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Donor-acceptor (D-A)-conjugated polymers P(BT-C1) and P(BT-C2), with dithieno[2,3-b;7,6-b]carbazole (C1) or dithi-
eno[3,2-b;6,7-b]carbazole (C2) as D-unit and benzothiadiazole (BT) as A-unit, were synthesized. The optical bandgaps of the 
polymers are similar (1.84 and 1.88 eV, respectively). The structures of donor units noticeably influence the energy levels and 
backbone curvature of the polymers. P(BT-C1) shows a large backbone curvature; its highest occupied molecular orbital 
(HOMO) energy level is 5.18 eV, whereas P(BT-C2) displays a pseudo-straight backbone and has a HOMO energy level of 
5.37 eV. The hole mobilities of the polymers without thermal annealing are 1.9×103 and 2.7×103 cm2 V1 s1 for P(BT-C1) 
and P(BT-C2), respectively, as measured by organic thin-film transistors (OTFTs). Polymer solar cells using P(BT-C1) and 
P(BT-C2) as the donor and phenyl-C71-butyric acid methyl ester (PC71BM) as the acceptor were fabricated. Power conversion 
efficiencies (PCEs) of 4.9% and 5.0% were achieved for P(BT-C1) and P(BT-C2), respectively. The devices based on 
P(BT-C2) exhibited a higher Voc due to the deeper HOMO level of the polymer, which led to a slightly higher PCE. 
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1  Introduction 

Bulk heterojunction (BHJ) polymer solar cells (PSCs) have 
become an excellent choice for clean and renewable energy 
resources for their advantages such as easy fabrication of 
large-area and flexible devices, low fabrication cost, and 
materials tunability [1–8]. In the past several years, the 
power conversion efficiency (PCE) of BHJ PSCs has been 
improved through the design of new materials and the ex-
ploration of novel device architectures [9–19]. To date, 
maximum PCEs of 9.4% and 10.6% have been respectively 
demonstrated for single-junction [20] and tandem devices 
[21]. 

Vast numbers of semiconducting polymers have been 
developed and applied in BHJ PSC devices. Due to their 

high mobilities, appropriate HOMO energy levels, and nar-
row bandgaps, which are required properties for the fabrica-
tion of high-performance photovoltaic devices [3–6], donor- 
acceptor (D-A)-conjugated polymers have become the most 
successful donor materials. Of those, D-A conjugated pol-
ymers based on carbazole and 4,7-bis(thiophen-2-yl)-ben- 
zo[c][1,2,5]thiadiazole derivatives, such as poly[N-9′-hepta- 
decanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothia- 
diazole)] (PCDTBT) and poly(2-(5-(5,6-bis(octyloxy)-4- 
(thiophen-2-yl)benzo[c][1,2,5]thiadiazol-7-yl)thiophen-2-yl)- 
9-octyl-9H-carbazole) (HXS-1), have attracted intense at-
tention [22–28]; PCE has surpassed 7% after the device 
fabrication condition was optimized [29,30]. Because poly-
aromatics generally have rigid and planar configurations, 
incorporating a polyaromatic unit into the backbones of 
conjugated polymers can make the -electron delocalization 
more effective. This in turn leads to a reduced optical 
bandgap and a red-shifted absorption spectrum [31–34]. In 
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addition, molecules with coplanar and rigid structure usual-
ly have smaller reorganization energy, which is beneficial 
for achieving high charge-carrier mobility [35–39]. Recent-
ly, we reported two novel polyaromatics based on carbazole: 
dithieno[2,3-b;7,6-b]carbazole (C1) and dithieno[3,2-b; 6,7- 
b]carbazole (C2). D-A-conjugated polymers with C1 or C2 
as D units and diketopyrrolopyrrole (DPP) or isoindigo (IID) 
as A units exhibited field-effect mobilities up to 1.36   
cm2 V1s1 and PCEs up to 8.2% [40–44]. Herein we report 
two novel polymers P(BT-C1) and P(BT-C2) (Figure 1) by 
replacing the carbazole unit in HXS-1 [26] with C1 or C2. 
In order to ensure solubility, dodecyloxy instead of octyloxy 
was used in the benzo[c][1,2,5]thiadiazole (BT) unit. The 
photophysical, semiconducting, and photovoltaic properties 
of the resulting polymers were studied in detail.  

2  Results and discussion 

2.1  Synthesis of the polymers and their thermal prop-
erties 

Synthetic routes of the monomers and polymers are depict-
ed in Scheme S1(see the Supporting Information online). 
Number-average molecular weight (Mn) and polydispersity 
index (PDI) were 45.0 kDa and 3.97 for P(BT-C1) and 47.9 
kDa and 2.60 for P(BT-C2), as measured by gel permeation 
chromatography (GPC) at 150 °C with 1,2,4-trichloroben- 
zene as eluent and polystyrene as standard. Both polymers 
showed good solubility in chlorinated organic solvents, such 
as chlorobenzene and o-dichlorobenzene (o-DCB), and were 
thermally stable with 5% weight-loss temperatures (Td) above 
300 °C as revealed by thermogravimetric analysis (TGA) 
(Figure S1). Two decomposition steps were observed in 
TGA curves, which can be attributed to the decomposition 
of the alkyl chains in the carbzole and BT moieties. No ob-
vious thermal transitions were observed in their differential 
scanning calorimetry (DSC) curves (Figure S2), which in-
dicated that both polymers are amorphous. This characteris-
tic of the polymers was also confirmed by X-ray diffraction 
(XRD) studies. As shown in Figure S3, no diffraction peaks 
were observed in the film XRD patterns. 

2.2  Optical and electrochemical properties 

Figure 2 shows solution and film UV-Vis absorption spectra 
of P(BT-C1) and P(BT-C2). Both polymers have two dis-
tinct absorption bands in both solution and film states. The 

first absorption band is ascribed to -* transition and the 
second one, in the low-energy region, is attributed to intra-
molecular charge transfer (ICT) interaction between D and 
A building blocks [45]. In solution, the absorption maxima 
are 404 and 562 nm for P(BT-C1) and 425 and 568 nm for 
P(BT-C2). From solution to film, the absorption maxima at 
short wavelengths exhibited a small red-shift (5 nm), while 
those at long wavelengths displayed a rather large red-shift 
of 14 nm for P(BT-C1) and 10 nm for P(BT-C2). This phe-
nomenon, which is quite similar to what has been observed 
in many other conjugated polymers, is ascribed to the en-
hanced molecular aggregation or interchain interaction in 
solid state [46]. The most notable difference between the 
absorption spectra of P(BT-C1) and P(BT-C2) is the relative 
intensity of two absorption bands. Compared to P(BT-C1), 
P(BT-C2) has a higher absorption intensity in the long 
wavelength region but a lower absorption intensity in the 
short wavelength region, which implies that a pseu-
do-straight backbone conformation may lead to strong ICT 
interaction between the D and A units by sacrificing the 
-* transition. Absorption coefficients at the long wave-
length region were determined to be around 3.5×104 for 
P(BT-C1) and and 4.5×104 cm1 for P(BT-C2). The absorp-
tion onset of P(BT-C1) was slightly red-shifted relative to 
that of P(BT-C2); therefore, P(BT-C1) has a smaller optical 
bandgap (1.84 eV vs. 1.88 eV for P(BT-C2)). Compared to 
polymer HXS-1, which incorporates octyloxy groups on the 
electron-deficient BT unit and a straight N-octyl chain on 
the carbazole unit developed by Bo, the absorption onsets of 
our polymers showed ~50 nm red-shift [26] owing to the 
electron-richer characteristic than carbazole of the dithi-
enocarbazole units. 

To determine the highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital 
(LUMO) energy levels of the polymers, film cyclic volt-
ammograms (CVs) were recorded. As shown in Figure 3, 
both polymers exhibited reversible redox behavior at either 
positive or negative potential region. The HOMO/LUMO 
energy levels were 5.18 eV/3.18 eV for P(BT-C1) and 
5.37 eV/3.01 eV for P(BT-C2) (Table 1), as determined 
from the oxidation- (Eon

ox) and reduction (Eon
re)-onset po-

tentials in the CV curves according to the equations HOMO 
=(4.80+Eon

ox) eV and LUMO=(4.80+Eon
re) eV. Interest-

ingly, the HOMO level of P(BT-C2) is deeper than that of 
P(BT-C1), even though their molecular structures are al-
most the same except for the positions of the S atoms in the 
dithienocarbazole units. 

 

Figure 1  Chemical structures of the polymers P(BT-C1) and P(BT-C2). 
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Figure 2  Solution (a, 105 mol L1 of the repeating units in o-DCB) and film (b) UV-Vis absorption spectra of the polymers. The films were prepared by 
spin-casting o-DCB solutions (5 mg mL1) onto quartz substrates. 

Table 1  Number-average molecular weights (Mns), polydispersity indices (PDIs), thermal decomposition temperatures (Tds), and optical and electrochem-
ical properties of the polymers 

Polymer Mn (kDa) PDI Td (°C) a) 
max (nm) 

HOMO 
(eV) c) 

LUMO 
(eV) c) 

Eg
opt 

(eV) d) 
Solution b) film 

P(BT-C1) 45.0 3.97 322 404, 562 409, 576 5.18 3.18 1.84 

P(BT-C2) 47.9 2.60 325 425, 568 427, 578 5.37 3.01 1.88 

a) Reported as the temperature with 5% weight loss. b) Measured in o-DCB (concentration: 105 mol/L of the repeating unit). c) HOMO and LUMO en-
ergy levels were calculated according to HOMO=(4.80+Eon

ox) eV and LUMO=(4.80+Eon
re) eV, in which Eon

ox and Eon
re are the oxidation and reduction 

onset potentials versus Fc/Fc+, respectively. d) Optical bandgap (Eg
opt) was calculated from the film absorption onset. 

 

Figure 3  Cyclic voltammograms (CVs) of the polymers. The films were 
prepared by spin-casting o-DCB solutions with a concentration of 5    
mg mL1 onto the electrode. CV of ferrocene (Fc) was also included for 
comparison. 

In order to understand the optical and electrochemical 
properties discussed above, we performed density function-
al theory (DFT) computations on conjugated segments con-
taining three repeating units, using Gaussian 09 with a hy-
brid B3LYP correlation functional and a split valence 6–31 
G basis set. Longer alkyl side-chains were replaced by me-
thyl groups to simplify the calculations. As shown in Figure 
4, two polymers presented distinct backbone conformations. 

P(BT-C1) showed a large backbone curvature, while P(BT- 
C2) possessed a pseudo-straight backbone conformation. 
For both polymers, the HOMO wave function delocalizes 
over more than two repeating units, whereas the LUMO 
wave function mainly localizes on the BT moieties. This is 
typical for D-A-type conjugated polymers [47,48]. However, 
the HOMO of P(BT-C2) is slightly less delocalized than 
that of P(BT-C1), which may be responsible for the low- 
lying HOMO of P(BT-C2) [48]. The calculated HOMO 
energy levels for P(BT-C1) and P(BT-C2) of –4.86 and 
–4.96 eV, respectively, are close to the values obtained from 
CV measurements. 

2.3  Charge transport properties 

Organic thin-film transistors (OTFTs) with a bottom-gate 
and top-contact configuration were fabricated to investigate 
the charge-carrier transport properties of P(BT-C1) and 
P(BT-C2). Fabrication and measurement of the devices are 
outlined in the Supporting Information online. Both poly-
mers exhibited typical p-type characteristics (Table S1 and 
Figure 5). The hole mobilities of the devices based on pris-
tine films are 1.9×103 and 2.7×103 cm2 V1 s1 for P(BT- 
C1) and P(BT-C2), respectively. After thermal annealing, 
no improvement was observed in the mobility of P(BT-C1). 
However, the mobility of P(BT-C2) was enhanced to 
5.4×103 cm2 V1 s1 after the film was thermally annealed 
at 200 °C for 20 min. This different behavior can be at-
tributed to the different backbone conformations of the two 
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polymers. Although the polymers are amorphous, P(BT-C2) 
has a relatively straight backbone and may be subject to 
reorganization upon annealing for the formation of a film 
that comprises more closely-packed conjugated chains. In 
contrast, the large backbone curvature of P(BT-C1) may 
impede this process [49,50]. The mobility of P(BT-C1) was 
in the same magnitude as that of the polymers based on 
DPP, IID, and thienopyrroledione (TPD). However, the 
mobility of P(BT-C2) was much lower than that of the   

 

Figure 4  DFT-calculated (B3LYP/6–31G) molecular orbitals of 
P(BT-C1) (a) and P(BT-C2) (b). 

polymers with C2 as the donor unit and DPP, IID, or TPD 
as the acceptor unit [42]. 

2.4  Photovoltaic properties 

The BHJ PSCs were fabricated with a structure of glass/ITO/ 
poly(3,4-ethylenedioxythiophene)/poly(styrene sulfonate) 
(PEDOT:PSS)/polymer:PC71BM/LiF/Al. Details of the fab-
rication and test conditions are described in the Supporting 
Information section. The best blending ratio of polymer: 
PC71BM was 1:4 (w/w) for both polymers (Tables S2 and 
S3). Figure 6 displays current density-voltage (J-V) curves 
and external quantum efficiency (EQE) profiles of the de-
vices prepared with the optimized blend ratio; the photo-
voltaic parameters are summarized in Table 2. The devices 
based on P(BT-C1) demonstrated a maximum PCE of 4.9% 
with an open-circuit voltage (Voc) of 0.70 V, a short-circuit 
current density (Jsc) of 10.7 mA cm2, and a fill factor (FF) 
of 0.65. Devices based on P(BT-C2) had a higher Voc of 
0.79 V, which is in agreement with its deeper HOMO ener-
gy level. The PCE reached 5.0% with a Jsc of 10.3 mA cm2 
and a FF of 0.62. This device performance is largely com-
parable to that of HXS-1 [26] but lower than that of the 
polymer based on C2 and IID [44]. We expect further  

 

Figure 5  Typical output (a and c) and transfer (b and d) characteristics of OTFTs based on P(BT-C1) (a and b) and P(BT-C2) (c and d). The films were 
pristine for P(BT-C1) and thermally annealed at 200 oC for 20 min for P(BT-C2). 
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Figure 6  J-V characteristics of PSCs based on polymer:PC71BM [1:4 (w/w)] under AM 1.5G illumination at 100 mW cm2 (a), and EQE profiles of the 
PSCs and absorption spectra of polymer:PC71BM [1:4 (w/w)] films (b). 

improvement upon optimizing device-fabrication conditions 
[26–28,30]. As shown in the external quantum efficiency 
(EQE) profiles (Figure 6(b)), the devices based on both 
polymers showed a photoresponse range of 300–720 nm, 
which largely matched the film-absorption spectra of poly-
mer:PC71BM blends; the highest EQE value reached 65%. 
The slightly higher Jsc of the devices based on P(BT-C1) is 
attributed to the higher EQE, which was in the range of 
350–450 nm. The reason for this difference remains unclear, 
however. The Jsc values calculated from the EQE (Table 2) 
were consistent with the measured data (error range ~3%), 
which proves the accuracy of these measurements.  

The film morphology of polymer:PC71BM blends were 
studied by atomic force microscopy (AFM) in tapping mode. 
As shown in Figure 7, both blend films were very smooth 
and uniform, and possessed a nanoscale phase separation 
although no additive was used. This behavior is different 
from HXS-1:PC71BM, for which the additive 1,8-diio- 
dooctane was used in order to attain appropriate film mor-
phology [26–28]. Compared to the film of P(BT-C2): 
PC71BM, the film of P(BT-C1):PC71BM had a more obvious 
phase separation and exhibited a fiber-like morphology. 
This difference in film morphology may be responsible for 
the slightly higher Jsc and FF of the devices based on 
P(BT-C1), although this polymer exhibited relatively low 
mobility and absorption coefficients at the long wavelength 
region. 

3  Conclusions 

We synthesized and characterized two novel D-A-conju- 
gated polymers, P(BT-C1) and P(BT-C2), based on dithi-
enocarbazoles and benzothiadiazole, respectively. The 
structures of the donor units (C1 and C2) had a noticeable 
impact on the properties of the polymers. The two polymers 
have distinct chain conformations and different HOMO 
levels. Compared to P(BT-C1), which displays a large 
backbone curvature, the polymer based on C2 (P(BT-C2)) 
has a pseudo-straight backbone and lower HOMO level,  

Table 2  Device performance of the PSCs under AM 1.5G illumination at 
100 mW cm2 a) 

Polymer 
Voc 
(V) 

Jsc (mA 
cm2) 

Jsc (mA 
cm2) b) 

FF 
PCE 
(%) c) 

P(BT-C1) 0.70 10.7 10.3 0.65 4.9(4.6) 

P(BT-C2) 0.79 10.3 10.0 0.62 5.0(4.9) 

a) Polymer:PC71BM=1:4 (w/w); the thickness of the blend films is 
about 90 nm. b) The values are estimated from EQE profiles. c) The values 
in parentheses are the average PCEs. 

 

 

Figure 7  AFM height (a, c) and phase (b, d) images of P(BT-C1): 
PC71BM (1:4, w/w) (a, b) and P(BT-C2): PC71BM (1:4, w/w) (c, d) blend 
films. 

which lead to a higher charge-carrier mobility measured by 
OTFT and a higher Voc for BHJ PSCs with PC71BM as the 
electron acceptor. PCEs of 4.9% and 5.0% were demon-
strated for P(BT-C1) and P(BT-C2), respectively. Our re-
search reveals that dithienocarbazole units are promising 
building blocks for D-A-conjugated polymers that are ap-
plicable to high-efficiency PSCs. 
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