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CONS P EC TU S

B ulk heterojunction (BHJ) polymer solar cells
(PSCs) sandwich a blend layer of conjugated

polymer donor and fullerene derivative acceptor
between a transparent ITO positive electrode and
a low work function metal negative electrode. In
comparison with traditional inorganic semicon-
ductor solar cells, PSCs offer a simpler device
structure, easier fabrication, lower cost, and light-
er weight, and these structures can be fabricated into flexible devices. But currently the power conversion efficiency (PCE) of the
PSCs is not sufficient for future commercialization. The polymer donors and fullerene derivative acceptors are the key photovoltaic
materials that will need to be optimized for high-performance PSCs.

In this Account, I discuss the basic requirements and scientific issues in the molecular design of high efficiency photovoltaic
molecules. I also summarize recent progress in electronic energy level engineering and absorption spectral broadening of the
donor and acceptor photovoltaic materials by my research group and others. For high-efficiency conjugated polymer donors, key
requirements are a narrower energy bandgap (Eg) and broad absorption, relatively lower-lying HOMO (the highest occupied
molecular orbital) level, and higher hole mobility. There are three strategies to meet these requirements: D�A copolymerization
for narrower Eg and lower-lying HOMO, substitution with electron-withdrawing groups for lower-lying HOMO, and two-
dimensional conjugation for broad absorption and higher hole mobility. Moreover, better main chain planarity and less side chain
steric hindrance could strengthen π�π stacking and increase hole mobility. Furthermore, the molecular weight of the polymers
also influences their photovoltaic performance. To produce high efficiency photovoltaic polymers, researchers should attempt to
increase molecular weight while maintaining solubility. High-efficiency D�A copolymers have been obtained by using
benzodithiophene (BDT), dithienosilole (DTS), or indacenodithiophene (IDT) donor unit and benzothiadiazole (BT), thienopyrrole-
dione (TPD), or thiazolothiazole (TTz) acceptor units. The BDT unit with two thienyl conjugated side chains is a highly promising
unit in constructing high-efficiency copolymer donor materials. The electron-withdrawing groups of ester, ketone, fluorine, or
sulfonyl can effectively tune the HOMO energy levels downward.

To improve the performance of fullerene derivative acceptors, researchers will need to strengthen absorption in the visible
spectrum, upshift the LUMO (the lowest unoccupied molecular orbital) energy level, and increase the electron mobility. [6,6]-
Phenyl-C71-butyric acid methyl ester (PC70BM) is superior to [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) because C70
absorbs visible light more efficiently. Indene-C60 bisadduct (ICBA) and Indene-C70 bisadduct (IC70BA) show 0.17 and 0.19 eV higher
LUMO energy levels, respectively, than PCBM, due to the electron-rich character of indene and the effect of bisadduct. ICBA and
IC70BA are excellent acceptors for the P3HT-based PSCs.

1. Introduction
Bulk heterojunction polymer solar cells (PSCs),1 which are

based on solution-processable conjugated polymer donor

and fullerene derivative acceptor materials, have attracted

much attention in recent years, due to their advantages

of easy fabrication, simple device structure, low cost,

light weight, and capability to be fabricated into flexible

devices. The maximum power conversion efficiency (PCE)
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of the PSCs has increased quickly to over 8% recently.2 But

the efficiency still needs to be improved for the demand of

commercialization. Therefore, present studies of the PSCs

aremainly focused on increasing PCE of the devices, and the

key point to increase the PCE is the design and synthesis of

high-efficiency conjugated polymer donor3�5 and fullerene

derivative acceptor6 photovoltaic materials.

PSCs are commonly composed of a blend layer (active

layer) of a conjugated polymer (such as P3HT) donor and a

fullerene derivative (such as PCBM) acceptor sandwiched

between a PEDOT/PSS-modified ITO positive electrode and

a low work function metal negative electrode, as shown in

Figure 1a. Figure 1b displays electronic energy levels of the

most representative donor poly(3-hexylthiophene) (P3HT)

and the most important acceptor [6,6]-phenyl-C61-butyric

acid methyl ester (PCBM) in the active layer. When a light

irradiates the photoactive layer through the ITO electrode,

the conjugated polymer will absorb photons with wave-

length in its absorption band to produce excitons (bound

electron�hole pairs). The excitons will diffuse toward the

donor/acceptor (D/A) interface where the electrons of the

excitons will transfer from the LUMO of the donor to the

LUMO of the acceptor, so that the charge separation is

realized. In the meantime, the acceptor PCBM can also

absorb photons to produce excitons, and the holes of the

excitons can transfer from the HOMOof PCBM to the HOMO

of the donor at the D/A interface to realize the charge

separation. The driving force for the exciton dissociation is

the energy level offset of LUMO (ΔE1 in Figure 1b) and

HOMO (ΔE3) between the donor and acceptor materials to

overcome the binding energy of the excitons. The separated

electrons and holes will transport along PCBM and conju-

gated polymer interpenetrating network toward the metal

cathodeand ITOanode, respectively, andbe collectedby the

electrodes to form photocurrent and photovoltage.

Figure 1c shows a typical current density (J)�voltage (V)

curve of a PSC device based on P3HT/PCBM under the

illumination of AM1.5G, 100 mW/cm2. The short circuit

current density (Jsc), open circuit voltage (Voc), and fill factor

(FF) of the devices are also indicated in the figure. Jm and Vm

used in the calculation of FF are the current density and

voltage values with the maximum J � V on the J�V curve.

The photovoltaic power conversion efficiency (PCE) of the

PSCs is proportional to Jsc,Voc, and FF. The Jsc depends on the

efficiencies of the light absorption of the active layer, exciton

diffusion to and dissociation at the D/A interface, charge

transportation in the active layer, and charge collection on

the electrodes. Voc is mainly proportional to the energy level

difference (ΔE2 in Figure 1b) between the LUMO of the

acceptor and the HOMO of the donor.8 FF is related to the

series and parallel resistances of the devices; lower series

resistance and higher parallel resistance result in higher FF

values. Therefore, the following five requirements should be

kept in mind in the molecular design of the high efficiency

photovoltaic materials:

(1) Broad and strong absorption band in visible and near-

infrared region to match the solar spectrum for in-

creasing Jsc, that is, we need smaller Eg.

(2) Suitable LUMO and HOMO energy levels not only for

facilitating the exciton dissociation at the donor/ac-

ceptor interface but also for getting higher Voc of the

PSC devices. This means that we need ΔE1 and ΔE3
large enough for efficient exciton dissociation and

also small enough to get large ΔE2 for high Voc.

(3) High charge carriermobility (highholemobility for the

donors and high electron mobility for the acceptors) to

enhance the charge transport efficiency (to increase Jsc)

and to increase FF of the devices.

(4) High solubility for solution processing in fabrication of

the bulk heterojunction PSCs.

(5) Optimal morphology and nanoscaled phase separa-

tion of the interpenetrating network of the donor/

acceptor blend active layer, which influence the Jsc,

Voc, and FF of the PSCs significantly.

FIGURE 1. (a) Schematic diagram of PSC devices; (b) electronic energy levels of P3HT7 and PCBM;6 (c) typical J�V curve of the PSC devices indicating
the meaning of Jsc, Voc, FF, and PCE.
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The five requirements are not independent of each other.

For example, tuning the LUMOandHOMOenergy levels will

change the energy bandgap so that influences the absorp-

tion, improving solubility of themolecules by attaching alkyl

side chains will influence their charge carrier mobility and

morphology. Therefore, we need to make balance among

the five issues to optimize the molecular structure for high

photovoltaic performance.

In this Account, I will focusmy attentionmainly on tuning

the electronic energy levels and absorption spectra of the

photovoltaic materials for achieving high-efficiency PSCs

and start from analyzing the electronic energy levels of

P3HTandPCBMas shown in Figure1b. Asmentionedabove,

ΔE1 and ΔE3 should be greater than the exciton binding

energy (0.3�0.5 eV) for efficient exciton dissociation, and

theVoc of the PSCs is proportional toΔE2. Obviously,ΔE1 and

ΔE3 (greater than 1 eV) in the P3HT/PCBM system are too

big, which results in lowerΔE2 leading to lower Voc (ca. 0.6 V)

of the PSCs. In addition, the absorption properties of the

photovoltaic materials depend on their bandgap (Eg, the

difference of its LUMO and HOMO). Therefore, tuning the

electronic energy levels of the donor and acceptor materials

is crucial for improving their photovoltaic properties. Based

on the electronic energy levels in Figure 1b, we need to

decrease the HOMO level of the donor or to raise the LUMO

level of the acceptor to enlarge ΔE2 for increasing the Voc of

the devices, and we need to reduce the Eg of the donor for

enhancing sunlight harvest. In the following, I will give

examples in themolecular design and summarize the recent

progress of the high-efficiency photovoltaic materials.

2. Conjugated Polymers with Electron-With-
drawing Side Groups
In comparison with inorganic semiconductors, a unique

advantage of the conjugated polymer photovoltaic materi-

als is that their physicochemical properties can be easily

tuned by attaching functional substituents on the polymer

main chains. For example, the solubility of the conjugated

polymers can be improved by attaching flexible side chains

such as alkyl and alkoxy groups, and the electronic energy

levels of the polymers canbe tuned by using the substituents

of electron-donating or electron-withdrawing functional

groups. Bredas and Heeger9 studied the effect of the func-

tional substituents on the electronic energy levels of

poly(p-phenylene vinylene) (PPV). They found that both

the electron-donating groups and the electron-withdraw-

ing groups reduce the bandgap of the conjugated polymers

to some extent. The electron-donating groups shift the

energy levels upwardwith the HOMO level up-shiftedmore

than the LUMO level, while the electron-withdrawing

groups shift the energy levels downward with the LUMO

level down-shifted more than the HOMO level. Obviously,

we can select suitable electron-withdrawing substituents

to down-shift the HOMO level of the polymer donor or

electron-donating substituents to upshift the LUMO level of

the fullerene acceptor for obtaining higher Voc of the PSCs.

For example, the HOMO level of the polythiophene deriv-

ative was down-shifted significantly from �4.76 eV for

P3HT7 to ca. �5.10 eV for the polythiophene derivative

with electron-withdrawing ester subsitituents, which

leads to a larger ΔE2 and an increase of Voc from ca. 0.6 V

to ca. 0.8 V.10

Hou et al. tuned the HOMO level of the narrow bandgap

copolymers of benzodithiophene (BDT) and thieno[3,4-b]-

thiophene (TT), PBDTTTs, (see Figure 2).11 By change of the

ester group on the TT unit in P1 to amore strongly electron-

withdrawing ketone group in P2, the LUMO and HOMO

levels of the polymer dropped by 0.11 eV. By further

attachment of a strong electron-withdrawing F atom on

the TT unit of P2 to get P3, the HOMO level was shifted

downward further by 0.1 eV. The decrease of the HOMO

level with keeping the same Eg of the polymers leads to

higherVoc andhighPCEof thePSCdevices. The PSCbasedon

P3 showed PCE over 7% with a high Voc of 0.76 V.11

FIGURE 2. Molecular structures and electronic energy levels of the PBDTTT copolymers.
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Recently, Hou et al. put a strong electron-withdrawing

sulfonyl group on the TT unit to obtain a new copolymer

P412 (Figure 2). TheP4 film also shows a narrow bandgap of

1.65 eV and lower HOMO energy levels at �5.12 eV. The

PSC based on P4/PC70BM demonstrated a PCE of 6.22%

with a high Voc of 0.76 V.12 Obviously, sulfonyl is another

efficient electron-withdrawing group for downward shifting

the HOMO level and improving the photovoltaic properties

of the high-efficiency polymer PBDTTTs.

3. Donor�Acceptor Copolymers
Donor�acceptor (D�A) copolymerization is one of the most

important strategies to broaden the absorption and tune the

electronic energy levels of the conjugated polymers. Usual-

ly, the D�A copolymers possess an intramolecular charge

transfer absorption band at longer wavelength direction, so

that the absorption of the copolymers is broadened. More-

over, the HOMO level of the copolymersmainly depends on

the donor unit, and their LUMO level is mainly related to the

acceptor unit, so the electronic energy levels of the copoly-

mers can be easily tuned by selecting suitable donor and

acceptor units. Often, a π-bridge (such as thiophene) is

inserted between the donor and acceptor units to reduce

the steric hindrance between the donor and acceptor units

and to improve the planarity of the copolymers.

In 2003, Andersson et al. reported the photovoltaic

properties of a D�A copolymer P5 containing a fluorene

donor unit and a benzothiadiazole (BT) acceptor unit with a

thiophene π-bridge (Figure 3); the PCE of the PSC based on

P5/PCBM reached 2.2%.13 After that, a variety of D�A

copolymers based on BT acceptor unit and fluorene-like

donor units were synthesized and used in PSCs, such as

P6,14 P7,15 and P816 (Figure 3). In the following, I will mainly

focus on recent progress of high efficiency D�A copolymers

from my group and others.

3.1. Dithienosilole-Based D�A Copolymers. In 2008,

Hou et al.17 reported a narrow bandgap D�A copolymer

based on dithienosilole (DTS) donor unit and BT acceptor

unit,P9 (Figure 4). TheP9 film shows broad absorptionwith

absorption edge at 850 nm. The PSC based on P9/PC70BM

exhibited a PCE of 5.1%.17 Recently, Chu et al. synthesized a

D�A copolymer of DTS and thienopyrrole-dione (TPD),

P10. The PSC based on P10 demonstrated a high PCE of

7.3%.18

We recently synthesized a series of DTS-containing D�A

copolymers, including P11,19 P12,20 P13,21 P14,22 P15,22

and P1623 (Figure 4) with the acceptor units of bithiazole

(BTz), thiazolothiazole (TTz), benzotriazole (BTA), and

naphthathiophene-dione (NTDO). Table 1 lists the physico-

chemical and photovoltaic properties of the D�A copoly-

mers. Among the polymers, P16 shows the lowest HOMO

level at �5.42 eV. Obviously, the two electron-withdrawing

ketone groups in the acceptor unit of NTDO played an

important role in lowering the HOMO level. The PSC based

on P16 showed a higher PCE of 5.21% with a high Voc of

0.88V,23which benefitted from the lowerHOMO level of the

polymer. P12 possesses a high hole mobility of 3.56� 10�3

cm2/(V s), which is 1 order of magnitude higher than that of

P11, due to better planar structure of TTz inP12 than that of

BTz inP11. Interestingly, the position of the hexyl side chain

on thiophene units in the polymers influenced the photo-

voltaic properties obviously. Bymoving the hexyl side chain

from the 3-position in P12 to 4-position of the thiophene

units inP13, the holemobilitywas further enhanced to 7.8�
10�2 cm2/(V s) and the absorption was red-shifted due to

less steric hindrance inP13. The PSC based onP13 exhibited

a higher PCE of 5.88%with a high FF of 71.6%.21 Jenekhe et

al. synthesized a copolymer P17, and the polymer also

shows high hole mobility of 0.03 cm2/(V s).24 The results

reveal that BT, TPD, NTDO, and TTz are suitable acceptor

units in constructing high photovoltaic performance D�A

copolymers based on DTS donor unit.

3.2. Benzodithiophene-BasedD�ACopolymers.Benzo-

dithiophene (BDT) is another well used donor unit in high-

performance polymer donormaterials at present, because it

possesses a planar structure and BDT-containing copoly-

mers have high holemobility and suitable electronic energy

levels. Hou et al. first used the BDT donor unit in D�A

copolymer photovoltaic materials and studied the effect of

different copolymerization units on the photovoltaic

properties.25 Liang et al. combined the BDT unit into the

copolymers with TT and synthesized the high-efficiency co-

polymer PBDTTT.26 Since then, the BDT-based copolymers

FIGURE 3. D�A copolymers based on fluorene or fluorene-like donor
unit and BT acceptor unit.
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have attracted much attention in the field of conjugated

polymer photovoltaic materials.

Figure 5 shows the molecular structures of some recently

reported BDT-based D�A copolymers, includingP18,27P19

and P20,28 P21 and P22,29 P23,30 P24,31 and P25.32 The

photovoltaic properties of the polymers are also listed in

Table 1 for clear comparison. All the polymers show lower

HOMO energy levels in the range of �5.1 to �5.5 eV. The

lower HOMO level results in largerΔE2 (see Figure 1b), which

leads to higher Voc of 0.7�0.9 V for the PSCs based on the

polymers. In comparison of P20 with P19 (and P22 with

P21), the electron-withdrawing fluorine substitution on the

acceptor units of the polymers results in lower HOMO level of

the polymers, higher Voc, and higher PCE of the PSCs. Ob-

viously, the fluorine substitution on BT or BTA acceptor units is

an effective way to further down-shift the HOMO level and

improve the photovoltaic performance of the polymers.

We synthesized theBDT-basedD�Acopolymers contain-

ing simple structured BTz acceptor unit, P2431 and P25.32

We found that the length of the π-bridge between the donor

and acceptor units also influenced the hole mobility and

photovoltaic performance of the D�A copolymers. Poly-

mer P25 with a bithiophene π-bridge showed a higher

hole mobility of 1.77 � 10�3 cm2/(V s) than that of P24

FIGURE 4. Molecular structures of the DTS-containing D�A copolymers.

TABLE 1. HOMO Energy Levels, Bandgaps and Photovoltaic Properties of the D�A Copolymers under the Illumination of AM1.5, 100 mW/cm2

polymers (weight ratio of polymer/PC70BM) Eg (eV) HOMO (eV) Voc (V) Jsc (mA/cm2) FF (%) PCE (%) ref

P9 (1:1) 1.46 �5.05 0.68 12.7 55 5.1 17
P10 (1:2) 1.73 �5.57a 0.88 12.2 68 7.3 18
P11 (1:1) 1.85 �5.18 0.68 7.85 53.5 2.86 19
P12 (1:1) 1.81 �5.05 0.77 11.9 61.0 5.58 20
P13 (1:1.3) 1.76 �5.04 0.73 11.25 71.6 5.88 21
P15 (1:1) 1.78 �5.05 0.63 9.52 63.3 3.80 22
P17 (1:2) 1.82 �5.1 0.65 12.6 61 5. 0 24
P16 (1:2) 1.65 �5.21 0.88 9.24 64 5.21 23
P18 (1:2) 1.8 �5.26a 0.85 9.81 66 5.5 27
P19 (1:1,PCBM) 1.7 �5.40 0.87 10.03 57.3 5.0 28
P20 (1:1,PCBM) 1.7 �5.54 0.91 12.91 61.2 7.2 28
P21 (1:2,PCBM) 1.98 �5.29 0.70 11.14 55.2 4.30 29
P22 (1:2,PCBM) 2.00 �5.36 0.79 11.83 72.9 6.81 29
P23 (1:1,PCBM) 1.74 �5.27 0.86 10.4 66.4 5.7 30
P24 (1:1) 1.97 �5.15 0.86 7.84 57 3.82 31
P25 (1:1) 1.96 �5.12 0.82 9.01 60.3 4.46 32

aRecalculated based on the vacuum level of Fc/Fcþ at �4.8 eV for comparison with other polymers.
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(6.84 � 10�4 cm2/(V s)) with a thiophene π-bridge and

exhibited a higher photovoltaic performance (PCE = 4.46%

for P25 versus 3.86% for P24).

There are three isomers for the BDT unit, BDT, BDP and

BdT as shown in Figure 6. BDP and BdT also possess planar

structure and similar electron-donating properties. The D�A

copolymer P2633 of BDP with dithienyl-pyrrolopyrrole-

dione (DPP) acceptor unit exhibits a lower-lying HOMO level

in comparison with its corresponding BDT-containing

copolymer P27. A copolymer of BDP and TT, P28, also

shows deeper HOMO level at �5.35 eV and narrow band-

gap of 1.55 eV. The PSC based on P28 demonstrated a PCE

of 5.21% with a higher Voc of 0.82 V.34

Recently, we synthesized a series of BdT-based D�A

copolymers with different acceptor units including BTz,

TTz, DTBT, and DPP, P29, P30, P31, and P32 (Figure 6),

and compared their physicochemical and photovoltaic

properties.35 Bandgaps and HOMO energy levels of the

FIGURE 5. Molecular structures of the D�A copolymers based on BDT donor unit.

FIGURE 6. Molecular structures of the D�A copolymers based on BDT isomers.
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copolymers were tuned effectively by using different accep-

tor units. Among the polymers, P30 exhibits a relatively

lower HOMOat�5.19 eV. The PSCs based onP30 showed a

PCE of 3.40% with a high Voc of 0.90 V.35

The above results indicate that the copolymers based on

the two isomers of BDP and BdT showdeeper HOMOenergy

levels andhigherVocwhen thepolymerswere used as donor

in PSCs, in comparison with the copolymers based on BDT.

BDP andBdTare also the promising donor units for construct-

ing high-efficiency D�A copolymer photovoltaic materials.

3.3. Indacenodithiophene-Based D�A Copolymers. In-

dacenodithiophene (IDT) has also attracted attention as a

donor unit in the D�A copolymer photovoltaic materials in

recent years,36,37 because the coplanarity of the IDT unit

could enhance interchain interaction of the polymers and

lead to higher hole mobility. Chen et al.36 and Jen and co-

workers37 synthesized a series of copolymers based on IDT

with aryl substituents, such as P33, P34, and P35 (Figure 7).

Polymer P33 possesses lower-lying HOMO energy levels at

�5.36 eV and exhibited a PCE of 6.1% in PSCs.36 The

polymers P34 and P35 have low bandgaps of 1.61 and

1.48 eV and higher hole mobilities of 5.6 � 10�2 and 1.5�
10�2 cm2 V�1 s�1, respectively. The PCE of the PSC based on

P34 reached 6.06%.37

We synthesized four D�A copolymers of alkyl-substi-

tuted IDT donor units with different acceptor units including

BTz, TTz, bis(thiophen-2-yl)-tetrazine (TZ), and DTBT, P36,

P37, P38, and P3938 (Figure 7). The copolymers possess

good solubility benefitted from the four alkyl side chains on

the IDT unit, deeper HOMO levels at �5.2 eV and tunable

bandgap depending on the acceptor units. Among the

copolymers, P37 has the highest hole mobility (μh) of

4.99 � 10�3 cm2/(V s). The PCE of the PSC based on P37

reached 5.79%. The P39 film has the smallest bandgap of

1.68 eV and exhibited a higher PCE of 6.17%with a large Jsc
of 13.27 mA/cm2 and a high Voc of 0.82 V in PSCs.38

4. Two-Dimensional Conjugated Polymers
4.1. Polythiophenes with Conjugated Side Chains. For

broadening the absorption spectra of the polythiophene (PT)

derivatives, we proposed a two-dimensional conjugated

(2-D conjugated) concept by attaching a conjugated side

chain on PTmain chains and synthesized a series of 2-D con-

jugated PT derivatives,5,7,39�41 as shown in Figure 8. Among

the polymers, PT8 with bi(thienylenevinylene) conjugated

side chains showed a broad absorption plateau in the visible

region from 350 to 650 nm.7 In addition, the HOMO energy

level of PT8 dropped by ca. 0.2 eV in comparison with P3HT,

which is beneficial to higher Voc of the PSCs. The PSC device

based on PT8/PCBM demonstrated a PCE of 3.18% with a

higher Voc of 0.72 V.7 In contrast, the PSC based on P3HT

displayed PCE of 2.55% and Voc of 0.60 V under the same

experimental conditions. Recently, we synthesized a new

2-D conjugated polymer PT1042 based on a side-chain

isolated concept. PT10 exhibited better main chain planar-

ity, less side chain steric hindrance, stronger visible π�π*

transition absorption, and deeper HOMO level, in compar-

ison with other 2-D conjugated PTs. The PSC based on PT10

as donor and indene-C60 bisadduct (ICBA) as acceptor de-

monstrated a PCE of 3.6% with a high Voc of 0.94 V.42

FIGURE 7. Molecular structures of the D�A copolymers based on IDT donor units.



730 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 723–733 ’ 2012 ’ Vol. 45, No. 5

Photovoltaic Materials for Polymer Solar Cells Li

The results indicate that the strategy for broadening absorp-

tion by attaching conjugated side chains is efficient for

improving the PCE of the PSCs.

4.2. Copolymers Containing a Thienyl-Substituted BDT

Unit. As mentioned above, BDT is a famous structural unit

for constructing high-efficiency copolymer donor materials.

Two alkoxy or alkyl side chains are usually used on the BDT

unit for improving the solubility of the polymers. Huo et al.

applied the 2-D conjugation concept to the BDT-containing

polymers and synthesized a copolymerP40 (Figure 9) based

on the BDT unit with two thienyl conjugated side chains

(BDT-T).43 The 2-D conjugated P40 shows a broad absorp-

tionband, a lowerHOMO level at�5.31 eV, andahigher PCE

of 5.66% with a high Voc of 0.92 V in PSCs.43 Recently, new

BDT-T-based copolymers P4144 and P4245 were reported.

PolymerP41 also possesses a deeper HOMO level at�5.3 eV

and showed a PCE of 5.22%.44 Polymer P42 possesses a

higher holemobility and broader absorption. The PSC based

on P42 demonstrated a higher PCE of 6.0%.45

In considering the high photovoltaic performance of the

PBDTTT copolymers and the BDT-T-basedD�A copolymers,

Huo et al.46 recently synthesized two BDT-T-based PBDTTT

derivatives, P1-T and P2-T (Figure 9). The 2-D conjugated

P1-T and P2-T exhibit better thermal stabilities, red-shifted

absorption spectra, lower HOMO levels, significantly higher

holemobility, andgreatly improvedphotovoltaic properties,

in comparison with the two corresponding alkoxy substi-

tuted copolymers P1 and P2. The PCE of the PSC based on

P2-T reached 7.59% in comparison with 6.43% for the

device based on P2.46 The results reveal that the 2-D

conjugated BDT-T will be a highly promising unit for the

design of high-performance photovoltaic copolymers.

FIGURE 8. Molecular structures of the 2-D conjugated polythiophene derivatives.

FIGURE 9. Molecular structures of the copolymers based on BDT units with or without bithienyl conjugated side chains.
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5. Indene�Fullerene Bisadduct Acceptors
As mentioned in the Introduction, upshift of the LUMO level

of the fullerene acceptors is preferred for enlarging ΔE2 and

increasing Voc of the P3HT-based PSCs. For example, PCBM

bisadduct (bisPCBM) shows ca. 0.1 eV higher LUMO energy

level than PCBM, and the PCE of the PSC based on P3HT/

bisPCBM reached 4.5% with a higher Voc of 0.73 V benefit-

ting from the higher LUMO level of the acceptor.47

Considering the electron-donating nature of indene and

the effect of bisadduct on the upshift of the LUMO energy

level of PCBM, we synthesized indene-C60 bisadduct (ICBA,

see Figure 10) for up-shifting its LUMO level. Aswe expected,

ICBA shows a LUMO level up-shifted by 0.17 eV in compar-

ison with PCBM.48 The PSC based on P3HT as donor and

ICBA as acceptor reached a PCE of 6.48% with a high Voc of

0.84 V and a high FF of 72.7%.49 In comparison, the PSC with

PCBM as acceptor only showed a PCE of 3.84% and a Voc

of 0.58 V under the same experimental conditions. ICBA

has also been successfully used in high-efficiency inverted

structure PSCs50 and tandem structure PSCs51 recently.

The high photovoltaic performance of ICBA in the P3HT-

based PSCs is mainly derived from its higher LUMO level,

which results in high Voc.

Based on the success of ICBA, we further synthesized

indene-C70 bisadduct (IC70BA).
52 IC70BA exhibits stronger

visible absorption from C70 and 0.19 eV upshift of its LUMO

energy level than PCBM. The PSC based on P3HT as donor

and IC70BA as acceptor demonstrated a PCE of 6.69%with a

high Voc of 0.86 V and a high FF of 72%.53

6. Summary and Outlook
Absorption, electronic energy level, charge carrier mobility,

solubility, and aggregation properties are the key factors

that we should consider in the molecular design of the

photovoltaic materials for PSCs. For high-efficiency conju-

gated polymer donor materials, narrower Eg and broad

absorption, relatively lower-lying HOMO level, and higher

hole mobility are of most importance. Three strategies have

been proven to be effective to meet the requirements,

including D�A copolymerization for narrower Eg and

lower-lying HOMO, substitution with electron-withdraw-

ing groups for lower-lying HOMO, and two-dimensional

conjugation for broad absorption and higher hole mobility.

High-efficiency D�A copolymers have been obtained by

using BDT, DTS, or IDT donor unit and BT, TPD, or TTz

acceptor units. The electron-withdrawing groups of ester,

ketone, fluorine, or sulfonyl are effective in downward

tuning theHOMOenergy level of the high efficiency PBDTTT

polymers. The BDT-T unit with two thienyl conjugated side

chains is a highly promising unit in high efficiency D�A

copolymers and 2-D conjugated PBDTTT polymers, which

possess the preferred broad absorption, lower-lying

HOMO level, and higher hole mobility. For the fullerene

derivative acceptors, PC70BM is superior to PCBM because

of the stronger visible absorption of C70. ICBA and IC70BA

show 0.17 and 0.19 eV higher LUMO energy level, respec-

tively, than PCBM, due to the electron-rich character of

indene and the effect of bisadduct. ICBA and IC70BA are

excellent acceptors for the P3HT-based PSCs.

Bulk heterojunction PSCs and related photovoltaic mate-

rials have been developed into a hot research field in recent

years. The PCE of the PSCs has been steadily increased from

ca. 1% in 19951 to over 8% recently,2 by the research

progress on both the new photovoltaic materials and new

device structures. It can be expected that the PCEwill exceed

10% in a few years, and the molecular design of the

photovoltaic materials will play a key role in promoting

the commercial application of the PSCs.
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