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Abstract Solar cells based on functional copolymers were considered as prom-
ising devices and can be used to solve the intractable energy crisis for humankind.
In this review, several key factors in molecular structures and morphologies which
may depress the power conversion efficiency of devices are discussed first. More-
over, we concentrate on the molecular design strategies which can be applied in
synthesizing functional polymers with appropriate band gap energy, prolonged
exciton diffusion distance, good charge carrier transportations, as well as suitable
self-assembly microphase morphologies in solid state. Once these design strategies
are selectively combined, polymer solar cells with optimized performance can be
approached.

Keywords Photovoltaic device - Donor—acceptor copolymer -
Diblock copolymer - Double-cable copolymer - Metal-containing copolymer

Introduction

The energy crisis has become one of the most intractable problems, and new energy
resources need to be explored for the growing global energy needs. The sunlight is
thought to be one of the renewable and sustainable energy resources for humankind.
The solar cells provide us a promising pathway to harvest the solar energy and
address the emergency problem. Due to the numerous advantages, such as low cost,
thin film flexibility, and ease of processing, the m-conjugated polymeric solar cells
(PSC) have attracted intensive interests in both the academic and commercial
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communities. Because the short lifetime excitons diffusion length is about 10 nm
[1, 2], solar cells with single-component active layer and bilayer heterojunction
configuration always show low power conversion efficiency (PCE) because of the
poor charge carrier generation, poor transport, and limited donor—acceptor (D—A)
interface [1, 3]. In recent years, the bulk heterojunction (BHJ) PSC have been
intensively investigated because of the higher PCE than those of single-component
active layer and bilayer heterojunction solar cells [4, 5].

In the process of light harvesting, there are four key steps taking place
sequentially to convert incident solar illumination to photocurrent in PSC. In the
active layer, the first step is the absorption of solar illumination, after which
the photoexcitation of the donor materials produces the excitons. The number of the
excitons is determined by the absorption efficiency of the polymeric molecular
layers. In the second process, the photogenerated excitons need to diffuse to the
D-A interface, and the diffusion length of the excitons and microphase morphologies
of the films directly influence the fraction of excitons that reach the D—A interface
[1, 5-7]. The increased excitons that reach the D—A interface is benefit for charge-
transfer process in the third process. In the third process, the excitons arriving at the
D-A interface separated into free charge through the charge-transfer process. In the
last process, the fully separated electrons and holes transport to the respective
electrodes under internal electric field, and then the photocurrent and photovoltage are
generated. This final process is mainly determined by the morphology and mobility of
the active layers. These four key steps are illuminated in Fig. 1.

The PCE of a photovoltaic device (#.¢) is defined as the ratio of the maximum
power output to the power of the incident illumination, which is the main factor to
evaluate the solar cells. The #.¢ of the solar cell is determined by the following
equation:

Jsc VOCFF Jmpmepp
Hett = =
Pin Pin

In this equation, V. is the open-circuit voltage, J,. is the short-circuit current
density, FF is the fill factor of the device, and P, is the incident illumination power.

Fig. 1 The working mechanism of D—A heterojunction photovoltaic devices. (a) Photoexcitation of the
donor to generate the excitons. (b) Diffusion of excitons to the D-A interface. (¢) Exciton dissociation at
the D—A microinterface resulting a geminate pair. (d) The charge transportation in the active layers and
charge collection at electrodes
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At maximum power point of the solar cell devices, the current and voltage are the
Jmpp and Vypp, respectively. It is well-known that the polymer properties play a key
role in fabricating promising devices. To obtain high PCE, the functional polymers
should have strong absorption efficiency overlapping with the visible light and high
charge-transport properties which benefit for the charge transportation and
collection in the electrodes after the charge separation and before charge
recombination [6, 8]. Moreover, the suitable D-A HOMO-LUMO energy level
relationships are also very important for the BHJ solar cells (Fig. 2).

Although, high efficiency can be obtained in conventional polymeric photovol-
taic devices, the disordered and non-uniform phase structures of thin film are still
the main factors to compromise the device efficiency (Fig. 3a). The compromised
efficiency is due to the short exciton diffusion length in the active layers and the
limited charge collection in the electrodes. To address these problems in devices,
several conventional methods can be adopted such as annealing [9, 10], spin-coating
speed [11, 12], and solvent treatment [13—16] and so on. The ideal phase structure of
the film (Figs. 3b, 4,5, 6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22,
23, 24, 25, 26, 27, 28) is considered to be composed of dense patterned array of
nanostructure with dimension in exciton diffusion length. In the ideal structure, the
D—A phase structure will have straight pathway to the electrodes, which will
minimize the charge-transfer distance and charge recombination, and every exciton
formed will be in the exciton diffusion length [5, 17]. More and more investigations

Fig. 2 Energy diagram of
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Fig. 3 The disordered BHJ solar cell (a) and the solar cell with ideal structure (b)
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Fig. 4 Chemical structures of P1-P4 containing fluorene and thiophenes
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Fig. 5 Alternating copolymer structures of P5-P9 containing fused thiophenes
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Fig. 6 Five poly(2,7-carbazole)-based copolymers with diverse lengths of oligothiophenes

have adopted this ideal structure to improve device efficiency, including dye-
sensitized solar cells and PSC [18-20].

From the above working mechanism, the PCE equation and the microphase
structures in the PSC, it is concluded that there are several key factors to be solved
for construction of efficient PSC, such as the absorption efficiency of donor
materials, the charge-transport properties, the morphologies of the active layer, and
the acceptor properties. For construction of an ideal PSC, the p-type conjugated
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Fig. 8 Synthesis of copolymers P19—P22 containing acenes and heteroacenes

polymers should simultaneously possess good film-forming properties, good absorp-
tion efficiency, high charge carrier mobility, as well as suitable HOMO-LUMO
energy levels and good microphase morphologies. Deeply understanding the
molecular design principle and the benefits of versatile polymer synthesis allow for
the effective tailoring of the intrinsic properties of conjugated polymers to serve the
desired purpose and address the application needs.
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(P23-P25).

Fig. 9 PPV derivatives with electron-donating group (P23-P25)
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Fig. 10 Copolymers based on BDT and bithiophenes for OPV applications (P26-P29)
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Fig. 11 Polythiophene derivatives containing electron-withdrawing groups (P30-P31)
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Fig. 12 Structures of D—A alternating copolymers containing silicon atom
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Fig. 13 Synthesis of D-A copolymers containing silicon P35 and germanium atom P36

Fig. 14 The synthesis of copolymer P37 and P38

In this review, we will mainly concentrate on the molecular design strategies
which can be applied in synthesizing functional polymers with appropriate optical
properties, prolonged exciton diffusion distance, suitable self-assembly properties in
solid state and so on. These strategies provide us valuable pathways to optimize the
efficiency of polymeric photovoltaic devices.

Copolymers composed of donor moieties
Due to the versatility in structure modification and great electronic tunability, many
polymers have been served as sensors [21-26] as well as solar cell materials during

this decade. By the development of conjugated copolymers such as poly(phenyl-
ethene) (PPE) [27], poly(p-phenylenevinylene) (PPV) [28-32] and polythiophenes,
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Fig. 15 The synthesis of copolymers based on diketopyrrolopyrrole moiety (P39-P43)

Fig. 16 Chemical structure of
copolymers P44-P47

P46

more and more copolymers composed of donor moieties were synthesized and
investigated, and showed promising properties in flexible PSC. By introduction of
some suitable donor moieties, the band gap of copolymers can be straightforwardly
reduced by raising the HOMO energy level, therefore, the broader absorption
property may be resulted in. During the process of designing small band gap
polymers through this method, the overall absorption coefficients of copolymers are
also important and should not be sacrificed [33]. In this section, the copolymers
composed of various electron-rich segments along the main chain will be discussed.

Fluorene unit is a promising electron-rich building block due to the deep-lying
HOMO energy levels and good hole-transporting property which are crucial
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Fig. 17 D-A copolymers containing diverse acceptor groups (P48-P53)
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Fig. 18 The synthesis of D-A copolymers based on indolo[3,2-b]carbazole group

prerequisites to achieve high V. [34]. Polymers containing fluorene derivatives
have attracted considerably attention in the optoelectronic area due to their excellent
hole-transportation, easy modification and stability properties [35, 36]. Conjugated
polymer P1 containing alternating fluorene and electron-rich bithiophene units was
prepared [37] in Holdcroft’s group. The HOMO and LUMO levels of P1 were
estimated to be —5.41 and —2.52 eV, respectively. The extended conjugation along
the backbone reduced the optical band gap to 2.41 eV. The photovoltaic device
based on P1:PCBM (1:4, w/w) blend film absorbed light between 300 and 500 nm,
and a high V. of 1.03 V and a moderate PCE value of 2.7% were obtained due to
the high hole mobility and well-defined nanophase segregation morphology.
Compared to P1, Chen and co-workers [38] obtained alternating conjugated
copolymers (P2-P4) comprised of fluorene and thieno[3,2-b]thiophene moieties
using the Suzuki coupling reaction. The polymers exhibited good thermal stability
with decomposition temperature in the region of 308—431 °C. Photovoltaic cells
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properties based on these polymers with the configuration of ITO/PEDOT-PSS/
polymer: PCBM (1:1, w/w)/Ca/Ag were investigated, respectively. The incident
photon to converted electron current efficiency of the device was found to be about
2%, and the low PCE might be partially due to the poor fill factor and narrow
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Fig. 25 The synthesis of copolymer P70-P72

absorption in the range of 300-500 nm for the polymers. Moreover, the light-
emitting diodes based on P1-P4 were investigated, and P1 and P2 exhibited pure
green emission with more excellent spectral stability and robust emission than P3
and P4.

Derivatives of fused thiophene ring have been well investigated during the past
years and showed good charge carrier mobility in OFET [39]. Due to the
outstanding electronic properties and coplanar structures with extended 7 systems,
the fused thiophene rings were introduced into the copolymer backbones, and
devices based on P5-P7 were prepared with high-mobility in He et al. [40]. The
excellent charge carrier mobility derived from the extended n systems and well-
organized solid structures are also helpful for the fabrication of photovoltaic devices
with high efficiency. Zhan and co-workers [41] prepared copolymer P8 containing
dithieno[3,2-b:20,30-d]-thiophene (DTT) structure using Stille coupling reaction.
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From cyclic voltammetry, the HOMO and LUMO energies of the polymer P8 were
estimated to be —5.4 and —3.4 eV, respectively. The polymer showed a strong
absorption peaked at 518 nm in thin film with an optical band gap 2.0 eV. BHJ solar
cells with structure of ITO/PEDOT:PSS/polymer:PCBM/AI were fabricated based
on the blend of the polymer P8 and PCq;BM with diverse weight ratio. The highest
PCE of 0.37% was achieved under AM 1.5, 100 mW/cm 2 using P8:PCBM (1:4,
w/w) as active layer, and the PCE was optimized to 0.7% after thermal treatment.
Different with Zhan’s research, Ong and co-workers [42] introduced longer alkyl
side chains to the f-positions of DTT unit, and copolymerized DTT with
5,5'-bis(trimethylstannyl)-2,20-bithiophene. The copolymer P9 had a relatively
high molecular weight as well as good solubility. The solution-processed FET
device exhibited a mobility of 0.06 cm?/(V s) and a current on/off ratio more than
10°, which were much better than those earlier reported for analogous polymers.
More importantly, the performance of BHJ photovoltaic devices based on P9 and
PC;1BM was quite remarkablely improved, and the PCE was over 3%, which
showed competitive efficiency compared with some best polymer semiconductors.
This result indicated that the DTT was an efficient unit for copolymers used in
OTFT and OPV applications.

Similar to fluorene, 2,7-carbazol is also an electron-rich moieties, and can be
incorporated into the conjugated copolymers. As a donor materials, poly(2,7-
carbazole)-based copolymers play promising role in photovoltaic devices [34, 43].
Leclerc and co-workers [44] synthesized several copolymers containing 2,7-
carbazole in the backbone (P10-P14), and investigated their properties in
photovoltaic devices. By incorporating with diverse length of oligothiophenes, the
optical and electronic properties of copolymers were well tuned. As the length of
oligothiophenes increased in the backbone (P10-P13), the absorption band was red-
shifted and the optical band gaps were decreased from 2.3 to 2.0 eV. However, the
addition of S§,S-dioxide thiophene moiety in P14 induced a more significant
bathochromic shift and the band gap was greatly reduced to 1.7 eV due to the
intramolecular D—A interaction. BHJ photovoltaic cells with structure feature of
ITO/PEDOT/polymer:PCBM (1:4, w/w)/Al from different copolymers P10-P14
and PCgBM had been fabricated without optimization treatment, and the PCEs of
these devices were about 0.4, 0.4, 0.3, 0.2, and 0.8%, respectively.

For polymer-based photovoltaic devices, effective light harvesting and high
carrier mobility properties are both key issues in improving the PCE. The
introduction of fused ring is considered to increase the rigidity of the molecular
backbone and conjugation degree, and can also benefit to decrease chain folding,
which may limit the charge carrier mobility at higher molecular weights [45]. Ko
and co-workers [46] investigated conjugated polymers based on the coplanar
thiophene—phenylene—thiophene (TPT) derivatives. The UV-Vis absorption spectra
indicated that the optical band gaps of P15-P18 were about 2.1 eV, and compared
to regioregular P3HT, P17 and P18 both had higher absorption coefficient. The thin
film field-effect carrier mobilities of the coplanar semiconducting polymers were
investigated based on bottom-contact geometry. An improved field-effect hole
mobility of 3.0 x 1073 cm?/(V s) and on/off ratios (1.3 x 10°) can be obtained
from P18 FETs processed from the higher boiling dichlorobenzene solutions.
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Furthermore, FETs prepared from the other copolymers (P15-P17) showed similar
or relatively lower performances compared with P18 FETs. Except for the
fabrication of FETs with good performance, the BHJ solar cells were constructed
with the structure feature of glass/ITO/PEDOT:PSS/polymer:PCBM/Ca/Al, and the
solar cell were fabricated based on the blend of polymers and PC¢,BM or PC,BM
with the weight ratio of 1:3. The maximum PCE of the devices based on P17/PC;
BM system reached 3.3% with a short-circuit current density of 7.6 mA/cm?,
an open-circuit voltage of 0.8 V, and a fill factor of 0.54 under AM 1.5G
(100 mW/cm?) illumination. The results indicate that the copolymers containing
coplanar TPT derivatives are promising solar cell materials.

Fused acenes and heteroacenes such as pentacene, anthradithiophene, and their
derivatives showed relatively low band gap, and have been extensively investigated
for organic field-effect transistors [47], and due to the extended m-conjugated
system, these materials show promising charge-transfer properties in solid states. By
incorporating these fused units into backbones, conjugated copolymers with low
band gaps and good charge-transfer properties may be produced. In addition, the
large fused rings may potentially increase the intermolecular n—n stacking in the
solid state for efficient charge transport. Bao and co-workers [48, 49] synthesized
several conjugated copolymers containing fused acene and heteroacenes using
Sonogashira coupling and Suzuki cross-coupling polymerization. From CV, the
HOMOs and LUMOs were calculated to be 5.28 and 3.57 eV for P19 and 5.24 and
3.54 eV for P20, respectively and the band gaps of P19 and P20 were about 1.69
and 1.70 eV, respectively. Compared to pentacene, the increased stabilities and low
band gaps were due to the incorporation of pentacene into the conjugated polymer
backbone, which led to high delocalization of n-electrons on pentacene ring and
making it less electron rich. Incorporating with fluorenes, P21 and P22 also
showed red-shifted absorption spectra compared with their monomers and had
optical band gaps of 1.78 and 1.98 eV, respectively. BHJ solar cells were fabricated
using polymer P22:PCBM (1:3, w/w) blend as the active layer, giving a Jy. of
2.35 mA/cm?, a V.. of 0.75 V as well as a PCE value of 0.68%.

Due to the good optoelectronic properties and easy modification of the chemical
structures, poly(p-phenylenevinylene)s have attracted more and more attention
during the past decade, and can be served as the important photovoltaic materials. It
is well-known that triphenylamine (TPA) moiety and its derivatives are 3D
propeller groups and good hole-injecting/transporting materials. The introduction of
TPAs to functional copolymers will tune the optoelectronic properties and the
charge carrier mobility of the solid films by changing the intramolecular n-electron
distribution in the backbone. Li and co-workers [50] designed three different PPV
derivatives (P23-P25). In P24 and P25, two TPA groups were attached directly as
the two side groups of phenylenevinylene backbones, and the 3D intermolecular
n—7 stacking structures were prepared which was different from P23 structure. The
HOMO and LUMO energy levels estimated from cyclic voltammogram were about
5.05 and 3.00 eV for P24, and 5.0 and 2.89 for P25, respectively. Comparing with
P23, the introduction of TPA side chains in P24 and P25 along these backbones
greatly increased the HOMO energy level of P24 and P25, respectively, and
lowered the optical band gap to 2.25 and 2.0 eV, respectively. Therefore, the
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resulting copolymers exhibited strengthened and broadened absorption spectra
in the visible region. The BHJ photovoltaic cells based on P24 or P25 and PCBM
(1:1, w/w) showed PCE up to 0.27 and 0.45% under the illumination of AM 1.5,
90 mW/cm?, which were about three to five times higher than that of the device
based on P23 (0.09%) without TPA side chains. The greatly improved PCE of the
devices from P24 and P25 could be attributed to broader absorption region and
enhanced hole-transporting properties of these copolymers.

After the synthesis of benzo[1,2-b;3,4-b]dithiophene (BDT) unit, its derivatives
were widely introduced into functional copolymers for field-effect transistor devices
and devices with high hole mobility were obtained [51, 52]. The promising
performance of these kinds of copolymers has attracted intensive attention in the
field of photovoltaic devices. BDT is a completely symmetric moiety and
regioregular conjugated copolymers can be easily synthesized by the introduction
of BDT, which can enhance the intermolecular order in the solid state. In addition to
this good property, BDT is an excellent electron-rich group and can be added to
reduce the optical band gap. Yu and co-workers [53] developed the copolymer P26
based on the BDT group that really attracted greatly interest. P26 was synthesized
via the Stille coupling reaction between an ester substituted 2,5-dibromothieno[3,4-
b]thiophene and dialkoxyl benzodithiophene distannane comonomer. With the
introduction of thieno[3,4-b]thiophene groups, the quinoidal structure of the
backbone will be stabilized and the energy gap of the copolymers will be narrowed
[54]. The HOMO and LUMO were determined to be —4.90 and —3.20 eV from
cyclic voltammetry, respectively, and the optical band gap energy calculated from
the onset of the film absorption was about 1.62 eV. Without special optimization
treatments, the simple BHJ solar cells with structure feature of ITO/PEDOT:PSS/
polymer:PCBM/Ca/Al exhibited a high solar energy conversion efficiency of 5.6%,
high fill factor of over 65% as well as V. of 0.58.

Hou and co-workers [55] further optimized the copolymer structures by
modification of the thieno[3,4-b]thiophene group. Comparing to P26, P27
substituted the long dodecyl group with octyl group, and the small change
decreased the HOMO energy to —5.01 eV and increased the V. to 0.62 V.
However, lower PCE of 5.15% than that of P26 was obtained because of the lower
fill factor. Previous researches indicated that the alkyloxy chain had a much stronger
electron-donating effect than an alkyl chain, and increased the HOMO energy level
of poly(3-alkoxythiophene) [56]. In P28, the alkyloxy group was substituted with an
alkyl side chain, and lower HOMO and LUMO energy levels than that of P27 were
observed from P28 than that of P27. Different with P28, the fluorine atom was
introduced to the thieno[3,4-b]thiophene unit in P29, and the HOMO and LUMO
levels were further lowered to —5.22 and —3.45 eV, respectively. The PCE of the
solar cells based on P28/PCBM blends showed impressive result, up to 6.58%. At
the same time, the device based on P29/PCBM blends achieved the best PCE of
7.7%. Compared with P26 and P27, the optimized PCEs from polymer P28 and P29
were both derived from the increased V. (0.7 and 0.76 V, respectively), Js. (14.7
and 15.2 mA/cm?, respectively), and fill factor (64.1 and 66.9%, respectively) in the
devices.
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D-A alternating copolymers

Except for introducing the electron-rich groups into the backbone to tune the optical
band gap, incorporating both the donor and acceptor groups directly into conjugated
copolymer backbone is also considered to be an effective pathway for perturbing the
molecular orbitals through either inductive or mesomeric effects, and has been
widely used in designing low band gap conjugated copolymers for solar cells [57].
Normally, in D-A copolymers, the electron-rich moieties raise the HOMO energy,
while electron-deficient moieties lower the LUMO energy, resulting in a control-
lable band gap. In the D—A copolymers, the donor and acceptor segments exhibit
electron pushing and pulling properties, respectively [58]. Therefore, the introduc-
tion of push—pull driving forces along the conjugated backbones can facilitate
electron delocalization and the formation of quinoid structures (D-A—D' = A7)
over the conjugated backbone [33]. Compared to the aromatic form, the quinoid
form is energetically less stable and smaller band gap. The population of quinoid
form will be increased when the aromaticity of the aromatic units in the backbone
was reduced. Therefore, the D—A copolymers with controllable band gap can be
prepared by introduction of electron-rich and electron-deficient groups in the
backbone.

Numerous studies indicated that polythiophene derivatives were one kind of the
most important materials for photovoltaic devices due to their excellent light
absorption and electron conductivity [59, 60]. To further improve the PCEs of this
kind of BHJ polymer solar cells, Wei and co-workers [61, 62] used Grignard
metathesis polymerization to synthesize a regioregular polythiophene derivative
with side chain of phenanthrenylimidazole groups, in which polythiophene and
phenanthrenylimidazole separately served as the donor and acceptors. By control-
ling the number of phenanthrenyl-imidazole moieties in the copolymers, the optical
band gap energies of P30 were successfully tuned from 1.89 to 1.77 eV. Relative to
those of pure polythiophene, the lowered band gap and fast charge transfer in P30
both contribute to much higher external quantum efficiencies (EQEs) and higher J,..
In particular, the device Jy. based on copolymer containing 80% phenanthrenyl-
imidazole, was improved from 8.7 to 14.2 mA/cm? for the device of pure poly(3-
octylthiophene). In addition, the maximum PCE was increased to 2.80% for P30
from 1.22% for poly(3-octylthiophene). To further improve the solubility of this
kind of polymers, two octyl chains were used to modify the phenanthrenyl-
imidazole. The Jy. of devices fabricated from a copolymer P31 with 90 mol%
octylphenanthrenyl-imidazole moieties was optimized to 13.7 mA/cm® compared
with the 8.3 mA/cm? observed from poly(3-hexylthiophene) devices and the
maximum PCE based on this particular copolymer was up to 3.45%. The increased
PCE based on P30 and P31 suggested that such kind of copolymers with acceptor
side groups were promising polymeric photovoltaic materials.

2,1,3-Benzothiadiazole was widely introduced into conjugated polymers with
D-A alternating structures. Miihlbacher et al. [63] prepared the novel low-band gap
copolymer P32 containing 2,1,3-benzothiadiazole and cyclopentadithiophene units.
The structure offered not only good charge-transport properties and fitting electronic
energy levels but also good processability. The cyclic voltammetry indicated that

@ Springer



1442 Polym. Bull. (2012) 68:1425-1467

P32 showed an electrochemical band gap of 1.73 eV in solution, while the optical
absorption data suggested a lower optical band gap of 1.6 eV in solid state films.
From the solar cell devices based on P32/PC;BM blends, PCE of 3.2% and J,. of
1011 mA/cm? were obtained with the fill factor of 47%. Based on P32, further
investigations were carried out by Heeger and co-workers [64]. A few volume
percent of alkanedithiols were introduced into P32/PC,BM solution as co-solvent
before preparing the films. Interestingly, the PCEs of photovoltaic cells were
increased from 2.8 to 5.5% by the introduction of alkanedithiols. Further
investigations indicated that alkanedithiols played an important role in tuning the
BHIJ morphologies in the active layer without further treatment [65]. This discovery
provided an efficient method to control microphase structures easily where thermal
annealing and other treatments were either undesirable or ineffective.

Cao and co-workers [66] used silicon atom to substitute the carbon atoms on the
9-position of the fluorene and prepared copolymer P33. By the introduction of
silicon atoms, BHJ photovoltaic devices with higher V. (0.90 V), J. (9.5 mA/cmz),
and fill factor of 50.7% were achieved, while the FET devices showed increased
hole mobility (1 x 1073 cm2/(V s)). Therefore, compared to the devices based on
copolymer without substitution, the PCE of P33 increased up to 5.4%. Combining
the superiority of both P32 and P33, Yang and co-workers [67] synthesized a low-
band gap copolymer P34. The FETs of P34 demonstrated that the hole mobility was
greatly enhanced to 3 x 107 cm?/(V s), which is about three times higher than that
for Si-substituted P33. Photovoltaic properties of this material were investigated
without further optimization, and a PCE of up to 5.1% was obtained under AM
1.5G, 100 mW/cm? illumination, and the response range of the device covered the
whole visible range from 380 to 800 nm. Further investigation of quantum
mechanical calculations and grazing incidence, X-ray diffraction suggested that
silicon atom substituted moiety enhanced the solid-state ordering compared to the
carbon-fused analogue (P32), leading to efficiently improved charge transport, due
to a stronger intermolecular 7-stacking interaction [68].

Yang and co-workers [67, 69] synthesized copolymer P34 with promising
properties in photovoltaic devices. This result indicated that the D-A alternating
copolymers containing electron-rich segments of fused-ring heterocycles might also
exhibit good PCE, and this strategy could greatly increase the copolymer species for
solar cells. Based on Yang’s research, Reynolds and co-workers [70] obtained D—A
alternating copolymers consisting fused-ring heterocycles donor with silicon (P35)
and germanium atom (P36) and they thought that the substitution of the bridging
carbon or silicon atoms for the larger germanium atom might further enhance the
intermolecular ordering, because the long C—Ge bond lengths would further remove
the bulky side chains from the planar heterocycle and strengthen the intermolecular
n-stacking. The MM2 optimized geometry indicated that the methyl groups were
further displaced from the conjugated backbone in Ge-bridged heterocycles than in
Si-bridged heterocycles, therefore the larger surface was benefit for m—n stacking.
The intensive n—n stacking was considered to be helpful for obtaining high hole
mobility, which could result in improved PCE of photovoltaic devices. BHJ solar
cells were fabricated using P35 and P36:PC;;BM blends as active layers with
inverted device architectures ITO/ZnO/Polymer: PC70BM/MoO3/Ag. From
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illuminated (A.M 1.5) J-V curves of both P35 and P36, it was shown that with 5%
1,8-diiodooctane (DIO) as a processing additive the performance of both polymers
was greatly enhanced, and both the J,. and FF were significantly increased. After
optimization, solar cell based on P35 achieved an average PCE of 6.6% with J,. of
11.5 mA/cm 2, V. of 0.89 V, and FF of 65%, and device of P36 obtained PCE of
7.3% with Jg. of 12.6 mA/cm?, Voc of 0.85 V, and FF of 68%. The EQE spectra of
the devices were also carried out and demonstrated that without DIO devices
displayed fairly low quantum efficiency across the visible region. The increased
EQE provided the possibility to achieve high PCE. Further investigations of atomic
force microscopy (AFM) and transmission electron microscopy (TEM) proved that
the addition of processing additive strongly influenced the device morphologies and
resulted in uniform phase separation. Recently, the device PCE based on P35/
PC,BM have been optimized up to 7.3% in Chu et al.’s [71] study.

In Cao and Huang’s investigation [72], the electron-deficient unit, naphtho[1,2-
c:5,6-c]bis[1,2,5] thiadiazole (NT), which consists of two fused 1,2,5-thiadiazole
rings, have been synthesized and introduced into the conjugated copolymer P38.
Compared with the copolymer P37 consisting of single 1,2,5-thiadiazole rings,
copolymer P38 exhibited lower optical band gap due to the stronger electron-
withdrawing capability. The fused two 1,2,5-thiadiazole rings increased the planar
aromatic structure, which would benefit the interchain stacking of the resulting
copolymer and may further enhance the hole mobility. From absorption spectra, the
NT-based copolymer P38 exhibited a red-shifted absorbance and the optical band
gap of P38 was decreased from 1.73 eV for P37 to 1.58 eV, which was considered
to be much closer to the ideal band gap for PSC donor materials [73]. The space
charge limited current model was used to measure the mobilities of both P37 and
P38, and the result indicated that P38 had a much higher hole mobility than P37.
Therefore, the lower band gap and high hole mobility together increased the PCE of
solar cell, and the PCE of 5.32 and 6.00% were obtained from P38/PC61BM and
P38/PC71BM with weight ratio of 1:1, which was obviously higher than 1.56%
(P37/PC61BM) and 2.11% (P37/PC71BM).

Strongly absorbing diketopyrrolopyrrole (DPP) moieties were considered as
efficient electron-deficient moieties and have been widely introduced to lower the
band gap in functional small molecules and copolymers. The DPP moiety exhibited
a planar-conjugated bicyclic structure, which leads to strong n—n interactions. The
small D—A molecules containing DPP were applied in fabricating solar cells, and
showed excellent properties with PCE up to 4% in BHIJ solar cells [74-76]. DPP-
containing copolymers were considered to be promising materials and showed
attractive properties in thin-film transistors with very high hole mobilities on the
order of 1 cm?/(Vs) [77]. Therefore, intensive studies were carried out to
investigate the photovoltaic applications of DPP-containing copolymers [78, 79].
In the study of Janssen and co-workers [78, 79, 81, 82], a series of copolymers
containing DPP were prepared, and these copolymers all showed promising
properties in solar cells. Typical copolymers P39 and P40 were both synthesized by
Suzuki cross-coupling method [78, 79]. From the cyclic voltammetry, the HOMO
and LUMO levels of P39 were found at —5.17 and —3.61 eV, respectively. The
optical band gap energy was about 1.36 eV in o-dichlorobenzene solution and
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1.30 eV in thin films. The FET fabricated from P39 exhibited nearly balanced hole
and electron mobilities of 0.04 and 0.01 cm?/(V s), which may be optimal factor for
photovoltaic devices. Photovoltaic devices based on P39/PC61BM were fabricated
with DIO as the cosolvent, and the best device gave V. of 0.68 V, a fill factor of
0.67,a J,. of 8.3 mA/cm?, and the PCE was about 3.8%. When the solar cells were
prepared using P39/PC;;BM mixture with optimal weight ratio (1:2), it provided
Voo of 0.65 V, J of 11.8 mA/cm?, and FF of 0.60, resulting in an improved PCE of
4.7% due to the increased photocurrent in the visible region.

Polymerizing with benzenediboronic ester, the P40 were synthesized and the
energy levels of P40 were determined by cyclic voltammetry with a HOMO at
—5.35 eV and LUMO at —3.53 eV. FETs were fabricated in a bottom-gate bottom-
contact geometry and exhibited ambipolar behavior with electrons and holes
mobilities of 0.02 + 0.01 and 0.04 & 0.01 cm?/(V s), respectively. Photovoltaic
cells were fabricated by spin coating P40 and PCBM solution with optimized
weight ratio (1:2) onto ITO/PEDOT:PSS electrode and evaporation of LiF/Al as a
back contact. By the addition of a cosolvent DIO, morphology of the thin films can
greatly be improved and affording a much finer phase separation, thereby the PCE
of the solar cell were remarkably enhanced from 2% with the acceptor of PC¢;BM
and PC7;BM to 4.6% (PCs;BM) and 5.5% (PC;BM).

In the study of Fréchet and co-workers [80], the furan moiety was introduced into
the DPP-containing copolymers and the properties in solar cell of these copolymers
were investigated. Compared to copolymer P39, the furan moiety can be conjugated
into backbones without reducing their solar cell performance, and can greatly
improve the solubility of copolymers. The onset of absorption spectra of the
copolymer thin films indicated that the optical band gaps were 1.41 eV for P42 and
1.35 eV for P43. From the cyclic voltammetry, the HOMO and LUMO energy
levels of were determined about —5.4 and —3.8 eV for P42, and —5.5 and —3.8 eV
for P43, respectively. These properties were comparable to those obtained from low
band gap copolymer P41. Solar cells involving P42/PCBM active layers were
prepared with the device structure ITO/PEDOT:PSS/polymer:PCBM/LiF/Al.
Meanwhile, a small amount of 1-chloronaphthalene was used as the additive to
prepare thin film with optimal morphology. When PC¢BM served as the acceptor,
solar cells with PCE of 3.7% were prepared. While PC;1BM was used to increase
the breadth of the photoactive spectrum and the overall photocurrent, the average
PCE was improved to 4.7%. The best device achieved a V. of 0.74 V, a J,. of
11.2 mA cm_z, a fill factor of 60%, and a PCE of 5.0%. Solar cells based on P43/
PC;BM active layers were also fabricated and achieved an average PCE of 3.8%
(max 4.1%) after optimization.

Not only the optical band gap but also the assembly morphologies of copolymers
are necessary to obtain good photovoltaic efficiency. Introduction of monomers with
extended m-conjugated systems provide an efficient way to tune both the band gap
and assembly structures. In the study of You and co-workers [83], the electron-rich
unit benzo[2,1-b:3,4-b’]dithiophene were brought into the functional polymers, and
oxidative photocyclization process were carried out to expand the coplanar
structures. Compared to P45, the hole mobility of P47 were obviously increased
from 4.21 x 107® to 1.3 x 107> cm?(V s). Therefore, the improved mobility of
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P47, helped achieve much higher short-circuit current than those of related solar
cells with open-ring unit based polymers. Without photocyclization, the devices
PCEs based on P44 and P45 were about 0.1 and 0.6%, respectively. However, after
photocyclization, the devices PCEs based on P46 and P47 were significantly
improved to 2.03 and 2.06%, respectively. The morphology of these devices was
characterized with AFM, scanning electron microscopy and TEM in order to
estimate the microphase separation. Compared to P46/PCBM film, the P47/PCBM
film exhibited less refined microstructure with grain sizes in hundreds of
nanometers, however, with very homogenous microstructures in each of these
grains. Therefore, the additional explanation for the low hole mobility and relatively
low current of P47/PCBM devices can be obtained from the characterization of film
morphology. Recently, some new D—A copolymers have been prepared and showed
excellent efficiency up to 7% in the study of You and co-workers [84, 85].

The design and introduction of various electron-withdrawing groups play a great
role in tuning the LUMO of copolymers. Leclerc and co-workers synthesized a
series poly(2,7-carbazole) derivatives with tunable acceptor segments (P48-P53)
[86] using Suzuki coupling reaction. Theoretical calculations and experiments both
revealed that HOMO energy level of these copolymers was mainly determined by
the carbazole moiety, whereas the LUMO energy level was mainly related to the
nature of the electron-withdrawing units. From P48 to P53, the LUMO energy level
were tuned to —4.32, —3.67, —3.60, —3.80, —3.65, and —3.93 eV, respectively, and
the optical band gaps of thin films were 2.02, 1.89, 1.88, 1.75, 1.87, and 1.67 eV,
respectively. Photovoltaic devices based on polymer/PCBM blends were charac-
terized and the results indicated that the most efficient polymers were those with a
symmetric structure. The highest device PCEs based on P50 and P52 were 2.4 and
3.6%, respectively, which were due to the high hole carrier mobility and well-
organized morphologies of symmetric structures. Further optimization treatment has
been carried out for PS0 solar cell by Bazan and co-workers [87]. By incorporating
an ultrathin-conjugated polyelectrolyte (CPE) layer of poly[3-(6-trim-
ethylammoniumhexyl)thiophene] or poly(9,9-bis(2-ethylhexyl)-fluorene]-b-poly[3-
(6-trimethylammoniumhexyl)thiophene] between the active layer and the metal
cathode, the PCE of solar cells based on P50/PC;;BM blends can be increased from
5 to 6.5%. The investigation indicated that the deposition of the CPE layer induced
the increase of V,. and Js., which optimized the PCE of solar cell. The device
fabrication provided a considerably simple, promising and practical method to
prepare polymer solar cells with high efficiencies and did not need thermal
annealing.

The indolo[3,2-b]carbazole has expanded n-conjugated structures and can be
regarded as two carbazole fused together. It has been proved that this group shows
strong electron-donating ability. Moreover, indolo[3,2-b]carbazole and indolo[3,2-
b]carbazole containing polymers showed good stability and field-effect transistor
mobility [88, 89]. Chen and co-workers [90] introduced indolo[3,2-b]carbazole
moiety into the D-A alternating copolymers, and combining with different
acceptors, and a series of D-A copolymers were synthesized (P54-P57). The
optical band gap of this kind of copolymers were well tuned from 1.58 to 2.34 eV.
The photovoltaic cells PCE of the indolocarbazole-based copolymer/PCs; BM or
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PC;; BM were in the range of 0.14-1.40% under the illumination of AM 1.5G
(100 mW/cm?). In these studies, P57 exhibited the best PCE performance among
these copolymers due to its suitable band gap, high molecular weight, good hole
mobility, efficient photoluminescence quenching, and large V..

Normally, D-A copolymers containing one fixed donor and acceptors have been
intensively investigated during past years. However, D—A copolymers containing
two different acceptors are freshly studied. Tian and co-workers [91] synthesized a
series of copolymers combining benzo[1,2-b:4,5-bO]dithiophene donor and two
acceptors with different ratios. The electrochemical characterizations showed that
by increasing the benzothiadiazole ratio the HOMO energy level were gradually
increased from —5.43 to —5.12 eV with nearly fixed LUMO levels. The optical
results indicated that the optical band gap of the copolymers were effectively tuned
from 1.70 to 1.84 eV. The BHJ solar cells were fabricated by using the blends of
copolymers and PCBM as the active layer. The photovoltaic characters revealed that
the V. was gradually increased from 0.7 to 0.94 V when the HOMO energy levels
of copolymers were decreased, meanwhile, three optimized factors of increased
absorption spectrum in the visible region, optimized hole mobility and microphase
morphologies of blend films greatly optimized the J.. With a V. of 0.78 V, J,. of
5.47 mA/cm?, fill factor of 0.40, the PCE of photovoltaic cell based on copolymer
P58 (m = n) was optimized to 1.67% under simulated AM 1.5 solar irradiation of
100 mW/cm?. This was due to the high hole mobility and interpenetrating network
morphology of P58:PCs; BM blend active layer. The photovoltaic device based on
P58:PC ;; BM showed a even higher J,. of 8.32 mA/cm” and a higher PCE up to
2.89%. Incorporating with more electron-rich and electron-deficient groups is a
powerful method to prepare novel copolymers, however, the symmetry of
copolymers will be greatly reduced and the molecular stacking will be greatly
influenced. Therefore, the charge-transfer property of the solid films will also be
influenced.

Double-cable copolymer

Double-cable polymers provides an efficient way to achieve semiconducting
materials with both p-type (hole conducting) and n-type (electron conducting)
properties[92], moreover, the covalent structure can produce a homogeneous phase
morphologies of the donor/acceptor domains, and the interface between the donor
and acceptor can be maximized. During the past decade, there were increasing
interests in the preparation of active electronic materials combining both p-type and
n-type moieties.

The palladium-catalyzed Sonogashira and Suzuki cross-coupling methods can be
performed under mild conditions, which provide us efficient methods to prepare
double-cable copolymers. Numerous fullerene [93-101] and perylenedimiides
[102—-107] derivatives were synthesized during the past decades and this greatly
increased the category of double-cable copolymer. Janssen and co-workers [108,
109] had synthesized and investigated a series of copolymers with pendant
fullerenes and perylenediimides. P59 contained both double and triple bonds in the
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backbone, which made P59 a hybrid polymer of poly(p-phenylene vinylene) and
poly(p-phenylene ethynylene). The alkoxy groups on the backbone endowed the
functional copolymer highly solubility which was benefit for device fabrications.
From size-exclusion chromatography characterization, P59 showed high M, of
16.2 kg/mol with polydispersity index (PDI) of 2.82. Compared to copolymers
without pendant fullerenes, the excitation of P59 in dilute toluene solution at
486 nm revealed that the photoluminescence was greatly quenched by 2 orders of
magnitude, and which was caused by energy transfer from the photoexcited
conjugated backbone to the fullerenes. Photoinduced absorption spectra of thin films
indicated that a photoinduced electron-transfer reaction took place in the films, and
the result indicated the migration of opposite charges to different sites in the films,
which was similar to that observed in the polymer—fullerene blends system.
Photovoltaic cells were prepared by spin coating P59 from chloroform, and the
device revealed promising characteristics with Ji. = 0.42 mA/cm?, V,. = 0.83 V,
and a fill factor of 0.29 under white-light illumination (100 mW/cm?, AML1.5).

Meanwhile, Janssen and co-workers [109] synthesized the poly(fluorene-alt-
phenylene) bearing n-type perylenediimides (PDI) as pendant electron acceptor
groups. Cyclic voltammetry experiments revealed the bipolar behavior of the
copolymer, which combined both the good electron donor ability of the polymeric
chain and the acceptor properties of the pendant PDI moieties. Solvent and
temperature-dependent studies, together with the analysis of photoluminescence
lifetimes, discovered photoinduced electron transfer from the electron-donating
poly(fluorene-alt-phenylene) chain to the electron-accepting PDI pendant units and
PDI aggregates. The property of photovoltaic devices based on this copolymer was
not investigated.

Porphyrins have been recognized as the frequently employed building blocks of
electron donors and sensitizers in artificial photosynthetic models for solar energy
conversion [110]. The photoinduced electron-transfer processes between fullerenes
and porphyrins have been intensively studied during past years [111, 112]. At the
meantime, the phorphyrin derivatives showed well self-assembly properties and
could controllably aggregated into well-defined nanostructures [113—117]. Due to
these excellent properties, Li and co-workers [118—120] had designed and
synthesized a series of double-cable copolymers based on fullerenes and porphyrins.
In the polymerization processes, the monosubstituted acetylene with fullerene and
porphyrin copolymerized under a very mild condition in the presence of transition
metal catalyst [Rh(nbd)Cl], in CHCl;. Copolymer P61 (ml1/m2 = 2/8) were
prepared with PDI of 1.3 and M,, = 40,200. Cyclic voltammetry were used to study
the redox property of this copolymer, and it revealed four one-electron processes at
—0.89, —1.40, —1.81, and —1.20 V, corresponding to the formation of monoanion,
dianion, and trianion of fullerene moiety and the formation of porphyrin anion,
respectively. Oxidation of the polymer took place in the potential range between
0.78 and 1.68 V, corresponding to the porphyrin cation. The photocurrent of P61
film deposited on ITO electrode was measured under 21.2 mW cm > white-light
irradiation. A steady and rapid cathodic 2.5 pA cm™? photocurrent response was
produced with prompt and reproducible response to on/off cycling. The aerobic
incident-photon-to-photocurrent efficiency value was of 0.15% for true monolayer
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coverage of P61 at its peak absorption around 440 nm. These characters indicated
the copolymers could be used in fabricating optoelectronic devices. Modified
copolymer P62 was also synthesized using same polymerization methods and the
properties were investigated [119].

Copolymers containing phorphrins and fullerenes were further investigated in
Li’s group. The phorphrin moiety had been introduced into the backbone of
copolymers containing poly(p-phenylenevinylene), and fullerenes were served as
pendant groups [121]. Due to the strong m-conjugated system and steric hindrance,
the series copolymers showed relatively low molecular weight. The cyclic
voltammetry showed that P63 and P64 exhibited similar redox properties, and by
the addition of metal, the redox properties of copolymers had been remarkably
tuned. The photocurrent of the copolymers films deposited on ITO was measured
separately under white-light irradiation of 20.7 mW/cm?. The P63 and P64 films
produced cathodic photocurrents of 0.149 and 0.152 pA/cm?, respectively, which
were greatly improved compared to P65 (0.086 pA/cm?). Moreover, films of P66
and P67 also showed enhanced photocurrent of 0.196 and 0.095 pA/cm?,
respectively. The results also indicated that this series of copolymers with pendent
fullerene, porphyrin and PPV units were a good candidate for optoelectronic
devices.

Li and co-workers [122] designed and prepared a soluble double-cable polythi-
ophene with high content of C¢o pendant. Prepared from precursor P68, the copolymer
P69 showed relatively high molecular weight in the range of 20—40 K, and bad
solubility in THF due to the high content of Cg,. The photophysical, electrochemical,
and photovoltaic properties of P69 were investigated and compared with its control
polymer P68. P69 exhibited the characteristic reduction peaks at —0.783, —1.187, and
—1.651 V versus Ag/Ag", which indicated that the electronic properties of Cgo was
remained in the double-cable polymer. On the other hand, compared with that of P68,
the increased onset oxidation potential of P69 from 0.2 to 0.3 V could be ascribed to
the steric hindrance of the big fullerene side chain. The absorption spectra indicated
that there was no interaction between polythiophene backbone and Cgo pendants at
ground state, but photoluminescent spectra revealed the strong interaction at excited
state. The AFM characterization indicated that films of P69 were very smooth and
uniform compared to that of P68/PCBM blends. The maximum PCE of the polymer
solar cell based on P69 was about 0.52% under AM 1.5, 100 mW/cm 2, which was five
times higher than that of the device based on P68 blended with PC4;BM (0.10%) in
same condition. The efficiency of 0.52% was high value for the PSCs based on the
double-cable polymers.

Although, double-cable copolymers can insure the intimate contact between
acceptor and donor segments in molecular heterojunction and the maximum
interfacial area will be produced, the maximum PCE of the PSC based on this kind
of copolymers is comparable lower than traditional blended BHJ solar cells. The
best value for a double-cable polymer ever reported is no more than 1%. It can be
easily understood that it may be the uniform molecular heterojunction that results in
the increased charge recombination and inefficient charge transportation in the
active layer, and that accounts for the poorer PCE of double-cable copolymers
compared with the blended BHJ solar cells.
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Metal atom containing copolymers

Except for the introduction of donor and acceptor moieties to straightly tune the
absorption property in solar irradiance, the lifetime of excited state also can be
designable by introducing heavy metal atoms in the conjugated copolymers. It is
well-known that the lifetime of triplet excited states is normally 3 orders of
magnitude longer than the nanosecond decay of singlet excited states in conjugated
copolymers. The prolonged lifetime of excited state is benefit for charge separation
and charge transfer in the solid film in a long distance. Compared with normal
polymers, the triplet-forming polymers showed increased exciton diffusion length in
the photovoltaic devices due to the forbidden nature of recombination from the
triplet states [123]. This means that the design of materials with high triplet yields
may offer an efficient access to benefit the charge transportation and collection and
increase the I, for solar cells [124].

The extensively conjugated two-dimensional =w-system endows porphyrins
suitable properties in light-harvesting and efficient electron transfer because the
uptake or release of electrons results in minimal structural change [125]. Moreover,
porphyrins have extensive absorption over the wavelengths of the solar spectrum
[126]. Wong and co-workers [127] introduced metalloporphyrins block into
polyplatinynes linear-conjugated systems for the construction of new p-type
photovoltaic active materials. In these systems, the thiophene and phenyl groups
were adopted to extend the m-conjugation and cover the missing absorption region
(430-530 nm) or enhance the absorption of the weaker Q-bands. The experiment
and computation methods were combined to investigate the molecular structure and
HOMO and LUMO energy levels for P70-P72. Cyclic voltammetry indicated that
the Pt/Zn mixed metal polymers had HOMO energy level at —5.53 to —5.62 eV and
LUMO energy level at —3.64 to —3.73 eV. From absorption spectra, it was
calculated that the optical band gaps ranged from 1.93 to 2.02 eV for P70-P72. BHJ
solar cells with metallopolymers/PCBM (1:4) as active layer were studied under
illumination of an AM 1.5 solar cell simulator, and PCE of 0.68, 0.71, and 1.04%,
respectively, were obtained from P70 to P72. The metallopolymer P72 showed the
highest PCE, V. of 0.77 V, J. of 3.42 mA cm ™2, and fill factor of 0.39. This study
represents the first example of porphyrin-containing polymetallaynes used for
harvesting solar energy in solution-processed photovoltaic devices.

Jenekhe and co-workers [128] synthesized and investigated a series of
organometallic D-A-conjugated polymer semiconductors. The polyplatinynes
copolymers showed reversible electrochemical reduction waves from which
electron affinities were found to be 2.95-3.28 eV. From the onset oxidation
potentials of the polymers, ionization potentials were determined to be
4.82-5.23 eV. The absorption spectra of solid films were finely tuned in the visible
and near-infrared regions by changing the composition. Moreover, the optical band
gaps of the D—A polymers were modified from 1.49 to 1.97 eV. From the FET
characterization, the polymer thin films showed p-channel field-effect charge
transport with hole mobilities of 3.87 x 1077-3.32 x 107> ecm?/(V s). BHJ solar
cells based on blends of the copolymers/PC;BM with film thickness in range of
60-80 nm obtained PCE of 2.41% for P73, 0.68% for P74, 0.36% for P75, 0.016%
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for P76, and 0.32% for P77. The poor PCE of P76 was due to the low V. (0.39 V),
Jse (0.25 mA/cmz), and fill factor (0.17). However, the investigations provide us an
efficient method for designing optical band gap and photovoltaic properties of
organometallic-conjugated polymer semiconductors.

The effective conjugation length plays an intensive role in controlling the solar
cell efficiency. In polyplatinynes, the poor energetic overlap between the 5d Pt and
2p C orbitals limited the effective conjugation length compared to structurally
analogous poly(phenylene ethynylenes) [129]. Moreover, the decreased effective
conjugation length not only influence the absorption spectra but also prohibit the
exciton localization and exciton diffusivity, and ultimately limited the photovoltaic
performance even if long-lived triplets are realized [130].

Different from polyplatinynes, Fréchet and co-workers [130] built a novel kind of
platinum-containing conjugated copolymer, in which the platinum atom was
attached to the conjugated backbone via a C"N ligand. The C"N ligand can produce
the coplanar conformation of the monomer and the O"O diketonate ligand also can
improve the solubility of the copolymers. P78 and P79 were prepared using Stille
and Suzuki, respectively, and by copolymerizing with different monomers, the
optical band gaps were tuned between 2.1 and 1.65 eV. Both in solution and in solid
films, the absorption spectra of the copolymers showed one strong transition at
approximately 350 nm which was attributed to the direct excitation of the metal
complex, and one strong transition at longer wavelength derived from excitations
delocalized along the conjugated polymer chain. Triplet exciton formation was
studied indirectly by measuring photosensitized emission of singlet oxygen in both
solution and in film. The ability of the materials to sensitize formation of singlet
oxygen varies both with excitation wavelength and with the change from solution to
solid state. The photovoltaic performances of P78 and P79 were also detected in
preliminary experiments with PCE of 1.3 and 0.40%, respectively, obtained from a
BHIJ cell based on polymer/PCBM blends under AM 1.5 illumination at 100 mW/
cm. The P78 solar cells showed better performance than that of P79, which was
partly due to its superior overlap with the solar spectrum and the possibly localized
holes in P79 which limited charge transport in a device.

Schulz and Holdcroft [123] synthesized copolymer P80 and P81 using Suzuki
polycondensation, and investigated the effect of incorporating an iridium complex
into a m-conjugated polymer backbone on photovoltaic properties such as charge
generation, PCE and EQE. The characterization was performed using NMR,
UV-Vis, photoluminescence, and time-resolved luminescence spectroscopy gel
permeation chromatography; elemental analysis; and photovoltaic devices. The
EQE of P81 showed an absolutely increase from 1.1 to 10.3 over P80, and this was
attributed to the formation of triplet state in P81, and longer diffusion lengths of the
triplet exciton in P81 compared with singlet exciton in P80. Photovoltaic devices
were fabricated by blending P80 and P81 with PCBM. Although, the solar PCE
based on P80 and P81 were both much lower than normal solar cells, devices based
on P81 exhibited an obviously improved device performance. The J,. were 0.01 and
0.44 mA/cm? for devices based on P80 and P81, respectively, and the PCE was
greatly improved from 0.002 for P80 to 0.07% for P81.
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Block copolymers used for photovoltaic devices

For the BHJ solar cells, the microphase structures between donor and acceptor play
intensive influence in controlling the device efficiency. Optimization of the
nanoscale morphologies can maximize the charge separation, transfer and collection
[4, 131]. After the photoexcitation of electron-donating component, the charge
separation takes place and the electrons and holes are transferred to the electrodes
through the donor and acceptor domains. Moreover, the lifetime of photogenerated
excitons are just on the order of ps—ns, and the maximum diffusion distance is about
10 nm [132]. This indicates that abundant of D—A interfaces must be needed for
charge separation. It is found that the patterned structures with continuous and
straight pathway are propitious to charge transfer [133—135]. Therefore, during the
processes of the charge separation and charge transfer, the microphase structures of
the active layer play great important role in tuning these processes. During past
decade, the nano-fabrication technologies such as organic vapor—solid phase
reaction [136, 137], template methods [138—141], self-assembly, and self-polymer-
ization [142], have been well developed, and also many appropriate efforts have
been applied in optimizing the microphase structures between donor and acceptor
blends, such as annealing [9, 10], spin-coating speed [11, 12], solvent treatment
[13-16], and so on. For example, a CdS-PPY single axial organic/inorganic p—n
junction nanowire was used to construct the organic/inorganic hybrid solar cells on
the nanoscale for understanding the effect of interface structure on the photovoltaic
performance. [143] As shown in Fig. 29a, excitons generated by the light reach the
hybrid interface from the CdS side and effectively dissociate at the interface of CdS-
PPY. The electrons and holes generated in this process could also transport through
CdS and PPY, respectively, which generates the photocurrent efficiently in the CdS-
PPY p-n junction nanowire. Most of the CdS-PPY axial p—n nanowire solar cell
devices have efficiency around 0.016% under an illumination intensity of 6.05 mW/
cm2, and the maximum efficiency is up to 0.018% under the same illumination
intensity (6.05 mW/cm?). Neither the CdS nanowire nor the PPY nanowire shows
power generation under the same condition (Fig. 29d, e), indicating that the
photovoltaic properties were characteristic of a CdS-PPY nanowire. This is the first
example for generating photovoltaic response on a single heterojuction wire that is
not observed from the independent components. However, to obtain the 10 nm
length scale patterned films is very difficult for these traditional techniques,
including the lithographic methods. Moreover, the reproducibility and stability of
the solar cell devices is poor because of the microphase separation of the polymer/
PCBM blends active layer [144—146].

During the past decades, the self-assembly properties of block copolymers had
been well studied, and block copolymers offered great superiorities in controlling
the self-assembly nanostructures, especially for patterned nanostructures in 10 nm
length scale. Moreover, the size and morphologies of the patterned nanostructures
can be controlled by tuning the molecular weight and the structures of the block
copolymers [147, 148]. Block copolymers self-assembly may be used to create
patterned active layer for optimized charge separation, charge mobility, and
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Fig. 29 a Energy level diagram of a CdS-PPY nanowire. b UV-Vis absorption spectra of CdS-PPY p-n
junction nanowires, CdS nanowire, and PPY nanowire. ¢ Dark/light current density versus applied voltage
bias (J-V) data of typical single CdS-PPY nanowire solar cells with device lengths of 7.428 (a), 6.922 (b),
and 6.597 um (c). Dark/light J-V data of CdS nanowire device (d), PPY nanowire device (e). Reproduced
with permission from Ref. [143]. Copyright 2010 American Physical Society

Fig. 30 The feature of solar
cell based on block copolymers.
Reproduced with permission
from Ref. [146]. Copyright 2009
American Physical Society

donor

collection on the characteristic 10 nm length scale of exciton diffusion [149]
(Fig. 30).

In order to develop high-performance polymer-based solar cell devices, it is
necessary to construct the active layer with highly ordered nanoscale morphologies.
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Fig. 31 The assembly structure of P3HT-b-PLLA and possible application in solar cell. Reproduced
with permission from Ref. [150]. Copyright 2009 American Physical Society

Botiz and Darling [150] designed and developed an ordered nanoscale morphology
from poly(3-hexylthiophene)-block-poly(L-lactide) (P3HT-b-PLLA), which was
used both as an active materials and as a structure-directing agent to pattern Cgg
derivative (Fig. 31). The P3HT block is selected because of the outstanding charge
carrier mobility and suitable band gap in the visible region [151, 152]. The
microphase separation process produces the patterned films and the biodegradable
PLLA block can be readily removed under basic condition [153]. The AFM and
TEM characterizations indicate that the well-patterned films can be easily prepared
by self-assembly. Moreover, the patterned films removed away from PLLA were
served as the vessels for acceptor materials (Cgo) and the new alternating D-A
nanostructures domains were produced. Using this morphological control method,
the structure—property relationships with unprecedented detail with the ultimate goal
of maximizing the performance of future organic/hybrid PV devices can be probed.
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Fig. 32 Structures of the diblock copoly(3-alkylthiophene)s, BOx, and PC;;BM; TEM images of
BOx NWs:PC ;; BM thin films peeled from solar cells and their SAED patterns (inset). Reproduced with
permission from Ref. [154]. Copyright 2011 American Physical Society

Block copolymers show great advantages in controlling the nanostructures
compared to homopolymers, and the size of domains can be tuned by changing the
molecular structures. Jenekhe and co-workers [154] investigated the self-assembly
properties of diblock copolymer semiconductor poly(3-butylthiophene)-block-
poly(3-octylthiophene) (BOx) and their application in solar cell. By tuning the
block copolymer compositions, BOx can aggregate into crystalline nanowires with
similar width (13—16 nm) and a tunable aspect ratio (Ilength/width) of 50-260 by
solution-phase self-assembly in o-dichlorobenzene. Moreover, the nanowires
morphologies in polymer/PCBM active layer were illustrated in Fig. 32. The width
of block copolymers nanowires was comparable to the exciton diffusion length in
polymer-based photovoltaic devices. Tunable aspect ratio of nanowires indicated
that the diblock copolymer composition provides a facile and powerful means for
tuning the aspect ratio of polymer semiconductor nanowires. The photovoltaic
properties of BOx NWs in BHJ solar cells were studied by blending the NWs with
the electron acceptor, PC;1BM, using the device structure: ITO/PEDOT:PSS/active
layer/LiF/Al. The solar cells were characterized under AM1.5 solar illumination at 1
sun (100 mW/cm?) in laboratory air, and it was indicated that the photovoltaic
efficiency increased with increasing aspect ratio, reaching 3.4% at the highest
average aspect ratio of 260. The enhancement of photovoltaic efficiency with
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Fig. 33 The molecular structure of block copolymers and TEM plane view images of P3BHT-PTP4AP
with a disordered structures, b long range order, and ¢ poorly organized nanostructures. Reproduced with
permission from Ref. [155]. Copyright 2009 Royal Society of Chemistry

increasing aspect ratio of NWs was explained in terms of increased exciton and
charge photogeneration and collection in the BHJ solar cells.

Self-assembly of copolymers with donor block shows a promising pathway to
control the morphologies of donor domains and fabricate the solar cells. Meanwhile,
more and more groups pay attention to synthesize the block copolymers with both
donor and acceptor blocks, and the self-assembly of this kind of block copolymer
provides an effective method to fabricate solar cell with D—A alternating domain
structures, which may show optimized device performance. Segalman and
co-workers [155] combined the atom transfer radical polymerization and “click
chemistry” methods to synthesize a series of rod-coil diblock copolymers, in which
the rod poly(3-hexylthiophene) (P3HT) served as the donor block and the coil
segment contained the electron-deficient perylenediimides (Fig. 33). Block copoly-
mer films with disordered structure, long range order and poorly organized
nanostructures, respectively, were obtained by controlling the casting speeds.
Devices with active layers which were completely disordered (molecularly mixed),
contain short range order in which the nanodomains were molecularly pure, but
were poorly organized, or consisted of cylindrical fibrils with their long axes
running parallel to the electrodes were compared. Active layers with well formed
but poorly organized nanodomains had the highest photovoltaic efficiencies
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Fig. 34 Chemical structure of diblock copolymers and assembly structure. a SFM phase image and
b TEM image of block copolymer thin film (from a 1 wt% toluene solution at 2,500 rpm) after annealing.
¢ SFM phase image and d TEM image of drop-cast block copolymer film from 0.1 wt% toluene solution
on Si substrate. Scale bar 100 nm. Reproduced with permission from Ref. [156]. Copyright 2009
American Physical Society

indicating that molecular scale segregation has a significant effect on device
performance. The poor performance of the well-defined cylindrical nanostructures is
probably a reflection of the poor charge-transport properties associated with the
misorientation of the long axes parallel to the electrodes.

Combining Grignard metathesis polymerization and nitroxide-mediated poly-
merization methods, Emrick and co-workers [156] synthesized the similar D-A
diblock copolymers, composed of regioregular poly(3-hexylthiophene) (rrTP3HT) as
the electron donor block and poly(perylene diimide acrylate) as the electron
acceptor block. The diblock copolymers were prepared with low-to-moderate
polydispersity indices (1.2-1.4) and sufficiently high molecular weights for spin-
coating. The efficient photoluminescence quenching in solid films indicated the
efficient charge separation. The solar cells containing the as-spun films showed PCE
about 0.11%. After thermal annealing, devices exhibited fibrillar morphology with
long range order (Fig. 34), and obtained significantly higher PCE about 0.49%. This
post-annealing increase PCE due to the increased short-circuit current and only
slight decrease in the open-circuit voltage. SFM, TEM, and X-ray diffraction
characterization all indicated that the increased short-circuit current would arise
from a reorientation and enhanced ordering of the copolymer during annealing,
which would facilitate charge transport [156]. From Fig. 33b—d, it is clearly
enounced that the assembly phase structures of active layers are efficiently
controlled by tuning the diblock copolymer composition.

Fullerene derivatives are considered as the most promising electron acceptors in
polymer-based photovoltaic devices. D-A diblock copolymers containing the
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Fig. 35 a Chemical structure of the P3HT-b-P(SgoBAz;;)-Cgg rod—coil copolymer where x = 1,
y=17.6, and z = 1.4; b surface-topographic image of the triblock-copolymer film spin-coated from
chlorobenzene solution onto an ITO-coated glass substrate. Reproduced with permission from Ref. [157].
Copyright 2010 Wiley-VCH Verlag GmbH & Co. KGaA

fullerene pendant groups greatly expand the block copolymer application in solar
cells. Nguyen and co-workers [157] have synthesized and characterized the
morphological and charge-transport properties of P3HT-b-P(SgoBAz;1)-Ceo
(Fig. 35). UV-Visible (UV-Vis) measurements of films show characteristic
absorptions from both P3HT and Cg. Quenching of photoluminescence indicated
that the P3HT and fullerene blocks are in intimate contact to facilitate charge
separation. Morphology, phase, and photo- and dark-current images from scanning
probe studies confirmed the presence of nanoscale phase segregation. The fibers
appear to consist of the conjugated-rod block surrounded by the fullerene- and
styrene coil blocks. -V characteristics measured by conducting AFM indicate that
the film is fairly electrically homogenous and that the hole and electron mobilities
are comparable to those of P3BHT: PCBM BHJ films. The results support that P3HT-
b-P(SgoBAz()-C o may provide the optimal morphology for BHJ solar cells
without the need for thermal or solvent annealing or adding additives. Space—charge
limited current behavior, where J o< V2and J o< L™ is observed in both diodes,
allows the determination of carrier mobilities. The hole and electron mobilities
calculated from this data are 2.7 x 107> and 1.7 x 107° cm?/(V s), respectively.
These values are slightly lower than mobility values reported for PAHT:PCBM BHJ
measured using the same technique.

With the objective of enhancing photovoltaic performance, a D-A, rod-coil
diblock copolymer based on poly(p-phenylenevinylene) (PPV) and fullerene was
prepared in Hadziioannou and co-workers [158], and the microphase separation
property was investigated. Diblock copolymers were obtained by using an end-
functionalized PPV as a macroinitiator for the nitroxide-mediated controlled radical
polymerization of a roil block. The latter block was subsequently functionalized
with Cgg through atom transfer radical addition. The molecular structure was shown
in Fig. 36. Upon casting from CS, solution, films exhibited micrometer-scale,
honeycomb-like patterns in Fig. 36a, b. From the luminescence image (Fig. 36b), it
was concluded that the luminescence intensity was very low in PPV-b-PSFu
compared with that of PPV-b-PS film, and it was indicated that the luminescence of
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Fig. 36 Molecular structure of copolymer PPV-b-PSFu and optical transmission (a) and luminescence
(b) micrographs of honeycomb structures in solution-cast films of PPV-b-PSFu. Scale bars 20 pum.
Reproduced with permission from Ref. [158]. Copyright 2000 American Physical Society

PPV was efficiently quenched and efficient electron transfer to pendant Cg side
groups occurred.

With small adjustment, Heiser and co-workers [159] synthesized similar
copolymers with PPV-b-PSFu (Fig. 37). Material properties were explored by
X-ray diffraction, AFM, UV-Vis absorption, and photoluminescence spectroscopy.
The AFM phase images of Fig. 37a, b exhibited that uniform lamella structures
were prepared from fullerene-free copolymer 1a and 1b, and by the addition of
fullerene the uniform lamella structures were remarkably interrupted through the
growth of fullerene micro domains. Moreover, the AFM phase images also
indicated that the consecutive D-A nanodomains were obtained in the fullerene-
containing block copolymer 2 thin films and the D-A interface were greatly
increased. Similar with the results obtained from AFM, the strong photolumines-
cence quenching further suggested the presence of a large D—A interface and the
efficient exciton dissociation took place at the D-A interface. Although, increased
D-A interface were prepared, the resulting active layers based on fullerene-
containing block copolymer 2 were not used to build efficient BHJ photovoltaic
device.

Although, many photovoltaic devices based on block copolymers just obtained
lower efficiency than traditional BHJ solar cells, block copolymer design strategies
still may be a very promising pathway to optimize photovoltaic device performance
by controlling the phase structure of the active layer on the exciton diffusion length
scale (10 nm) while also providing suitable morphologies for charge transport.
More studies on block copolymer synthesis and device formation are still necessary
to prove the utility of block copolymers in photovoltaic devices, to understand the
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Fig. 37 The molecular structure and AFM phase images of a as-deposited fullerene-free copolymer 1a,
b as-deposited copolymer 1b, ¢ as-deposited fullerene-containing copolymer 2, d copolymer 2 after 1 h at
90 °C. Reproduced with permission from Ref. [159]. Copyright 2008 American Physical Society

role of patterned morphology on device performance and to provide the efficient
guideline to design novel functional copolymers.

Conclusion

By the intensive studies and development of process technology, the PCE of
polymeric photovoltaic devices will be greatly improved and the devices will show
promising applications in solving energy crisis. In this view, it is concluded that
molecular design strategies provide us efficient pathways to achieve functional
polymers with many optimized properties, such as suitable band gap energy, the
optimized self-assembly morphologies, good solution-processability as well as the
hole mobility of the solid films. By combination of electron-rich and electron-
deficiency moieties, the copolymers consisting of D—A alternating structures can
obtain appropriate band gap energy, which increases the absorption efficiency with
large V.. By introduction of metal atoms in functional copolymers, the lifetime of
excited state can be elongated about 3 orders of magnitude longer than normal 7-
conjugated copolymers, and the prolonged lifetime is benefit for charge separation
and charge transfer in the solid film with increased exciton diffusion length. The
double-cable copolymers and block copolymers provide us another efficiency
method to increase the D-A interface and obtain controllable microphase
morphologies which also can benefit for the charge dissociation and transport.
Although, there are too many factors of device fabrication that can influence the
solar cells performance, it is possible to prepare BHJ photovoltaic device with broad
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absorption in the visible range, well-patterned microphase morphologies in the
exciton diffusion length scale (10 nm) adopting these molecular design strategies.
The low-cost polymer photovoltaic devices with exciting efficiencies may be
produced when these molecular design strategies are efficiently combined together,
and this makes the possibility of commercially available PSCs come true.
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