitrile solution. The onset oxidation potential
(Eox,onset) of PQ1, PQ2, PQ3 and PQ4 are 1.20, 0.87, 0.90, 1.18 V vs
Ag/Agþ , respectively. From Eox,onset of the polymers, HOMO energy
levels as well as LUMO energy levels of the polymers were calculated
according to the equations:

( )e EHOMO 4.41 (eV)ox,onset= − + ⋅

ELUMO HOMO (eV)g= + ⋅

where the unit of Eox,onset is V vs Ag/Agþ . The results of the
electrochemical measurements are listed in Table 2. The HOMO
energy levels of PQ1, PQ2, PQ3 and PQ4 are �5.61, –5.28, �5.31,
�5.59 eV, respectively. The LUMO energy levels of PQ1, PQ2, PQ3
and PQ4 are�3.65, �3.31, �4.02,�3.86 eV, respectively. The LUMO
energy levels of the polymers decreased significantly with the
increase of the electron-withdrawing ability of the copolymerization
unit from TTT to DTTz, DTffBT and DPP. All the polymers show
relatively deep HOMO energy levels which is desirable for high open
circuit voltage (Voc) of the PSCs devices, since Voc is related to the
Fig. 3. Cyclic voltammograms of the copolymer films.

Fig. 4. The calculated HOMO and LUMO orbitals of the poly
difference of the LUMO of the electron acceptor (typically PCBM)
and the HOMO of the electron donor polymer [42].

3.5. Density function theory (DFT) calculation

In order to further understand the electronic properties of the
four polymers, the molecular geometries and the electron density
states distribution of the four polymers were simulated by density
functional theory (DFT). The DFT calculations were performed using
Gaussian 09 with a hybrid B3LYP correlation functional [43,44] and a
split valence 6–31G* basis set [45]. Oligomers containing only one
repeating unit are taken as a model for the calculations. Methyl is
used instead of long side chains. The optimized molecular geome-
tries of the models and their calculated HOMO and LUMO frontier
orbitals are depicted in Fig. 4 and Table 2. For PQ2 and PQ4, the
distributions of HOMO and LUMO frontier orbitals propose that
there is an effective intra-molecular charge transfer occurring. While
for PQ1 and PQ3, the distributions of HOMO and LUMO frontier
orbitals are not continuous which may lead to poor intra-molecular
charge transfer and decrease the photovoltaic performances. From
the front view of the molecular geometries, it was clearly observed
that the backbone of PQ4 is highly twisted but the other three
polymers are more planar. The dihedral angle between thiophene
and BDT is 24.2° for PQ4, which is larger than that in PQ1 (7.5°) PQ2
(6.8°) and PQ3 (8.3°). The reason could be attributed to the steric
hindrance caused by the methyl side chain on thiophene units.
Among these four polymers, PQ2 shows highest coplanarity which is
beneficial for π–π stacking of its backbone in the solid state and
charge transfer, which could result in higher photovoltaic perfor-
mance of PQ2 based solar cells.

3.6. Photovoltaic properties, external quantum efficiency,
and mobility

The bulk-heterojunction PSCs devices were made with a struc-
ture of ITO/PEDOT:PSS/Polymer:PCBM/Ca/Al as shown in Fig. 5(1).
The driving force for the exciton dissociation is the energy level
offset of LUMO (ΔE1 in Fig. 5(1)) and HOMO (ΔE3) between the
donor (conjugated polymer) and acceptor (PCBM) materials. The Voc
is mainly related to the energy level offset (ΔE2 in Fig. 5(1))
between the LUMO of the acceptor and the HOMO of the donor [42,

 

 

mers and their molecular geometries from front view.  



Fig. 5. (1) Schematic diagram of PSCs devices. (2) Electronic energy levels of materials used in PSCs devices.

Table 3
PSCs devices performances

Polymers Ratio Voc(V) Jsc(mA/
cm2)

FF(%) PCE(%) Spin
speed
(rpm)

Thickness
(nm)

PQ1 1:2a 0.98 2.18 42.03 0.90 800 133
PQ1 1:3a 1.01 2.12 50.68 1.08 1000 75
PQ1 1:4a 0.98 1.98 53.36 1.03 1000 96
PQ1 1:3b 0.86 2.37 37.47 0.77 1200 81
PQ1 1:3b,c 0.87 2.36 39.04 0.80 1200 81
PQ2 1:1a 0.74 5.31 41.82 1.64 1500 107
PQ2 1:1.5a 0.83 7.06 58.43 3.41 2000 81
PQ2 1:2a 0.81 5.75 66.47 3.08 1500 113
PQ2 1:1.5b 0.82 7.72 56.10 3.54 2000 85
PQ2 1:1.5b,c 0.80 7.68 62.05 3.80 2000 85
PQ3 1:1.5a 0.75 1.47 48.74 0.54 1000 89
PQ3 1:2a 0.75 1.47 53.67 0.59 1000 93
PQ3 1:2.5a 0.76 1.19 58.15 0.53 800 103
PQ3 1:2b 0.77 2.35 56.55 1.02 1000 96
PQ3 1:2b,c 0.78 2.67 52.36 1.09 1000 96
PQ4 1.5:1a 0.83 4.20 43.22 1.52 1000 82
PQ4 1:1a 0.90 4.57 49.63 2.04 800 106
PQ4 1:1.5a 0.89 3.96 47.48 1.67 600 152
PQ4 1:1b 0.94 6.17 48.80 2.83 800 112
PQ4 1:1b c 0.92 5.84 50.38 2.70 800 112

a Polymer:PC61BM.
b Polymer:PC71BM.
c Annealing at 90 °C for 10 min.
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46, 47]. Fig. 5(2) shows the electronic energy levels of materials used
in PSCs devices. The active layers were prepared in the solutions of
o-DCB with the concentration of 24 mg/mL (polymer:PCBM/o-DCB).
Different spin speeds were used to control the thickness of the active
layers. First, a series of D/A (polymer/PC61BM, w/w) ratios were
scanned from 1:1 to 1:4 to decide the optimum D/A ratio for each
polymer that gave the best solar cell performances. The current
density–voltage (J–V) curves are provided in Supporting information
(Fig. S5), and the detailed data are collected in Table 3. It shows that
the optimum D/A ratio for the PQ1:PC61BM, PQ2:PC61BM, PQ3:
PC61BM and PQ4:PC61BM blends are 1:3, 1:1.5, 1:2, and 1:1, respec-
tively. The different optimum D/A ratios of these four polymers might
be attributed to the LUMO and HOMO electron distribution differ-
ence (Fig. 4 DFT results). For the devices based on PQ1:PC61BM and
PQ3:PC61BM, low PCEs of 1.08% for PQ1 (Voc¼1.01 V, Jsc¼2.12 mA/
cm2, FF¼50.68%) and 0.59% for PQ3 (Voc¼0.75 V, Jsc¼1.47 mA/cm2,
FF¼53.67%) are achieved. The low PCEs of these two polymers were
mainly caused by the low short-circuit current density (Jsc) which
could be related to the energy level offset of LUMO between the
donor and acceptor materials. Because the driving force for the
exciton dissociation is the energy level offset of LUMO between the
donor and acceptor materials, a minimum offset of approximately
0.3–0.4 eV is necessary to ensure efficient exciton dissociation at the
D/A interface [42,46,47]. The relative low Jsc of the PSCs device could
also partly due to the moderate absorption coefficients (Fig. S4).
After D/A ratios optimization, the best PCEs of the devices based
on PQ2 and PQ4 are 3.41% and 2.04%, respectively. Furthermore,
instead of PC61BM, PC71BM is used to tune the energy level matching
degree. Highest PCEs of 2.83% for PQ4 and PC71BM based devices are
achieved. Thermal annealing is used to further enhance photovoltaic
performance of the devices. Herein, devices based on polymers and
PC71BM with the optimum D/A ratios are thermal annealed at dif-
ferent temperatures for 10 min before cathode evaporation. The J–V
curves and data of the PSCs devices are provided in Supporting
Information (Figs. S6 and S7 and Table S1), and the best photovoltaic
results are shown in Table 3 and Fig. 6. Finally, highest PCEs of 3.80%
for PQ2 and PC71BM based devices are achieved after thermal
annealing at 90 oC for 10 min.

For polymer PQ1, PQ2, PQ3 and PQ4, the detailed photovoltaic
performances are compared with these of the polymers which have
the same backbone structure but do not have the bulky terthio-
phene side chain (PBDT-TTz [48], PBDT-1T-TTz [49], PBT-3T [50],
PDPP-BDT [26], and PBDTTEH-DTHBTff [34]). Compared with PQ1,
PBDT-TTz is kind of polymer with the same backbone but not 2D
side-chain, and polymer PBDT-1T-TTz also has the same backbone
but with typically 2D alkylthienyl side-chain. From the detailed
optical-electronic properties and PSCs devices performances listed in
Table 4, when BDT is copolymerized with DTTz segment, our bulky
side group (terthiophene) does help for high Voc devices. For PQ2
and PBT-3T, PQ2 shows relative high Eg and Voc, and the Eg–eVoc is
similar. For polymer PQ3 (compared with PDPP-BDT) and PQ4
(compared with PBDTTEH–DTHBTff), PQ3 and PQ4 show almost the
same Eg with PDPP-BDT and PBDTTEH–DTHBTff, but much higher Voc
and much lower Eg�eVoc (Table 4). To highlight the high Voc feature
of devices, researchers define the donor photon energy loss as
Eg�eVoc, where Eg is the optical band gap of the donor polymer and
Voc is obtained from the corresponding device with either PC61BM or
PC71BM [51]. Especially, we note that PQ3 shows Eg�eVoc¼0.51,
which is almost the lowest Eg�eVoc value achieved by researchers
up to now [51,52]. This indicates that PQ3 is such a good photo-
voltaic polymer that can produce Voc�0.78V with a low Eg�1.29 eV.
From Table 4, we can conclude that the bulky terthiophene side
group helps to improve Voc of the PSCs devices.

External quantum efficiency (EQE) curves based on the four
polymers prepared through the optimum fabrication processes are
shown in Fig. 6. As shown, the devices based on PQ1, PQ2, PQ4
possess a broad response range covering from 300 to 800 nm, and
EQE peak values of the PSCs are 18.62%, 59.14%, and 42.79%
respectively. Although the PSC device of PQ3 owns a more broad
response range covering from 300 to 900 nm, but the EQE peak
value is 17.07% only. The EQE values of the PSCs based on the four
polymers agree with the Jsc of the corresponding devices. The high
EQE values of the devices in 350–500 nm should result from the
strong absorption of PCBM. The hole mobilities of the devices based
on the four polymers are 1.86�10�7, 1.84�10�5, 2.21�10�5, and 



Table 4
Comparison photovoltaic properties of PSCs devices of PQ1, 2, 3 and 4 with analogs.

Polymer(D) Acceptor(A) D:A(w/w) Eg(eV) Voc(V) Eg�eVoc(eV) Jsc(mA/cm2) FF(%) PCE(%) Ref.

PQ1 PC61BM 1:3 1.96 1.01 0.95 2.12 56 1.08 This work
PQ1 PC71BM 1:3 1.96 0.87 1.09 2.36 39.04 0.80 This work
PBDT-TTz PC71BM 1:3 1.85 0.92 0.93 6.21 58 3.32 [48]
PBDT-1T-TTz PC71BM 1:1 1.93 0.92 1.01 8.02 40.9 3.0 [49]
PQ2 PC61BM 1:2 1.97 0.81 1.16 5.75 66.47 3.08 This work
PBT-3T PC61BM 1:3 1.65 0.47 1.18 2.15 34 0.34 [50]
PQ3 PC71BM 1:2 1.29 0.78 0.51 2.67 52.36 1.09 This work
PDPP-BDT PC71BM 1:2 1.31 0.68 0.63 8.40 44.3 2.53 [26]
PQ4 PC71BM 1:1.5 1.73 0.89 0.84 3.96 47.48 1.67 This work
PBDTTEH–DTHBTff PC71BM 1:1.5 1.72 0.68 1.04 11.87 55.2 4.46 [34]

Fig. 7. AFM hight (up) and phase images (down) of blend films of polymers/PCBM processed under optimum conditions.

Fig. 6. J–V and EQE curves of the optimum devices based on these four polymers.
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5.86�10�6 cm2/Vs respectively (Fig. S8), measured by the space-
charge limit current (SCLC) method with a device structure of ITO/
PEDOT:PSS/Polymer:PCBM/Au. The low hole mobilities are possibly
caused by the bulky terthiophene side group and the long alkyl
chain induced polymer backbone twist which make the polymer
difficult to pack and crystallization. The hole mobilities of PQ1, PQ2,
and PQ4 are consistent with the PCEs values. PQ3 shows the highest
one among the four polymers, indicating that PQ3 would have no
serious shortage in charge transport, so that we suspected that the
blend of PQ3:PCBM may have serious problems in morphologies.

3.7. Morphology and XRD

Nanoscale surface morphologies of the blend films processed
with the optimum conditions were investigated by the atomic force
microscope (AFM) (Fig. 7). The root-mean-square roughness (Rq)
values obtained from the height image were 10.1, 3.95, 13.5 and 
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7.73 nm for the blends of PQ1–PQ4, respectively. From the imagines,
we can obviously observe that PQ1 and PCBM cannot form good
interpenetrating network structure. PQ3 shows large domain size
over 250 nm which is detrimental to get efficient exciton dissocia-
tion. This explains why the EQE response values and the Jsc of
devices based on PQ3 are miserably low. PQ2 and PQ4 exhibits
better interpenetrating network structure and smooth interface
which lead to higher PCEs of devices based on this two polymers.
From the X-ray diffraction (Fig. S9), four polymers appeared to be
amorphous as there were no obvious peaks in the XRD spectra
either the pure polymers or the blend films with PCBM.
4. Conclusions

In this work, four benzodithiophene (BDT) copolymers based on
bulky terthiophene side chain substitutes were designed and syn-
thesized. Due to the difference in electron affinity of acceptor units,
these four polymers show different optical band gaps (1.3–2 eV), but
they all remain deep HOMO energy levels (�5.3 to 5.6 eV) probably
partially due to the bulky terthiophene side chain effect. Compared
with the polymer photovoltaic properties in the literature which
have the same polymer backbone but do not have the bulky ter-
thiophene side group, it can be concluded that the bulky terthio-
phene side group does help to improve Voc of the PSCs devices. The
moderate devices performances is due to the relatively low Jsc which
is limited by the molecule geometry, hole mobility and active layer
morphology. Further work to utilize the bulky terthiophene side
chain to synthesize highly efficient BDT polymer solar cells donor is
underway.
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