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INTRODUCTION
Recently, the power conversion efficiency (PCE) of the polymeric solar cell (PSC) already surpassed 10% [1-4]. There are various 

options for both donor and acceptor units to synthesize the excellent photovoltaic (PV) performance of conjugated copolymer. 
Amongst the synthesized donor-acceptor (D-A) copolymers, PCDTBT is one of the D-A copolymers which has been extensively 
studied by researchers in the laboratory and under real-world conditions [5,6]. Hence, the focus point of this review paper is on the 
incorporation of electron-donating carbazole (Cz) unit with the electron-accepting benzothiadiazole (BT) unit through heterocyclic 
π-bridges.

The donor moiety along the PCDTBT backbone is carbazole, also known as 9-azafluorene, which is structurally analogous 
to the fluorene (Figure 1) [7-9]. The only difference between fluorene and carbazole is that the carbon atom at the 9th-position of 
fluorene was replaced by a nitrogen atom to form carbazole. According to Cheng et al., this replacement forestalls the ketone 
formation at the 9th-position as oxidation is not possible to the nitrogen atom present in the carbazole structure. Besides that, 
desirable solubility nature of carbazole can be obtained by functionalized the 9th-positioned nitrogen with suitable alkyl chains. 
Moreover, carbazole units can be presented in the form of stable radical cation as they exhibit good photochemical and thermal 
stability for both. These characteristics enable the carbazole to be applied as p-type semiconductors [9]. 
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Figure 1. Chemical structure of carbazole and fluorene.

Carbazole monomers can undergo polymerization by linked with each other at either 3,6-position or 2,7-position to form 
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poly(3,6-carbazole) or poly(2,7-carbazaole) respectively [9]. It was found that the meta-linkages of phenylene present in poly(3,6-
carbazole) have restricted conjugation. For the 2,7-linked polycarbazole, the para-linkage result in longer effective conjugation 
length [9,10]. Researchers discovered that the poly(2,7-carbazaole) is more favorable to be used as donor moieties in PSC than 
poly(3,6-carbazaole). This is because of the charges able to diffuse along the 2,7-linked conjugated carbazole backbones better 
than the 3,6-linkage carbazole PSC [9]. 

In the year 2009, three researchers from Japan successfully synthesized poly(1,8-carbazole). This study also reported 
that the alkyne-linked poly(1,8-carbazole) exhibits better thermal stability as compared to the poly(1,8-carbazole) without 
alkyne linkage [11]. Besides that, the efficiency of carbazole connectivity increased from poly(3,6-carbazolylene)<poly(1,8-
carbazolylene)<poly(2,7-carbazolylene) [12]. In addition, carbazole monomers can also be polymerized through 2,9-position and 
3,9-position [13-16]. Furthermore, there is some research applied the laddered carbazole as the donor moiety, which will be further 
elaborated in Section 6. 

During the past few decades, intensive study has been done by incorporating various kinds of carbazole derivatives with 
different types of acceptor units, which is denoted as X in Figure 2. Some examples for X are quinoxaline, pyrido[3,4-b]pyrazine, 
benzoxadizole, thienopyrazine, benzothiadiazole, and etcetera [17]. This review paper focuses on the PCDTBT and its derivatives, 
which the X is benzothiadiazole. The introduction of various types of alkyl chains on carbazole unit and alkoxy substitutions 
on the benzothiadiazole unit help to obtain reasonable and desirable solubility of the resulting copolymers during the solution 
processing. Besides that, the alkoxy substitutions also enhance the planarity of the polymers [18]. After comparison, the octyl and 
octyloxy substituents are found to be the most promising side chains for the PCDTBT derivatives.
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Figure 2. Carbazole-based polymers.

PCDTBT

During the past two decades, poly[N-9′-heptadecanyl 2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] 
(PCDTBT) (Figure 3) was discovered to be a promising donor material which possesses impressive stability and low HOMO level 
for the solar cell [19-21]. Hence, intensive study and various modifications have been done on PCDTBT in order to improve the 
existing features and efficiency [22]. The initial PCE achieved by PCDTBT-based polymeric solar cell (PSC) is 3.6% [23]. However, this 
PCE value has been surmounting by replacing the PC61BM with PC70BM acceptors in bulk heterojunction (BHJ) of PSC, and the 
resulting PCE value is c.a. 6.1% with internal quantum efficiency (IQE) up to 100% [24-26].
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Figure 3. Chemical structure of PCDTBT.

Recently, the PCE value reported by Wang et al. in 2013 have achieved up to 7.5% by employing graphene oxide as the 
electron-transporting layer of PCDTBT: PC71BM-based BHJ PSC [25,27]. Even though the recent highest PCE for PCDTBT-based PSC is 
yet to surpass 10% PCE, PCDTBT copolymers have still remained as a remarkable conjugated copolymer [22,24,25,27,28]. Various types 
of PCDTBT derivatives have been synthesized via ladderization, fluorination, or substitution with analogous compounds, such as 
selenophene, naphthothiadiazole and excreta to optimize the existing PV properties [29]. 

Spectacularly, it was found that the PCE of PCDTBT-based PSC can be further improved by the addition of small amount of 
silver nanoparticles into the active layer [30]. 

Modification of BT Unit

Ding et al. developed an analogous poly (N -90–heptadecanyl -2,7- carbazole –alt -5,5- (40,70–di-2-thienyl -50, 60–bis 
(octyloxy)-2, 1, 3-benzothiadiazole), PCDODTB by incorporated two octyloxy chains on the benzothiadiazole unit [31]. These two 
octyloxy side chains on the benzothiadiazole unit induce the S-O molecular interaction, which enhances the solubility in common 
organic solvent and increases the planarity of the resulting copolymers [31,32].

The optical and electrochemical properties of the PCDODTBT are summarized in Table 1. The highest PCE value achieved 
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by the PCDODTBT-based PSC device is 1.44% with the 2.5% of DIO additive in DCB processing solvent [31]. In addition, Ding et al. 
also reported a copolymer with impressive PCE, i.e., 4.02%, which used benzodithiophene instead of carbazole as donor moieties. 
Neither additives nor annealing is applied during the fabrication of this polymer-based PV device [33]. 

Characteristics 
Polymer

Copolymers BHJ PSC  Ref

Mn
 a 

(kDa)
Mw 

a 
(kDa)

Td
 b 

(°C)
HOMOcv 

(eV)
LUMOc  

 (eV) PDI
Eg

elec 

d 

(eV)

Eg
opt filme 

(eV) VOC (V) JSC (mA/
cm2) FF µh

f (cm2/
Vs)

µe
f 

(cm2/
Vs)

PCE 
(%)  

PCDTBT
PC61BM

37 73 430 -5.5 -3.6 1.97
1.87 1.88 0.89 6.92 0.63 1 × 10-3 n.a. 3.6 [17,23]

PC70BM n.a. n.a. 0.88 10.6 0.66 n.a. n.a. 6.2 [24]

PCDODTBT 64.8 25.1 327 -5.11 -3.29 2.58 1.82 1.82 0.72 5.63 0.36 2.03 × 10-4 n.a. 1.44 [31]

PCDODTBT-12 24.6 50.5 n.a. -5.6 -3.61 2.05 1.99 1.99 0.97 10.68 0.58 1.8 × 10-3 n.a. 6.04 [34]

PCDTNT 12.8 36.4 425 -5.37 -3.63 1.67 1.74 1.71 0.81 4.98 0.33 2.0 × 10-6 n.a. 1.31 [38]

HXS-1
DCB

16.6 51.4 300 -5.21 -3.35 3.1
1.86 n.a. 0.85 8.3 0.51 3 × 10-5 1 × 10-3 3.6 [32,40]

DCB/
DIO 1.86 1.95 0.81 9.8 0.69 1 × 10-4 3 × 10-4 5.4 [39]

Table 1. The experimental data for PCDTBT and its derivatives.

aMeasurement conducted by differential refractive index(DRI) detection. bOnset of degradation temperature obtained from TGA with 5% of weight 
loss. cHOMO and LUMO energy level determined from the onset of oxidation and reduction, respectively. dElectrochemical energy gap=l LUMO-
HOMO l (eV). eOptical energy gap of the copolymeric thin film, Eg

opt. fµh
 represent hole mobility while µe represent electron mobility (cm2/Vs).

When the octyloxy side chains of BT were replaced with dodecyloxy groups, PCDODTBT-12 is formed. These two dodecyloxy 
chains result in slight enlargement of band gap by down-shift c.a. 0.1 eV HOMO energy level of PCDODTBT-12 as compared 
with the PCDTBT. From Table 1, it can be noticed that the band gap of PCDODTBT-12 is largest. The annealed (60°C, 20 min) 
PCDODTBT-12: PC71BM blend film (1:4 w/w) PSC possesses relatively high hole mobility than the other copolymers PSC in Table 1 
[34,35]. The blend film was incorporated in an inverted solar cell, which achieved PCE value up to 6.04% when organic poly(diethyl-
6-(2,7-carbazol-9-yl)hexylphosphonate), PC-P interlayer was applied in the PV device [34,36]. 

In addition, Casey et al. reported an experiment about the substitution of thioalkyl (-SR) onto the BT unit of PCDODTBT, 
known as PCDSDTBT. Both -SR and -OR (alkoxyl) group possess different effects on the polymeric conformation and the electronic 
properties of the copolymers. This research compares both PCDODTBT and PCDSDTBT. The -SR group was found to result in 
extremely large Stokes shifts and high Voc value (i.e.,>1.0 V). The PCE value for PCDODTBT in this study is c.a. 4%, which is 
double the PCE of PCDSDTBT1 and PCDSDTBT2, c.a. 2%. The alteration of –SR chain length does not have great influence on PV 
performance of the PSC [37]. 

When the BT in PCDTBT was replaced with 2,1,3-naphthothiadiazole (NT), the extended aromatic π-conjugation in the acceptor 
unit has successfully narrowed the optical band gap of PCDTNT (Figure 4) as compared to the PCDTBT (1.87 eV). The result 
tabulated in the BHJ PSC column for PCDTNT is obtained from PCDTNT:PC71BM blend which contains 1.0 v/v% 1,8-octanedithiol 
(ODT) additive, which enhance the PV performance of PCDTNT-based PSC to 1.31% PCE value. The PCE value of PCDTNT-based 
PSC without additive only achieve 0.42%. These low PCE values can be explained from the relatively low FF value obtained by 
PCDTNT than the other PSC in Table 1, which limited the PV performance of PCDTNT-based PSC. The low FF value is due to the 
relatively low molecular weight (Mw), low hole mobility, and the bulky NT units result in unfavourable morphology [38]. 

HXS-1

Poly(2-(5-(5,6-bis(octyloxy)-4-(thiophene-2-yl)benzo[c][1,2,5]thiadiazole-7-yl)thiophene-2-yl)-9-octyl-9H-carbazole), HXS-1 
(Figure 5) was firstly reported by Qin and co-workers in 2009, and further studied by many other research teams. According to Qin 
et al., HXS-1 was designed for a more planar configuration in order to enhance the charge transport ability of the copolymers in 
solar cell application. The result shows that the HXS-1-based PSC prepared by using DCB: DIO as solvent possesses high FF and 
JSC value, i.e., 69% and 9.6 mA/cm2, respectively. These values indicate that a balanced charge transport have been achieved 
and the FF of 0.69 was the highest value amongst the PSC that achieved >5% on that time. Besides that, HXS-1 exhibits wide 
absorption in the visible region and possesses promising solubility in both chloroform and dichlorobenzene (DCB) [39]. 

In addition, Li et al. studied the effect of 1,8-diiodooctane (DIO) additive on the PV performance of HXS-1 -based PSC. The 
results show that the present of DIO helps to enhance the charge transport and reduce the recombination of charge carrier in 
the blend films. The external quantum efficiency (EQEs) of PSCs spin-coated without DIO was found to be much lower that the 
PSCs with DIO. All in all, the addition of DIO additive as the solvent in the HXS-1: PC71BM based PSC enhanced the photovoltaic 
performance of the cells [40]. The PCE of the PSC increased from 3.6% [32,40] to 5.4% [39,40] by using DIO as the solvent additive. 

Furthermore, HXS-2 and HXS-3 are produced when two and three carbazole donor units are linked together before 
copolymerized with the acceptor moieties [39,41]. The torsion angle of the copolymeric backbone increased when the carbazole 
units increased. The PCE value of HXS-2 and HXS-3 are 0.43% and 0.23%, which experienced dramHXS-1 [41]. 
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Figure 4. Incorporation of alkoxy and thioalkyl groups in BT unit and replacement of BT by NT unit.
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Figure 5. Chemical structure of HXS-1.

EFFECT OF FLUORINATION
Fluorination of the polymeric backbone was found to be a promising pathway to enhance the PV performance of BHJ 

polymeric solar cells [42]. An introduction of fluorine atoms into the conjugated backbone enable the energy levels to be effectively 
tuned by lowering HOMO and LUMO without causing significant alteration in the energy band gaps. Besides that, fluorine atoms 
also enhance the charge transport, molecular arrangement, and the optical properties of the resulting conjugated polymers [29]. 
The incorporation of these fluorine atoms needs to be done before functionalization [29,42]. 

Interestingly, it was found that non-covalent Coulomb interaction (Figure 6) exists between fluorinated BT with the thiophene π-bridges 
through S...F, CH…F, CH…N interactions [43]. Hence, many researchers start to grow interest in the fluorinated acceptor units [44,45]. 
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Figure 6. The non-covalent Coulomb interaction.

Umeyama et al. were the first to synthesize P1 for the study of fluorination effect on the physical and chemical properties of 
PCDTBT. P2 with extra hexylthiophene units was then synthesized to surmount the poor solubility of the former P1. The electron-
withdrawing fluorine atoms tend to reduce the HOMO energy level of the copolymer, yet this fluorination effect can be offset by 
the addition of electron donating hexylthiophene units, which in turn lead to a higher HOMO level than the PCDTBT. Moreover, the 
optical band gap of the P2 film (1.82 eV) was found to be smaller than the PCDTBT (1.89 eV). On the contrary, the optical band gap 
for the P1 film is 1.96 eV, which is higher than PCDTBT. This high band gap was caused by the low molecular weight of P1 film due 
to the meagre solubility. Besides that, several factors result in the PCE values for 1:4 w/w, P1:PC70BM (1.29%) and P2:PC70BM 
(1.98%) blended based PSC devices were found to be much lower than the analogous PCDTBT (6.16%) [46]. 
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One year later, a research paper regarding the singly and doubly fluorination on the benzothiadiazole of PCDTBT was 
published by Kim et al. The experimental details of these two P3 and P4 derivatives were tabulated in Table 2. Based on the data 
obtained, P4 with two substituted fluorine atoms was found to have lower HOMO and LUMO energy levels relative to the singly 
fluorinated P3, and yet both P3 and P4 exhibit similar band gap. Besides that, the hole mobility for the P3 and P4-based organic 
thin film transistors (OTFT) c.a. 3.03 × 10-4 cm2V-1s-1 and 9.50 × 10-5 cm2V-1s-1 respectively [29].

Characteristics
Polymer

Copolymers BHJ PSC Ref.

Mn 
a 

(kDa)
Mw a 
(kDa)

Td
 b 

(°C)
HOMOcv 

(eV)
LUMOc  

 (eV) PDI Eg
elec d 

(eV)

Eg
opt 

filme 

(eV)

VOC 
(V)

JSC (mA/
cm2) FF µh

f (cm2/
Vs)

µe
f (cm2/
Vs)

PCE 
(%)

P1 4 n.a. 409 -5.54 -3.58 1.5 1.96 1.96 0.82 4.93 0.32 n.a. n.a. 1.29
[46]

P2 13 n.a. 407 -5.44 -3.62 2 1.82 1.82 0.88 6.56 0.34 n.a. n.a. 1.98

P3 11 n.a. 450 -5.54 -3.71 1.39 1.83 1.82 0.95 9.04 0.46 2.87 × 10-4 1.64 × 10-4 3.96
[29]

P4 31.5 n.a. 437 -5.67 -3.83 2.05 1.84 1.82 0.88 6.94 0.34 3.49 × 10-5 7.27 × 10-5 2.07

P5 11.4 20.6 390 -5.23 -3.12 1.81 2.11 1.82 n.a. n.a. n.a. n.a. n.a. n.a.

[22]P6 7.7 11.9 367 -5.44 -3.45 1.55 1.99 1.86 n.a. n.a. n.a. n.a. n.a. n.a.

P7 6.1 8.9 351 -5.24 -3.11 1.46 2.13 1.88 n.a. n.a. n.a. n.a. n.a. n.a.

P8 9.1 23.9 328 -5.23 -3.48 2.63 1.75 n.a. 0.91 9.5 0.55 3.1 × 10-3 n.a. 4.8 [32]

P9 31.1 57.2 n.a. -5.2 -3.3 1.84 1.9 1.95 0.88 8.7 0.52 3.5 × 10-3 n.a. 4.1
[54]

P10 18.6 48 n.a. -5.3 -3.5 2.58 1.8 1.89 0.9 9.6 0.47 3.1 × 10-3 n.a. 4.5
P11 16.2 48.6 388 -5.47 -3.39 3 2.08 1.84 0.83 9.44 0.43 1.23 × 10-4 n.a. 3.4 [18]

Table 2. A summary of experimental and characterization data for P1-P11.

aMeasurement conducted by differential refractive index(DRI) detection. bOnset of degradation temperature obtained from TGA with 5% of weight loss. 
cHOMO and LUMO energy level determined from the onset of oxidation and reduction, respectively. dElectrochemical energy gap=l LUMO-HOMO l (eV). 
eOptical energy gap of the copolymeric thin film, Eg

opt. f µh
 represent hole mobility while µe represent electron mobility (cm2/Vs).

Later on, Cartwright et al. have investigated and compared the optical, electrochemical, thermal, and molecular arrangement 
of the three different type of fluorinated PCDTBT (Figure 7), i.e., PCffDTBT (P5), PCDTffBT (P6), and PCffDTffBT (P7). From Table 2, 
P5 was found to exhibit highest molecular weight than the other two counterparts, which was speculated to result in the highest 
decomposition temperature. Both copolymers with fluorinated carbazole unit (i.e., P5 and P7) were found to have higher HOMO 
and LUMO energy level as compared with the non-fluorinated carbazole-based copolymer, P6. However, the electrochemical 
bandgap achieved by P6 is the lowest amongst these three fluorinated PCDTBTs. Meanwhile, P5 has the lowest optical bandgap 
which enables the P5-based copolymer to harvest more photons from the solar spectrum. Besides that, the XRD study discovered 
that the copolymers with fluorinated benzothiadiazole unit (i.e., P6 and P7) have the ability to promote the π-π stacking of the solid 
state copolymeric backbones, which in turn improve the molecular ordering of the copolymer [22]. 
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Figure 7. Fluorinated PCDTBT derivatives.
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Fluorination of HXS-1 on 3,6-position of the carbazole donor unit produces the copolymer, P8, which was studied by Du et 
al. This study shows that the substitution of two fluorine atoms on the carbazole result in lower HOMO and LUMO energy levels. 
In comparison with the non-fluorinated HXS-1, P8 possesses smaller bandgap, higher Voc, and Jsc, which manifest that P8 is a 
good donor material for PSC with PCE value up to 4.8%. Besides that, the thermal and electrochemical stability of the P8-based 
copolymer were found to be better than the HXS-1-based copolymer. This outcome is likely due to the fluorination of carbazole 
moiety which in turn protects the highly active 3,6-positions. DIO additive was used during the fabrication of HXS-1-based PSC to 
enhance the PV performance. On the other hand, the addition of DIO in the processing solvent during fabrication of P8-based PSC 
does not result in any positive impact on the PV performances but 1-chloronaphthalene (CN) can. The best PCE value, i.e., 4.80% 
was obtained from the PSC that fabricated by using trichlorobenzene (TCB) processing solvent which consists of 10% of CN [32].

THE π-BRIDGES
There are a few studies about the π-bridges between donor and acceptor moieties along the polymeric backbones. It was 

found that the π-bridges enhance the π-π interaction which in turn facilitate the charge mobility of the copolymers [47-52]. The 
π-bridges have a great impact on the optoelectronic properties and molecular architecture of the copolymers [52]. Generally, 
the π-bridges are five-membered heterocycles which contain group 16 element, such as furan, thiophene, selenophene, and 
tellurophene [48]. The most commonly used π-bridges are thiophene, and its derivatives, e.g. thienothiophene (TT), dithiophene 
(2T), or oligothiophenes. According to Wang et al., TT exhibits much superior PV performance than the furan and thiophene [52,53]. 

In 2014, Pearson et al. reported the study of linker group effect of TT or 2T as the -bridges of the copolymer donor 
material. This study found that there is a slight improvement in PCE value of P10-based PSC than the P9-based PSC (Figure 
8). This is because the Jsc value of the P10-based blend OPVs is higher than the P9-based OPVs. The improvement of Jsc value 
without suppression of Voc value, which results in small augment in PCE value of P10-based PSC as compared with the P9 PSC. 
Moreover, relatively red-shifted onset absorption and much narrow band gap have been obtained for P10 as compared to P9 
[54]. Furthermore, by referring to the PCE value (1.44%) obtained by the PCDODTBT-based PSC, both P9 and P10-based PSC have 
achieved a huge leap in the PV efficiency. This can be concluded that the π-bridge conjugation increased from thiophene<2T<TT 
for the D(Cz)-A(BT) copolymers.

. 

 P9 : X ≡ dithiophene 

P10 : X ≡ thienothiophene 
P11 : X ≡ thienothiophene (with –OC12H25 as BT alkoxy side chains) 
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Figure 8. PCDODTBT polymers with different π-bridges.

In addition, there was a paper reported a conjugated polymer, P11 with dodecyloxy-chains on the benzothiadiazole units 
instead of the octyloxy side chains. The highest PCE value of P11, i.e., 3.4%, which is achieved by the P11-based PSC device with 
blend ratio of 1:4 for P11: PC71BM and processing solvent of CB/DIO (20:1 v/v) [18]. 

On the other hands, a group of researcher has investigated the copolymers with three different donors (i.e., fluorene, 
carbazole, dibenzosilole) linked directly to the BT acceptors without any π-bridges. However, the PV efficiency for all these three 
copolymeric PSCs is extremely low, with PCE value merely exceed 0.2% [55].

LADDERIZATION
An electron donating indolocarbazole unit is formed when two carbazole units are fused together by sharing one benzene 

ring. This large rigid coplanar indolocarbazole ring improved the intermolecular π-π stacking, which enhanced the charge mobility 
in the PSC [53,56,57]. The indolocarbazole can be polymerized through either 3,9-linkage or 2,8-linkage, where the former possesses 
more extensive conjugation along the polymeric backbone than the latter linkage [58,59].  

Moreover, there are several papers reported that the indolo[3,2-b]carbazole and its derivatives (Figure 9) are excellent 
hole transport units, which can be applied to fabricate high mobility organic thin-film transistor (OTFT) [59-61]. For example, the hole 
mobility of the IC1 and IC2 OTFT is up to 10-3 cm2V-1s-1 and 0.12 cm2V-1s-1, respectively [62,63]. 

It was found that the BT exhibits similar spatial structure to the IC donor, which enhance the spectral sensitivity range, 
photosensitivity, and photoconductivity [64]. Hence, this section mainly focused on the copolymers with IC as the donor and 
2,1,3-benzothiadiazole (BT) as the electron acceptor unit.
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Lu et al. intend to synthesize a narrow band gaped PSC with excellent charge mobility by incorporated the high mobility 
indolocarbazole. They have successfully fabricated a favourable copolymer, i.e., In1, by incorporated indolocarbazole with 
benzothiadiazole through oligothiophenes. Based on the absorption peaks present in the spectra of In1, it can be concluded that 
intramolecular charge-transfer (ICT) and π-π transitions were present along the In1, which indicates that the energy has been 
efficiently transferred from the indolocarbazole units to the electron accepting moieties. Besides that, the low HOMO energy level 
of In1 is c.a. -5.17 eV, which resulted in favourable VOC value and high air stability. The PCE value achieved by In1:PC61BM (1:2 
w/w) s PSC is 3.6% [57].

In 2009, Tsai et al. reported several indolocarbazole based polymer, one of them is In2, which the indolocarbazole units 
are directly linked to the benzothiadiazole units via 2,8 linkage without any thiophene π-bridges. Unfortunately, the PCE value 
obtained from In2:PC61BM (1:4 w/w) blend film is relatively low, i.e., only 0.49%. This is because the HOMO energy level of In2 is 
relatively higher as compared with the other copolymers, which account for the low VOC value, and finally result in low PCE value 
[59]. According to Blouin et al., the preferable range for the HOMO and LUMO energy level of an ideal copolymer for PSC are -5.2 
to -5.8 eV and -3.7 to -4.0 eV [17], respectively, which the HOMO and LUMO values of In2 are completely out-landed these ranges.

The donor-acceptor moieties of In3 were arranged in D-π-A-π-A-π form, which will be further elaborated in the later section. 
The photovoltaic properties of the In3:PC71BM with 1:1 and 1:2 (w/w) blend films were studied, and the result shows that, 1:2 
blend film (2.21%) possesses better PCE value than 1:1 blend film (1.45%). Besides that, the SEM images show that the surface 
morphology improved when the ratio of In3:PC71BM blend film increased from 1:1 to 1:2, which also result in much higher JSC 
value for 1:2 blend PSC. The details tabulated in Table 3 is based on 1:2 w/w In3:PC71BM PSC [65]. 

Characteristics Copolymers BHJ PSC Ref

Polymer Mn 
a 

(kDa) Mw a (kDa) Td
 b 

(°C)
HOMOcv 

(eV)
LUMOc  

 (eV) PDI Eg
elec d 

(eV)
Eg

opt filme 

(eV) VOC (V) JSC (mA/cm2) FF µh
f (cm2/
Vs)

µe
f (cm2/
Vs)

PCE 
(%)  

ICBT1 19.5 n.a. 410 -5.17 -3.15 2.1 2.02 1.89 0.69 9.17 0.6 n.a. n.a. 3.6 [57]

ICBT2 n.a. 3.1 464 -4.9 -2.81 1.3 2.09 2.09 0.55 2.11 0.4 1.93 × 
10-4 n.a. 0.49 [59]

ICBT3 18.2 44.4 380 -5.42 -3.62 2.4 1.8 1.8 0.8 6.4 0.4 n.a. n.a. 2.21 [65]

ICBT4 7.4 12.2 326 -4.95 -3.38 1.7 1.57 1.7 0.46 4.55 0.4 n.a. n.a. 0.82
[66]

ICBT5 8.5 14.6 328 -5 -3.54 1.7 1.46 1.65 0.54 4.79 0.4 n.a. n.a. 1.63

T-ICBT 13 n.a. n.a. -5.4 -3.3 1.3 2.1 1.77 0.84 8.54 0.4 9.11 × 
10-5 n.a. 2.62 [71]

a Measurement conducted by differential refractive index(DRI) detection. bOnset of degradation temperature obtained from TGA with 5% of weight loss. 
cHOMO and LUMO energy level determined from the onset of oxidation and reduction, respectively. dElectrochemical energy gap=l LUMO-HOMO l (eV). 
eOptical energy gap of the copolymeric thin film, Eg

opt. f µh
 represent hole mobility while µe represent electron mobility (cm2/Vs).

Table 3. A summary of experimental and characterization data for indolocarbazole-based PSC.

Two random copolymers, ICBT4 and ICBT5 (Figure 10) were prepared by varying the ratios of donor and acceptor moieties through 
Stille cross-coupling reaction. For the 1:1 w/w copolymer:PC61BM, the ICBT5 (0.90%) achieved much higher PCE value than ICBT4 
(0.82%), as ICBT5 possesses lower HOMO energy level and higher content of donor units along the copolymeric backbone than ICBT4. 
The PCE value of ICBT5:PC61BM experienced a slight deduction (0.88%) when the weight ratio increased from 1:1 to 1:3. However, 
1.63% PCE value was achieved when the PC61BM was replaced with PC71BM and the 1/1 ratio remain as 1:1 [66]. 

Interestingly, a thiadiazole-fused indolocarbazole (TIC) monomer was successfully synthesized by Balaji et al. and followed by 
a 3,9-linked TIC polymer (Figure 11) was be obtained from the monomer through electropolymerization. The result of the optical 
band gap of TIC polymer (2.4 eV) is lower than its monomer (2.8 eV) due to the LUMO energy level of TIC monomer decreased 
from -2.59 eV to -3.14 eV after electropolymerization and yet only slight alteration for the HOMO energy level (i.e., 5.34 ± 5 eV) [67].
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Moreover, when the meta-positions (i.e., 2- and 10- positions) of N-2-ethylhexyl TIC monomer was substituted with either 
halide (e.g. -Cl) or hydroxyl groups, the UV-vis spectra of both TIC derivatives are typical of planar conjugated systems, except 
the peaks which represent the meta-substitutes [68,69]. Besides that, based on the values of oxidation and reduction onsets, the 
estimated HOMO and LUMO energy levels are -5.49 eV and -3.05 eV, respectively for both TIC derivatives. Peculiarly, the obtained 
HOMO value is agreed upon the calculated value done by Balaji et al. for alkylated TIC monomers [67,69]. A few years later, a 
research paper about TIC copolymerized with alkylated-dithienosilole was published. Based on the research, the HOMO energy 
level increased to c.a. -5.03 eV and LUMO energy level experienced only slight increment, c.a. -2.98 eV. This has successfully 
reduced the electrochemical band gap of the TIC-based polymer [70]. 

Furthermore, Park et al. have successfully synthesized TIC-based copolymer, which incorporated with BT through 
oligothiophenes π-bridges. The experimental result shows that, the PCE value achieved by T-ICBT: PC71BM (1:2 w/w) blend PSC 
is 1.47%. However, the PCE of 1:2 T-ICBT-based PSC can be further soared to 2.62% by introducing 1 nm LiF thin-film as electron 
transporting layer [71]. This thin LiF interlayer helps to stabilize the VOC, enhance the JSC and FF of the BHJ solar cells, and finally 
improved the PCE value [72-74]. 

SUBSTITUTION OF SELENIUM
In the past few years, some researchers try to replace benzothiadiazole and thiophene present in the PCDTBT and PCDODTBT 

(Figure 8) with benzoselenadiazole and selenophene, respectively. This is because the researchers intend to harvest the lower 
energy photons in the solar spectra. To achieve this goal, conjugated polymer with lower bandgap is desired. 

Recently, certain heavy atoms are applied to tune the band gap of the conjugated polymers. Selenium or tellurium are the 
candidates to replace sulphur atoms present in the heterocyclic polymer (Figure 12). However, selenium possesses much similar 
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chemical properties and electronegativity as the sulphur than the tellurium [75,76]. Besides that, selenophene has lower aromaticity 
than thiophene, which led to the elevation of the quinoid resonance property of the synthesized copolymers. This effect results in 
the enhancement of planarity, augmentation of the effective conjugation length, followed by lowering the bandgap [77]. Moreover, 
benzoselenadiazole was ascertained to have the ability to extend the absorption spectrum towards the infrared region and 
consequently lower the band gaps of the conjugated polymers [75,78]. 
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Figure 12. Selenium substituted PCDTBT derivatives.

First, Zhao et al. blended the Se1 copolymer with PC61BM and discovered that the PCE value increased with the w/w ratio 
of Se1:PC61BM from 1:1 to 1:4, i.e., 0.39% to 1.46%. Moreover, the PCE further increased to 2.58% when the PC61BM replaced 
with PC71BM acceptors [75]. The OPV devices based on Se2 and Se4, synthesized by Alghamdi et al., were fabricated by blending 
the copolymer (Se2 or Se5) together with PC70BM in 1:2, 1:3, 1:4 w/w ratios. The best PV performance of Se2 and Se4-based 
OPVs were obtained from 1:3 and 1:4 blends, respectively. Meanwhile, the thickness of both Se2 and Se4-based active layer were 
60 nm and the solvent used for the film casting were CHCl3 and CB, respectively [79]. Before that, Kim et al. have annealed Se2 
thin films, and the best hole mobility obtained was up to 1.0 × 10-3 cm2/Vs, which the film synthesized after thermal annealing 
at 150°C. Moreover, the PV device with 1:4 w/w thermally annealed Se2:PC71BM blend exhibits higher PCE value than the non-
annealed Se2 based OPV, i.e., 4.12% and 2.76%, respectively [80]. 

Next, the highest PCE value achieved by PSC devices when Se3 and Se5 were blended with PC71BM in 1:2 and 1:3 w/w 
ratio as compared with the other blend ratio. It was found that thermal annealing of Se3 and Se5 copolymers at 150°C for c.a. 
10 minutes causes a slight decrease in PCE value of Se3 OPVs, while improved the PCE for Se5 OPVs [81]. The other details were 
tabulated in Table 4. The fluorescence quantum yield of the conjugated polymers is inversely proportional to the number of 
selenium atoms present [76]. This also can be denoted by the following comparison, i.e., the Se5 exhibited higher PCE value than 
the Se3 [81]. 

Characteristics Copolymers BHJ PSC Ref.

Polymer Mn 
a (kDa) Mw a 

(kDa)
Td

 b 

(°C)
HOMOcv 

(eV)
LUMOc  

 (eV) PDI Eg
elec d (eV) Eg

opt filme 

(eV)
VOC 
(V)

JSC (mA/
cm2) FF µh

(cm2/Vs)
µe

(cm2/Vs)
PCE 
(%)  

Se1 14 17 390 -5.28 -3.55 1.2 1.73 1.73 0.75 7.23 0.5 3.9 × 10-4 n.a. 2.58 [75]

Se2
3.9 9.4 n.a. -5.46 -3.25 2.4 2.21 n.a. 0.85 6.62 0.6 5.08 × 10-5 5.58 × 

10-3 3.34 [79]

n.a. n.a. n.a. -5.4 -3.7 n.a. 1.7 1.7 0.79 11.7 0.5 1 × 10-3 n.a. 4.12 [80]

Se3 32 61 308 -5.29 -3.4 1.9 1.89 1.89 0.74 5.07 0.5 2.9 × 10-3 n.a. 1.87 [81]

Se4 26 62.9 n.a. -5.47 -3.09 2.4 2.38 n.a. 0.92 10.28 0.5 3.36 × 10-4 n.a. 4.35 [79]

Se5 43 63 315 -5.35 -3.53 1.5 1.82 1.82 0.77 7.87 0.5 9.5 × 10-3 n.a. 2.88 [81]

Se6 n.a. n.a. n.a. -5.85 -3.67 n.a. 2.18 2.18 n.a. n.a. n.a. n.a. n.a. n.a. [85]

SeF1 21.1 44.3 382 -5.32 -3.59 2.1 1.73 1.74 0.78 4.29 0.3 4.63 × 10-7 7.81 × 10-6 1.09
[44]

SeF2 15.6 29.6 385 -5.35 -3.6 1.9 1.75 1.78 0.82 3.44 0.3 5.74 × 10-7 8.08 × 
10-6 0.91

Table 4. The characterization data for selenium substituted copolymers (Se1-Se6, SeF1, SeF2).

aMeasurement conducted by differential refractive index(DRI) detection. bOnset of degradation temperature obtained from TGA with 5% of weight loss. 
cHOMO and LUMO energy level determined from the onset of oxidation and reduction, respectively. dElectrochemical energy gap=l LUMO-HOMO l (eV). 
eOptical energy gap of the copolymeric thin film, Eg

opt. fµh
 represent hole mobility while µe represent electron mobility (cm2/Vs).
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These copolymers exhibit two major absorption bands in the UV-vis spectra. The absorption band located at the longer 
wavelength region accredited to the intramolecular charge transfer (ICT) interaction between the donor-acceptor units. On the 
other hands, the absorption band in the shorter wavelength region attributed to the π-π* transition of the conjugated polymeric 
chains [75,80-84].  

Furthermore, Kutkan et al. synthesized and studied the characteristic of a random copolymer, Se6. Even though the details 
of this finding is not as completed as the others, yet the result still shows that the HOMO and LUMO energy level of Se6 is relatively 
deeper than the other Se-substituted copolymers. Besides that, from the Table 3, it can be clearly noticed that the optical band 
gap of the Se6-based copolymeric thin-film is >2 eV, which is the highest among the copolymers [85]. Based on Table 4, it can be 
concluded that PCDODTBT with its benzothiadiazole replaced with benzoselenadiazole exhibits highest PCE value than the other 
copolymers.

When fluorine atoms were introduced into the acceptor unit of Se1, the HOMO and LUMO energy levels were decreased, 
which result in higher Voc for both SeF1 (0.78 eV) and SeF2 (0.82 eV) (Figure 13) as compared to the non-fluorinated Se1. Both 
SeF1 and SeF2 were blend with PC61BM in 1:3 (w/w). The SeF2 blend PSC possesses higher PCE value than the SeF1 blend 
PSC, and yet both copolymer blend PSC possesses higher PCE than the non-fluorinated Se1 which synthesized by this research 
group, i.e., 0.73%. Moreover, fluorination of acceptor moieties able to finely tuned the PV properties, energy levels, and the charge 
mobility if the copolymers [44]. 
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Figure 13. Fluorinated selenium substituted PCDTBT.

 DESIGNATION D-A ARRANGEMENT
Lot efforts and ideas were input in the structural designation of the PCDTBT backbone. According to Zhou et al., the further 

extension of another set of acceptor unit, A-π in the repeating unit of the conjugated PCDTBT copolymer has improved the 
efficiency of the PSC. This is because of the D-π-A-π-A-π structure, P12 possesses narrower bandgap, a higher coefficient for 
molar absorption, and red-shifted UV-vis absorption spectra as compared with its analogous PCDTBT counterpart with the D-π-A-π 
arrangement. Besides that, P12 -based PSC shows higher Voc, Jsc, and PCE than PC-TBT-based PSC, which are 0.99 V, 9.70 mA 
cm-2, and 4.74% respectively. Besides that, through the computational method, it was found that the addition of A-π unit along the 
repeating unit of PCDTBT narrowed down the bandgap by decreasing the LUMO energy level without causing a huge increment in 
HOMO energy level. Moreover, the film morphology of P20 was studied and compared with its analogous PCDTBT via transmission 
electron microscopy (TEM) and atomic force microscopy (AFM) by Zhou et al. The outcomes show that the P20:PC71BM blended 
film exhibits smoother morphology than the PCDTBT. This favourable feature of the P20 blend film increases the D/A interface 
which leads to high hole mobility [86]. 

Before the synthesis of P12, Kim et al. had synthesized P13, where the π-bridges were eliminated out of the entire copolymeric 
backbone. However, the PCE obtained is extremely unfavourable, i.e., 0.42%, which indicates that the thiophene π-bridges play a 
vital role in the PV performance. Besides that, P14 with two thiophene units located adjacent to the carbazole donor moieties and 
no thiophene rings between the two benzothiadiazole units were synthesized and studied. The result shows that the P14 exhibit 
broad absorption band and the resulting PCE of the P14-based PSC are much higher than the P13 but yet lower than the P12 [87]. 

P16 copolymer that consists of carbazole trimer possesses lower efficiency in PSC device than the copolymer with carbazole 
dimer, P15. On the other hand, P17 with BT trimer and one carbazole as the repeating unit exhibit better PV performance with 
highest PCE value (1.25%) than P15 and P16. However, the PCE value for HXS-1 with only one donor and acceptor in the repeating 
unit, as tabulated in Table 1, is about five times higher than the P17 [88]. In addition, P18 copolymer was synthesized according to 
D-π-A-π-A-π arrangement, which possesses excellent thermal stability than the other copolymers in Table 5. Besides that, it has 
good solubility in the organic solvent. In this study, the P18:PC71BM (1:2 w/w) blend PSC has higher PCE value than the 1:1 w/w 
blend [65]. 

Shi et al. have successfully synthesized three newly designed copolymers, i.e., P19, P20, and P21 (Figure 14), which have the 
different ratio of carbazole and BT present along the copolymeric backbone. When the copolymers were blended with PC61BM in 1:2 
w/w, the copolymer P21 PSC achieved highest PCE value (1.18%) than the other two copolymeric PSC. The PCE value for 1:2 w/w 
P19:PC61BM blend PSC (0.62%) improved when the ratio is 1:1 w/w (1.09), and yet P12 still remained the highest PCE [89]. When 
this P19-P21 study is compared with the study of P15-P17, it can be concluded that increase of donor units does not improve the PV 
performance, but the increment of acceptor moieties along the copolymeric backbone can enhance the PCE value [88,89]. 
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Characteristics Copolymers BHJ PSC Ref.

Polymer Mn 
a (kDa) Mw a 

(kDa)
Td

 b 

(°C)
HOMOcv 

(eV)
LUMOc  

 (eV) PDI Eg
elec d (eV)

Eg
opt 

filme 

(eV)
VOC (V) JSC (mA/

cm2) FF µh
(cm2/Vs)

µe
(cm2/Vs) PCE (%)  

P12 n.a. 31.1 310 -5.43 -3.51 2.5 1.92 1.92 0.99 9.7 0.5 2.67 x 10-4 n.a. 4.74 [86]

P13 8 n.a. n.a. -5.42 -3.66 2.8 1.76 2.11 0.62 2.24 0.3 n.a. n.a. 0.42
[87]

P14 3.2 n.a. n.a. -5.42 -3.76 1.2 1.65 1.82 0.66 7.16 0.4 n.a. n.a. 2.07

P15 6.27 11.6 318 -5.35 -3.39 1.8 1.96 n.a. 0.75 2.79 0.2 n.a. n.a. 0.43

[88]P16 1.17 2 312 -5.25 -3.31 1.8 1.94 n.a. 0.54 1.93 0.2 n.a. n.a. 0.23

P17 2.13 2.39 344 -5.42 -3.11 1.1 2.31 n.a. 0.71 4.87 0.4 n.a. n.a. 1.25

P18 23.3 42.2 424 -5.5 -3.74 1.8 1.76 1.76 0.75 6.47 0.4 n.a. n.a. 2.07 [65]

P19 8.6 15.4 420 -5.1 -3.32 1.8 1.78 1.64 0.69 3.02 0.3 n.a. n.a. 0.62

[89]P20 9.7 12.6 442 -5.12 -3.33 1.1 1.79 1.62 0.64 3.23 0.5 n.a. n.a. 1.12

P21 10.4 13.2 439 -5.12 -3.34 1.3 1.78 1.59 0.67 4.04 0.4 n.a. n.a. 1.18
aMeasurement conducted by differential refractive index(DRI) detection. bOnset of degradation temperature obtained from TGA with 5% of weight loss. 
cHOMO and LUMO energy level determined from the onset of oxidation and reduction, respectively. dElectrochemical energy gap=l LUMO-HOMO l (eV). 
eOptical energy gap of the copolymeric thin film, Eg

opt. f µh
 represent hole mobility while µe represent electron mobility (cm2/Vs).

Table 5. A summary of experimental and characterization data for P12-P21.
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Figure 14. Various arrangement of donor and acceptor units along the copolymeric backbone.
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CONCLUSION
All in all, the PV performance of well-known PCDTBT can be further improved through various modifications. Fluorination of 

carbazole donor units has successfully narrowed the optical bandgap by lifting the HOMO energy level. Moreover, π-bridges are 
crucial for the D-A bulk heterojunction solar cells as they enhance the conjugation of the copolymeric backbone. Thienothiophene 
is a better choice as π-bridges than thiophene and dithiophene. Overall, there is not much improvement in the PV efficiency of 
the PSCs which replace the carbazole with much larger indolocarbazole units. Substitution of selenium into the π-bridges or 
benzothiadiazole acceptors able to lower the band gap and extended the absorption spectra of the copolymers. Amongst the 
various newly designed D-A arrangement, copolymers with D-π-A1-π-A2 structural arrangement possesses the best PCE result.

ACKNOWLEDGEMENTS
Thanks for the University Malaysia Sabah for the facilities. This work was financial supported by Fundamental Research 

Grant Scheme under FRG0413-SG-1/2015 grant.

REFERENCES
1. Rand BP, et al. Solar Cells Utilizing Small Molecular Weight Organic Semiconductors. Prog Photovolt Res Appl. 2007;15:659-

676.

2. Zhang S, et al. Realizing over 10% efficiency in polymer solar cell by device optimization. Sci China Chem. 2015;58:248-
256.

3. Liu Y, et al. Aggregation and morphology control enables multiple cases of high-efficiency polymer solar cells. Nat Commun. 
2014;5:5293.

4. Darling SB and You F. The case for organic photovoltaics. RSC Adv. 20132;3:17633-17648.

5. Kannappan S, et al. Fabrication and characterizations of PCDTBT: PC71BM bulk heterojunction solar cell using air brush 
coating method. J Mater Sci. 20132;48:2308-2317.

6. Zhang Y, et al. PCDTBT based solar cells: one year of operation under real-world conditions. Sci Rep. 2016;6:21632.

7. Ranger M, et al. New well-defined poly (2,7-fluorene) derivatives: Photoluminescence and base doping. Macromolecules 
1997;30:7686-7691.

8. Blouin N and Leclerc M. Poly (2,7-carbazole)s: Structure - Property Relationships. 2008;41:1-10.

9. Cheng Y, et al. Synthesis of Conjugated Polymers for Organic Solar Cell Applications. Chem Rev. 2009;109:5868-5923.

10. Iraqi A and Wataru I. Preparation and Properties of 2, 7-Linked N -Alkyl-9 H-carbazole Main-Chain Polymers. 2004;pp: 
442-448.

11. Michinobu T, et al. Synthesis and properties of conjugated poly (1,8-carbazole)s. Macromolecules. 2009;2:8172-8180.

12. Michinobu T, et al. Synthesis and Properties of 1,8-Carbazole-Based Conjugated Copolymers. Polymers (Basel). 
2010;2:159-173.

13. Wu CW and Lin CH. Synthesis and Characterization of Kinked and Hyperbranched Carbazole/Fluorene-Based Copolymers. 
Macromolecules. 2006;39:7232-7240.

14. Tamura K, et al. Synthesis and properties of conjugated polymers containing 3,9- and 2,9-linked carbazole units in the 
main chain. J Polym Sci Part A Polym Chem. 2009;47:3506-3517.

15. Tamura K, et al. Synthesis of highly conjugated poly (3,9-carbazolyleneethynylenearylene)s emitting variously colored 
fluorescence. Polymer (Guildf). 2009;50:4479-4487.

16. Sasano T, et al. Synthesis and properties of conjugated polymers containing 3,9-carbazolylene and silylenevinylene moieties 
in the main chain. J Polym Sci Part A Polym Chem. 2010;48:1815-1821.

17. Blouin N, et al. Toward a Rational Design of Poly (2,7-Carbazole) Derivatives for Solar Cells. J Am Chem Soc. 
2008;130:732-742.

18. Sun Y, et al. Improved bulk-heterojunction polymer solar cell performance through optimization of the linker groupin donor-
acceptor conjugated polymer. Polymer (Guildf) 2012;53:1535-1542.

19. Staniec PA, et al. The Nanoscale Morphology of a PCDTBT:PCBM Photovoltaic Blend. Adv Energy Mater. 2011;1:499-504.

20. Yi H, et al. Carbazole and thienyl benzo[1,2,5]thiadiazole based polymers with improved open circuit voltages and 
processability for application in solar cells. J Mater Chem. 2011;21:13649. 

21. Moon JS, et al. Nanomorphology of PCDTBT:PC70BM Bulk Heterojunction Solar Cells. Adv Energy Mater. 2012;2:304-308.



13J CHEM | Volume 5 | Issue 4 | December, 2016

e-ISSN:2319-9849 
p-ISSN:2322-00Research & Reviews: Journal of Chemistry

22. Cartwright L, et al. Effect of fluorination pattern and extent on the properties of PCDTBT derivatives. New J Chem. 
2016;40:1655-1662.

23. Blouin N, et al. A Low-Bandgap Poly (2,7-Carbazole) Derivative for Use in High-Performance Solar Cells. Adv Mater. 
2007;19:2295-2300.

24. Park SH, et al. High efficiency polymer solar cells with internal quantum efficiency approaching 100%. Nat 
Photon.2009;2009:74160. 

25. Beaupré S and Leclerc M. PCDTBT: en route for low cost plastic solar cells. J Mater Chem A. 2013;1:11097.

26. Fang G, et al. Improving the nanoscale morphology and processibility for PCDTBT-based polymer solar cells via solvent 
mixtures. Org Electron Physics Mater Appl. 2012;13:2733-2740. 

27. Wang DH, et al. Transferable graphene oxide by stamping nanotechnology: Electron-transport layer for efficient bulk-
heterojunction solar cells. Angew. Chemie-Int. Ed. 2013;52:2874-2880. 

28. Sun Y, et al. Inverted Polymer Solar Cells Integrated with a Low-Temperature-Annealed Sol-Gel-Derived ZnO Film as an 
Electron Transport Layer. Adv Mater. 2011;23:1679-1683. 

29. Kim J, et al. Synthesis of PCDTBT-Based Fluorinated Polymers for High Open-Circuit Voltage in Organic Photovoltaics: 
Towards an Understanding of Relationships between Polymer Energy Levels Engineering and Ideal Morphology Control. 
ACS Appl Mater Interfaces. 2014;6:7523-7534.

30. Parlak EA, et al. Efficiency improvement of PCDTBT solar cells with silver nanoparticles. Sol Energy Mater Sol Cells. 
2013;110:58-62.

31. Ding P, et al. New low bandgap conjugated polymer derived from 2, 7-carbazole and 5, 6-bis(octyloxy)-4, 7-di(thiophen-2-yl) 
benzothiadiazole: Synthesis and photovoltaic properties. J Appl Polym Sci. 2012;123:99-107. 

32. Du C, et al. Conjugated polymers with 2,7-linked 3,6-difluorocarbazole as donor unit for high efficiency polymer solar cells. 
Polym Chem. 2013;4:2773. 

33. Ding P, et al. A High-Mobility Low-Bandgap Copolymer for Efficient Solar Cells. Macromol Chem Phys. 2010;211:2555-2561.

34. Sun J, et al. High efficiency and high Voc inverted polymer solar cells based on a low-lying HOMO polycarbazole donor and 
a hydrophilic polycarbazole interlayer on ITO cathode. J Phys Chem C. 2012;116:14188-14198.

35. Sathiyan G, et al. Review of carbazole based conjugated molecules for highly efficient organic solar cell application. 
Tetrahedron Lett. 2016;57:243-252.

36. Xu X, et al. Conjugated polyelectrolytes and neutral polymers with poly (2,7-carbazole) backbone: Synthesis, characterization, 
and photovoltaic application. J Polym Sci Part A Polym Chem. 2011;49:1263-1272.

37. Casey A, et al. Thioalkyl-Substituted Benzothiadiazole Acceptors: Copolymerization with Carbazole Affords Polymers with 
Large Stokes Shifts and High Solar Cell Voltages. Macromolecules 2014;47:2279-2288. 

38. Kim J, et al. Replacing 2,1,3-benzothiadiazole with 2,1,3-naphthothiadiazole in PCDTBT: towards a low bandgap polymer 
with deep HOMO energy level. Polym Chem. 2012;3:3276. 

39. Qin R, et al. A Planar Copolymer for High Efficiency Polymer Solar Cells. J Am Chem Soc. 2009;131:14612-14613.

40. Li W, et al. The Effect of additive on performance and shelf-stability of HSX-1/PCBM photovoltaic devices. Org Electron. 
2011;12:1544-1551. 

41. Qin R, et al. Carbazoles on same main chain for polymer solar cells. J Appl Polym Sci. 2013;129:2671-2678.

42. Leclerc N, et al. Impact of Backbone Fluorination on π-Conjugated Polymers in Organic Photovoltaic Devices: A Review. 
Polymers 2016;8:11.

43. Li Y, et al. Straight chain D-A copolymers based on thienothiophene and benzothiadiazole for efficient polymer field effect 
transistors and photovoltaic cells. Polym Chem. 2016;50:2995.

44. Wang SY, et al. Enhanced high-open circuit voltage in fluorinated benzoselenadiazole-based polymer solar cells, High 
Perform Polym. 2016;28:401-410.

45. Tang D, et al. Donor-acceptor polymers based on 5,6-difluoro-benzo[1,2,5]thiadiazole for high performance solar cells. Org 
Electron Physics Mater Appl. 2016;33:187-193.

46. Umeyama T, et al. Effect of Fluorine Substitution on Photovoltaic Properties of Benzothiadiazole-Carbazole Alternating 
Copolymers. J Phys Chem C. 2013;117:21148.

47. Wang X, et al. A furan-bridged D-π-A copolymer with deep HOMO level: synthesis and application in polymer solar cells. 
Polym Chem. 2011;2:2872.



14J CHEM | Volume 5 | Issue 4 | December, 2016

e-ISSN:2319-9849 
p-ISSN:2322-00Research & Reviews: Journal of Chemistry

48. Jeffries-EL M, et al. Optimizing the Performance of Conjugated Polymers in Organic Photovoltaic Cells by Traversing Group 
16. Macromolecules. 2014;47:7253-7271.

49. Zhang M, et al. Photovoltaic Performance Improvement of D À A Copolymers Containing Bithiazole Acceptor Unit by Using 
Bithiophene Bridges. 2011; pp: 8798-8804.

50. Woo CH, et al. Incorporation of Furan in Low Band Gap Polymers for Efficient Solar Cells. J Am Chem Soc. 2010;132:15547-
15549.

51. Baek NS, et al. High Performance Amorphous Metallated pi-Conjugated Polymers for Field-Effect Transistors and Polymer 
Solar Cells. Chem Mater. 2008;20:5734-5736.

52. Wang XC, et al. Effects of pi-Conjugated Bridges on Photovoltaic Properties of Donor-pi-Acceptor Conjugated Copolymers. 
Macromolecules. 2012;45:1208-1216.

53. McCulloch I, et al. Toney, Liquid-crystalline semiconducting polymers with high charge-carrier mobility. Nat Mater. 
2006;5:328-333.

54. Pearson AJ, et al. Impact of dithienyl or thienothiophene units on the optoelectronic and photovoltaic properties of 
benzo[1,2,5]thiadiazole based donor-acceptor copolymers for organic solar cell devices. RSC Adv. 2014;4:43142-43149.

55. Murugesan V, et al. Synthesis and characterizations of benzotriazole based donor-acceptor copolymers for organic 
photovoltaic applications. Synth Met. 2012;162:1037-1045. 

56. Bromley ST, et al. Importance of intermolecular interactions in assessing hopping mobilities in organic field effect transistors: 
Pentacene versus dithiophene-tetrathiafulvalene. J Am Chem Soc. 2004;126:6544-6545. 

57. Lu J, et al. Crystalline low band-gap alternating indolocarbazole and benzothiadiazole-cored oligothiophene copolymer for 
organic solar cell applications. Chem Commun. 2008;5315.

58. Li Y, et al. Polyindolo[3,2- b ]carbazoles: A New Class of p-Channel Semiconductor Polymers for Organic Thin-Film Transistors. 
Macromolecules. 2006;39:6521-6527.

59. Tsai JH, et al. Synthesis of new indolocarbazole-acceptor alternating conjugated copolymers and their applications to thin 
film transistors and photovoltaic cells. Macromolecules. 2009;42:1897-1905. 

60. Li Y, et al. Novel peripherally substituted indolo[3,2-b]carbazoles for high-mobility organic thin-film transistors. Adv Mater. 
2005;17:849-853. 

61. Boudreault PLT, et al. Synthesis, characterization, and application of indolo[3,2-b]carbazole semiconductors. J Am Chem 
Soc. 2007;129:9125-9136.

62. Wakim S, et al. Organic Microelectronics: Design, Synthesis, and Characterization of 6,12-Dimethylindolo[3,2- b ]Carbazoles. 
Chem Mater. 2004;16:4386-4388.

63. Wu Y, et al. Indolo[3,2-b]carbazole-based thin-film transistors with high mobility and stability. J Am Chem Soc. 
2005;127:614-618. 

64. Aleksandrova EL, et al. Sensitization of the photoelectric effect in carbazole- and indolocarbazole-containing 
poly(phenylquinoline)s by benzothiadiazole acceptor molecules. Semiconductors. 2014;48:1481-1484. 

65. Tong J, et al. Synthesis of modified benzothiadiazole-thiophene-cored acceptor and carbazole/indolocarbazole alternating 
conjugated polymers and their photovoltaic applications. Polym Bull. 2015;72:565-581. 

66. Chan CH, et al. Synthesis of indolo[3,2-b]carbazole-based random copolymers for polymer solar cell applications. Thin Solid 
Films. 2013;544:386-391.

67. Balaji G, et al. Thiadiazole fused indolo[2,3-a]carbazole based oligomers and polymer. Org Lett. 2009;11:4450-4453. 

68. Belletête M, et al. Optical and Photophysical Properties of Indolocarbazole Derivatives. J Phys Chem A. 2006;110:13696-
13704. 

69. Biniek L, et al. Thiadiazole fused indolo[2,3-a]carbazoles as new building blocks for optoelectronic applications. Tetrahedron 
Lett. 2011;52:1811-1814.

70. Chen Q, et al. Synthesis and structure study of copolymers from thiadiazole fused indolocarbazole and dithienosilole. 
Polym (UK). 2013;54:223-229.

71. Park HJ, et al. Synthesis of a low bandgap polymer based on a thiadiazolo-indolo[3,2-b]carbazole derivative for enhancement 
of open circuit voltage of polymer solar cells. Polym Chem. 2012;3:2928.

72. Brabec CJ, et al. Effect of LiF/metal electrodes on the performance of plastic solar cells. Appl Phys Lett. 2002;80:1288-
1290.

73. Hoppe H, et al. Organic solar cells: An overview. J Mater Res. 2004;19:1924-1945. 



15J CHEM | Volume 5 | Issue 4 | December, 2016

e-ISSN:2319-9849 
p-ISSN:2322-00Research & Reviews: Journal of Chemistry

74. Günes S, et al. Conjugated Polymer-Based Organic Solar Cells. Chem Rev. 2007;107:1324-1338. 

75. Zhao W, et al. Novel conjugated alternating copolymer based on 2,7-carbazole and 2,1,3-benzoselenadiazole. Polymer 
(Guildf). 2010;51:3196-3202.

76. Acharya R, et al. Effect of Selenium Substitution on Intersystem Crossing in π-Conjugated Donor-Acceptor-Donor 
Chromophores: The LUMO Matters the Most. J Phys Chem Lett. 2016;7:693-697. 

77. Jiang JM, et al. Location and number of selenium atoms in two-dimensional conjugated polymers affect their band-gap 
energies and photovoltaic performance. Macromolecules. 2014;47:7070-7080. 

78. Hou J, et al. Bandgap and Molecular Energy Level Control of Conjugated Polymer Photovoltaic Materials Based on Benzo[1,2-
b:4,5-b′]dithiophene. Macromolecules. 2008;41:6012-6018. 

79. Alghamdi AAB, et al. Selenophene vs. thiophene in benzothiadiazole-based low energy gap donor-acceptor polymers for 
photovoltaic applications. J Mater Chem A. 2013;1:5165.

80. Kim B, et al. A Selenophene Analogue of PCDTBT: Selective Fine-Tuning of LUMO to Lower of the Bandgap for Efficient 
Polymer Solar Cells. Macromolecules. 2012;45:8658–8664. 

81. Kim JH, et al. Low-bandgap copolymers consisting of 2,1,3-benzoselenadiazole and carbazole derivatives with thiophene 
or selenophene π-bridges, Polymer (Guildf). 2014;55:3605-3613. 

82. Yamamoto N, et al. Synthesis of All-Trans High Molecular Weight Poly(N -alkylcarbazole-2,7-vinylene)s and Poly(9,9-
dialkylfluorene-2,7-vinylene)s by Acyclic Diene Metathesis (ADMET) Polymerization Using Ruthenium−Carbene Complex 
Catalysts. Macromolecules. 2009;42:5104-5111. 

83. Zade SS and Bendikov M. From Oligomers to Polymer: Convergence in the HOMO-LUMO Gaps of Conjugated Oligomers. Org 
Lett. 2006;8:5243-5246.

84. Dennler G, et al. Polymer-Fullerene Bulk-Heterojunction Solar Cells. Adv Mater. 2009;21:1323-1338. 

85. Kutkan S, et al. Syntheses, electrochemical and spectroelectrochemical characterization of benzothiadiazole and 
benzoselenadiazole based random copolymers. J Macromol Sci Part A. 2016;53:475-483. 

86. Zhou M, et al. D-π-A-π-A Strategy to Design Benzothiadiazole-carbazole-based Conjugated Polymer with High Solar Cell 
Voltage and Enhanced Photocurrent. Macromol Rapid Commun. 2015;36:2156-2161. 

87. Kim J, et al. Copolymers comprising 2,7-carbazole and bis-benzothiadiazole units for bulk-heterojunction solar cells. Chem 
A Eur J. 2011;17:14681-14688.

88. Qin R, et al. Structure property relationship for carbazole and benzothiadiazole based conjugated polymers. Sol Energy 
Mater Sol Cells. 2016;145:412-417.

89. Shi F, et al. Broad absorbing low-bandgap polythiophene derivatives incorporating separate and content-tunable 
benzothiadiazole and carbazole moieties for polymer solar cells. Eur Polym J. 2010;46:1770-1777.


