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Organic photovoltaics (OPVs) are a promising cost-effective alternative to silicon-based solar cells, and

possess low-cost, light-weight, and flexibility advantages. Recently, great advances have been achieved

in the development of novel photovoltaic materials and device structures, and the power conversion

efficiencies can now reach 7.7%. In this review we summarize the most recent developments in

conjugated polymers for high-efficiency OPV devices. We focus on correlations of polymer chemical

structures with properties, such as absorption, bandgap, energy levels, mobilities, and photovoltaic

performances. This structure-property relationship analysis may guide rational structural design and

evaluation of photovoltaic materials.
Introduction

Fossil fuels such as coal, oil, and gas are the most used energy

sources. Fossil fuel production and use causes a number of

environmental problems, and also their availability is diminish-

ing. The need to develop renewable energy sources has become

urgent. The development of photovoltaic (PV) cells, which

transform inexhaustible solar energy into electricity, is therefore

one of the most promising long-term solutions for clean,

renewable energy. Currently, the main barrier that prevents PV

technology from providing a large fraction of energy is the high

cost of silicon-based solar cells.

Organic photovoltaics (OPVs) are a promising cost-effective

alternative to silicon-based solar cells, and possess low-cost,

light-weight, and flexibility advantages. Since the discovery of

photoinduced charge transfer in composites of conjugated
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polymers and C60,1 polymer solar cells (PSCs) have attracted

considerable attention. Recently, polymer photovoltaic materials

and devices are a rapidly developing research field. So far, the

highest power conversion efficiency (PCE) for small-area PSCs is

7.7%,2 still far below the 10% that is often regarded as being

a prerequisite for large-scale commercial applications.

Yu et al.3 and Halls et al.4 pioneered the ‘‘bulk heterojunction’’

(BHJ) concept, which is the best OPV device architecture so far.

BHJ is a blend of bicontinuous and interpenetrating donor and

acceptor components in a bulk volume. Such a nanoscale

network exhibits a donor–acceptor phase separation in a 10–

20 nm length scale, which is within a distance less than the

exciton diffusion length. BHJ significantly increases the donor–

acceptor interfacial area, leading to enhanced efficiency.

Moreover, BHJ devices can be fabricated by high-throughput

processing methodologies, such as spin coating, inkjet printing,

gravure and flexographic printing.

In a typical BHJ PSC, the photoactive blend layer, sandwiched

between two electrodes, is composed of a conjugated polymer

donor and an acceptor (small molecule or polymer). The
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Fig. 1 Chemical structure of some polythiophene derivatives.
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synthesis of new conjugated polymers with small bandgaps,

strong and broad absorption, appropriate energy levels, and high

carrier mobilities will be the key to allowing plastic solar cells to

become a viable energy source for this century. Several reviews

have summarized the synthesis and use of conjugated polymers

in OPVs5–12 as well as device physics.13–20 In the present review,

we focus on the representative conjugated polymer donors,

polymer acceptors and double-cable polymers for high-efficiency

PSCs. Progress in the past decade has been substantial, but

continued development of PV materials will require a better

understanding of the relationships between molecular structure,

electronic structure, materials microstructure, charge transport

and photovoltaic properties than is currently available. For these

reasons, we will survey and analyze what is currently known

concerning structure/property relationships of photovoltaic

polymers.

Conjugated polymer donors

Polythiophene derivatives

Polythiophenes, particularly regioregular poly(3-alkylthio-

phene)s (P3ATs), are a widely used class of polymer donors in

PSCs due to their excellent thermal and chemical stability as well

as good light-harvesting and charge-transporting properties.

Table 1 provides a summary of electronic properties as well as PSC

data for representative polythiophene derivatives (Fig. 1).21–25

The length of alkyl group in P3ATs plays an important role in

determining the solubility, crystallinity and morphology.

Nguyen et al. investigated effect of alkyl groups (butyl, hexyl,

octyl, decyl, and dodecyl) on performance of P3AT:fullerene

BHJ PSCs.26 Longer alkyl lengths ($ C8) facilitate diffusion

rates of the fullerene soluble derivative PCBM in the polymer

matrix, leading to larger scale of phase separation, reduced

interfacial area, and finally lower efficiency. PSCs based on

regioregular poly(3-butylthiophene) (P3BT) exhibited one order

of magnitude lower PCEs compared to its counterpart poly-

(3-hexylthiophene) (P3HT), due to poor solubility, poor crys-

tallinity, smaller conjugation length, and lower carrier mobility.27

P3HT (1a, Fig. 1) gave the best device performance in the

P3AT family. So far, the P3HT/PCBM system is one of the most

efficient BHJ PSCs with PCEs of ca. 5%. The device performance

is susceptible to the molecular weight and regioregularity of

P3HT and device fabrication methods. The molecular weight and

polydispersity of P3HT exhibit significant impacts on PSC

performance;28 only P3HT with a number-average molecular

weight greater than 10 000 can achieve a PCE over 2.5%. Fr�echet
Table 1 Electronic properties, mobilities, and PSC performance of 1a–fa

lmax
abs/nm Eg/eV mh/cm2 V�1 s�1 HOMO/LUMO/eV D/

1a 552 1.8 — �4.8/�2.7 1 :
1b — — — — 1 :
1c 630 1.6 0.02 �4.8/�3.0 1 :
1d 540 1.8 — �4.9/�3.0 1 :
1e 550 1.8 — �4.7/�3.1 1 :
1f 660 1.4 — �5.1/�3.4 1 :

a lmax
abs¼ absorption peak in film; Eg¼ optical bandgap; mh¼ hole mobility;

FF ¼ fill factor; PCE ¼ power conversion efficiency. b 50 mW cm�2.

410 | Polym. Chem., 2010, 1, 409–419
et al. investigated the influence of the regioregularity of P3HT on

P3HT/PC61BM PSC performance.29 All three polymers (86%,

90%, and 96% regioregularities) exhibit similar mobilities

(10�3 cm2 V�1 s�1); their blends with PC61BM gave similar PCEs

(ca. 4%). They introduced a small amount of 3,4-dihexylth-

iophene into P3HT to reduce the regioregularity and to weaken

the crytallization formation.22 1b (Fig. 1) exhibited similar device

efficiency but better thermal stability compared to 1a. This is

ascribed to the suppression of the crystallization-driven phase

separation by introduction of a controlled amount of disorder

into the polymer backbone. The success of the P3HT/PCBM

system is largely associated with careful control and optimization

of the active layer morphology, such as using different casting

solvents and film-forming speed, solvent and thermal annealing,

additives to the active layer, optical spacer, anode and cathode

interfacial layer, and tandem structure.13–19

Poly(3-hexylselenophene) (P3HS, 1c) is an analogue of P3HT

with selenium replacing the sulfur atom. P3HS exhibits lower

LUMO level (similar HOMO), smaller bandgap, and signifi-

cantly red-shifted absorption than P3HT.23 Moreover, P3HS

displays crystalline morphology and FET mobility (0.02–

0.04 cm2 V�1 s�1) similar to that of P3HT. The solar cell device

based on P3HS/PC61BM (1 : 1, w/w) produced a PCE of 2.7%

after optimal thermal annealing, slightly lower than that of

P3HT/PC61BM (3.0%).

To enhance absorbance in the short-wavelength region

(< 500 nm) of polythiophene, Li et al. attached bi(thienylenevi-

nylene) conjugated side chain to the polythiophene backbone

(1d).21 This two-dimensional conjugated polythiophene shows

a broad absorption plateau from 350 to 650 nm and much
PC61BM (w/w) Jsc/mA cm�2 Voc/V FF PCE (%) Ref.

1 9.9 0.60 0.41 2.41 21
1 9.77 0.61 0.62 3.73 22
1 — 0.52 — 2.7b 23
1 10.3 0.72 0.43 3.18 21
1 13.7 0.68 0.37 3.45 24
2 9.4 0.63 0.54 3.2 25

D¼ donor; Jsc¼ short-circuit current density; Voc¼ open-circuit voltage;

This journal is ª The Royal Society of Chemistry 2010
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Fig. 2 Chemical structure of some poly(arylenevinylene)s and poly-

(aryleneethynylene)s.

Pu
bl

is
he

d 
on

 0
7 

ja
nu

ar
 2

01
0.

 D
ow

nl
oa

de
d 

on
 2

3.
 0

2.
 2

02
6 

20
:5

2:
03

. 
View Article Online
stronger absorbance than that of P3HT in the wavelength 350–

480 nm. The maximum PCE of the PSCs based on 1d/PC61BM

reached 3.18%, which is 38% enhancement in comparison with

that (2.41%) of P3HT under the same experimental conditions.

Wei and co-workers reported a new regioregular polythiophene

with (octylphenanthrenyl)imidazole conjugated side chain (1e).24

The electron-withdrawing ability of this side chain induces effi-

cient intramolecular charge transfer from the donor thiophene

main chain to the acceptor side chain. Thus, charge separation is

facilitated through sequential electron transfer from the main

chain to the side chain and then to PC61BM. The faster electron

transfer leads to a higher PCE (3.45%) compared to P3HT.

To red shift absorption spectrum and to lower HOMO level of

polythiophene, Janssen and co-workers copolymerized electron-

rich quaterthiophene with electron-deficient diketopyrrolo-

pyrrole unit to afford a D–A copolymer (1f).25 1f exhibits lower

HOMO and LUMO levels, smaller bandgap (1.4 eV), and

significantly red-shifted absorption than P3HT. The best device

using 1f/PC61BM (1 : 2, w/w) gave a PCE of 3.2%. By utilizing

PC71BM as the acceptor, the PCE was further improved to 4.0%.
Poly(arylenevinylene)s and poly(aryleneethynylene)s

Table 2 provides a summary of electronic properties as well as

PSC data for representative poly(arylenevinylene)s and poly-

(aryleneethynylene)s (Fig. 2).30–34 Poly[(2-methoxy-5-(30,70-

dimethyloctyloxy))-1,4-phenylenevinylene] (MDMO-PPV, 2a) is

the best donor among the poly(p-phenylenevinylene)s (PPVs) in

BHJ PSCs. Shaheen et al. reported devices based on 2a:PC61BM

(1 : 4, w/w) with a PCE of 2.5%.35 Tajima et al. synthesized fully

regioregular 2a and utilized for PSCs.30 Significant improve-

ments in short-circuit current (JSC), fill factor (FF) and PCE were

achieved for the devices with regioregular 2a compared to those

for its regiorandom counterpart, which benefited from both

higher hole mobility (resulting from the higher crystallinity) of

the regioregular polymer and better mixing morphology of the

blend. A PCE of 3.1% was achieved with regioregular MDMO-

PPV, which is the highest reported for the PPV:PC61BM system

so far.

Poly(thienylenevinylene)s (PTVs) exhibit low bandgap (1.5–

1.8 eV) and high hole mobility (ca. 0.22 cm2 V�1 s�1),36 which

makes them attractive candidates for photovoltaic applications.

However, PTVs are inherently nonemissive due to their

extremely short singlet excited-state lifetime,37 and thus far the

PCEs of the PSCs based on PTV donors are rather low

(< 0.5%),38 probably because their photoexcitation decay

primarily occurs via intrachain relaxation rather than
Table 2 Electronic properties, mobilities, and PSC performance of 2a–ea

lmax
abs/nm Eg/eV mh/cm2 V�1 s�1 HOMO/LUMO/eV D/

2a 540 — 3 � 10�10 �5.4/— 1 :
2b 556 1.7 3 � 10�3 �5.3/�3.6 1 :
2c 650 1.6 — �5.2/�3.4 1 :
2d 554 1.9 — �5.4/�3.1 1 :
2e 611 1.8 1 � 10�2 �5.1/�3.3 1 :

a lmax
abs¼ absorption peak in film; Eg¼ optical bandgap; mh¼ hole mobility;

FF ¼ fill factor; PCE ¼ power conversion efficiency.

This journal is ª The Royal Society of Chemistry 2010
photoinduced electron transfer from the PTVs to the acceptor.39

Li and co-workers synthesized a new PTV derivative with an

electron-withdrawing carboxylate side chain (2b).31 2b shows

unexpected emission, narrower bandgap, lower HOMO level,

and higher hole mobility in comparison with poly(3-hexylthi-

enylenevinylene) (P3HTV). The PCE of the PSC based on

2b:PC61BM reached 2.01%, which is ca. 10� enhancement

compared to that for P3HTV. The PCE of 2.01% is the highest

reported for the PSCs based on PTVs so far.

Poly(aryleneethynylene)s (PAEs) are a class of conjugated

polymers with extended conjugation and rigid backbone for

strong interchain interactions due to the internal triple bonds.

Ashraf et al. synthesized a D–A PAE derivative containing

thieno[3,4-b]pyrazine as the acceptor and thiophene as the donor

(2c).32 This polymer exhibits broad absorption from 300 to

800 nm and low bandgap of ca. 1.6 eV. The PSC based on

2c:PC61BM gave a PCE of 2.37%.

Introduction of platinum into PAE main chain enhances p-

conjugation and electron delocalization along the polymer chain

due to overlap of the d-orbital of the Pt with the p-orbital of the

alkyne unit.40 On the other hand, efficient intersystem crossing

facilitates the formation of triplet excited states due to strong

spin-orbital coupling in this system. It is well known that triplet

excited states have longer lifetimes and thus allow longer exciton

diffusion lengths compared to the singlet excited states. Wong

et al. reported a platinum-containing D–A PAE polymer (2d).33

The PSCs based on 2d/PC61BM gave a Jsc of 15.43 mA cm�2,

a Voc of 0.82 V and a PCE of 4.93%.41 Jen and co-workers

synthesized a similar polymer (2e) using thieno[3,2-b]thiophene

instead of thiophene in 2d.34 Despite this polymer being amor-

phous, a high FET mobility of 1� 10�2 cm2 V�1 s�1 was achieved.

The average PCEs of PSCs based on 2e:PC61BM or PC71BM are

2.22 and 3.73%, respectively, without thermal annealing. Jenekhe

and co-workers synthesized eleven Pt-bridged organometallic
PC61BM (w/w) Jsc/mA cm�2 Voc/V FF PCE (%) Ref.

2 6.2 0.71 0.7 3.1 30
2 5.47 0.86 0.43 2.01 31
1 10.72 0.67 0.33 2.37 32
4 15.43 0.82 0.39 4.93 33
4 5.67 0.79 0.49 2.22 34

D¼ donor; Jsc¼ short-circuit current density; Voc¼ open-circuit voltage;

Polym. Chem., 2010, 1, 409–419 | 411
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donor–acceptor conjugated PAE polymers, incorporating

various electron acceptors. By varying the electron-accepting

strength in the donor–acceptor architecture, they demonstrate

molecular engineering of the absorption bands, HOMO/LUMO

levels, charge transport, and photovoltaic properties. The highest

PCE was observed in blends of the polymers with PC71BM to be

2.41%.41
Conjugated polymers based on fused ring blocks

Molecules containing fused ring systems intend to maximize the

p-orbital overlap and possibly to induce face-to-face p-stacking,

facilitating charge transport through intermolecular hopping. On

the other hand, the fused aromatic rings can make the polymer

backbone more rigid and coplanar, therefore enhancing effective

p-conjugation, lowering bandgap and extending absorption.

Thus, fluorene, silafluorene, carbazole, indolocarbazole, benzo-

dithiophene, dithienocyclopentadiene, dithienosilole, dithieno-

pyrrole, and other fused-ring blocks are introduced into

p-conjugated polymeric systems to obtain good performance in

solar cells. Table 3 provides a summary of electronic properties

as well as PSC data for representative conjugated polymers based

on fused ring building blocks (Fig. 3).2,42–57

Polyfluorenes possess good thermal and photochemical

stability, low-lying HOMO level, high mobility, and excellent

blue-emitting properties.58 However, their optical bandgap is ca.

3.3 eV, which is too large to efficiently harvest sunlight. Incor-

porating an electron donating and/or accepting units into the

main chain can lower bandgap and extend absorption of the

polymers. Andersson and co-workers synthesized a fluorene-

dithienylbenzothiadiazole copolymer with a bandgap of ca.

1.9 eV.59 The PSC based on this polymer in combination with

PC61BM gave a PCE of 2.2%. A similar polymer with dioctyl

groups at 9 position of fluorene gave a higher PCE of 2.84%.60

Replacing dioctyl with didecyl (3a, Fig. 3) leads to further

enhancement of PCE to 4.2%, which is the highest reported for

fluorene-based polymers/PC61BM devices.42 Thus, the substitu-

ents at 9 position of fluorene exhibit significant impacts on device
Table 3 Electronic properties, mobilities, and PSC performance of 3a–qa

lmax
abs/nm Eg/eV mh /cm2 V�1 s�1 HOMO/LUMO/eV D

3a — — — — 1
3b 576 1.9 — �5.5/�3.6 1
3c 579 2.0 1 � 10�4 �5.2/�3.4 1
3d 565 1.8 1 � 10�3 �5.4/– 1
3e 542 1.9 1 � 10�5 �6.3/�3.6 1
3f 525 2.0 6 � 10�5 �5.6/�3.4 1
3g — 1.9 1 � 10�4 �5.3/�3.4 1
3h — 1.9 — �5.2/�3.2 1
3i 510 2.1 8 � 10�4 �5.1/�3.0 1
3j 590 1.7 3 � 10�3 �5.4/�3.7 1
3k 690 1.6 4 � 10�4 �4.9/�3.2 1
3l 682 1.6 8 � 10�4 �5.1/�3.3 1
3m 690 1.6 2 � 10�4 �5.1/�3.6 1
3n — 1.6 7 � 10�4 �5.2/�3.5 1
3o 775 1.4 2 � 10�2 �5.3/�3.6 1
3p 740 1.5 3 � 10�3 �5.1/�3.3 1
3q 771 1.4 — �4.8/�3.1 1

a lmax
abs¼ absorption peak in film; Eg¼ optical bandgap; mh¼ hole mobility;

FF ¼ fill factor; PCE ¼ power conversion efficiency. b 90 mW cm�2. c 80 mW

412 | Polym. Chem., 2010, 1, 409–419
performance although the fluorene-dithienylbenzothiadiazole

copolymers have similar electronic properties.

Ingan€as and co-workers reported an alternating copolymer

(3e) derived from fluorene and 5,8-dithienylquinoxaline with

a very low-lying HOMO of �6.3 eV.46 The PSCs based on

3e:PC61BM displayed a PCE of 3.7%. 3f without alkoxy groups

on the phenyl rings, a close analogue of 3e, was utilized in an

active layer of 3f:PC61BM;47 the device showed a much lower

PCE of 2.06%. Andersson et al.47 and Kitazawa et al.61 reported

PCEs of 2.9 and 5.5% based on 3f:PC71BM, respectively. Jen

et al. have synthesized a series of new fluorene-based conjugated

polymers with an electron-rich conjugated main chain and

a D-p-bridge-A conjugated side chain.48 The polymer 3g

exhibited a Eg of 1.9 eV, a low HOMO (�5.3 eV) and a FET

mobility of 1� 10�4 cm2 V�1 s�1. The PSCs based on this polymer

in conjunction with PC71BM exhibited high VOC (0.99 V), high

JSC (9.62 mA cm�2), FF of 0.50, and high PCE (4.74%).

Carbazole is an electron-rich and widely used building block

for synthesis of conjugated polymers. 2,7-Linked carbazole

polymers have better p-conjugation and charge migration along

the main chain compared to their 3,6-linked counterparts.

Leclerc and co-workers synthesized a copolymer composed of

alternating 2,7-carbazole and dithienyl-benzothiadiazole (3b).43

The PSC device based on 3b:PC61BM showed a PCE of 3.6% at

AM1.5, 90 mW cm�2. The PCE of solar cells based on 3b was

increased from 3.6% to 6.1% by replacing PC61BM with PC71BM

together with titanium oxide as the optical spacer and hole

blocking layer.62 Leclerc et al. further reported a series of

poly(2,7-carbazole) derivatives containing different electron-

deficient moieties (quinoxaline, benzothiadiazole, benzoox-

adiazole etc).63 The polymers with symmetric benzene-based

acceptors have better structural organization in the solid state

than those with asymmetric pyridine-based acceptors. The PCEs

of PSCs based on the polymers containing symmetric benzene-

based acceptors are higher than those for their asymmetric

pyridine-based counterparts. Bo et al. reported an analogue of 3b

with dioctoxy groups on benzothiadiazole (3c) giving a PCE of

5.4% in combination with PC71BM.44 The PSC based on
/PC61BM (w/w) Jsc/mA cm�2 Voc/V FF PCE (%) Ref.

: 4 7.70 1.00 0.54 4.2 42
: 4 6.92 0.89 0.63 3.6b 43
: 2.5d 9.8 0.81 0.69 5.4 44
: 2 9.5 0.90 0.51 5.4c 45
: 3 6.0 1.0 0.63 3.70 46
: 4 4.33 0.94 0.51 2.06 47
: 4 9.62 0.99 0.50 4.74 48
: 2 9.17 0.69 0.57 3.6 49
: 3 5.3 0.77 0.53 2.2 50
: 3 6.2 0.8 0.51 2.5 51
: 1 12.5 0.58 0.65 4.76 52
: 1 13.0 0.74 0.61 5.90 53
: 1.5d 14.7 0.7 0.64 6.58 54
: 1.5d 15.2 0.76 0.67 7.73 2
: 1 9.0 0.63 0.47 2.67 55
: 1d 12.7 0.68 0.55 5.10 56
: 3 11.9 0.54 0.44 2.8 57

D¼ donor; Jsc¼ short-circuit current density; Voc¼ open-circuit voltage;
cm�2. d PC71BM.

This journal is ª The Royal Society of Chemistry 2010
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Fig. 3 Chemical structure of some conjugated polymers based on fused ring blocks.
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3c/PC71BM exhibited a very high FF (0.69), indicating

a balanced charge transport in the device. Indeed, FET

measurements on the blend used in optimized solar cells

confirmed a quite balanced mobility of �1� 10�4 cm2 V�1 s�1 for

holes and 3 � 10�4 cm2 V�1 s�1 for electrons under vacuum.

Siloles are attractive electron-accepting building blocks for the

design and synthesis of organic semiconductors due to relatively

large electron affinities and relatively high electron mobilities.64

Cao and co-workers pioneered synthesis of silole-based polymers

for PSC applications. An alternating copolymer of 9,9-dihexyl-

fluorene with 1,1-dimethyl-3,4-diphenyl-2,5-bis(20-thienyl)-silole

exhibited low HOMO level (�5.71 eV) and hole mobility of 4.5�
10�5 cm2 V�1 s�1.65 In combination with PC61BM the OPV device

gave a PCE of 2.01%. By condensing a silole ring with two phenyl

rings, the silafluorene combines the advantages of both silole and

fluorene intrinsic properties. Leclerc et al. synthesized a copoly-

mer of 2,7-silafluorene and dithienylbenzothiadiazole (3d).66 The
This journal is ª The Royal Society of Chemistry 2010
PCE of PSCs based on 3d:PC61BM is 1.6%. Cao et al. reported

a much higher PCE of 5.4% under illumination of AM1.5,

80 mW cm�2 from 3d:PC61BM blend.45 The high Voc (0.9 V) is

attributed to the low-lying HOMO (�5.39 eV); the high Jsc is

attributed to higher mobility (1 � 10�3 cm2 V�1 s�1) and broader

absorption compared to its fluorene counterpart. It should be

noted that these fluorene, carbazole, and silafluorene-based

polymers generally give a higher Voc of ca. 0.9–1.0 V due to their

lower HOMOs (< �5.5 eV).

Indolo[3,2-b]carbazole can be regarded as two carbazoles

condensed together. The large coplanar p-conjugated indolo[3,2-

b]carbazole is a promising electron-donating building block for

synthesis of conjugated polymers due to high mobility.67 Lu et al.

synthesized a copolymer consisting of benzothiadiazole, oligo-

thiophene and indolocarbazole units (3h).49 The absorption edge

in the solid state significantly red-shifted 100 nm compared to

that in solution, suggesting strong intermolecular interaction
Polym. Chem., 2010, 1, 409–419 | 413
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induced by crystallinity. The PSC based on a blend of 3h/

PC61BM exhibited a high PCE of 3.6%.

Ko et al. synthesized a copolymer of pentacyclic fused thio-

phene–phenylene–thiophene (TPT) unit with thiophene (3i).50

This rigid planar structure facilitates effective p-conjugation and

strong intermolecular interactions. The FET hole mobility for 3i

is 8.3 � 10�4 cm2 V�1 s�1. 3i in combination with PC61BM and

PC71BM displayed PCEs of 2.2 and 3.3%, respectively. Intro-

duction of benzothiadiazole into the main chain of 3i leads to

a lower bandgap (1.7 eV) and a higher hole mobility of 3.4 �
10�3 cm2 V�1 s�1 for 3j.51 Blending 3j with PC61BM and PC71BM

gave PCEs of 2.5 and 4.3%, respectively. Later, they synthesized

a series of fused TPT-based low-bandgap conjugated polymers

containing various electron-withdrawing comonomers.68 These

copolymers exhibited a wide range of optical bandgaps (1–

1.8 eV); Eg can be reduced upon increasing the electron-with-

drawing strength of the acceptor moieties.

The large planar benzo[1,2-b:4,5-b0]dithiophene (BDT) unit

has emerged as an attractive building block for conjugated

polymers. Copolymers of BDT and bithiophene exhibited a high

FET mobility of 0.25 cm2 V�1 s�1 and enhanced stability.69 Yu

and co-workers synthesized a copolymer of BDT with thieno-

thiophene (3k).52 Thienothiophene promotes stabilization of the

quinoid structure and planarity along the polymer backbone.

The ester-substituent on thienothiophene enhances solubility and

oxidation stability of the polymer. The PSCs based on 3k/

PC61BM afforded a high PCE of 4.76%; the PCE was improved

to 5.3% using PC71BM instead of PC61BM. The high PCEs are

related to the rigidity and planarity of the fused-ring backbone.

Later, they introduced an electron-withdrawing fluorine atom

onto thienothiophene (3l) to lower HOMO.53 The Voc and PCE

of PSCs based on 3l/PC61BM increased to 0.74 V and 5.9%,

respectively. To further lower the HOMO, Hou et al. replaced

the ester group in 3k and 3l with a ketone group. The HOMO

levels of 3k and 3l were reduced by 0.2 (3m)54 and 0.1 eV (3n)2,

respectively. The average PCE of 3m:PC71BM reached 6.3% with

a champion PCE of 6.58%.54 In particular, the PSCs based on

3n:PC71BM gave a very high Jsc (15.2 mA cm�2), a high Voc

(0.76 V), a very high FF (0.67), and a world record PCE (7.73%).2

Yang and co-workers reported a series of BDT-based polymers

with different counits and systematically investigated their

structure-property relationships.70

Dithienocyclopentadiene (DTC) derivatives have attracted

considerable attention due to their fully coplanar structure, low

bandgap, and strong intermolecular interactions.71 M€ullen

and co-workers reported a copolymer of 4,4-dihexyldecyl-

substituted DTC and benzothiadiazole with a high FET mobility

of 0.17 cm2 V�1 s�1.72 M€uhlbacher et al. synthesized a similar

polymer with two ethylhexyl groups on DTC (3o).55 3o exhibited

narrow bandgap (1.4 eV), low HOMO (�5.3 eV), and high

mobility (2 � 10�2 cm2 V�1 s�1). Unlike the homopolymer of

DTC, 3o showed a significant red shift of the absorption spec-

trum in film form compared to that in solution, indicating

stronger intermolecular interactions when benzothiadiazole units

are incorporated. When blended with PC61BM and PC71BM, the

PSC devices gave PCEs of 2.67 and 3.5%, respectively. By adding

a small amount of 1,8-octanedithiols into the 3o:PC71BM solu-

tion prior to spin coating, the device efficiency was further

improved to 5.5%, due to formation of an better bulk
414 | Polym. Chem., 2010, 1, 409–419
morphology which enhances both photoconductivity and charge

carrier lifetime.73 Heeger and co-workers reported an efficient

tandem cell (PCE¼ 6.5%) with two active layers composed of the

wider bandgap P3HT and the smaller bandgap 3o.74

A series of random copolymers consisting of DTC, benzo-

thiadiazole, bithiophene with different D:A ratio were also

synthesized;75 PCEs up to 3% was obtained. A copolymer of

DTC and dithienylbenzothiadiazole (3r) exhibited significantly

blue-shifted (70 nm) absorption, two orders of magnitude lower

mobility, and lower PCE (2.1% with PC61BM) compared to its

analogue 3o.76

Replacing the carbon atom with silicon in DTC yields

a dithienosilole (DTS) having a silole ring condensed with

dithiophene. Yang and co-workers reported a DTS-benzothia-

diazole copolymer (3p), structurally similar to 3o.56 3p exhibited

a low optical bandgap (1.45 eV) and high hole mobility (3 �
10�3 cm2 V�1 s�1). The PSC based on 3p:PC71BM exhibited a PCE

of 5.1%. Replacing the 2-ethylhexyl group with n-dodecyl in 3p

also gave a high PCE (5.0% with PC71BM).77 A copolymer of

DTS and dithienylbenzothiadiazole (3s) exhibited significantly

blue-shifted (ca. 100 nm) absorption and much lower PCE

(0.18% with PC61BM) compared to its analogue 3p.78 Yang and

co-workers reported an analogue of 3s with didodecyl groups on

DTS giving a PCE of 3.43% in combination with PC71BM.79

In addition to the tricyclic DTC and DTS blocks used

as excellent donor components in low-bandgap polymers,

dithieno[3,2-b:20,30-d]pyrrole (DTP) attracted considerable

attention as another fused bithiopene member having a pyrrole

ring condensed with dithiophene due to strong electron-donating

and charge-transporting properties.80 Geng et al. synthesized

a copolymer consisting of alternating DTP and benzothiadiazole

units (3q).57 This polymer shows strong absorption in the

wavelength range of 600–900 nm. The PSC based on 3q:PC61BM

gave a PCE of 2.80%. Hashimoto and co-workers reported

another D–A conjugated copolymer (3t) constituted of alter-

nating DTP and dithienylbenzothiadiazole units.81 3t exhibited

significantly blue-shifted (ca. 74 nm) absorption and lower PCE

(2.18% with PC61BM) compared to its analogue 3q. In general,

copolymers of DTC, DTS, or DTP with dithienylbenzothiadia-

zole exhibited significantly blue-shifted absorption and lower

PCE compared to their benzothiadiazole-containing analogues.
Conjugated polymer acceptors

Although fullerenes, particularly the solution-processible deri-

vative known as PCBM, are the most commonly used acceptors

in BHJ OPVs, perylene diimide (PDI) small molecules and

polymers have attracted interest as alternative acceptor materials

since they exhibit large absorptivities, high electron mobilities,

and electron affinities similar to those of fullerenes. Zhan et al.

reported the synthesis of the first soluble rylene-based fully

conjugated polymer. This copolymer of PDI and dithienothiophene,

4a (Fig. 4), exhibits broad absorption (300-850 nm), low bandgap

(1.7 eV) and high electron mobility (1.3 � 10�2 cm2 V�1 s�1).82 All-

polymer solar cells based on 4a acceptor in conjunction with

a bis(thienylenevinylene)-substituted polythiophene (2TV-PT)

donor21a gave a PCE of 1.03%. More recently, all-polymer

solar cells based on a related donor tris(thienylenevinylene)-

substituted polythiophene (3TV-PT) and a related acceptor
This journal is ª The Royal Society of Chemistry 2010
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Fig. 4 Chemical structure of some polymer acceptors.
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PDI-bis(dithienothiophene) polymer (4b) exhibits a PCE as high

as 1.48% by optimizing the donor/acceptor ratio.83 Increasing

dithienothiophene from 1 (4a) to 3 (4c) in the main chain of the

PDI copolymer leads to lower PCE for PDI polymer:3TV-PT

device (Table 4).84 Using an alternating PDI-phenylenevinylene

copolymer (4d) acceptor and poly(3-phenyl hydrazone thio-

phene) donor in PSCs, Mikroyannidis et al. obtained a PCE of

2.3% under white-light illumination calibrated to an AM1.5

intensity of 30 mW cm�2 after annealing at 80 �C for 10 min.85

Babel and Jenekhe reported a high electron mobility

(0.1 cm2 V�1 s�1) ladder polymer (4e),93 closely related to PDI

polymers. The ladder polymer has been used to fabricate bilayer

PSCs in conjunction with a PPV donor with PCE of 1.5% at

AM1.5, 80 mW cm�2.86

Replacing vinylene with cyanovinylene in poly[2-methoxy-5-

(20-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) lowers

both HOMO and LUMO levels by �0.5 eV, both increasing the

ease of reduction and decreasing the ease of oxidation, and

having only minor effects upon absorption and fluorescence

spectra and bandgap. Cyano-substituted PPVs (CN-PPVs)
This journal is ª The Royal Society of Chemistry 2010
display relatively high electron affinities and considerable elec-

tron-transport properties as a result of the electron-withdrawing

effect of the cyano group. CN-PPVs can function as a suitable

electron acceptor in all-polymer solar cells in either bilayer or

BHJ configuration.4 For example, Friend et al. fabricated

a bilayer device using 4f as acceptor and poly[3-(4-n-octyl)-phe-

nylthiophene] (POPT) as donor through a lamination technique,

achieving a PCE of 1.9% at AM1.5, 77 mW cm�2.94 Very recently,

Fr�echet and co-workers reported a bilayer device using 4f as an

acceptor and regioregular POPT as a donor through spin

coating; a PCE of 2% was achieved, which is the highest reported

to date for an all-polymer OPV device.87

Carter and co-workers fabricated a polymer blend device using

poly[2,5-dimethoxy-1,4-phenylene-1,2-ethenylene-2-methoxy-5-(2-ethyl-

hexyloxy)- (1,4-phenylenevinylene-1,2-ethenylene)] (M3EH-PPV) as

donor and poly[oxa-1,4-phenylene-1,2-(1-cyano)ethenylene-2,5-dio-

ctyloxy-1,4-phenylene -1,2-(2-cyano)ethenylene-1,4-phenylene] (4g) as

acceptor; a PCE of 1% was obtained at AM1.5, 80 mW cm�2.95 Later,

Kietzke et al. reported all-polymer solar cells based on M3EH-PPV:4g

with a much higher PCE (1.7%).88 They proposed that due to the much
Polym. Chem., 2010, 1, 409–419 | 415
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Table 4 Electronic properties, mobilities, and PSC performance of 4a–ka

lmax
abs/nm Eg/eV me/cm2 V�1 s�1 HOMO/LUMO/eV Donor Jsc/mA cm�2 Voc/V FF PCE (%) Ref

4a 630 1.7 1 � 10�2 �5.8/�3.9 2TV-PT 4.2 0.63 0.39 1.03 82
4b 647 1.5 — �5.5/�3.8 3TV-PT 5.02 0.69 0.43 1.48 83
4c 678 1.5 — �5.4/�4.0 3TV-PT 2.80 0.69 0.40 0.77 84
4d 504 1.7 8 � 10�3 �5.8/�4.0 PPHT 2.98 0.60 0.39 2.32b 85
4e 590 1.7 0.1 �5.9/�4.0 PPV 2.15 1.10 0.50 1.5c 86
4f — — — —/�3.7 POPT — — — 2.0 87
4g — — — �6.1/�3.4 PPV2 3.57 1.36 0.35 1.70 88
4h — 2.0 — �5.8/�3.7 PV-PT 3.14 0.85 0.29 0.8 89
4i — — 8 � 10�5 �5.4/�3.2 P3HT — — — 1.80 90
4j 473 2.2 — �5.4/�3.1 PPV3 3.0 1.40 0.37 1.5 91
4k 450 — — —/�4.0 P3HT — — — 1.6 92

a lmax
abs¼ absorption peak in film; Eg¼ optical bandgap; me¼ electron mobility; Jsc¼ short-circuit current density; Voc¼ open-circuit voltage; FF¼ fill

factor; PCE ¼ power conversion efficiency; 2TV-PT ¼ bis(thienylenevinylene)-substituted polythiophene; 3TV-PT ¼ tris(thienylenevinylene)-
substituted polythiophene; PPHT ¼ poly(3-phenyl hydrazone thiophene); PPV ¼ poly(p-phenylenevinylene); POPT ¼ poly[3-(4-n-octyl)-
phenylthiophene]; PPV2 ¼ poly[2,5-dimethoxy-1,4-phenylene-1,2-ethenylene-2-methoxy-5-(2-ethylhexyloxy)-(1,4-phenylene-1,2-ethenylene)]
(M3EH-PPV); PV-PT ¼ poly[3-(10-n-octyl-3-phenothiazinevinylene)thiophene-co-2,5-thiophene]; P3HT ¼ poly(3-hexylthiophene); PPV3 ¼ poly[2-
methoxy-5-(3,7-dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV). b 30 mW cm�2. c 80 mW cm�2.
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lower solubility of M3EH-PPV in chlorobenzene compared to 4g,

a vertically composition graded layer other than a homogeneous blend

is formed during spin coating, facilitating both exciton separation and

efficient transport of the separated charges to the electrodes. Kietzke

et al. reported studies on bilayer devices using CN-PPV acceptors with

varying LUMO levels and M3EH-PPV.96 It was found that the open-

circuit voltage decreases and the quantum efficiency increases with

lowering the LUMO level of the acceptor. Li and co-workers synthe-

sized a soluble n-type conjugated polymer poly(1,4-dioctyloxyl- 2,5-

dicyano-p-phenylenevinylene) (4h)97 and fabricated all-polymer solar

cells using polymer blend of poly[3-(10-n-octyl-3-phenothiazinevinyle-

ne)thiophene-co-2,5-thiophene] (PV-PT) as donor and 4h as acceptor;89

a PCE of 0.8% was achieved after thermal annealing.

McNeill et al. reported that the copolymer of fluorene and 4,7-

bis(3-hexylthienyl)-2,1,3-benzothiadiazole (4i) shows an ambi-

polar nature and is capable of functioning as an efficient electron

acceptor in blends with donor P3HT.90 A PCE of 1.8% was

achieved under simulated sunlight for optimized 4i/P3HT

devices. They also studied the effect of thermal annealing on

performance of device based on P3HT:4i;98 an enhanced PCE

from 0.14% to 1.2% was observed after annealing. Thermal

annealing was found to increase charge generation efficiency

through increasing the efficiency of charge separation, not only

due to an increase in the degree of phase separation but also due

to an order of magnitude increase in the hole mobility of the

P3HT phase.

Koetse et al. reported a polymer/polymer BHJ solar cell based

on a mixture of MDMO-PPV as the donor and an alternating

copolymer poly{9,9-dioctylfluorene-2,7-diyl-alt-1,4-bis[2-(5-thienyl)-

1-cyanovinyl]-2-methoxy-5-(3,7-dimethyl-octyloxy)ben-zene} (4j) as

the acceptor; a maximum external quantum efficiency of 52% at

530 nm and a PCE of 1.5% was achieved.91

To simultaneously exploit the expected benefits of polymers

and the electron acceptor properties of fullerene, Hiorns et al.

synthesized a main-chain C60 polymer, poly{(1,4-fullerene)-alt-

[1,4-dimethylene-2,5-bis(cyclohexylmethyl ether)phenylene]}

(4k), using atom transfer radical addition.92 A blend of P3HT:4k

was demonstrated by atomic force microscopy (AFM) to yield

nanoclusters (ca. 20 nm) favorable to exciton capture. Even
416 | Polym. Chem., 2010, 1, 409–419
without optimization of the chemical structure or the device, this

prototype device gave a promising PCE of 1.6%.

It is well known that mixtures of polymers tend to phase

segregate due to the low entropy mixing. The feature size of

phase separation in polymer/polymer blend generally is hundreds

nm, while in the case of polymer/PCBM system, the phase

separation is only tens nm. Thus the donor/acceptor interfacial

area for charge separation in the polymer/PCBM systems is

much larger than that in the polymer/polymer system. Given the

fact that typical exciton diffusion length in disordered blend layer

is about 10 nm, the large scale phase separation in polymer/

polymer system is not favorable for efficient exciton dissociation,

leading to lower efficiencies.89 Very recently, Shuai et al. carried

out the dynamic Monte Carlo simulation for the all-polymer

solar cells based on 4a/2TV-PT blend. The simulations indicate

that a 5% PCE could be achieved with an optimum combination

of charge mobility and morphology (the feature size is around

10 nm).99
Double-cable polymers

One of the main problems for BHJ solar cells is fine tuning the

complicated physical interactions between donor–donor,

acceptor–acceptor, and donor–acceptor to obtain an ideal

morphology with a well-defined nanostructure. To solve this

problem fullerene acceptor was attached to a donor polymer as

a pendant side chain to form a so-called double-cable polymer,

which can be regarded as a molecular heterojunction.7,9,100–103

Such a structure facilitates exciton dissociation and homo-

geneous distribution to prevent severe phase separation. After

photoinduced electron transfer, the double cable creates two

ideal channels for both hole transporting in the conjugated main

chain and electron hopping between neighboring pendant

fullerenes.

Janssen and co-workers used a double-cable PPV-type poly-

mer with a pendent fullerene as a single component (5a, Fig. 5) in

PSCs.104 Photoluminescence quenching was observed in thin film

of this polymer, indicating efficient photoinduced electron

transfer from the main chain to the side chain. The PSC exhibited
This journal is ª The Royal Society of Chemistry 2010
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Fig. 5 Chemical structure of some double-cable polymers.
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a Jsc of 0.42 mA cm�2, a Voc of 0.83 V, and an FF of 0.29. A

possible origin for the low efficiency is that the content of

fullerene is below the percolation threshold for the formation of

acceptor network, thus limiting electron transport. Li and co-

workers synthesized a double-cable polythiophene with pendent

C60 (5b).105 The phenylenevinylene side chain is used to increase

the conjugation of the polymer and to enhance absorption in the

short-wavelength region. The role of the long aliphatic spacer

linking the backbone and C60 is to improve solubility and to

prevent donor–acceptor interaction in the ground state. The

maximum PCE of the PSC based on this polymer reached 0.52%,

which is the best value reported for a double-cable polymer so

far.

Several studies have employed donor–acceptor diblock

copolymers in which a polyacrylate with pendant PDI serves as

the acceptor block; they undergo microscale phase segregation,

as single-component active layers in OPVs. Devices based on

block copolymers with a 4-(diphenylamino)styrene donor block

exhibited PCEs of 0.11%,106 while annealed devices based on 5c,

in which the donor block is regioregular P3HT, gave a PCE of

0.49%.107

The fast charge recombination and inefficient electron

hopping and transport is probably responsible for the lower

PCEs of double-cable polymers compared to donor/acceptor

blend BHJ solar cells.105
Conclusion and outlook

Due to limited scope we have just reviewed some representative

conjugated polymer donors, polymer acceptors and double-cable

polymers for high-efficiency solar cells. So far thousands of OPV

materials have been discovered, most of these materials give low

PCEs (< 2% for polymer/fullerene and < 1% for all-polymer

system). The basic requirements for an ideal donor or acceptor
This journal is ª The Royal Society of Chemistry 2010
polymer material include: (a) good solubility and film-forming

properties; (b) strong and broad bandwidth absorption; (c) high

hole or electron mobility; (d) suitable HOMO/LUMO energy

levels; and (e) high purity and molecular weight. The reasons for

low PCEs of OPV devices are: (a) the OPV materials do not meet

one or some of the above criteria; (b) the donor and acceptor

mismatch in terms of energy levels and morphology; and (c) the

device configuration and fabrication have not well optimized.

High-efficiency polymer solar cells have been achieved thanks

to innovations of photovoltaic materials and device fabrication

technology, indicating a bright future for this research field. A

key challenge related to organic photovoltaics is to control

electronic structures, film morphology and device properties of

organic semiconductors by modifying their chemical structures.

Therefore, we have surveyed what is known about the relation-

ships between chemical structures and optical, electronic and

device properties for most important donor, acceptor, and

double-cable polymers for high-performance PSCs, since such an

understanding is a basic requirement for rational design of the

photovoltaic materials. To summarise:

(1) Extending the absorption and decreasing the bandgap of

a polymer donor to match solar radiation is one of the main ways

to improve Jsc and efficiencies. A polymer donor with bandgap

< 2 eV is necessary but not sufficient for a high PCE.11 D–A

polymers based on fused dithiophene tricyclic blocks such as

dithienocyclopentadiene, dithienosilole, dithienopyrrole and ben-

zodithiophene (Table 3) can exhibit relatively low Eg (< 1.6 eV),

broad absorption, high Jsc (> 10 mA cm�2), and high PCEs (> 5%

with PC71BM).

(2) Given that the PCE is linearly proportional to Voc which is

related directly to the energy difference between the HOMO level

of the donor and the LUMO level of the acceptor, a lower

HOMO of a donor would help to achieve a higher Voc and higher

PCE. In general, a polymer with a HOMO below �5.4 eV tends

to give Voc > 0.8 V.11 Polymers based on fused biphenyl tricyclic

blocks such as fluorene, carbazole, and silafluorene (Table 3) can

exhibit relatively large Eg (� 1.9 eV), low HOMOs (< �5.5 eV),

high Voc (> 0.9 V), and high PCEs (> 3.5% with PC61BM).

(3) Another basic requirement for a polymer donor is high hole

mobility. The high mobility (> 1 � 10�3 cm2 V�1 s�1) of a donor

helps to achieve a high Jsc and high PCE. Polymers based on

fused ring blocks (Table 3) tend to exhibit relatively high

mobilities and high PCEs.

(4) Among the acceptor polymers the polymers based on PDI,

CN-PPV, fluorene, and fullerenes are promising for all-polymer

OPVs. However, the large scale phase separation and smaller

donor/acceptor interfacial area in the polymer/polymer system

lead to inefficient exciton dissociation and lower efficiencies

compared to the polymer/fullerene system.

(5) The PSCs based on double-cable polymers give much lower

PCEs due to fast charge recombination and inefficient electron

transport compared to donor/acceptor blend BHJ solar cells.

(6) The PCE is more a device parameter than an intrinsic

photovoltaic material parameter. High efficiency achievement is

a systematic engineering of the excellent properties of materials

with careful optimization of the various device fabrication

conditions. So far the best performances (> 6%) of PSCs were

achieved from blends of fused-ring-based polymer donors with

PC71BM. An interdisciplinary approach such as novel
Polym. Chem., 2010, 1, 409–419 | 417
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photovoltaic materials and new advanced device concepts will

probably bring high-efficiency (> 10%) and low-cost plastic solar

cells to final commercialization.
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