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molecular organization and
nanoscale morphology for high performance
low bandgap polymer solar cells

Ming He,a Mengye Wang,ab Changjian Linb and Zhiqun Lin*a

Rational design and synthesis of low bandgap (LBG) polymers with judiciously tailored HOMO and LUMO

levels have emerged as a viable route to high performance polymer solar cells with power conversion

efficiencies (PCEs) exceeding 10%. In addition to engineering the energy-level of LBG polymers, the

photovoltaic performance of LBG polymer-based solar cells also relies on the device architecture, in

particular the fine morphology of the photoactive layer. The nanoscale interpenetrating networks

composed of nanostructured donor and acceptor phases are the key to providing a large donor–

acceptor interfacial area for maximizing the exciton dissociation and offering a continuous pathway for

charge transport. In this Review Article, we summarize recent strategies for tuning the molecular

organization and nanoscale morphology toward an enhanced photovoltaic performance of LBG

polymer-based solar cells.
1. Introduction

Polymer-based photovoltaics hold the promise for light-weight,
large area and high performance solar cells through low cost
roll-to-roll processing.1–7 A typical polymer solar cell consists of
conjugated polymer (CP) donor and fullerene acceptor mate-
rials, in which regioregular poly(3-hexylthiophene) (P3HT) is
oen exploited as a prototype donor material because of its
good light absorption, strong p–p interaction, and facile
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synthesis,8–12 and fullerene derivatives (e.g., [6,6]-phenyl-C61-
butyric acidmethyl ester (PC61BM), [6,6]-phenyl-C71-butyric acid
methyl ester (PC71BM), and indene-C60 bisadduct (ICBA)) are
employed as acceptor materials due to their strong electron
affinity, high electron mobility, and ultrafast charge trans-
fer.5,13,14 Owing to the nature of weak electronic interactions
between organic molecules and the low dielectric constant of
CPs, electron–hole pairs (i.e., excitons) generated in CP donors
by the absorption of photons are strongly bound by Coulombic
force.15 These photogenerated excitons must diffuse toward the
donor–acceptor interface and relax to the charge transfer (CT)
exciton state driven by the energy offset between the lowest
unoccupied molecular orbital (LUMO) levels of donor and
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acceptor materials.16–18 The vibrational energy released due to
the formation of CT excitons acts as the external energy to
completely dissociate the CT excitons into free charge carries if
it exceeds the binding energy of excitons.18 These free charge
carries are then transported to and collected on the respective
electrodes.

In this context, the power conventional efficiency (PCE) of
polymer solar cells depends on both intrinsic energy-level
alignment and extrinsic architecture of donor–acceptor
blends.19,20 For the energy-level alignment, the optical bandgap
(Eg) of CP donors ranging from �1.2 to �1.9 eV is preferred for
absorbing visible and near-infrared sunlight to increase the
short-circuit current density (Jsc),21 which can be realized by
moving upward the highest occupiedmolecular orbital (HOMO)
level or downward the LUMO level of CP donors. However, a
grand challenge is that the LUMO level of CP donors is
supposed to align at least 0.3 eV higher than that of fullerene
acceptors to ensure the dissociation of excitons at the donor–
acceptor interface, meanwhile the HOMO level of CP donors
needs to move far away from the LUMO level of fullerene
acceptors to maximize the open voltage (Voc).21–23 Clearly, the
energy levels of CP donors need to be delicately tuned to
simultaneously broaden the absorption and increase the Voc.

Recent development in “push–pull” alternating low bandgap
(LBG) polymers renders the energy-level engineering of CP
donors by adjusting the intramolecular charge transfer (ICT)
between the electron-donating (i.e., to push electron) units and
the electron-withdrawing (i.e., to pull electron) units,24–27

leading to low optical bandgaps, tunable HOMO/LUMO levels,
and ultimately enhanced photovoltaic performance. In partic-
ular, the electron-withdrawing unit enables the LUMO level of
CP donors to move downward further than the HOMO level,
corresponding to an lowered bandgap of CP donors as well as an
increased energy offset between the HOMO level of CP donors
and the LUMO level of fullerene acceptors.28 The reduction of
CP bandgap can also be achieved by incorporating rigid fused
aromatic structures into the conjugated backbones. Such an
Changjian Lin is a Professor in
the State Key Laboratory of
Physical Chemistry of Solid
Surfaces, and College of Chem-
istry and Chemical Engineering
at Xiamen University. He
received his Ph.D. in Physical
Chemistry from Xiamen Univer-
sity in 1985. His research inter-
ests include electrochemical
methods, corrosion and protec-
tion, biomaterials and bio-
surfaces, advanced materials for

energies and environments, such as dye-sensitized and quantum
dot-sensitized solar cells, photogenerated cathodic protection,
surface wettability, water splitting hydrogen production and pho-
tocatalytic degradation of organic pollutants.

This journal is © The Royal Society of Chemistry 2014
incorporation increases the planarity of CP chains, promotes
the delocalization of p-electrons, and thus improves the charge
carrier mobility.29 Based on the principle of energy-level engi-
neering noted above, a variety of LBG polymer donors have been
synthesized.30–34 For example, the “push–pull” polymer (PBnDT-
DTffBT, Fig. 1a) composed of 5,6-diuoro-4,7-dithien-2-yl-2,1,3-
benzothiadiazole (DTffBT) as the electron-withdrawing unit and
benzo[1,2-b:4,5-b0]dithiophene (BnDT) as the electron-donating
unit exhibited a deeply-lying HOMO level of �5.54 eV as
compared to that of�4.76 eV in P3HT,35,36 a reduced bandgap of
1.7 eV as compared to that of 1.9 eV in P3HT,8 and a high PCE of
7.2% with a Voc of 0.91 V, a Jsc of 12.9 mA cm�2, and a ll factor
(FF) of 61.2%.35 Recently, the PCEs of LBG polymer-based
solar cells have exceeded 10% in the tandem solar cells based
on poly[2,7-(5,5-bis-(3,7-dimethyloctyl)-5H-dithieno [3,2-b:20,30-
d]pyran)-alt-4,7-(5,6-diuoro-2,1,3-benzothia diazole)] (PDTP-
DFBT, Fig. 1b) and P3HT.37 The LBG polymer PDTP-DFBT
possesses a bandgap of 1.38 eV, a hole mobility of 3.2 � 10�3

cm2 V�1 s�1 and a HOMO level of �5.26 eV. As a result, a PDTP-
DFBT-based single-junction device had a high external
quantum efficiency (EQE) over 60% and a spectral response
from 300 nm to 900 nm.37

Besides the energy-level engineering, the performance of
polymer solar cells is also determined by the device architec-
ture,38–40 in particular the lm morphology of the photoactive
layer, due to the intrinsically short exciton diffusion length
(i.e., 5–20 nm) of CPs.16 The bulk heterojunction (BHJ) has been
widely recognized as the most advantageous architecture for
high performance polymer solar cells.41 In a BHJ cell the inter-
penetration of nanostructured donor–acceptor domains
provides not only a large donor–acceptor interface area for
maximizing the exciton dissociation, but also a continuous
charge transport pathway to facilitate the dissociated electrons
and holes to move toward the respective electrodes with mini-
mized charge carrier recombination.42,43 It is noteworthy that
the molecular packing of CPs within the BHJ structure
profoundly inuences the resulting optoelectronic properties. It
Zhiqun Lin is an Associate
Professor in the School of Mate-
rials Science and Engineering at
Georgia Institute of Technology.
He received his Ph.D. in Polymer
Science and Engineering from
University of Massachusetts,
Amherst in 2002. His research
interests include polymer solar
cells, dye-sensitized solar cells,
semiconductor organic–inor-
ganic nanocomposites, photo-
catalysis, quantum dots (rods),

conjugated polymers, block copolymers, polymer blends, hierar-
chical structure formation and assembly, surface and interfacial
properties, multifunctional nanocrystals, and Janus nano-
structures. He is a recipient of an NSF Career Award.

Nanoscale, 2014, 6, 3984–3994 | 3985

http://dx.doi.org/10.1039/c3nr06298h


Fig. 1 Molecular structures of typical LBG polymers.
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leads to (1) an increased p–p stacking that facilitates the
anisotropic p-orbital delocalization along the conjugated
backbones,44 which is benecial for broadening the light
absorption and increasing the charge carrier mobility;45 and (2)
a preferential alignment of p–p stacking perpendicular to the
substrate (i.e., face-on orientation) that further improves the
charge carrier transport to the respective electrodes.46,47 Studies
on the correlation between the lm morphology and the
photovoltaic performance of polymer solar cells have been
focused on conventional conjugated homopolymer-based solar
cells (e.g., poly[2-methoxy-5-(20-ethyl-hexyloxy)-1,4-phenylene
vinylene] (MEH-PPV), poly[2-methoxy-5-(30,70-dimethyloctyloxy)-
1,4-phenylene vinylene] (MDMO-PPV), and P3HT) using the
state-of-the-art characterization techniques such as trans-
mission electron microscopy (TEM), scanning electron micros-
copy (SEM), scanning tunneling microscopy (STM), Raman
3986 | Nanoscale, 2014, 6, 3984–3994
microscopy, photoconductive atomic force microscopy (p-AFM),
grazing incidence small angle X-ray scattering (GISAXS), grazing
incidence wide angle X-ray diffraction (GIWAXD), resonant so
X-ray scattering (RSoXS), and small angle neutron scattering
(SANS).48–54 To date, much progress has been made in the
understanding of the morphology-dominated device efficiency;
the photovoltaic performance of conjugated homopolymer-
based solar cells can be optimized through adjusting the
solvents used, thicknesses of the active layer, lm deposition
methods, compositions of the interfacial layer, and post-treat-
ment procedures to allow a better control over the lm
morphology.55–60

In contrast, research on LBG polymer-based solar cells is still
centered on the design of new molecular structures with suit-
able energy levels. Considering the complicated molecular
structures, the relationship between the lm morphology and
This journal is © The Royal Society of Chemistry 2014
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optoelectronic properties of LBG polymers is far less under-
stood in comparison with that of conjugated homopolymers.
Compared to the semicrystalline nature of P3HT, LBG polymers
oen possess a poor crystallinity and some of them are even
amorphous due to the large steric constrains of complex
molecular structures. The thermal- and solvent-annealing
treatments, the widely used post-treatment procedures for
conjugated homopolymer-based solar cells,61–63 appear ineffec-
tive in optimizing the lm morphology of LBG polymer-based
solar cells. Nevertheless, the use of solvent additives works
prominently in improving the photovoltaic performance of LBG
polymers.64,65 The non-covalent interactions of “push–pull”
units (e.g., aromatic p–p interaction, intramolecular chal-
cogen–chalcogen interaction, hydrogen bonding, etc.) play a
crucial role in molecular organization, lm morphology, and
ultimately optoelectronic properties of LBG polymers.66,67 This
Review Article seeks to highlight recent strategies for tuning the
molecular organization and nanoscale morphology toward an
enhanced photovoltaic performance of LBG polymer-based
solar cells. We make no attempt to thoroughly cover the litera-
ture of CP-based solar cells here but refer the reader to some
comprehensive reviews.68–71
2. Molecular engineering for
optimized morphology
2.1 Controlling the molecular weight

The kinetics of the formation of BHJ structures are such that the
degree of crystallization and polymer/fullerene microphase
separation can be controlled by several extrinsic and intrinsic
factors. The extrinsic factors are related to the lm-processing,
including the processing solvent, lm-deposition method, and
post-treatment procedure,72 and the intrinsic factors concern
the molecular properties of CPs, such as the molecular weight
(MW), conjugated length, and the solubilization of side
chains.11,73 The MW is a key factor that affects the crystallization
and phase behavior of CPs.74 A CP with highMW is preferred for
generating locally aligned molecular packing with few structure
defects,75 thereby providing long pathways for charge transport
with few trap sites,76 building better connections between
crystalline domains with few grain boundaries,77 and thus
leading to enhanced optoelectronic properties. It is worth
noting that, however, CPs with ultrahigh MW should be avoi-
ded. This can be attributed to the fact that an ultrahigh MW CP
would commonly generate a high level of structural disorder,78

poor solubility in processing solvents, and low miscibility with
donor materials.74

Due to complex molecular structures, it is oen difficult to
achieve a LBG polymer with high MW. Diketopyrrolopyrrole
(DPP) has been widely employed as a promising electron-with-
drawing unit for LBG polymers.79 The MW of the DPP-based
LBG polymer PDPPTPT (Fig. 1c) can be controlled via changing
the amount of Pd2(dba)3/PPh3 catalyst in the Suzuki polymeri-
zation of DPP and thiophene–phenylene–thiophene units.80

It has been demonstrated that for a low MW PDPPTPT (Mn ¼
10 kg mol�1), the resulting PDPPTPT-based solar cell showed a
This journal is © The Royal Society of Chemistry 2014
high Voc of 0.80 V; however, the PCE only reached 5.5% with a
relatively low Jsc of 10.8 mA cm�2.80 Through adjusting the
amount of Pd catalyst, the MW of PDPPTPT was increased toMn

¼ 72 kg mol�1, and the PCEs based on the high MW PDPPTPT
were raised to 7.4% accompanied by an increase of Jsc from
10.8 mA cm�2 to 14mA cm�2.81 As the HOMO level and bandgap
of the as-synthesized high MW PDPPTPT were comparable with
those of the low MW counterpart, the improved efficiency was
closely correlated with the appearance of ner-dispersed
PDPPTPT nanobers within the high MW PDPPTPT/PC71BM
blends.81,82 This result indicated an enhanced crystallization of
high MW PDPPTPT that intermixed with PC71BM, leading to an
improved exciton dissociation and charge transport.

In addition to the enhancement of crystallization, the
preferredmolecular orientation of LBG polymers is also affected
by MW, which is associated with the self-assembly tendency of
LBG polymers and fullerene molecules, and the intermolecular
interactions between them.74 Recently, the thiazolothiazole-
based LBG polymer PTzBT-14HD (Fig. 1d) with a series of
different MWs (Mn ¼ 13 kg mol�1, 20 kg mol�1, 33 kg mol�1,
and 73 kg mol�1) was synthesized by varying the monomer
purity using repeated recrystallizations.83 The PTzBT-14HD thin
lms exhibited an increasing trend to have the edge-on orien-
tation as the MW increased. Based on the 2D GIWXRD patterns
of PTzBT-14HD thin lms, the scattering vector q of 0.2–0.3 Å�1

on the qz axis can be attributed to the lamellar-packing
diffraction, while the vector q of 1.7 Å�1 on the qxy axis origi-
nates from the p–p stacking diffraction (Fig. 2a–d).83–85 More
intriguingly, the PTzBT-14HD/PC61BM thin lms tended to
adopt the face-on orientation when the MWs of PTzBT-14HD
increased from 13 kg mol�1 to 73 kg mol�1 (Fig. 2e–h), leading
to an increased Jsc from 6.1 mA cm�2 to 10.6 mA cm�2 and thus
an enhanced PCE from 3.1% to 5.7% as a result of the preferred
hole transport along the face-on orientation toward the anode.83

Notably, the crystallinity was slightly decreased at the very high
MW of 73 kg mol�1, which was probably induced by the
increased structural disorder or the reduced crystallization
kinetics due to extremely long polymer chains.
2.2 Extending p conjugation of backbones

The self-assembly and optoelectronic properties of LBG poly-
mers are relied strongly on the p–p interactions of conjugated
backbones.86–88 The planarity of conjugated backbones directly
impacts on the solubility, electronic levels, lm morphology,
and charge carrier mobility of CPs.89 Extending the p-conjuga-
tion length of backbones has been proposed as an effective
route to improving the optoelectronic properties of LBG poly-
mers with better p-electron delocalization.90,91 To this end, the
p-conjugation extension has been achieved by incorporating
rigid fused aromatic structures into the conjugated backbones
or reducing the steric hindrance between adjacent
backbones.92–94

A representative example is the recently reported molecular
modication of a LBG polymer, poly[(2-((2-ethylhexyl)sulfonyl)-
thieno[3,-b]thiophen-2,6-diyl)-alt-(4,8-bis(2-ethylhexyloxy)benzo-
[1,2-b:4,5-b0]dithiophene)-2,6-diyl] (PBDTTT-S), which comprises
Nanoscale, 2014, 6, 3984–3994 | 3987
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Fig. 2 (a–d) 2D grazing incidence wide angle X-ray diffraction
(GIWXRD) patterns of the PTzBT-14HD thin films with different
molecular weights. (e–h) 2D GIWXRD patterns of the PTzBT-14HD/
PC61BM blend thin films with different molecular weights of PTzBT-
14HDs.83 Adapted with permission from ref. 83, Copyright© 2012
Wiley-VCH.

Fig. 3 (a) Molecular structures of PBDTTT-S and PBDTDTTT-S-T. (b) TEM
image of the PBDTTT-S-T/PC71BM (1 : 1, w/w) blend thin film. (d) Extern
PC71BM-based solar cells.95 Adapted with permission from ref. 95, Copy

3988 | Nanoscale, 2014, 6, 3984–3994
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benzo[1,2-b:4,5-b0]dithiophene (BDT) and thieno[3,4-b]thio-
phene (TT) units. When mixing with PC71BM, PBDTTT-S
exhibited a high Voc of 0.76 V, yet a relatively low Jsc of 13.8 mA
cm�2 and a FF of 58.0%.95 The density functional theory (DFT)
calculations suggested that the large sulfonyl bond angle (i.e.,
�108�) between the BDT and TT units was unfavorable for p–p
stacking of PBDTTT-S.95 Excessive backbone twisting can
increase the optical bandgap and decrease the hole mobility of
CPs, which was probably responsible for the relatively low Jsc
and FF in PBDTTT-S.96 In order to improve the p conjugation,
thienyl units were introduced into the BDT side chain to
increase the conjugated area (i.e., both along the backbone and
the side chain). The thienyl units were also introduced between
the BDT and TT units to decrease the torsional angle and thus
reduce the steric hindrance for p–p stacking (Fig. 3a).95,97,98 The
resulting LBG polymer PBDTDTTT-S-T displayed a markedly
enhanced crystallinity, and adopted a mixed edge-on and face-
on orientation with a decreased p–p stacking distance of 3.51 Å
as compared to that of 3.88 Å in PBDTTT-S thin lms.95 More-
over, PBDTDTTT-S-T nanowires appeared in the PBDTDTTT-S-
T/PC71BM blend thin lms. These nanowires were well-mixed
with PC71BM molecules (Fig. 3b and c), leading to an increased
hole mobility from 4.56 � 10�4 cm2 V�1 s�1 (i.e., PBDTTT-
S/PC71BM) to 2.76 � 10�3 cm2 V�1 s�1 (i.e., PBDTDTTT-S-
T/PC71BM), a Jsc from 13.85mA cm�2 to 16.35 mA cm�2 and a FF
from 58.0% to 66.3%. Consequently, the highest EQE of
PBDTTT-S-T-based solar cells exceeded 70% (Fig. 3d), and the
PCE reached 7.48%.95
2.3 Varying alkyl-side chains

The introduction of alkyl side chains on CPs is primarily
expected to increase the solubility of rigid CP backbones in
organic solvents,31,99–101 thereby facilitating their solution-based
synthesis and processing. Depending on the interchain inter-
action between alkyl side chains and conjugated backbones, the
image of the PBDTTT-S/PC71BM (1 : 1.5, w/w) blend thin film. (c) TEM
al quantum efficiency (EQE) of PBDTTT-S/PC71BM- and PBDTTT-S-T/
right© 2012 Wiley-VCH.

This journal is © The Royal Society of Chemistry 2014
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solubility, self-assembly, charge intensity, energy level, and lm
morphology of CPs are varied with the incorporation of
different alkyl side chains.102–105 In principle, the alkyl side
chains should be employed as solubilizing substituents in a
manner that the p–p stacking of conjugated backbones is not
largely hindered by coil-like alkyl chains and the electronic
properties of CPs is not heavily reduced by the insulating nature
of alkyl chains.106 Moreover, the introduction of alkyl side
chains is benecial for improving the miscibility of CPs with
fullerenes within the BHJ blend lms.107 Therefore, it is of
particular importance to optimize the use of alkyl side chains,
such as the choice of branching position as well as alkyl
composition, length, topology (e.g., linear, branched) and
density. Recently, a well-organized poly(3-alkylthiophene)
(P3AT)-based BHJ nanostructure was achieved in poly-
(3-butylthiophene)-b-poly(3-hexylthiophene)/PC71BM solar cells
by tuning the ratio of butyl- and hexyl-side chains on the
conjugated thienyl backbones.108 The as-prepared ner BHJ
nanostructures were composed of (1) small P3AT crystalline
domains (i.e., �10 nm) that were comparable to the exciton
diffusion length of P3ATs, (2) microphase-separated P3AT/
PC71BM that provided large-area donor–acceptor interfaces,
and (3) interpenetrating P3AT crystalline networks for the
effective hole transport, leading to an attractive PCE of 4.02%
compared to that of �3.15% in P3HT/PC71BM blends.

For LBG polymers, the inuences of alkyl side chains on
their molecular conformation, self-assembly, energy level, and
lm morphology are more complicated than those of CP
homopolymers with relatively simple molecular structures.21,109
Fig. 4 Schematic illustration of the molecular orientation of PTzBT thin fi

permission from ref. 112, Copyright© 2013 Wiley-VCH.

This journal is © The Royal Society of Chemistry 2014
The complex molecular structures of LBG polymers offer
expanded exibility for optimizing the lm morphology and
optoelectronic properties of LBG polymers by varying the alkyl
side chains. Recently, it has been demonstrated that the linear
alkyl side chains rendered a better balance between the solu-
bility and molecular ordering than the branched alkyl side
chains in the DPP-based LBG polymer PDPP2FT (Fig. 1e).110 The
interdigitation of linear alkyl chains probably facilitated the
lamellar packing of PDPP2FT and in turn promoted the p–p

stacking of PDPP2FT backbones,106 resulting in an enhanced
PCE from �5% (i.e., branched-alkyl-substituted PDPP2FT) to
6.5%. The incorporation of linear alkyl side chains situated on
the proper positions of conjugated backbones may not only
increase the solubility but also induce an orientational trans-
formation from the edge-on to face-on orientation, leading to
an enhanced hole transport toward the anode and thus high
PCEs.111

We note that the effects of linear and branched alkyl side
chains on molecular orientation of LBG polymers have been
systematically studied in the thiophene–thiazolothiazole
copolymer PTzBT by varying the lengths of linear and branched
alkyl side chains.112 The molecular orientation of PTzBT thin
lms can be controlled by adjusting the lengths of adjacent
alkyl side chains on the backbones (i.e., R1 and R2 in Fig. 4). For
the linear-branched case (i.e., R1 ¼ linear alkyl side chains and
R2 ¼ branched alkyl side chains), a shorter linear alkyl side
chain was preferred for the face-on orientation; while in the
all-branched (i.e., R1 and R2 ¼ branched alkyl side chains) case,
a small length difference between R1 and R2 was preferred for
lms based on the different lengths of alkyl side chains.112 Adapted with

Nanoscale, 2014, 6, 3984–3994 | 3989
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Table 1 Photovoltaic properties of LBG polymer-based solar cells
based on PBDT-T-TPD and PBDT-TPD under the illumination of
AM1.5G, 100 mW cm�2. CF and DIO represent chloroform and 1,8-
diiodooctane, respectively.116 Adapted with permission from ref. 116,
Copyright© 2012 Wiley-VCH

Polymer Solvent
Jsc
[mA cm�2] Voc [V] FF [%] PCE [%]

PBDT-T8-TPD CF 5.90 0.96 38.1 2.16
PBDT-T8-TPD CF + 3% DIO 9.79 1.00 63.0 6.17
PBDT-T10-TPD CF 8.18 0.92 55.1 4.15
PBDT-T10-TPD CF + 3% DIO 8.92 0.92 55.0 4.51
PBDT-T12-TPD CF 6.69 0.96 49.0 3.14
PBDT-T12-TPD CF + 3% DIO 8.94 0.95 53.2 4.50
PBDT-TPD CF 8.63 0.85 47.5 3.48
PBDT-TPD CF + 2% DIO 10.74 0.90 49.4 4.77
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the face-on orientation.112 Hence, the intermolecular interac-
tions between the alkyl side chains and conjugated backbones
governed the molecular orientation of LBG polymer thin
lms.113,114 It is noteworthy that only the face-on orientation was
observed in the PTzBT/PC61BM blend thin lms,112 regardless of
the compositions of alkyl side chains. This suggested that the
p–p interactions between the conjugated backbones and
fullerenes dominated the molecular orientation in polymer/
fullerene blend lms.115

The intramolecular interactions between alkyl side chains
and conjugated backbones inuence the molecular co-
planarity, and in turn change the solubility, molecular orien-
tation, and lm morphology of LBG polymers. Recently, a series
of alkyl side chains (i.e., 2-ethylhexyl, decyl, dodecyl) with
different sizes and topologies were incorporated into the thienyl
side units of PBDT-T-TPD. The DFT calculations inferred that
the PBDT-T8-TPD with 2-ethylhexyl side chains held the worst
planarity, the PBDT-T12-TPD with dodecyl side chains had a
better planarity, and the PBDT-T10-TPD with decyl side chains
possessed the best planarity (Fig. 5),116 correlating well with the
PCEs of 2.16%, 3.14%, and 4.15% for PBDT-T8-TPD/PC61BM,
PBDT-T12-TPD/PC61BM, and PBDT-T10-TPD/PC61BM solar cells
without any additives, respectively. The correlation between the
polymer coplanarity and PCE signied the importance of poly-
mer coplanarity on the light absorption, charge transport, lm
morphology, and thus the photovoltaic characteristics (i.e.,
Jsc and FF). For example, the PBDT-T8-TPD with the worst
planarity displayed the lowest Jsc, FF and PCE (Table 1).116 More
interestingly, the PCE of PBDT-T8-TPD/PC61BM solar cells was
dramatically raised to 6.17% with an increased FF and Jsc aer
Fig. 5 (a) Schematic illustration of the backbone structure of pen-
tamers of PBDT-T-TPD with different alkyl side chains. The alkyl side
chains are located at the thienyl side units. (b–d) The calculated steric
arrangement of backbones for PBDT-T8-TPD, PBDT-T10-TPD and
PBDT-T12-TPD, respectively. The ellipsoids represent the approximate
shape of pentamers. Y_StDev is defined as the calculated standard
deviations of Y coordinates of each atom.116 Adapted with permission
from ref. 116, Copyright© 2013 Wiley-VCH.

3990 | Nanoscale, 2014, 6, 3984–3994
the addition of 1,8-diiodooctane (DIO) as the solvent additive,
indicating that the miscibility and intermolecular interactions
between PBDT-T8-TPD and PC61BM were greatly improved by
the solvent additive, due probably to the more exible and
soluble nature of PBDT-T8-TPD chains.116
3. Nanomorphology evolution with
solvent additives

Thermal- and solvent-annealing treatments have been recog-
nized as the most effective post-treatment procedures for
improving the efficiency of P3HT-based BHJ solar cells,117–120

which are mainly attributed to the enhanced P3HT crystalliza-
tion and better developed microphase separation between
P3HT and fullerenes.63 However, these post-treatments are no
longer effective for most LBG polymer-based solar cells. The
device degradations are usually observed with the increase in
thermal-annealing temperature or solvent-annealing time due
to the aggregation of fullerene molecules or the reduction of
p–p stacking coherence of LBG polymers.121,122However, the use
of solvent additives such as DIO, 1-chloronaphthalene (CN), and
1,8-octanedithiol (ODT) can markedly improve the BHJ
morphology of LBG polymer-based solar cells, leading to
signicantly enhanced performance.64,123,124

Although the underlying mechanism of solvent additive-
enhanced photovoltaic performance is still under investigation,
the criteria for optimizing the lm morphology of LBG polymer-
based solar cells using solvent additives are suggested as
follows: (1) the additive must have a higher boiling point than
the host solvent; (2) the additive should possess selective solu-
bility on one of the two components in the BHJ blend; (3) the
molecular order of LBG polymers may be promoted by solvent
additives; and (4) the miscibility of LBG polymer and fullerene
molecules may be improved by solvent additives.125,126 In addi-
tion, the use of binary additives (e.g., DIO–CN mixture) may
work more effectively for improving the lm morphology
through controlling the nanomorphology evolution of LBG
polymers and fullerenes.127,128 Recent advance in GIWAXD,
GISAXS, and RSoXS renders the time-resolved characterization
of nanomorphology evolution of LBG polymer-based solar cells
This journal is © The Royal Society of Chemistry 2014
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during the lm-forming process,51 which is advantageous as it
provides a better understanding of the kinetics of solvent
additive-processed BHJ nanostructure formation and offers a
rational pathway toward the optimization of LBG polymer-
based solar cells.

In contrast to the semicrystalline nature of P3HT, most LBG
polymers have very low crystallinity, and even seem amor-
phous.129,130 However, the formation of interconnected nano-
aggregates within the LBG polymer domains improves the
short-range order, which is sufficiently pervasive in the thin-
lm microstructures to provide an effective pathway for charge
transport and thus high optoelectronic properties.78 Compared
to the BHJ nanostructure of P3HT/fullerene solar cells, LBG
polymer/fullerene thin lms may possess more complex hier-
archical BHJ nanomorphology, thus imparting an enhanced
exciton dissociation, charge generation, and charge trans-
port.131 For example, a multi-length-scale hierarchical BHJ
morphology was found to exist in the photoactive layer of
PTB7/PC61BM solar cells, which contained (1) randomly
dispersed PTB7 (Fig. 1f) chains and PC61BM at the molecular
level, (2) nanocrystalline PTB7/PC61BM aggregates within
PTB7-rich and fullerene-rich domains, and (3) microphase-
separated PTB7/PC61BM domains (Fig. 6).131

The development of the multi-length-scale morphology is
largely dictated by the kinetic nature and the role of different
components during the lm-forming process. Notably, the
solubilities of LBG polymer and fullerene in the processing
solution act as the driving force for the aggregations of the LBG
polymer and fullerene at different stages of the lm-forming
process, responsible for the evolution of hierarchical
morphology of the LBG polymer/fullerene photoactive layer. For
example, for the PTB7/PC61BM blend, the host solvent chloro-
benzene (CB) is a good solvent for both PTB7 and PC61BM; the
additive DIO is a good solvent for PC61BM but a poor solvent for
PTB7. The addition of DIO promoted the aggregation of PTB7 at
the early stage of the lm-drying process while preventing the
formation of large sized PC61BM aggregates.132 This led to the
ner hierarchical morphology with improved efficiency. Similar
Fig. 6 Schematic illustration of the hierarchical BHJ morphology for
PTB7/PC61BM solar cells.131 Adapted with permission from ref. 131,
Copyright© 2011 American Chemical Society.

This journal is © The Royal Society of Chemistry 2014
additive effects on promoting the formation of multi-length-
scale morphology for enhanced exciton dissociation and charge
transport were also observed in PBDTP-DTBT/PC71CM solar
cells (Fig. 1g) using DIO as the solvent additive and in PDPP2FT/
PC61BM solar cells using CN as the solvent additive.133,134 We
note that the fundamental relationship between the solvent
additive and the nanomorphology of LBG polymer-based solar
cells is still under exploration. A comprehensive understanding
of the short-range order, the interpenetrating charge transport,
and the hierarchical structure in LBG polymer-based solar cells
is the key to yielding high performance polymer solar cells.

4. Conclusions and outlook

The past few years have been witness to rapid advances in
rational design and synthesis of “push–pull” LBG polymers with
tailored HOMO and LUMO levels for high Voc, fast charge carrier
mobility, and enhanced optical absorption, and thus signi-
cantly improved performance of polymer solar cells. The high-
est PCE of LBG polymer-based solar cells has exceeded 10%with
optimized energy levels and device architectures.37,135,136 Owing
to the complex non-covalent interchain interactions (e.g., p–p
interaction, hydrogen-bond interaction, and van der Waals
forces) of electron-donating and electron-withdrawing units,67

the chemical structure of LBG polymers impacts not only the
intrinsic optoelectronic properties, but also the lm
morphology of the resulting solar cells. Several strategies for
optimizing the lm morphology of LBG polymer-based solar
cells have been successfully employed: (1) increasing the
molecular weight of LBG polymers to provide better connec-
tions between ordered regions for efficient charge transport; (2)
extending the p–p conjugation length of backbones to facilitate
the p-electron delocalization for a smaller band gap of LBG
polymers; and (3) varying the composition, length, topology,
density, and position of alkyl side chains for ner nano-
structures. In addition to the molecular engineering, the use of
solvent additives has been proven as the most effective route to
optimizing the lm morphology. A variety of in situ character-
ization techniques (e.g., GIWAXD, GISAXS, RSoXS, etc.) have
been applied to analyze the morphology evolution of LBG
polymer-based solar cells with solvent additives, thereby
offering a better understanding on the kinetics of additive-
processed nanostructure formation.

Despite the exciting efficiency of over 10%, further explora-
tion on the molecular design, morphology optimization, and
thorough fundamental understanding of optoelectronic
behaviors of LBG polymers are still required for improved effi-
ciency and stability of polymer solar cells. This includes (1) the
design of new LBG polymers with the broadened absorption
spectra to increase the light harvesting efficiency; (2) the
investigation of the relationship between the multi-length-scale
hierarchical morphology and optoelectronic properties of LBG
polymers to provide enabling strategies for optimized polymer
solar cells; (3) the ability to tune the interfacial energy align-
ment between LBG polymer/fullerene photoactive layers and
electrodes to increase the charge collection efficiency of LBG
polymer-based solar cells; and (4) the synthesis of novel organic
Nanoscale, 2014, 6, 3984–3994 | 3991
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or inorganic semiconductors as acceptors to replace the
expensive fullerene materials; and (5) the construction of inti-
mate contact between LBG polymer donors and inorganic
acceptors to develop high efficiency organic–inorganic hybrid
solar cells.137 Nonetheless, with the progress being made in the
synthesis of LBG polymers, further understanding of molecular
organization and nanoscale morphology, device engineering
and optimization, LBG polymer-based solar cells will have a
bright and rapidly evolving future for the practical organic
photovoltaic cells with the ease of handling, high performance,
low cost, and long term stability.
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