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heterojunction solar cells with controlled molecular organization
and nanoscale morphology†
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Control over the ratio of two blocks in a new class of all-conjugated diblock copolymers, poly-

(3-butylthiophene)-b-poly(3-hexylthiophene) (P3BHT), provides a facile approach to precisely tune the

molecular organization and nanoscale morphology in polymer bulk heterojunction (BHJ) solar cells. In

stark contrast to the power conversion efficiency, PCE, of 1.08% in poly(3-butylthiophene) (P3BT)/

[6,6]-phenyl-C71-butyric acid methyl ester (PC71BM) and 3.54% in poly(3-hexylthiophene) (P3HT)/

PC71BM solar cells, an attractive, high PCE of 4.02% was achieved in a P3BHT21/PC71BM BHJ device

in which the molar ratio of P3BT : P3HT in P3BHT21 was 2 : 1. The ratio of P3BT and P3HT blocks

was found to exert a noteworthy influence on the molecular organization of P3BHT, the film

morphology of P3BHT/PC71BM blend, and the final performance of P3BHT/PC71BM photovoltaic

devices. This enhanced performance reflected a synergy of finer phase separation of P3BHT21 and

PC71BM and the formation of respective percolation networks of electron donor P3BHT and electron

acceptor PC71BM. The P3HT block rendered the P3BHT chains with favorable chemical compatibility

for the diffusion of PC71BMmolecules, allowing for finer phase separation between P3BHT crystalline

domains and PC71BM domains at the nanoscale and maximizing the interfacial area of P3BHT21/

PC71BM for improved charge generation. The P3BT block facilitated the self-assembly of P3BHT

chains into sufficient interpenetrating pathways for efficient charge transport and collection. Moreover,

a small crystalline domain with a size of 10.4 nm formed in the active layer that is comparable to the

exciton diffusion length of most conjugated polymers (�10 nm).
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Broader context

The polymer bulk heterojunction (BHJ) solar cell is widely recognized as one of the most promising approaches for producing

lightweight, flexible, low-cost devices to harvest solar energy. Extensive efforts have been devoted to optimizing the molecular

organization, improving the film morphology, and thus promoting the photovoltaic performance. The merit of designing P3BHT

diblock copolymers in the present study is to incorporate poly(3-alkylthiophenes) with different alkyl side chains to balance and

optimize the solubility, molecular organization, phase separation with PC71BM molecules, and thus the electronic and optoelec-

tronic properties. We achieved not only the highest charge mobility in such co-crystalline P3BHT phases for effective charge

transport, but also polythiophene crystalline domain in the size of 10.4 nm (compared with those of 14.4 nm in P3HT and 22.7 nm in

P3BT homopolymers) for efficient charge generation as P3BHT domain size is commensurate with the diffusion length of photo-

generated excitons in polymers. The strategy of precisely controlling the ratio of the blocks in an all-conjugated block copolymer to

yield improved photovoltaic performance may provide insight into many aspects of solar energy conversion, from rational design

and synthesis of new materials to engineering of high-efficiency polymer BHJ solar cells.

2894 | Energy Environ. Sci., 2011, 4, 2894–2902 This journal is ª The Royal Society of Chemistry 2011
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1. Introduction

Bulk heterojunctions (BHJs) have been widely recognized as an

attractive approach for improving the efficiency of polymer-

based photovoltaics, which hold promise for low-cost, light-

weight, roll-to-roll production of large-area flexible devices for

commercial applications.1 The power conversion efficiency

(PCE) of polymer BHJ solar cells depends heavily on the energy

level of the donor and acceptor materials as well as the film

morphology of active layers. A well-matched energy level offset

between the highest occupied molecular orbital (HOMO) of the

donor and the lowest unoccupied molecular orbital (LUMO) of

the acceptor maximizes the open-circuit voltage (Voc). On the

other hand, a fine scale of phase separation within the exciton

(i.e., the electron–hole pair) diffusion range and with bicontin-

uous pathways for transport of charge carriers to the electrodes

maximizes the short circuit current density (Jsc) and the fill factor

(FF).2 Over the past several years, a significant improvement in

PCE has been achieved via innovative design and synthesis of

new donor and acceptor materials and the optimization of the

nanoscale morphology of active layers.3–8 The highest PCE of

7.4% using benzodithiophene polymers blended with [6,6]-

phenyl-C71-butyric acid methyl ester (PC71BM) has recently been

reported.9 In conjunction with the experimental studies,

computer simulation has predicted that, upon designing new

donor and acceptor materials with small exciton binding energy,

balancing the HOMO and LUMO levels of donor and acceptor

materials, respectively, forming better interpenetrating networks

within the entire photoactive layer, and improving charge

collection at the active layer/electrode interface, the attainable

PCE of polymer BHJ solar cells could reach 10% for single cells

and 15% for tandem cells.2,10,11

One of the most widely studied polymer BHJ solar cells utilizes

the conjugated polymer, poly(3-hexylthiophene) (P3HT) as the

electron donor and a fullerene derivative (e.g., [6,6]-phenyl-C61-

butyric acid methyl ester (PCBM)) as the electron acceptor.

P3HT self-organizes into semicrystalline structures involving

lamellar packing of p-stacked thienyl backbones separated by

layers of hexyl side chains.12 The performance of P3HT/PCBM

solar cells is highly correlated with the ordered arrangement of

P3HT chains within the active layer (i.e., forming crystalline

order), which enhances the light absorption and improves

the hole mobility and charge transport.13 Additionally, the

morphology of the P3HT/PCBM film greatly influences the

efficiency of charge generation via nanoscale phase separation

that leads to a large interfacial area between the two components,

as well as the efficiency of charge transport via the development

of percolation networks spanning the thickness of the device.14

Considerable efforts on improving the nanoscale alignment of

P3HT chains (i.e., crystallization) have been made, including the

application of thermal annealing15,16 and solvent annealing,17–20

the use of additive,21 and the construction of inverted device

configurations,22–26 thereby resulting in optimized molecular

organizations of P3HT and film morphologies having repro-

ducible 3–5% PCE. Notably, alteration of the length of side

chains of poly(3-alkylthiophene)s (P3ATs) to less or more than

hexyl alkane was found to lead to a marked decrease in opto-

electronic performance, which is indicative of the strong influ-

ence of alkyl side chains as solubilizing substituents on the
This journal is ª The Royal Society of Chemistry 2011
interfacial interactions between P3ATs and PCBM. The solu-

bility, self-assembly, charge intensity, electronic energy level, and

absorption coefficient of P3ATs vary with different length of side

chains.27 Of particular interest is poly(3-butylthiophene) (P3BT),

which exhibits an extraordinarily high hole mobility of 1 � 10�3

cm2 V�1 s�1 in the P3BT-nanowires/PCBM blend film due to

intense stacking of thienyl chains with short butyl side chains.28

Recent advances in synthesis techniques render the design of

functional all-conjugated block copolymers composed of two

dissimilar rod-like blocks covalently linked at one end, which

may spontaneously phase separate into ordered, controllable

structures on the 10 nm length scale comparable to the exciton

diffusion length of the conjugated polymer, and provide opti-

mized morphologies for charge generation and transport.29

Compared to P3AT homopolymers, a rational control over the

formation of large-area ordered nanostructure and attractive

electronic activity may be realized with the P3AT-based all-

conjugated diblock copolymer by judiciously controlling the

compositions of two alkyl side chains in the diblock copolymer

(i.e., different length of alkyl substituents), leading to completely

different solubilities and stacking of polymer chains from the

homopolymer counterparts.12 As such, the synthesis and self-

assembly of such rod–rod diblock copolymers that possess both

intriguing nanostructures and electronic activities provide

expanded opportunities for developing high-performance poly-

mer BHJ solar cells. However, due primarily to the rigid nature

of rod-like polymer chains which complicates the synthesis and

their self-assembly, the physical properties and self-assembly

mechanism of these rod–rod diblock copolymers are far less

understood than those of widely studied coil–coil and rod–coil

diblock copolymers.12

Herein, we report, for the first time, the molecular organization

of a new class of all-conjugated diblock copolymers, poly-

(3-butylthiophene)-b-poly(3-hexylthiophene) (P3BHT) chains

(i.e., the packing of interchains), and the nanoscale morphology

of the resulting P3BHT/PC71BM thin blend films, which can be

precisely controlled by tailoring the molar ratio of P3BT and

P3HT blocks in P3BHT, thereby leading to solar cells with

improved performance. In contrast to the PCE of 1.08% in P3BT

and 3.54% in P3HT homopolymer-based BHJ solar cells, an

attractive PCE of 4.02% was achieved in a P3BHT21/PC71BM

solar cell, in which the molar ratio of P3BT : P3HT in P3BHT21

is 2 : 1. The rod-like P3BT and P3HT blocks preferred to coc-

rystallize into lamellar stacking with interdigitation of butyl and

hexyl chains, and the co-crystalline P3BHT domains microphase

separate with PC71BM domains to form donor/acceptor inter-

faces for charge generation. The merit of designing P3BHT

diblock copolymers is to incorporate poly(3-alkylthiophene)s

with different alkyl side chains to balance and optimize the

solubility, molecular organization, phase separation with

PC71BM molecules, and thus the electronic and optoelectronic

properties. It is expected that the P3HT block rendered the

P3BHT21 chains with favorable chemical compatibility for the

diffusion of PC71BM in the blend to form finer phase separation

at the nanoscale with the maximum interfacial area of P3BHT21/

PC71BM for charge generation, while the P3BT block with short

side chains promotes the polymer chains to self-assemble into

sufficient bicontinuous crystalline domains spanning the thick-

ness of the device to maximize the charge transport and
Energy Environ. Sci., 2011, 4, 2894–2902 | 2895
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collection. As such, the interplay of finer phase separation of

P3BHT21/PC71BM for charge generation and the formation of

interpenetrating percolation networks of P3BHT21 and PC71BM

for charge transport and collection resulted in better optimized

BHJ nanostructures, and thus a markedly improved photovoltaic

performance as compared to their homopolymer counterparts.
2. Experimental section

2.1 Materials

Regioregular P3BT homopolymer (Mn ¼ 22 400 g mol�1, PDI ¼
1.3) and P3HT homopolymer (Mn ¼ 19 000 g mol�1, PDI ¼ 1.2)

were synthesized by a modified Grignard metathesis procedure.30

Three P3BHTdiblock copolymers, i.e., P3BHT21 (P3BT : P3HT¼
2 : 1 mol/mol; Mn ¼ 8300 g mol�1, PDI ¼ 1.3), P3BHT11

(P3BT : P3HT¼ 1 : 1 mol/mol;Mn¼ 11 400 g mol�1, PDI¼ 1.3)

and P3BHT12 (P3BT : P3HT ¼ 1 : 2 mol/mol; Mn ¼ 15 100 g

mol�1, PDI ¼ 1.3), were synthesized by a modified quasi-living

chain growth polymerization.29 The detailed synthesis can be

found in our previous work.31,32 PC71BM (purity > 99.5%) was

purchased from American Dye Source, Inc. Poly(3,4-ethyl-

enedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)

(1.3 wt% dispersion in water, conductive grade) and anhydrous

1,2-dichlorobenzene (ODCB) were purchased from Sigma-

Aldrich. Indium Tin Oxide (ITO) coated glass substrates

(10 U ,�1) were purchased from Delta Technologies, Ltd.
2.2 Device fabrication

The ITO-coated glass substrate was cleaned sequentially by

ultrasonication in acetone, methanol and isopropanol, followed

by O2-plasma exposure for 5 min. PEDOT:PSS aqueous solution

was purified with a 0.45 mm PTFE filter, and then spin-coated on

the ITO substrate at 4000 rpm for 60 s and dried in a vacuum

oven at 120 �C for 1 h. The thickness of the PEDOT:PSS layer

was approximately 40 nm.

All devices were fabricated in a glove box filled with Ar. 50 mg

ml�1 PC71BMODCB solution was prepared by ultrasonic mixing

for 1 h, and purified with a 0.45 mm PTFE filter prior to use.

P3BHT was dissolved in ODCB at 90 �C to yield a 20 mg ml�1

P3BHT ODCB solution. The hot solution was quickly purified

with a 0.45 mm PTFE filter before cooling down to room

temperature. Subsequently, the P3BHT and PC71BM ODCB

solutions at the 1 : 0.75 w/w ratio were thoroughly mixed, and

spin-coated on the PEDOT:PSS surface at 1100 rpm for 40 s,

followed by thermal annealing at 140 �C for 20 min. A cathode

was prepared by sequentially depositing 50 nmCa and 100 nmAl

through a shadow mask onto the P3BHT/PC71BM active layer

with a thermal evaporator at a vacuum of 2 � 10�6 torr. P3BT

and P3HT homopolymer-based devices were prepared in the

same way, except that the concentration of P3BT ODCB solu-

tion was 8 mg ml�1 due to the low solubility of P3BT in ODCB.

The thicknesses of all resulting active layers used in the study

were approximately 200 nm as measured by atomic force

microscopy (AFM).

Devices for the space-charge limited current (SCLC) mobility

measurements were fabricated in an identical manner, except

that a layer of 100 nm gold was deposited on the P3BHT/
2896 | Energy Environ. Sci., 2011, 4, 2894–2902
PC71BM thin film instead of the Ca/Al layer to produce hole-only

devices.

2.3 Characterization

Photovoltaic devices with an area of 0.10 � 0.01 cm2 were tested

under simulated AM 1.5 G irradiation (100 mW cm�2, calibrated

with Daystar Meter) using a SoLux Solar Simulator, and the

current–voltage (I–V) curves were measured using a Keithley

2400 multisource meter. The measurements of the SCLC I–V

curves were also performed using the Keithley 2400 multisource

meter in the dark. X-Ray diffraction (XRD) data were collected

by a PANalytical X’Pert PRO X-ray diffractometer using Cu

Ka1 radiation (l ¼ 1.541 �A) operated at 40 kV and 40 mA. UV-

Vis absorption spectra were recorded with a Newport OSM-100-

UV/vis optical spectrometer. External quantum efficiencies

(EQEs) were measured using an Oriel Cornerstone 130 1/8 m

monochromator, and the incident light intensity was monitored

by a Thorlabs Console for the Digital Optical Power Meter with

a standard photodiode sensor. EQE measurements were directly

conducted on the photovoltaic devices. The surface morphology

of P3BHT/PC71BM was obtained by AFM in tapping mode

(Dimension 3100 scanning force microscope; Digital Instru-

ments). Notably, the films used for XRD, UV-Vis spectrometer

and AFMmeasurements were prepared in an identical manner as

those of photovoltaic devices, but with no Ca/Al deposited on

the top.

3. Results and discussion

3.1. Self-assembly of P3BHT block copolymers

In our previous work, we demonstrated that the self-assembly of

P3BHT diblock copolymers experienced different kinetic path-

ways from those of the P3BT and P3HT homopolymers. P3BHT

diblock copolymers self-assembled into nanostructured

morphologies in mixed selective solvents of anisole/chloroform.33

A balance between the chain flexibility and crystallization may be

realized in P3BHT block copolymers by judiciously controlling

the volume fraction of P3BT and P3HT blocks (i.e., the different

length of alkyl substituents as shown in Fig. 1a), leading to

completely different solubilities and stacking of polymer chains

from their homopolymer counterparts.31 Fig. 1b shows the XRD

profiles of P3BHT21, P3BHT11 and P3BHT12 films prepared

from their 1,2-dichlorobenzene (ODCB) solutions, all of which

exhibited a single [100] peak at 2q ¼ 6.5�, 6.1�, and 5.8�,
respectively, indicating that there was only one type of crystalline

domain present in the system. Compared with the XRD profiles

of P3BT and P3HT homopolymers, which showed a single [100]

peak at 2q ¼ 7.2� and 5.7�, respectively,31,34 it is clearly evident

that P3BHT diblock copolymers with different length of alkyl

side chains (i.e., butyl and hexyl) co-crystallized in the blend

films. The P3BT and P3HT blocks co-crystallized into a lamellar

packing with the interdigitation of butyl and hexyl side chains

with one another,35 adopting the edge-on orientation with the

thienyl backbone aligned parallel to the substrate as depicted in

Fig. 1c. It is worth noting that with an increased composition of

P3BT block, the interchain distance, d100, of P3BHT12,

P3BHT11, P3BHT21 progressively decreased from d100, P3BHT12¼
15.0 �A to d100, P3BHT11 ¼ 14.1 �A, to d100, P3BHT21 ¼ 13.2 �A. The
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 (a) The chemical structure of poly(3-butylthiophene)-b-poly(3-

hexylthiophene) (P3BHT) diblock copolymer. (b) XRD profiles of

P3BHT films prepared from the P3BHT ODCB solutions. The diblock

copolymers with different length of alkyl side chains used in the study

were P3BHT21 (P3BT : P3HT ¼ 2 : 1, mol/mol), P3BHT11 (P3BT :

P3HT¼ 1 : 1, mol/mol), and P3BHT12 (P3BT : P3HT¼ 1 : 2, mol/mol).

(c) Schematic representation of P3BHT21 (left panel), P3BHT11 (central

panel), and P3BHT12 (right panel) lamella packing with the edge-on

orientation. P3BHT diblock copolymers with different alkyl chain

lengths tend to co-crystallize forming a crystalline lamella by interdigi-

tating two different side chains one another with tunable interchain

distance along the (100) axis (i.e., side-chain direction).
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incorporation of more P3BT blocks in diblock copolymers

facilitated closer packing of thienyl backbones, which could be

favorable to increase the charge mobility due to decreased

intermolecular hopping distance along the [100] direction.36

Hence, the combination of ordered co-crystalline P3BHT

domains, tunable interchain packing and good chemical

compatibility for the diffusion of PC71BM will offer expanded

adaptability for pursuing high-performance polymer BHJ

architectures.
Fig. 2 (a) J–V curves of bulk heterojunction solar cells fabricated from

P3BT/PC71BM, P3BHT/PC71BM, and P3HT/PC71BM solar cells under

AM 1.5 G illumination at 100 mW cm�2. The P3BHT diblock copolymers

used were P3BHT21 (P3BT : P3HT ¼ 2 : 1, mol/mol), P3BHT11

(P3BT : P3HT ¼ 1 : 1, mol/mol), and P3BHT12 (P3BT : P3HT ¼ 1 : 2,

mol/mol). (b) Single diode fits to the J–V curves of P3BT/PC71BM,

P3BHT/PC71BM, and P3HT/PC71BM solar cells, in which the symbols

are experimental data, and the solid lines are the corresponding theo-

retical fits. The single diode model is depicted in the inset.
3.2. Characteristics of P3BHT/PC71BM BHJ solar cells

The photovoltaic performances of P3BHT/PC71BM blend films

were systematically investigated. The devices with the configu-

ration of ITO/PEDOT:PSS/P3BHT:PC71BM/Ca/Al were fabri-

cated with P3BHT : PC71BM¼ 1 : 0.75 w/w. The P3BT/PC71BM

and P3HT/PC71BM photovoltaic devices were also prepared in

the same way and used as controls to assess the influence of the

ratio of two blocks in P3BHT on the device performance (see

Experimental). Fig. 2 shows the current density–voltage (J–V)

curves of P3BT/PC71BM, P3BHT/PC71BM, and P3HT/PC71BM

photovoltaic devices under AM 1.5 G illumination (100 mW

cm�2). The photovoltaic performances were summarized in Table

1. Consistent with those previously reported, the P3HT/PC71BM

device exhibited a much higher PCE of 3.54% than 1.08% in the

P3BT/PC71BM device. This was attributed to the presence of
This journal is ª The Royal Society of Chemistry 2011
a hexyl side chain that is capable of achieving a homogeneous

phase separation of P3HT and PC71BM in conjunction with

a dense network of P3HT crystalline domains throughout the

blend film.37 Despite the fact that the hole mobility of P3AT

generally increases with the decrease in the length of alkyl side

chains, the performance of the P3BT/PC71BM photovoltaic

device suffered from low Voc and FF as the longer side chain was

required to facilitate the diffusion of PCBM and phase separa-

tion in the blend film.38 Quite intriguingly, for P3BHT diblock

copolymers, more P3BT blocks in the copolymers appeared to

yield improved performance (Fig. 2a and Table 1), clearly indi-

cating that a delicate balance between the chain flexibility and

self-assembly can be readily established by adjusting the ratio of

alkyl side chains, which in turn led to the optimization of phase

separation between P3BHT and PC71BM for charge generation

and continuous pathways for charge transport.

As the composition of P3BT block in P3BHT reduced, the Jsc
dropped slightly from 10.3 mA cm�2 in P3BHT21/PC71BM to

9.95 mA cm�2 in P3BHT11/PC71BM, and significantly to 4.55

mA cm�2 in P3BHT12/PC71BM (Table 1). The FF decreased
Energy Environ. Sci., 2011, 4, 2894–2902 | 2897
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Table 1 Summary of photovoltaic performances of P3BT/PC71BM,
P3BHT/PC71BM, and P3HT/PC71BM solar cells under AM 1.5 G illu-
mination at 100 mW cm�2

P3BHT:PC71BM Voc/V Jsc/mA cm�2 FF (%) PCE (%)

P3BT 0.46 5.30 44.5 1.08
P3BHT21 0.63 10.3 62.1 4.02
P3BHT11 0.61 9.95 52.7 3.18
P3BHT12 0.61 4.55 40.9 1.13
P3HT 0.61 9.43 61.8 3.54
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from 62.1% in P3BHT21/PC71BM to 52.7% in P3BHT11/

PC71BM, and to 40.9% in P3BHT12/PC71BM. Consequently, the

PCEs dropped. The decrease in Jsc and FF with less P3BT blocks

incorporated in P3BHT can be regarded as an important signa-

ture of large scale phase separation and/or reduced degree of

crystallinity of P3BHT in the blend films.2 Taken together with

a recent study on poly(3-butylthiophene)-b-poly(3-octylth-

iophene) (P3BOT) based devices (i.e., P3BOT/PC71BM), in

which a highest PCE of 3.0% was achieved at 50 mol% P3BT

block in P3BOT,27 it is clear that the performance of all-conju-

gated P3AT diblock copolymer-based devices depends on not

only the ratio of two blocks but also the length of alkyl side

chains in the copolymers, signifying that the variation in the alkyl

substituent could profoundly impact the solubility and structural

order of polymer chains, and thus critically affecting the resulting

device performance.39

It is noteworthy that the P3BHT21/PC71BM photovoltaic

device possessed an impressive PCE of 4.02%. To the best of our

knowledge, this is the highest efficiency among rod–rod diblock

copolymer basedBHJ solar cells reported, evenhigher than that of

the P3HT/PC71BM solar cell prepared under the same conditions

in the present study (PCE¼ 3.54%), thereby offering an avenue in

developing high-efficiency solar cells. We note that the present

study primarily focused on the molecular design of novel all-

conjugated diblock copolymers to produce high-performance

devices, and the device-fabricating condition for P3BHT/

PC71BM solar cells followed the optimized condition for

preparing P3HT/PC71BM solar cells.2 Further improvement of

performance in the P3BHT21-based photovoltaics is expected as

there remains room for optimization of many parameters of the

device assembly, including P3BHT molecular weight, film thick-

ness, P3BHT/PC71BM mixing ratio, device annealing conditions

(e.g., thermal annealing, solvent vapor annealing), etc.

We now turn our attention to qualitatively understand the

photophysical behavior of P3BHT-based devices and elucidate

the origin of varied performance of devices with different ratio of

P3BT and P3HT blocks in P3BHT. The J–V characteristics of

P3BT/PC71BM, P3HT/PC71BM, and P3BHT/PC71BM devices

were fitted into an electrically equivalent single diode model

(inset in Fig. 2b):40

J ¼ JL � J0

�
exp

�
qðV þ JrsÞ

nkT

�
� 1

�
� V þ Jrs

rsh
(1)

where J is the current density, V is the applied voltage, JL is the

photogenerated current density, J0 is the reverse saturation

current density, rs is the specific series resistance, rsh is the specific

shunt resistance, n is the diode ideality factor (n ¼ 1 for an ideal

diode), q is the elementary charge, k is the Boltzmann’s constant,
2898 | Energy Environ. Sci., 2011, 4, 2894–2902
and T is the absolute temperature. The parameters JL, J0, n, rs
and rsh can be extracted from the nonlinear least-square fits to the

photovoltaic J–V curves. The fitting agreed very well with the

experimental results as shown in Fig. 1b. The fitting parameters

are summarized in Table 2. In polymer BHJ solar cells, the

semiconductor donor and acceptor components are required to

phase separate into small domains to create a large interface for

efficient exciton diffusion and charge generation, as typical

exciton diffusion length in the conjugated polymer is limited to

10 nm.41 On the other hand, the charge transport largely depends

on the film morphology of the active layer, in which both the

donor and acceptor phases should form nanoscale inter-

penetrating networks within the whole active layer to ensure an

efficient charge transport to electrodes.1 Based on the analysis of

the single diode model, the photogenerated current density JL
qualitatively reflects the efficiency of exciton diffusion and charge

generation in the device (Table 2).42 The fact that the P3BHT21-,

P3BHT11- and P3HT-based devices showed similarly high JL
around 10 mA cm�2, suggested that the exciton efficiently

diffused and the charge was created in the blends without striking

recombination. In contrast, the much lower JL in P3BHT12- and

P3BT-based devices implied that there may exist a large size of

donor and acceptor domains and/or limited donor/acceptor

phase separation in the blend films.41

According to traditional diode theory, the ideality factor n

describes how closely the behavior of a diode matches an ideal

diode in which no recombination occurs (n¼ 1). In polymer BHJ

solar cells, n is suggested to be characteristic of the recombina-

tion behavior in the blend film, and thus a change in n provides

evidence that there may be a different type of mechanism for the

recombination loss.43–45 The reverse saturation current density J0
is a measure of the carrier leakage in the vicinity of the barrier

caused by recombination, which is at the donor/acceptor inter-

face in polymer BHJ solar cells.45 The highest n and J0 in

P3BHT12 indicated that strong charge recombination occurred

at the P3BHT12/PC71BM interface, thereby leading to dimin-

ished charge generation and charge transport. This also

explained the low performance in the P3BT/PC71BM device. In

stark contrast, the pronounced performance in P3BHT21/

PC71BM stemmed from an optimized combination of fitted

parameters (Table 2), namely, the lowest reverse saturation

current density J0, the smallest ideality factor n, the decreased

series rs, and the large shunt resistance rsh, revealing that the film

morphology with the least recombination loss for charge gener-

ation and transport was achieved.
3.3. Morphology of P3BHT/PC71BM blend films

To verify the analyses described above, the film morphology

and the molecular organization of the blend films were scruti-

nized. Fig. 3 shows AFM phase images of the P3BT/PC71BM,

P3BHT/PC71BM, and P3HT/PC71BM blend films. The crystal-

line P3AT homopolymers (or diblock copolymers) appeared

bright while PC71BM appeared dark in the phase images.36

Typically, the P3HT/PC71BM blend film exhibited nanoscale

phase separation composed of grain-like P3HT crystalline

domains and P3HT amorphous domains with PC71BM situated

(i.e., PC71BM domains) as shown in Fig. 3e.In contrast, more

densely interconnected crystalline domains emerged in the
This journal is ª The Royal Society of Chemistry 2011
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Table 2 Summary of photovoltaic parameters extracted from the J–V curves of P3BT/PC71BM, P3BHT/PC71BM, and P3HT/PC71BM solar cells using
the single diode model

P3BHT:PC71BM JL/mA cm�2 J0/mA cm�2 n rs/U cm2 rsh/U cm2 PCE (%)

P3BT 5.4 0.109 4.44 7.13 1.15 � 103 1.08
P3BHT21 10.5 0.014 3.61 1.91 1.42 � 103 4.02
P3BHT11 10.1 0.068 4.65 3.45 1.15 � 103 3.18
P3BHT12 4.7 0.473 9.70 2.32 0.96 � 103 1.13
P3HT 10.1 0.027 3.80 2.30 1.52 � 103 3.54
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P3BT/PC71BM blend film due to a higher degree of crystalline

P3BT (Fig. 3a). The dense P3BT crystalline domains imposed

a beneficial impact on the hole mobility as the hole carrier can

easily proceed along the ordered crystalline domains at the

faster speed with longer lifetime.16,46 However, the diffusion of

PC71BM molecules in the blend film may largely be constrained

by the crystalline P3BT domains, thereby suppressing the

formation of percolating PC71BM domains.28 Therefore, the

crystallization of P3BT dominated over the PC71BM diffusion,

and was responsible for the observed low performance of the

P3BT/PC71BM solar cell.
Fig. 3 AFM phase images of blend films: (a) P3BT/PC71BM; (b)

P3BHT21/PC71BM; (c) P3BHT11/PC71BM; (d) P3BHT12/PC71BM; (e)

P3HT/PC71BM. All blend films were prepared by following the fabrica-

tion procedures of photovoltaic devices but without depositing the Ca/Al

layers on the top. The scanning size¼ 5 � 5 mm2 for all images, and 1 � 1

mm2 for all insets.

This journal is ª The Royal Society of Chemistry 2011
A finer phase separation appeared in the P3BHT21/PC71BM

blend film, with dot-like P3BHT21 crystalline domains homo-

geneously dispersed in the matrix (Fig. 3b), which was indicative

of intimate mixing of P3BHT21 and PC71BM at the nanoscale.

Compared with P3HT/PC71BM (inset in Fig. 3e), the reduced

crystal size and inter-crystal distance in P3BHT21/PC71BM

suggested stronger interchain interaction between P3BHT21

chains (inset in Fig. 3b),47 which was due primarily to the pres-

ence of P3BT block in the copolymer that was capable of packing

backbones of P3BHT21 closer within the crystalline lamellae.

Furthermore, in comparison with P3BT/PC71BM (inset in

Fig. 3a), PC71BM appeared to be more uniformly distributed in

P3BHT21/PC71BM. This implied better diffusion of PC71BM

molecules throughout the blend film, which can be ascribed to

the presence of P3HT block in the copolymer that rendered the

chain flexibility.2,48 Taken together, the P3BHT21/PC71BM solar

cell displaying the highest PCE accompanied by the highest

photogenerated charge current, JL, the lowest ideality factor, n,

and the lowest series resistance, rs (Table 2), was associated with

the finer phase separation for charge generation (highest JL and

lowest n) and enhanced crystalline pathway for charge transport

(lowest rs). A similar phase-separated morphology was observed

in P3BHT11/PC71BM (inset in Fig. 3c). However, the domains

tended to pack denser than those in P3BHT21/PC71BM (i.e.,

slightly large domain in Fig. 3c), corresponding to a reduced FF

in the P3BHT11/PC71BM blend film. The microscopic phase

separation27 was evidenced in P3BHT12/PC71BM as shown in

Fig. 3d; such crude phase separation accounted for the lowest Jsc
and FF among all three P3BHT/PC71BM blend films studied.

The surface roughness of the active layer (i.e., the interface

that contacts with the cathode in the resulting solar cell) also has

a crucial influence on the PCE. Recently, a root-mean-square

(rms) surface roughness of 9.5 nm was reported in the P3HT/

PCBM device with the highest PCE of 4.37% by controlling the

rate of solvent evaporation.17 In the present study, the P3BHT21/

PC71BM, P3BHT11/PC71BM, and P3HT/PC71BM blend films

showed similar rms surface roughnesses of 8.8 nm, 8.0 nm, and

8.9 nm, respectively (Fig. S1 in the ESI†). While the P3BHT12/

PC71BM and P3BT/PC71BM blend films had rather smooth

surfaces with rms surface roughnesses of 2.0 nm and 2.9 nm,

respectively. So it is clear that a rougher surface could also lead

to a better performance in P3BHT/PC71BM BHJ solar cells. It is

noteworthy that the rougher surface may not originate from the

formation of enhanced ordering of polymer structures (i.e.,

forming crystals) in the present study, because P3BT showed the

highest degree of crystallization as revealed by X-ray diffraction

measurement and will be discussed later, and yet had a rather

smooth surface (i.e., rms surface roughness of 2.0 nm). Thus, it is

plausible that the increase in surface roughness may arise from
Energy Environ. Sci., 2011, 4, 2894–2902 | 2899
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the vertical diffusion of PC71BM molecules towards the

cathode.48 More systematic study on the diffusion of PC71BM in

the P3BHT system and the effect of surface roughness on the

photovoltaic performances is currently underway.

To scrutinize the percolation networks spanning the phase-

separated active layer of P3BHT/PC71BM, the charge transport

was investigated by measuring the space charge limited current

(SCLC) hole mobility. In order to fabricate the SCLC hole-only

devices, instead of the Ca/Al layer, a thin layer of gold was

deposited on the active layer. The hole mobility values were

extracted from the current density–voltage (JSCLC–V) curves

(Fig. 4) that were fitted by applying the modified Mott–Gurney

equation:49

JSCLC ¼ 9

8
330m

V 2

L2
exp

�
0:89bffiffiffiffi

L
p ffiffiffiffi

V
p �

(2)

where JSCLC is the dark current density, V is the applied voltage,

L is the thickness of active layer, m is the mobility, 3 is the

dielectric constant, 30 is the permittivity of free space, and b is the

field-activation factor.50 The b values yielded from the P3BT-,

P3BHT- and P3HT-based devices were in the range of �4.2 �
10�4 to �8.4 � 10�4 (Table S1 in the ESI†), similar to those

reported in P3AT-based devices.50 Among all five blends, the

P3BHT21/PC71BM demonstrated the highest hole mobility of

2.0 � 10�4 cm2 V�1 s�1, correlating very well with the finer

nanoscale phase separation observed by AFM (Fig. 3b) and the

lowest series resistance derived (rs ¼ 1.91 U cm2 in Table 2). The

relatively decreased hole mobility in P3HT/PC71BM and P3BT/

PC71BM blends was indicative of increased recombination

during the charge transport. Combined with the above film

morphology study, the highest hole mobility in P3BHT21/

PC71BM apparently resulted from the finer phase separation

between P3BHT21 and PC71BM as well as the sufficient
Fig. 4 J–V curves of the space-charge limited current (SCLC) devices for

measuring the hole mobility in P3BT/PC71BM, P3BHT/PC71BM, and

P3HT/PC71BM blend films. The SCLC devices were produced by

following the fabrication procedures of photovoltaic devices, but

depositing the gold layer on the top of active layers instead of the Ca/Al

layers. The symbols are experimental data, while the solid lines are the

corresponding theoretical fits.

2900 | Energy Environ. Sci., 2011, 4, 2894–2902
P3BHT21 crystal-composed continuous pathway from top to

bottom electrodes, reflecting on enhanced Jsc and PCE in the

P3BHT21/PC71BM BHJ solar cell.14

3.4. Molecular organization of P3BHT/PC71BM blend films

The molecular organization of P3BHT in the blend films was

elucidated by X-ray diffraction (XRD) measurements in Fig. 5.

The XRD profiles of P3BT and P3HT in the corresponding blend

films were also measured and compared with that of P3BHT;

these provided insight into the influence of different alkyl side

chains on the structural ordering and orientation of P3BHT

chains. Compared with the XRD profiles of pristine P3BT,

P3HT and P3BHT films without blending with PC71BM

(Fig. 1b), no significant changes in the shape and peak position of

the XRD profiles were observed, indicating that P3BHT chains

in the blend films retained their molecular organization in the

pristine films, where P3BT and P3HT blocks co-crystallized into

a lamellar packing with the tunable interchain distance along the

(100) axis as illustrated in Fig. 1c. The co-crystalline P3BHT

domains formed microphase separation with PC71BM domains

as shown in Fig. 3, which is intrinsically varied with the molec-

ular packing of P3BHT chains and the diffusion of PC71BM

molecules in the blend.27,48

Considering the thicknesses of all blend films are approxi-

mately 200 nm, the intensity of the [100] peak was nearly

proportional to the size or the number of polymer crystals per

unit volume in the blend films. In addition to the higher degree of

crystallinity of P3AT that is correlated with enhanced light

absorption and increased hole mobility, other factors such as the

phase separation in the active layer, the interpenetrating network

of each separated phase, and the size of P3AT crystalline

domains would also affect the ultimate device performance.48,51

For efficient charge generation without significant recombina-

tion, the size of crystalline P3AT domain should be comparable

to or less than the exciton diffusion length (often in the range of

10 nm).52 P3BT showed the highest crystallinity as evidenced by

the strongest intensity of the [100] peak at 2q ¼ 6.7� (Fig. 5a).

However, the size of P3BT crystals was about 22.7 nm calculated
Fig. 5 XRD profiles of P3BT/PC71BM, P3BHT/PC71BM, and P3HT/

PC71BM blend films prepared by following the fabrication procedures of

photovoltaic devices, but without depositing the Ca/Al layers on the top.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 6 (a) UV-Vis spectra of P3BT/PC71BM, P3BHT/PC71BM, and

P3HT/PC71BM blend films produced by following the fabrication

procedures of photovoltaic devices, but without depositing the Ca/Al

layers on the top. (b) EQE spectra of P3BT/PC71BM, P3BHT/PC71BM,

and P3HT/PC71BM blend films obtained directly from the photovoltaic

devices.
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from the full width at half-maximum (FWHM) of the diffraction

peak. Such large size prevented efficient exciton diffusion to the

P3BT/PC71BM interface, thereby accounting for the low pho-

togenerated charge density in P3BT/PC71BM. The average size

of crystalline P3HT domain was 14.4 nm, in good agreement

with typical values of 12–16 nm reported in the literature.53 The

smallest domain size of 10.4 nm was achieved in the P3BHT21/

PC71BM system, coincided very well with the dot-like P3BHT21

crystalline domains observed in the AFM phase image (Fig. 3b).

Thus, in the P3BHT21/PC71BM solar cell, the exciton generated

in the crystalline P3HT domain could effectively diffuse to the

P3BHT21/PC71BM interface. Additionally, the smaller crystal-

line domain provided more interface for charge separation

(i.e., exciton dissociation). Finally, the closer packing of

P3BHT21 chains along the alkyl side chain direction also facili-

tated the charge transport from interfaces to electrodes.52,54

To further resolve the molecular organization of P3AT chains,

UV-Vis absorption measurements were performed based on the

intermolecular coupling induced absorption shift and intensity

variation in the spectra.55 The absorption spectra of P3BT and

P3HT in the blend films were similar to each other, with three

peaks at wavelengths, l, of 530 nm, 557 nm, and 606 nm as

shown in Fig. 6a. As the thicknesses of the blend films were the

same, the highest absorption intensity of P3BT corresponded

very well to the highest degree of P3BT crystallization measured

by XRD (Fig. 5a).51 Notably, compared to P3BT and P3HT, the

l of three absorption maxima in three P3BHT in the blends

(P3BHT12, P3BHT11, and P3BHT21) slightly blue-shifted to

505 nm, 552 nm, and 601 nm, respectively. The blue-shift may be

attributed to the reduced interchain interactions due to the

disruption by adjacent PC71BM molecules, indicating that more

PC71BM molecules may disperse between the crystalline P3BHT

domains.56 Such disruption appeared to be advantageous in

P3BHT21/PC71BM and P3BHT11/PC71BM blends in which

well-defined nanoscale phase separation (Fig. 3b and 2c) and

small crystalline size around 10 nm (Fig. 5) were observed.

However, the disruption seemed to be unfavorable in the

P3BHT12/PC71BM blend film in which the ordered p–p stacking

structures were seriously perturbed by PC71BM molecules, rep-

resenting a microscopic phase separation (Fig. 3d) and the

dramatically decreased intensity at l ¼ 601 nm that is associated

with the degree of p-stacked thienyl backbones.28,48

The external quantum efficiency (EQE) of the BHJ solar cells

was also measured (Fig. 6b), which provides information on the

current obtained outside the device per incoming photon.14 The

maximum EQE of P3BT/PC71BM was nearly 24%, due to the

mismatch between the ordered stacking of P3BT chains and the

diffusion of PC71BM molecules in the blend films (black curve in

Fig. 6b). The short butyl side chain favored the self-assembly of

P3BT chains, but lacked enough flexibility to yield well-defined

phase separation. The improved balance can, however, be real-

ized in P3HT/PC71BM by increasing the length of side chain to

hexyl (pink curve in Fig. 6b). It is interesting to note that the

EQE of the device fabricated with P3HT was significantly lower

than that fabricated with P3BHT21 (red curve in Fig. 6b) at the

wavelength below 450 nm, while the EQE was the same at longer

wavelength. It has demonstrated that incomplete exciton har-

vesting in large fullerene domains can lead to low quantum

efficiency at the wavelength below 450 nm as fullerenes absorbed
This journal is ª The Royal Society of Chemistry 2011
largely in this wavelength range,57 which provides further

support that P3BHT21 reduced the size of fullerene domains in

light of the XRD and AFM results. In this work, the self-

assembly and chain flexibility were precisely tailored by capital-

izing on P3BHT diblock copolymers via varying the composition

ratio of P3BT block to P3HT block to accomplish better balance

between phase separation for charge generation and inter-

penetrating, ordered crystalline domains for charge transport

and collection. As such, the highest EQE near 60% was obtained

in a P3BHT21/PC71BM device (red curve in Fig. 6b).
4. Conclusion

In conclusion, compared to P3AT homopolymer counterparts,

better optimized polymer BHJ nanostructures were achieved, for

the first time, in P3AT rod–rod diblock copolymer-based

photovoltaic devices by tuning the ratio of two dissimilar blocks

(i.e., P3BT : P3HT ¼ 2 : 1 (mol/mol) in P3BHT21 diblock

copolymer). An attractive PCE of 4.02% was yielded in the
Energy Environ. Sci., 2011, 4, 2894–2902 | 2901
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P3BHT21/PC71BM photovoltaic device, which was a direct

consequence of (1) the formation of small crystalline domains of

10.4 nm that is comparable to the exciton diffusion length in

P3ATs, (2) finer phase separation on the nanoscale with

a homogeneous P3BHT21/PC71BM interface to maximize the

charge generation, and (3) percolation networks with a hole

mobility of 2.0 � 10�4 cm2 V �1 s�1 for the charge transport and

collection. The effect of the ratio of P3BT block to P3HT block

in P3BHT on the molecular organization as well as the

morphology of P3BHT/PC71BM blend films that are responsible

for the ultimate device performance was scrutinized. The strategy

of precisely controlling the ratio of the blocks in all-conjugated

block copolymer to yield improved photovoltaic performance

may provide insight into many aspects of solar energy conver-

sion, from rational design and synthesis of new materials to

engineering of high-efficiency polymer BHJ solar cells.
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