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a b s t r a c t

Two novel conjugated alternating copolymers with [1,2,5]thiadiazolo[3,4-f]benzotriazole as acceptor and
9,9-dioctylfluorene or N-9’-heptadecanyl-carbazole as donors respectively, were synthesized by Suzuki
polycondensation. Both of the two copolymers have nearly ideal band gaps and show excellent
absorption spectra in near infrared region. Polymer solar cells based on the blends of them and [6,6]-
phenyl-C71 butyric acid methyl ester show excellent performance when using a water/alcohol soluble
conjugated polymer as cathode interlayer, which exhibit a maximum power conversion efficiency of
3.17% with the short-circuit current density of 8.50 mA/cm2, the open-circuit voltage of 0.70 V and the fill
factor of 41%. Our results demonstrate that [1,2,5]thiadiazolo[3,4-f]benzotriazole is a promising acceptor
unit for low band gap polymer donor materials design.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

In the past decade, polymer solar cells (PSCs), especially bulk-
heterojunction (BHJ) PSCs, have attracted considerable attention
due to their advantages over traditional silicon-based solar cells for
their low cost, light weight, and the facility for solvent process
[1e6]. Huge progress has been made in the past decade as the
power conversion efficiencies (PCEs) of PSCs have been improved
from 1% to more than 9% [7]. To achieve PSCs with high perfor-
mance, the BHJ active layer materials, especially the polymer donor
materials are very important. An ideal polymer donor material
should have suitable low band gap and good pep stacking to
maximize sunlight absorption and consequently high short circuit
current (Jsc), high charge carrier mobility to get high fill factor (FF).
Furthermore, the highest occupiedmolecular orbital (HOMO) of the
polymer should be low, which will enhance the resulting PSCs’
open circuit voltage (Voc). Lastly, the polymer should have excellent
solubility for compatibility with solution process. To meet all these
requirements, one common strategy of donor material design is the
use of donoreacceptor (DeA) copolymer structure, in which an
electron donor unit and an electron acceptor unit form an alter-
nating copolymer to effectively lower the band gap of the resulting
polymer [8]. Moreover, the energy levels and band gaps of the
.
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designed DeA copolymers can be readily tuned by controlling the
intramolecular charge transfer (ICT) from the donor units to the
acceptor units. By this approach, many DeA copolymer donor
materials have been developed and exhibited promising photo-
voltaic performances with PCEs in the range of w3e7% [9e24].

Benzo[1,2,5]thiadiazole (BT) has been widely used as the elec-
tron acceptor unit in DeA copolymer design due to its existence of
the heteroatom interactions, excellent pep stacking, and simple
synthesis [25]. However, the electron withdraw capability of BT is
not strong and the band gaps of the BT-based DeA copolymers are
relative large and not optimal for efficient sunlight harvesting
[21,24,26]. Moreover, the solubilities of many BT based DeA
copolymers are relatively poor, which limit their compatibility
with solution process. Thereby, much effort has been put into
modification of the BT-based acceptor units to obtain DeA conju-
gatedmaterials with optimal band gaps and improved solubility for
solar cell applications. Bo et al. synthesized alkoxyl BT based DeA
copolymers which showed better solubility and thereby
improved photovoltaic performance compared to those BT-based
analogous DeA polymers [27e29]. Recently, You et al. reported
the DeA copolymers based on a fluorine substituted BT, which
exhibited promising photovoltaic performance with PCEs exceeded
7% [30]. Besides, benzo[1,2-c;4,5-c’]bis[1,2,5]thiadiazole, [1,2,5]
thiadiazolo[3,4-g]quinoxaline and their derivatives have also been
developed which exhibited much stronger electron withdrawing
capability than BT. However, the strong electron affinities of the
resulting polymers affected the charge separation efficiencies
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between the polymers and [6,6]-phenyl-C61 butyric acid methyl
ester (PC61BM) or [6,6]-phenyl-C71 butyric acid methyl ester
(PC71BM), leading to a poor device performance despite of their
dramatically lowered band gaps [31e40]. Thereby, it is critical to
find a balance between the band gaps and the electron affinities of
the donor materials for PSCs application.

Benzotriazole (BTA) is another promising electron-withdrawing
building block [41] for PSC and polymer light emitting device
(PLED) applications. Although its electron-withdrawing capability is
weaker compared with BT [42e44], the BTA has a better solubility
because of themodifiability of theNatomon the triazole ring,which
enable the linkage long alkyl side chains for a good solubility. To take
the advantages of BT and BTA units, here we use a new electron-
withdrawing building block [1,2,5]thiadiazolo[3,4-f]benzotriazole
(TZBTTT),which combined both themerits of BTand BTA [45], as the
acceptor in DeA system. Two novel DeA copolymers: poly [2,7-(9,9-
dioctylfluoren)-alt-5,5-(4’,8’-di-2-thienyl)-6-(2-ethylhexyl)-[1,2,5]
thiadiazolo[3,4-f]benzotriazole] (PF-TZBTTT) and poly [N-9’-hepta-
decanyl-2,7-carbazole-alt-5,5-(4’,8’-di-2-thienyl)-6-(2-ethylhexyl)-
[1,2,5]thiadiazolo[3,4-f]benzotriazole] (PCZ-TZBTTT) were devel-
oped. It was found that the band gaps of the resulting copolymers
were effectively lowered and their solubilities were also improved
due to the linked alkyl side chains on the triazole rings. The photo-
voltaic properties of the resulting copolymerswere investigated and
the PSC devices based on these polymers exhibited good
performances.

2. Experimental section

2.1. Measurement and characterization

1H and 13C NMR spectra were measured on Bruker DRX 300 and
Varian INOVA 500NB spectrometers operating at 300 MHz and
75 MHz respectively. Chemical shifts were reported as d value
(ppm) relative to an internal tetramethylsilane (TMS) standard. The
number-average molecular weights (Mn), weight-average molec-
ular weights (Mw) and polydispersity index (PDI) were determined
at 150 �C by a PL-GPC 220 type in 1,2,4-trichlorobenzene using
a calibration curve with standard polystyrene as a reference.
Thermogravimetric analysis (TGA) was performed on Netzsch TG
209 in nitrogen, with a heating rate of 20 �Cmin�1. Cyclic voltam-
mograms (CV) were recorded on a CHI 660A electrochemical
workstation. The CV was performed in a solution of tetrabuty-
lammonium hexafluorophospate (Bu4NPF6) (0.1 M) in acetonitrile,
using saturated calomel electrode (SCE) and a platinum wire as
reference and counter electrode, respectively, at a scan rate of
50 mV/s at room temperature. A platinum electrode coated with
thin copolymer film was used as the working electrode. Elemental
analyses were performed on a Vario EL elemental analysis instru-
ment (Elementar Co.).

2.2. Device fabrication and characterization

Indium tin oxide (ITO)-coated glass substrates (20e30 U/per
square) were cleaned by de-ionized water, acetone, sonication in
detergent and isopropyl alcohol, and dried in oven under 70 �C
for at least 6 h. Then, treated with an oxygen plasma for 5 min,
a 40 nm thick layer of poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS) (Baytron P VP AI 4083, filtered
at 0.45 mm) was first spin-coated on the pre-cleaned ITO-coated
glass substrates at 3000 rpm and baked at 150 �C for 15 min under
ambient condition. The following fabrication process was then
finished in an argon-filled glove-box. Each composite was dissolved
in solution separately before solution mixing to get a homoge-
neously blended solution. Proper spin-coating speed was chosen to
get w75 nm thick active layer for different composite. For PF-
TZBTTT:PC61BM , the spin speed was 1600 rpm; For PCZ-
TZBTTT:PC61BM, the spin speed is 1800 rpm. Then, an utra thin poly
[(9,9-dioctyl-2,7-fluorene)-alt-(9,9-bis(30-(N,N-dimethylamino)
propyl)-2,7-fluorene)] (PFN) film (5 nm) coated from 0.2 mg/ml
methanol solution on the active layer. The substrates were pumped
down to high vacuum (<4�10�6 mbar), and aluminum (100 nm)
was thermally evaporated onto the active layer. The effective area
(0.16 cm2) is defined by a shadow mask. The last step is encapsu-
lating the substrates by a thin glass slice.

The currentevoltage (JeV) characteristics of photovoltaic
devices were measured in ambient air using a Keithley 2400
source-measurement unit. A solar simulator (Oriel model 91192)
was used.

The device structure of space charge limited current (SCLC)
studies is ITO/PEDOT/polymer/MoO3 (10 nm)/Al. The mobility was
determined by fitting the dark current to the model of a single
carrier SCLC, which is described by the child law. The effective
voltage can be obtained by subtracting the built-in voltage (Vbi) and
the voltage drop (Vs) from the substrate’s series resistance from the
applied voltage (Vappl), V¼ Vappl� Vbi� Vs. The hole-mobility can be
calculated from the slope of the J1/2w V curves. The effective area
was also 0.16 cm2.

The spectral response was measured with a commercial photo
modulation spectroscopic setup. A calibrated Si photodiode was
used to determine the photosensitivity.

2.3. Materials

All the starting materials were purchased from Aldrich or Alfa
Aesar and used without further purification. All the reactions were
carried out under argon at 1 atm unless mentioned otherwise.
Tetrahydrofuran (THF) were distilled from sodium before use. 4,7-
Dibromo-5,6-dinitro-benzo[1,2,5]thiadiazole (2), 5,6-dinitro-4,7-
bis(thiophen-2-yl)-benzo[1,2,5]thiadiazole (3), 5,6-diamino-4,7-
bis(thiophen-2-yl)-benzo[1,2,5]thiadiazole (4) [39], 2,7-bis(4’,4’,5’,5’-
tetramethyl-1’,3’,2’-dioxaborolan-2’-yl)-9,9-dioctylfluorene (8) [26]
and 2,7-bis(4’,4’,5’,5’-tetramethyl-1’,3’,2’-dioxaborolan-2’-yl)-N-9’-
heptadecanyl-carbazole (9) [21] were prepared according to the
published literatures.

2.3.1. Synthesis of 4,8-bis(thiophen-2-yl)-5H-[1,2,5]thiadiazolo[3,4-f]
benzotriazole (5)

5,6-Diamino-4,7-bis(thiophen-2-yl)-benzo[1,2,5]thiadiazole (4)
(2 g, 5 mmol) was added into the beaker with the solution of acetic
acid (30 ml) and water (30 ml), then THF was added until the
mixture was totally dissolved. The beaker was cooled to 0e5 �C
using ice-bath. The solution of NaNO2 (0.38 g, 5.5 mmol) in water
was carefully added into the beaker dropwise. The resulting reac-
tion mixture was kept stirring for 10 min, then heated to 80 �C for
1 h. After cooling to the room temperature, the mixture was poured
intowater and extractedwith dichloromethane for three times. The
solvent was removed and the crude product was dried under
reduced pressure without further purification.

2.3.2. Synthesis of 4,8-bis(thiophen-2-yl)-6-(2-ethylhexyl)-[1,2,5]
thiadiazolo[3,4-f]benzotriazole (6)

4,8-Bis(thiophen-2-yl)-5H-[1,2,5]thiadiazolo[3,4-f]benzo-
triazole (5) (3 g, 8.8 mmol) was dissolved in 50 ml distilled N,N-
dimethylformamide (DMF), potassium t-butoxide (1.12 g, 10 mmol)
and 2-bromoethylheptane (1.92 g, 10 mmol) was added and the
mixture was stirred under reflux for 24 h. After solvent was
removed by evaporation, column chromatography on silica gel was
performed to yield 0.92 g (23%) 6 as dark blue solid. 1H NMR (CDCl3,
300 MHz) d (ppm): 8.75 (dd, 2H), 7.58 (dd, 2H), 7.27 (m, 2H), 4.80
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(dd, 2H), 2.33 (t, 1H), 1.24e1.48 (m, 8H), 0.88e1.0 (m, 6H). 13C NMR
(CDCl3, 75 MHz) d (ppm): 149.8, 142.6, 137.2, 130.9, 129.2, 127.6,
111.9, 60.9, 40.6, 30.7, 28.5, 24.1, 22.9, 14.0, 10.6. Anal. calcd for
C22H23N5S3 (%): C 58.25, H 5.11, N 15.44, S 21.20. Found (%): C 58.03,
H 5.14, N 15.33, S 21.22.

2.3.3. Synthesis of 4,8-bis(5-bromo-thiophen-2-yl)-6-(2-ethylhexyl)-
[1,2,5] thiadiazolo[3,4-f]benzotriazole (7)

4,8-Bis(thiophen-2-yl)-6-(2-ethylhexyl)-[1,2,5]thiadiazolo[3,4-
f]benzotriazole (6) (2 g, 4.4 mmol) was dissolved in 50 ml THF and
N-bromosuccinimide (NBS) (1.78 g, 9.68 mmol) in THF solutionwas
added dropwise and kept stirring at room temperature overnight.
After evaporating the solvent, the product was purified with
column chromatography to yield 2.31 g (86%) 7 as dark blue
powder. 1H NMR (CDCl3, 300 MHz) d (ppm): 7.60 (dd, 2H), 7.28 (dd,
2H), 4.80 (dd, 2H), 2.33 (t, 1H), 1.24-1.48 (m, 8H), 0.88e1.0 (m, 6H).
13C NMR (CDCl3, 75 MHz) d (ppm): 149.0, 141.8, 138.6, 130.9, 130.4,
117.7, 110.8, 60.9, 40.6, 30.7, 28.5, 24.1, 23.0, 14.1, 10.6. Anal. calcd for
C22H21Br2N5S3 (%): C 43.22, H 3.46, N 11.45, S 15.73. Found (%): C
43.03, H 3.48, N 11.20, S 15.82.

2.3.4. Synthesis of PF-TZBTTT
4,8-Bis(5-bromo-thiophen-2-yl)-6-(2-ethylhexyl)-[1,2,5]thia-

diazolo[3,4-f]benzotriazole (7) (0.3044 g, 0.5 mmol), 2,7-
bis(4’,4’,5’,5’-tetramethyl-1’,3’,2’-dioxaborolan-2’-yl)-9,9-
dioctylfluorene (8) (0.32 g, 0.5 mmol), Pd(PPh3)4 (8 mg) were dis-
solved in 15 ml toluene and 20% aqueous tetraethyl ammonium
hydroxide (2 ml) under the protection of argon in a 50 ml two-
necked round-bottomed flask. The mixture was refluxed with
vigorously stirring in the dark for 5 h under an argon atmosphere.
After cooling to room temperature, the mixture was poured into
300 ml methanol. The precipitated material was collected by
filtration through a funnel. After washing with acetone for 24 h in
a Soxhlet apparatus to remove oligomers and catalyst residues, the
resulting material was dissolved in 30 ml chlorobenzene. The
solution was filtered with a PTFE filter, concentrated, and
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Scheme 1. Synthesis o
precipitated frommethanol to yield PF-TZBTTTas a dark green solid
(320 mg, 80%). 1H NMR (o-DCB-d4, 300 MHz) d (ppm): d 9.13 (s, 2H),
8.12e7.76 (m, 8H), 4.94 (dd, 2H), 2.45e2.16 (m, 5H), 1.77e0.82 (m,
42H). GPC (1,2,4-trichlorobenzene, polystyrene standard):
Mn¼ 10.3 kDa, Mw¼ 29.9 kDa, PDI¼ 2.90. Anal. calcd. for
C53H67N5S3 (%): C 73.14, H 7.76, N 8.05, S 11.05. Found (%): C 72.13, H
7.35, N 8.27, S 11.85.

2.3.5. Synthesis of PCZ-TZBTTT
PCZ-TZBTTT was prepared according to the same procedure as

that for PF-TZBTTT (150 mg, 57.5%), and 2,7-bis(4’,4’,5’,5’-tetra-
methyl-1’,3’,2’-dioxaborolan-2’-yl)-N-9’-heptadecanylcarbazole (9)
was used in the polymerization. 1H NMR(o-DCB-d4, 300 MHz)
d (ppm): 8.93 (s, 2H), 8.63-7.62 (m, 8H), 5.38 (m, 2H), 4.98 (s, 1H),
2.50 (m, 4H), 2.11 (m, 4H), 1.69e0.88 (m, 40H). GPC (1,2,4-
trichlorobenzene, polystyrene standard): Mn¼ 12.8 kDa,
Mw¼ 37.4 kDa, PDI¼ 2.92. Anal. calcd for C53H68N6S3 (%): C 71.90, H
7.74, N 9.49, S 10.87. Found (%): C 71.23, H 7.44, N 9.89, S 11.32.

3. Results and discussion

3.1. Synthesis and characterization

The synthetic routes of themonomers and copolymers are shown
in Schemes 1 and 2, respectively. Monomers 4,7-dibromo-5,6-
dinitro-benzo[1,2,5]thiadiazole (2), 5,6-dinitro-4,7-bis(thiophen-2-
yl)-benzo[1,2,5]thiadiazole (3), 5,6-diamino-4,7-bis(thiophen-2-yl)-
benzo[1,2,5]thiadiazole (4), 2,7-bis(4’,4’,5’,5’-tetramethyl-1’,3’,2’-
dioxaborolan-2’-yl)-9,9-dioctylfluorene (8) and 2,7-bis(4’,4’,5’,5’-tet-
ramethyl-1’,3’,2’-dioxaborolan-2’-yl)-N-9’- heptadecanyl-carbazole
(9) were prepared according to the published literatures [21,26,39].
4,8-Bis(thiophen-2-yl)-5H-[1,2,5]thiadiazolo[3,4-f]benzotriazole (5)
was obtained by the reaction of monomer 4, NaNO2 and acetic acid.
4,8-Bis(thiophen-2-yl)-6-(2-ethylhexyl)-[1,2,5]thiadiazolo[3,4-f]
benzotriazole (6) was synthesized from monomer 5 by adding
potassium t-butoxide and 2-bromoethylheptane in dry DMF and
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heated to reflux in a lowyield becauseof the existence of isomers. The
key monomer 4,8-bis(5-bromo-thiophen-2-yl)-6-(2-ethylhexyl)-
[1,2,5]thiadiazolo[3,4-f]- benzotriazole (7) was obtained by bromi-
nation of monomer 6with NBS in THF.

The DeA type copolymers PF-TZBTTT and PCZ-TZBTTT were
synthesized by Suzuki polycondensation of monomer 7 with
monomer 8 or 9, respectively. Pd (PPh3)4 was used as the catalyst in
the polymerization. PF-TZBTTT and PCZ-TZBTTT have excellent
solubility in common organic solvents such as chlorobenzene and
o-DCB. The Mn of the two copolymers is 10.3 and 12.8 kDa,
respectively, with the corresponding PDI of 2.90 and 2.92, respec-
tively. The thermal properties of the copolymers were investigated
by using TGA. As shown in Fig.1 and Table 1, both of the copolymers
have good thermal stability with 5% weight-loss temperature (Td)
of 418.2 and 401.0 �C for PF-TZBTTT and PCZ-TZBTTT, respectively.
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Fig. 1. TG plots of PF-TZBTTT and PCZ-TZBTTT.
3.2. Optical and electrochemical properties

The photo physical properties of the copolymers were investi-
gated both in o-DCB solution and in thin films, which are shown in
Fig. 2 and Table 2. PF-TZBTTT and PCZ-TZBTTT show similar
absorptioin coefficients in the range of 10�3/cm�1 and similar
absorption spectra, which are common features of DeA copoly-
mers. The absorption peaks at short wavelength (400e530 nm)
originate from p to p* transition of the polymers’ conjugated back
bone, while the absorption peaks at long wavelength
(600e870 nm) could be attributed to the strong ICT interaction
between the fluorene/carbazole donors and the TZBTTT acceptors
[18]. It is found that the copolymers based on TZBTTT exhibit an
obvious red-shifted ICT absorbance peak compared to those
previously reported DeA copolymers based on thiophene-
substituted BT, such as poly[N-9’-heptadecanyl-2,7-carbazole-alt-
5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)] (PCDTBT) and
poly[2,7-(9-(2’-ethylhexyl)-9-hexyl-fluorene)-alt-5,5,- (4’,7’-di-2-
thienyl-2’,1’,3’-benzothiadiazole)] (PFDTBT) [21,26]. The PCZ-
TZBTTT has a maximum absorption peak at around 750 nm in
solution, while it was reported that the absorption peak of PCDTBT



Table 1
Molecular weight and thermal properties of the copolymers.

copolymers Mn (kDa) Mw (kDa) PDI Td (�C)

PF-TZBTTT 10.3 29.9 2.90 418.2
PCZ-TZBTTT 12.8 37.4 2.92 401.0

Table 2
Electrochemical and optical properties of the polymers.

copolymer labs (nm)
solution

labs (nm)
film

Eg
opt

(eV)
Eox
(eV)

EHOMO

(eV)
ELUMO

(eV)

PF-TZBTTT 425,756 440,798 1.33 0.76 �5.16 �3.83
PCZ-TZBTTT 420,754 438,785 1.35 0.78 �5.18 �3.83
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is around 600 nm in the solution [21]. Similarly, the PF-TZBTTT also
shows much stronger ICT characteristic compared with PFDTBT, of
which the maximum absorption peaked at around 550 nm in the
solution. The comparison above clearly illustrates that the TZBTTT-
based DeA copolymers’ band gaps can be effectively lowered due to
the linkage of two electron-withdrawing groups, e.g. 1,2,5-
thiadiazole and 2-ethylhexyl-1,2,3-triazole on the benzene ring.
Moreover, it should be pointed out that the TZBTTT is a relatively
weaker electron acceptor compared with previously reported
benzo[1,2-c;4,5-c’]bis[1,2,5]thiadiazole or [1,2,5]thiadiazolo[3,4-g]
quinoxaline, which have been proven to be too strong electron
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Fig. 2. (a) Normalized UVevis absorption spectra of PF-TZBTTT and PCZ-TZBTTT in o-
DCB solution and in thin films. (b) UVevisible absorption spectra of PF-TZBTTT and
PCZ-TZBTTT in thin films.
withdraw acceptor units for PSCs and may affect the charge sepa-
ration efficiencies between the resulting donor polymers and
PC61BM or PC71BM. The maximum absorption of [1,2,5]thiadiazolo
[3,4-g]quinoxaline-based D-A copolymers in chloroform located in
about 810 nm [39] and it can be easily estimated that benzo[1,2-
c;4,5-c’]bis[1,2,5]thiadiazole-based copolymer would have even
narrower band gap because of the stronger electron-withdrawing
ability than [1,2,5]thiadiazolo[3,4-g]quinoxaline. Both of the
absorption spectra of TZBTTT-based copolymers show 30e40 nm
red-shifted absorbance in the solid state compared with their cor-
responding ones in solution, indicating the presence of strong
intermolecular interactions in the solid state. As shown in Table 2,
the optical band gaps (Egopt) of the copolymers calculated from the
absorption onset in the films are 1.33 eV for PF-TZBTTT and 1.35 eV
for PCZ-TZBTTT, respectively.

The electrochemical behaviors of the copolymers were investi-
gated by CV. The CV was performed in a solution of tetrabuty-
lammonium hexafluorophospate (Bu4NPF6) (0.1 M) in acetonitrile,
using saturated calomel electrode (SCE) and a platinum wire as
reference and counter electrode, respectively, at a scan rate of
50 mV/s at room temperature. A platinum electrode coated with
thin copolymer filmwas used as the working electrode. The HOMO
level values of the copolymers were calculated according to the
following empirical formulas:

EHOMO¼�e(Eoxþ 4.40) (eV) [46]

The Eox is the onset oxidation and reduction potential vs SCE.
The HOMO level values of these two copolymers were calculated to
be �5.16 and �5.18 eV, respectively (Fig. 3). Both of the polymers’
band gaps are narrower than those of previously reported BT-based
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Fig. 4. JeV characteristics of the devices with the structure of ITO/PEDOT:PSS/
copolymer:PC61BM (PC71BM)/Ca (PFN)/Al under the illumination of AM 1.5 G from
a solar simulator (77 mW cm�2).

Table 3
Photovoltaic performance of the polymers measured under the illumination of
simulated AM 1.5 G conditions (77 mWcm�2).

Copolymer Blend ratio Cathode Jsc
(mA/cm2)

Voc

(V)
FF PCE

(%)

PF-TZBTTT 1:2a Ca/Al 2.98 0.65 0.34 0.85
1:2b Ca/Al 4.73 0.60 0.37 1.36
1:2b PFN/Al 5.30 0.65 0.39 1.74
1:4b PFN/Al 6.90 0.65 0.44 2.56

PCZ-TZBTTT 1:2a Ca/Al 5.62 0.70 0.38 1.94
1:2b Ca/Al 6.48 0.65 0.39 2.13
1:2b PFN/Al 6.81 0.70 0.39 2.41
1:4b PFN/Al 8.50 0.70 0.41 3.17

a Blend with PC61BM.
b Blend with PC71BM.
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polyfluorene or polycarbazole copolymers, but are wider than
those of [1,2,5]thiadiazolo[3,4-g]quinoxaline-based and benzo[1,2-
c;4,5-c’]bis[1,2,5]thiadiazole-based ones. The lowest unoccupied
molecular orbital (LUMO) level values of the copolymers were
estimated from the HOMO energy levels and optical band gap
ðEopt:g Þ using the equation

ELUMO ¼ EHOMO þ Eoptg

As shown in Table 2, both of the LUMO levels of PF-TZBTTT and
PCZ-TZBTTT are �3.83 eV. It has been reported that the Eoptg , LUMO
level and HOMO level of ideal donor polymer is 1.5, �3.9
and �5.4 eV, respectively [47]. Thus, both of the LUMO levels of the
copolymers are close to the ideal donor polymer, whereas the Eoptg
of the copolymers is 0.24 and 0.22 eV narrower than the ideal Eoptg ,
respectively, due to the high-lying HOMO levels.
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3.3. Photovoltaic properties

Photovoltaic properties of the copolymers blended with PC61BM
or PC71BM were investigated in PSC devices with two device
configurations: ITO/PEDOT:PSS/copolymer:PC61BM (or PC71BM)/
Ca/Al and ITO/PEDOT:PSS/copolymer: PC61BM (or PC71BM)/PFN/Al,
where PFN was a water/alcohol soluble conjugated polymer
material, and it was spin-coated onto the active layer to form the
electron transporting cathode interlayer [48,49]. The PSC devices
were fabricated with well-established procedures [18] and the
active layers were spin-coated from o-DCB solution. The devices
were tested under AM 1.5 G illumination (77 mWcm�2). Fig. 4
shows the current density-voltage characteristics of BHJ PSCs
with two copolymers as the donors and PC61BM (or PC71BM) as the
acceptors. Table 3 summarizes the performances of the devices. It
can be seen that PCZ-TZBTTT showed better photovoltaic perfor-
mances compared with PF-TZBTTT. The PCE of PCZ-TZBTTT/ PC61BM
based device reached 1.94% with the Jsc, Voc, and FF of 6.70 mA/cm2,
0.7 V and 40%, respectively. As both of the copolymers showed little
absorption in the range of 480e640 nm, PC61BM was replaced to
PC71BM as the acceptor material to compensate the absorption of
the active layer in this area. Consequently, the PCEwas increased by
58% for PF-TZBTTT/PC71BM based device and 15% for PCZ-TZBTTT/
PC71BM based device, compared to those of polymer/PC61BM based
devices. As an effective interfacial modification material, PFN has
the potential for improving the PCE by enhancing the electron
collection and decreasing the possibility of hole-electron recom-
bination in the active layer [50,51]. Therefore, when Ca/Al was
replaced with PFN/Al as the cathode, the performances of the
resulting PSC devices was further increased. Besides, when the
blend ratio of polymer:PC71BM was changed from 1:2 to 1:4, the Jsc
was further improved by 30% for both PF-TZBTTT and PCZ-TZBTTT
based devices. Hence, it was found that the optimized PSCs
devices based on PCZ-TZBTTT and PF-TZBTTT exhibited maximum
PCEs of 3.17% and 2.56%, respectively. The external quantum effi-
ciency (EQE) of the device based on the six blends illuminated by
the monochromatic light was determined and shown in Fig. 5. All
the devices showed broad photoresponse in the range from 400 nm
to 900 nm. It was found that there is an obvious absorption
improvement in the range of 530e600 nm as the ratio of PC71BM
increased, which is in accordance with the performance improve-
ment of the resulting devices. Comparedwith the other devices, the
PCZ-TZBTTT:PC71BM (1:4) based device showed higher EQE (over
40%) in the range of 400e500 nm when using PFN/Al as the
cathode. The hole mobilities of the donor conjugated polymers play
a key role in the performance of BHJ-type PSCs. The hole mobilities
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Fig. 6. Typical J vs V plots of the copolymers for the measurement of hole mobility by
the SCLC method.
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of the copolymers blended with PC71BM were measured by using
the SCLC method, where the currentedensityevoltage character-
istics can be described by the equation JSCLC¼ (9/8) 3o 3rmo(V2/L3)
[52], where J is the current, m0 is the zero-field mobility, 30 is the
permittivity of free space, 3r is the relative permittivity of the
material, L is the thickness of the active layer, and V is the effective
voltage. Fig. 6 shows the J1/2eV characteristics of the blend of
copolymers and PC71BM obtained in the dark for hole-only devices
with the configuration: ITO/PEDOT/active layer (75 nm)/MoO3
(10 nm)/Al (90 nm). The perfect linear fitting in the figure indicates
the J1/2eV characteristic follows the MotteGurney square law. The
mobilities are 8.4�10�5 cm2 V�1 S�1 for PF-TZBTTT:PC71BM (1:4)
blend and 8.1�10�5 cm2 V�1 S�1 for PCZ-TZBTTT:PC71BM (1:4)
blend, respectively. Since both of the polymers have similar
mobilities and absorption extinction coefficients, the difference in
PSC performance observed between them may originate from
different phase separations of their corresponding active layers.
Themobilities of the blends are not high enough, whichmay be one
of the reasons for the low FF of the resulting devices. It is known
that the PSC active layers’ mobilities depend on many factors, such
as the substituted side chains on the polymers and the phase
separation of the polymer/PCBM blends. The optimization of these
factors is in progress, which may lead the improvement of these
polymers’ photovoltaic performance in near future.
4. Conclusions

In summary, two novel [1,2,5]thiadiazolo[3,4-f]benzotriazole-
based copolymers, PF-TZBTTT and PCZ-TZBTTT have been success-
fully synthesized. The band gaps of the resulting copolymers were
effectively narrowed to w1.3 eV compared to previously reported
BT based analogous polymers because of the induced extra electron
deficient triazole groups on the benzene ring. Moreover their
solubilities were also improved due to the linked alkyl side chains
on the triazole rings. The photovoltaic properties of the resulting
polymers were systematically studied and it was found that the
resulting devices exhibited much improved device performance
when using PC71BM as the acceptors and a water/alcohol soluble
conjugated polymer PFN as the cathode modification layer. All the
resulting devices exhibited a broad photo response range covering
400e900 nm. Among them, the PCE of PCZ-TZBTTT based devices
reached 3.17% with a Voc of 0.70 V, a Jsc of 8.50 mA cm�2, and an FF
of 0.41. All of these results indicate that [1,2,5]thiadiazolo[3,4-f]
benzotriazole-based copolymers are promising candidates for
application in photovoltaic devices.
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