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Conjugated polymer-based bulk heterojunction (BHJ) solar cells are widely recognized as a promising
alternative to their inorganic counterparts for achieving low-cost, roll-to-roll production of large-area
flexible lightweight photovoltaic devices. Current research in designing new polymers and optimizing
device architectures has been devoted to improving the film morphology, photovoltaic performance

and stability of polymer BHJ solar cells. Conjugated block copolymers (BCPs), including rod—coil and

rod-rod BCPs, exhibit excellent flexibility for tuning the band gap of semiconductor polymers,
regulating the molecular organization of donor (and/or acceptor) units, templating the film
morphology of active layers, and achieving well-defined BHJ architectures. In this Feature Article, we
summarize the recent developments over the past five years in the synthesis, self-assembly, and
utilization of conjugated rod—coil and all-conjugated rod-rod BCPs for solar energy conversion,
highlight the correlation between the microphase-separated morphology and photovoltaic properties in
conjugated BCPs, and finally provide an outlook on the future of BCP-based photovoltaic devices.
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1. Introduction
1.1 Conjugated polymer solar cells

Conjugated polymer-based photovoltaic devices have received
considerable attention as they offer exceptional potential for
achieving lightweight, flexible, low-cost solar cells. During the
last five years, significant advances have been made in rationally
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designing new conjugated polymers (CPs) and engineering pho-
toactive nanostructure architectures, thereby leading to
improved power conversion efficiency (PCE), which recently has
exceeded 8%.'* Polymer solar cells have relatively low PCE
compared to inorganic solar cells, for which the maximum PCE
approaches 40% for GalnP/GalnAs solar cells, 30% for Si solar
cells and 20% for copper indium gallium selenide (CIGSe) solar
cells.** However, the fabrication cost of polymer solar cells is
much lower than their inorganic counterparts, making them an
attractive low-cost alternative to inorganic solar cells, which
usually suffer from a high cost of manufacturing and installation.
Polymer solar cells carry many advantages peculiar to conju-
gated polymers.>*” Most CPs have optical absorption coefficient
larger than 10" m~', and thus a CP film with a thickness of only
100-200 nm is capable of efficiently absorbing the sunlight; this is
in sharp contrast to the 1 um thick inorganic semiconductor film
needed in inorganic-based solar cells. CPs with proper side chains
can be readily spin-coated or roll-to-roll printed through solu-
tion-based processes, thereby facilitating device fabrication. The
intrinsic flexibility of CPs renders the production of large-area
soft polymer solar cells. Achieving low-cost, high-performance
polymer solar cells requires optimization of photon absorption,
exciton diffusion, photo-induced charge transfer at the donor/
acceptor interface, and effective charge transport to the respec-
tive electrodes.>*°

1.2 Working principle of conjugated polymer solar cells

Due to the low dielectric constant of organic phases (typically
¢ = 3-4) and weak non-covalent electronic interactions between
organic molecules, photogenerated excitons (i.e., electron and
hole pairs) in polymer solar cells are strongly bound by
Coulombic force.*''> The band gap (E,) between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of the electron-donor molecule
(Fig. 1a) is insufficient to break up the Coulombic force that
binds the excitons.'*'* Instead, the excitons need to diffuse to
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Fig.1 (a) The HOMO and LUMO energy levels of donor and acceptor
molecules, where E, is the band gap of donor molecule, £y is the LUMO
energy offset between donor and acceptor molecules, and V4 is the
interface potential field arising from the energy offset between the
HOMO of donor molecules and the LUMO of acceptor molecules. (b)
Chemical structures of [6,6]-phenyl-C¢;-butyric acid methyl ester
(PCs;BM) and [6,6]-phenyl-C7;-butyric acid methyl ester (PC;,BM).
Both PCBM and PC7BM are the most commonly used electron
acceptors for polymer solar cells.

the donor/acceptor interface, where the interface potential field
(V) arising from the energy offset between the HOMO of
electron-donor molecule and the LUMO of electron-acceptor
molecule dissociates excitons into free charge carriers (ie.,
electrons and holes). Subsequently, free charge carriers trans-
port to the respective electrodes by a hopping process, driven by
the electric field between electrodes.’***'7 Fullerene and its
derivatives (e.g., [6,6]-phenyl-Cg;-butyric acid methyl ester
(PCs;BM) and [6,6]-phenyl-C;;-butyric acid methyl ester
(PC;BM); Fig. 1b) are widely recognized as the best acceptors
for polymer solar cells, due mainly to (1) high electron affinity
to organic donors; (2) high electron mobility of up to 1 cm? V-!
s7!; and (3) ultrafast photoinduced charge transfer in polymer/
fullerene blend.’® One of the grand challenges in developing
ideal electron-donor polymers is to rationally design and
synthesize CPs that simultaneously possess strong light
absorption ability, high charge mobility and suitable HOMO-
LUMO offset with the acceptors (i.e., fullerene and its deriva-
tives). Specifically, it is highly desirable to develop new CPs with
broad light absorption via narrowing the E,. One of the most
straightforward ways is to simply either raise the HOMO level
or lower the LUMO level of polymers.* However, the LUMO
level of CPs must be at least 0.3 eV higher than that of acceptors
when blending with fullerene and its derivatives in order to
ensure the downhill driving force (E4) for the energetically
favorable electron transfer.’*?!' If the HOMO level of CPs
moves upward to fulfill a reduced E, for an enhanced light
absorption, the open-circuit voltage, V., proportional to the
energy offset (V}) between the HOMO of CPs and the LUMO
of fullerenes will be reduced. Taken together, the magnitude of
E, and the position of the HOMO and LUMO Ilevels of CPs
need to be optimized.” Moreover, in order to effectively
generate photocurrent and transfer charge in polymer solar
cells, appropriate donor/acceptor interfaces and device archi-
tectures must be developed.
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Three typical device architectures of polymer solar cells have
been widely explored, i.e., single layer, bilayer, and bulk hetero-
junction as schematically illustrated in Fig. 2. The single-layer
architecture is the simplest device configuration, consisting of
a single CP layer sandwiched between two different conducting
electrodes, typically indium tin oxide (ITO) and a low work
function metal such as Al, Ca or Mg (Fig. 2a).?> The difference in
work functions establishes a built-in electric field that breaks the
symmetry, thereby providing a driving force for photogenerated
electrons and holes toward their respective electrodes.?*** But the
electric field arising from the difference of work functions is too
weak to overcome the strong tendency for recombination
between electrons and holes, resulting in low external quantum
efficiency (EQE) and PCE.** With the donor-acceptor bilayer
heterojunction confined between two conducting electrodes, the
bilayer architecture offers a planar donor/acceptor interface to
dissociate excitons through the interface potential field origi-
nated from the energy offset between the donor and acceptor
layers (Fig. 2b).>® This architecture also provides a direct
pathway for transport of free charge carriers as the electron-
donor layer is usually a p-type semiconductor (i.e., CP) for hole
transport and the electron-acceptor layer is an n-type semi-
conductor for electron transport.?® However, a film thickness of
at least 100 nm is needed for CP to efficiently absorb the incident
photons, and the exciton diffusion length in most CPs is at the 10
nm length scale. As a result, only photogenerated excitons near
the donor/acceptor interface at the 10 nm length scale can be
dissociated into free charge carriers prior to recombination and
the performance of bilayer polymer solar cells is thus greatly
limited.?”** In this context, the bulk heterojunction (BHJ)
architecture was developed to improve the PCE, in which films
containing donor and acceptor semiconductors with offset
energy levels interpenetrate at an approximately 10 nm length
scale. 303!

In a typical polymer BHJ solar cell, the device performance
depends heavily on the film morphology of the photoactive layer
(Fig. 2c). The thoroughly mixed donor and acceptor domains
introduce a large donor/acceptor interfacial area for effective
exciton dissociation, where the domain is in close dimension to
the exciton diffusion length (~10 nm) to allow excitons to
diffuse to the donor/acceptor interface to be dissociated.'® At the
same time, each phase-separated domain should form an inter-
penetrated network to promote quick transport of dissociated

| (b)]

o
0

Anode Anode

Fig. 2 Different device architectures of polymer solar cells. (a) Single
layer device; (b) bilayer device; (c) bulk heterojunction device; and (d)
ordered bulk heterojunction device. The red and blue domains corre-
spond to electron donor and electron acceptor phase, respectively.

free electrons and holes to their respective electrodes to minimize
recombination, thereby resulting in high internal quantum effi-
ciencies (IQEs), which can reach 100% in some polymer BHJ
solar cells.’®** Considerable work has been done to control the
film morphology of the photoactive layer in polymer BHJ solar
cells. Self-assembly stands out as an extremely simple, inex-
pensive route to achieving nanoscale phase separation and
forming a bicontinuous pathway for each phase.** Several
extrinsic and intrinsic factors determine the self-assembly of CPs
in the photoactive layer. The former includes all parameters
associated with the device fabrication, such as the solvent
used,**3% film thickness,?® deposition methods,?” film-aging
time,*® and precise control of the post-treatment procedures.*®
Most research on the improvement of film morphology focuses
on the optimization of these parameters, and especially on the
application of thermal annealing,*® solvent annealing,*' and
additive.** The intrinsic factors are related to the interactions
between the donor and acceptor molecules, relying mostly on
the molecular weight,*® the ratio of donor to acceptor,* crys-
tallization, and miscibility.*54¢

1.3 Conjugated block copolymer solar cells

Block copolymers (BCPs) consisting of two or more chemically
distinct chains covalently linked at one end are thermodynami-
cally driven to self-assemble into well-ordered nanostructured
morphologies, including lamellae, cylinders, and interconnected
networks, depending on the relative volume fraction of the
components. In addition, the domain size is dictated by the
molecular weight of copolymer and can be readily tailored to
coincide with the exciton diffusion length, thereby providing
a potentially optimized morphology for charge generation and
transport for use in polymer solar cells.*”** One commonly
proposed ideal morphology is depicted in Fig. 2d. Notably, most
studies on the microphase separation of BCPs have focused on
coil-coil BCPs with flexible polymer chain in each block. The
formation of ordered nanoscopic domains depends strongly on
the minimization of free energy composed of the segment-
segment interaction (i.e., enthalpy) and the stretching of polymer
chains (i.e., entropy).5! Various thermodynamically equilibrium
morphologies of coil-coil BCPs can be tuned by adjusting the
volume fraction of each block ¢, the Flory—-Huggins interaction
parameter x (reflecting the degree of incompatibility between two
blocks), and the degree of polymerization N, as shown in
Fig. 3.475258 It is worth noting that many technologically rele-
vant morphologies may be achieved when BCPs are confined in
a thin film, enabling them to be utilized for patterning and
templating the photoactive layers in organic photovoltaics.**!
BCPs directly used as photovoltaic active layers usually carry
at least one semiconductor block, i.e., conjugated polymer. The
conjugated block in BCPs is often described as the rod-like block
because it is rigid compared to the flexible coil block. In so-called
rod—coil BCPs, the rigid rod-like block complicates the phase
behavior of BCPs. The liquid crystalline interaction and the
topological disparity between the rod and coil blocks require the
introduction of two additional parameters. One is the Maier—
Saupe interaction strength, wN, characterizing the aligning
interaction between the rod blocks, and the other is the
geometrical asymmetry, », defined as the ratio between the coil

This journal is © The Royal Society of Chemistry 2011
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Fig. 3 (a) Theoretical phase diagram of a typical coil-coil block
copolymers, where L, H, Q**, Q*°, CPS, and DIS correspond to the
lamellae, hexagonally packed cylinder, body-centered sphere, double-
gyroid, closed-packed sphere, and disordered phases, respectively.
Adapted with permission from ref. 56. Copyright © 2006 American
Chemical Society. (b) Schematic illustration of various phases in (a).
Adapted with permission from ref. 57. Copyright © 2010 Elsevier Ltd.

radius of gyration and the rod length.?*$>%* Thus in rod-coil
BCPs, the equilibrium phase separation is governed by four
parameters, that is, the chain stretching, the Flory-Huggins
interaction parameter y, the Maier-Saupe interaction, and the
geometrical asymmetry, leading to completely different nano-
structures (Fig. 4) from those of coil-coil BCPs and resulting in
varied photovoltaic performances.®* Compared to widely studied
coil-coil BCPs, due primarily to the rigid nature of rod-like
blocks that complicates the synthesis and self-assembly, far less
attention has been focused on the understanding of synthetic
methods, self-assembly mechanism, and physical properties of
conjugated BCPs. Recent advances in synthetic techniques
render the rational design and synthesis of target rod-like blocks
and offer expanded flexibility for realizing high-performance
conjugated BCPs.

This Feature Article seeks to summarize the recent develop-
ments over the past five years in the synthesis, self-assembly, and
utilization of conjugated rod—coil and all-conjugated rod-rod
BCP for solar energy conversion, highlight the correlation
between the microphase-separated morphology and photovoltaic

(a) (b) i i ﬁ
i
(c) i“ (d) {l /:/ {/

nematic phase, (b) monolayer smectic A phase, (c) bilayer smectic A
phase, and (d) monolayer smectic C phase.

properties in conjugated BCPs, and finally provide an outlook on
the future of BCP-based photovoltaic devices.

2. Rod-coil block copolymers

The donor—acceptor blend in polymer BHJ solar cells exhibits
significant structural disorder due to uncontrollable phase
separation. Despite the fact that the processing conditions can be
tuned, including the choice of casting solvent, solvent evapora-
tion rate, and thermal or solvent annealing, it remains chal-
lenging to fully control the domain size and eliminate the
formation of dead ends in the blend, which lead to large excitonic
loss and charge recombination.®®* The motivation to develop rod—
coil BCPs for photovoltaic applications lies in the incorporation
of a functional semiconductor block into the equilibrium ordered
nanostructures. The extension of the 7 orbital along the semi-
conductor polymers renders them with unique optical and elec-
tronic properties, and meanwhile makes the polymer backbone
rigid to yield a rod-like configuration, thus introducing addi-
tional geometrical constraints for phase separation.®® A proper
choice of flexible coil block linked to rigid conjugated rod-like
block would mitigate such geometrical constrains, thereby
facilitating the nanoscale phase separation.®®¢” In contrast to
simple blending, chemically bonded rod—coil blocks are con-
strained by microphase separation into distinct domains, the
widths of which are close to the length of polymer chains. The
microphase separation of rod—coil BCPs provides the possibility
to create highly ordered heterojunction structures for efficient
charge generation, where the domain size is controllable by the
length of blocks (i.e., molecular weight) and, at the same time,
form bicontinuous network in each phase for effective charge
transfer.*7°

2.1 Phase behaviors of rod—coil block copolymers

In order to explore the phase behavior and self-assembly mech-
anism of rod—coil BCPs, synthesis of a BCP with well-defined
nanostructures is required. Two typical synthetic strategies for
preparing rod—coil BCPs have been developed, which are well
suited to incorporate coil components into conjugated rod-like
blocks. In the ‘grafting-from’ approach, the rod-like macro-
initiator is firstly prepared and used to initiate the living poly-
merization of coil block.”7* In the ‘grafting-to’ approach, rod
and coil blocks with complimentary functional groups are
independently synthesized and subsequently tethered together by
a coupling reaction (e.g., macrotermination, acid-base chem-
istry,” or “click” chemistry’*’%). The competition between the
Flory—Huggins interaction and Maier-Saupe interaction plays
a crucial role in the self-assembly of rod—coil BCPs.3?

Because of its high crystallinity, good electrical conductivity,
and photoluminescent properties, poly(p-phenylenevinylene)
(PPV) has attracted a great deal of attention.”®”” PPV and its
derivatives remain one of the most widely studied CPs for use in
optoelectronics.”*® Due to strong m-conjugated interactions
between the aromatic backbones, PPV can hardly dissolve in
organic solvents. A general methodology to circumvent this
problem is to incorporate alkyl side chain into the PPV backbone
or integrate soluble blocks to one end of PPV chain, which also
alters the electronic and optical properties of PPV.6%73:81-83
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Alternatively, PPV-based rod—coil BCPs can also be prepared in
which a rigid PPV block serves as an electron-donor and a flex-
ible coil block is chosen to allow for the solubility of BCPs in
organic solvents, leading to varied phase-separated morpholo-
gies. For weakly segregated BCPs, such as poly(diethylhexyl-
oxy)-p-phenylenevinylene)-b-polyisoprene (DEH-PPV-b-PI)
(Fig. 5a), order—disorder and nematic—isotropic transitions can
be accessed because of the thermodynamic compatibility of PPV
rods and PI coils. At high temperature and high volume fraction
of PI coils, DEH-PPV-b-PI exhibited an isotropic phase with the
transition to a broad nematic region followed by lamellar phases
as the temperature decreased. Furthermore, at some volume
fractions, there was a change in domain spacing, suggesting
a reorientation of rods within the lamellae.® The phase diagram
derived from the experimental observations was in qualitative
agreement with the theoretical phase diagram of weak segrega-
tion limit BCPs, showing phase transitions between lamellar,
nematic and isotropic phases.®**#* For intermediately segregated
BCPs, such as poly(diethylhexyloxy)-p-phenylenevinylene)-b-
poly(methyl methacrylate) (DEH-PPV-b-PMMA) (Fig. 5b), the
copolymer self-assembled into smectic-lamellar structures at low
coil fraction and into smectic-hexagonal structures at higher coil
fraction (Fig. 5¢), and the segregation between the rods and coils
was strong enough to allow the rods to be unaffected by the

Fig.5 (a) Chemical structure of DEH-PPV-b-PI. (b) Chemical structure
of DEH-PPV-b-PMMA. (c) Schematic illustration of possible rod
segment packing in rod-coil PPV-b-PMMA block copolymers; the
lamellar and hexagonal structures are shown on the top and bottom
panels, respectively. When the volume fraction of coil-like PMMA block
(black) is lower than 53%, the rigid rod-like DEH-PPV blocks aggregate
into lamellae. At higher coil volume fraction, the rods are organized into
hexagons. Adapted with permission from ref. 73. Copyright © 2009
American Chemical Society.

presence of a microdomain boundary.” For strongly segregated
BCPs,® their phase behavior is close to that of rod-rod BCPs,
which is largely dominated by the competition between phase
separation and crystallization of distinct rigid blocks.

2.2 Photovoltaic performance of rod—coil block copolymers

By grafting an electron-acceptor group onto the coil block in
rod—coil BCPs, the resulting rod—coil BCP possesses both the
semiconductor donor and acceptor.’*®>#7 One typical donor—
acceptor rod—coil BCP is based on DEH-PPV coupled with
a fullerene-substituted polystyrene (PS). Modified DEH-PPV
was used as macroinitiator in the controlled atom transfer radical
polymerization (ATRP) to yield DEH-PPV-h-PS with chloro-
methyl group on the PS block, followed by the addition of
fullerene to chloromethyl group through ATRP. A strong pho-
toluminescence quenching was observed, suggesting the presence
of large donor/acceptor interface between PPV-aligned crystal-
line domains and grafted fullerene molecules.”®### However, the
incorporation of fullerene into the coil block in rod—coil BCPs
considerably influenced the self-assembly of BCPs due to the
growth of fullerene nanocrystals that hindered the formation of
an ordered phase (e.g., lamella and cylinder), and the resulting
thin film nanostructures may not be optimized for high PCE
devices.” To this end, donor-bridge-acceptor type BCPs were
developed, where the addition of a flexible, large band-gap bridge
block not only retarded electron—hole recombination between
the donor and acceptor blocks, but also promoted the rigid
donor and acceptor segments to self-assemble into potential
lamellar structures for effective charge transfer. The introduction
of a bridge block significantly improved V., but the photocur-
rent was still very low, due primarily to the insulating charac-
teristic of the bridge block.3%%*%2

With recent advances made in Grignard metathesis (GRIM)
polymerization of poly(3-alkylthiophene) (P3ATs),”® P3AT-
based photovoltaic devices—in particular, poly(3-hexylth-
iophene) (P3HT)—have become the focus of research. The
quasi-living reaction of the GRIM method makes it possible and
easy to introduce a coil block possessing complementary func-
tional groups that can react with end-functionalized P3HT,
thereby providing more opportunities to tailor the self-assembly
and photovoltaic properties of P3AT-based rod—coil BCPs.**?
One of the most intensively studied P3AT-based photovoltaics is
the P3HT:PCBM BHI solar cell, in which a reproducible 3-5%
PCE has been achieved by optimizing the molecular organization
of P3HT and the film morphology of the P3HT/PCBM
blend.®* ' The design and synthesis of well-defined ‘donor—
acceptor rod—coil’ BCPs consisting of donor P3HT and acceptor
PCBM are expected to yield more preferable nanostructures (e.
g., lamellae or cylinder) than the P3HT/PCBM randomly mixed
blend.'*> Multi-step synthesis based on GRIM polymerization
and living polymerization has been demonstrated as a promising
route to P3HT-b-fullerene-based rod-coil BCPs. A typical
synthesis of P3HT-b-fullerene BCP included the following three
steps (Scheme 1):1% (1) an end-functionalized regioregular P3HT
was synthesized through GRIM polymerization; (2) methyl
methacrylate (MMA) and 2-hydroxyethyl methacrylate
(HEMA) were copolymerized by using the end-functionalized
P3HT as macroinitiator for ATRP to yield P3HT--P(MMA-r-

This journal is © The Royal Society of Chemistry 2011
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Scheme 1 Synthesis of P3HT-b-fullerene block copolymers, where
PMDETA is N,N,N',N',N"-pentamethyldiethylenetriamine, DCC is 1,3-
dicylohexylcarbodiimide, DMAP is dimethylaminopyridine, and Cgq is
fullerene. Adapted with permission from ref. 103. Copyright © 2009
Royal Society of Chemistry.

HEMA) BCP; and (3) fullerene functionalized with carboxylic
acid, [6,6]-phenyl-Cg;-butyric acid (PCBA), was then chemically
linked to the HEMA unit in PIMMA-r-HEMA) to produce
P3HT-b-fullerene BCPs. The thermally stable phase morphology
of BCP was reflected in the significantly improved high-temper-
ature stability of the performance of the resulting device that was
prepared by adding a few P3HT-b-fullerene to the P3HT/PCBM
blend, and it can be rationalized as follows: (1) the addition of
P3HT-b-fullerene may lower the interfacial tension between
P3HT and fullerene phases, leading to reduction of the size of the

Fig.6 TEM images of (a) a standard P3HT/PCBM film and (b) a P3HT/
P3HT-b-fullerene/PCBM blend film with 2.5 wt% addition of P3HT-b-
fullerene block copolymer after thermal annealing at 150 °C for 6 h. The
insets show higher magnification images. In the standard P3HT/PCBH
film, large aggregations of PCBM appeared as dark islands were formed.
While the P3HT/PCBM blend with the addition of P3HT-b-fullerene
exhibited weaker phase contrast, the PCBM rich phase contains
a considerable number of P3HT fibrillar crystals and vice versa. Adapted
with permission from ref. 104. Copyright © 2010 IOP Publishing Ltd.

P3HT/PCBM blend with uniform size distribution (Fig. 6); (2)
the kinetic effect by which the BCP can reduce the agglomeration
rate of domains, resulting in improvement of long-term stability
of device performance.'® The use of P3HT-b-fullerene rod—coil
BCP to control the interface morphology of P3HT/PCBM BHIJ
was also demonstrated in P3HT-b-polystyrene-polyacrylate with
fullerene grafted onto the polyacrylate block (i.e., P3HT-b-P
(S+A,)-fullerene), which was synthesized by a combination of
GRIM polymerization, reversible addition-fragmentation chain
transfer (RAFT) polymerization, and polymer-analogous
cycloaddition reaction.'® By adding a small amount of P3HT-b-
P(S,A,)-fullerene to the P3HT/PCBM blend, the interfacial
morphology between these two immiscible components was
altered, resulting in a noticeable difference in phase segregation
of the BHJ film. A significantly enhanced short circuit current Jy.
was obtained upon the addition of 5% P3HT-b-PSA-fullerene,
leading to an approximately 35% increase in PCE to 3.5%.

2.3 Utilization of rod—coil block copolymer templates

Rather than being utilized as photoactive materials for photo-
voltaics, rod-coil BCPs can also be exploited as structure
directors (i.e., template).’® Recently, P3HT-b-Poly(L-lactide)
(P3HT-h-PLLA) was synthesized and employed as both an
electron-donor and a structure-directing agent to pattern donor—
acceptor components into ordered nanostructures as depicted in
Fig. 7.7 The characteristic period of P3HT-b-PLLA was

P3HT-b-PLLA

CeHia

(a)

. B i .

e Pkr %

Cefa PLLA removal
m

Fig.7 (a) Chemical structure of P3HT-b-PLLA block copolymer and its
schematic representation. (b) Ordered nanoscale thin film morphology
consisting of lamellae of P3HT-5-PLLA oriented perpendicular to the
substrate. (c) Ordered P3HT donor lamellae after the removal of biode-
gradable PLLA block. (d and e) Comparison of an ordered nanoscale
morphology consisting of self-assembled P3HT donor lamellae that were
separated by Cgg acceptor in (d), and a less ordered morphology obtained
when simply blending P3HT donor homopolymer with Cg, acceptors in
(e). Adapted with permission from ref. 107. Copyright © 2009 American
Chemical Society.
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designed to be about 15 nm, comparable to the 10 nm exciton
diffusion length. The additional advantage of using P3HT-b-
PLLA was that the coil-like PLLA block is biodegradable. Thus,
upon the formation of ordered nanoscale morphology due to the
microphase separation of two incompatible P3HT and PLLA
blocks, the PLLA block can be readily removed and replenished
with fullerene derivatives or other acceptor molecules
(Fig. 7d).'*® As such, a new ordered donor—acceptor morphology
consisting of alternating donor-acceptor nanostructured
domains was formed and is expected to enhance the effectiveness
of internal processes (i.e., charge generation at the donor/
acceptor interface and charge transport in the blend film) as
compared to a less ordered BHJ morphology obtained by simply
mixing donor and acceptor molecules (Fig. 7e).

3. Rod-rod block copolymers

Although the coil block facilitates controlled and thermally
stable microphase separation, its insulating characteristic limits
the use of rod—coil BCPs in electronic and photovoltaic devices.
In this regard, recently all-conjugated rod-rod BCPs have
received much attention because of their attractive combination
of self-assembly and electronic activity.'***'> The key to devel-
oping rod-rod BCPs lies in not only tailoring their self-assembly
behavior, but also rendering two blocks with the electron donor
on one block and the electron acceptor on the other block,
forming BCPs that can be engineered to perform semiconductor
p-n junctions with well-defined nanostructures.'®* Owing to the
high persistence length of the individual conjugated block and
the extended m-electrons along the neighboring conjugated block
(i.e., intrachain),"'*!!5 all-conjugated BCPs allow for an organi-
zation of the copolymer chains into large-area ordered lamellar
nanostructures, the size of which is commensurate with the
exciton diffusion length.!'® The synthesis and self-assembly of
rod-rod BCPs that combine both intriguing nanostructures and
electronic activity provide expanded opportunities for devel-
oping high-performance polymer BHJ solar cells. However, the
rigid rod-like polymer chains make the conventional methods
used for synthesis of coil-coil and rod—coil BCPs, especially
living anionic polymerization, most often not applicable for rod—
rod BCPs.** With the development of extremely effective and
controllable GRIM polymerization of P3ATs, which was then
extended to synthesis of polyphenylenes, polyfluorenes and
polypyrroles,’'” " the GRIM chain-growth polycondensation
has become the most attractive method for synthesis of CPs and
all-conjugated rod-rod BCPs, 109119120

3.1 Rod-rod block copolymers as donor materials

Polymer BHIJ solar cells based on all-conjugated poly(3-butyl-
thiophene)-b-poly(3-octylthiophene) (P3BT-b-P30T) exhibited
PCE as high as 3.0% when blended with PC;;BM, which was
much higher than the corresponding homopolymer-based
devices.' The idea behind the molecular design of all-conju-
gated P3BT-5-P30T BCPs was to incorporate different alkyl side
chains into the rod-rod BCPs to balance and optimize the
solubility, self-assembly, and m-stacking effects of the insulating
side groups, and thus the electronic and optoelectronic proper-
ties. AFM and TEM imaging in conjunction with XRD results

showed that the P3BT-b-P3OT/PC,;;BM blend had an inter-
penetrating morphology with the size of crystalline polymer
domains of 11-18 nm. The largely improved photovoltaic effi-
ciency was due to the enhanced carrier mobility of holes in the
BHJ devices, where the P3BT block with short butyl side led to
the enhanced self-assembly of polymer chains. Recently, all-
conjugated  poly(3-butylthiophene)-b-poly(3-hexylthiophene)
(P3BT-»-P3HT) BCPs were demonstrated to experience different
kinetic pathways from the P3BT and P3HT homopolymers when
they self-assembled in the mixed solvents of anisole/chloro-
form.'* The change in the anisole/chloroform ratio exerted
a profound influence on the assembly of P3BT-b-P3HT chains,
leading to the formation of varied nanostructured morphologies.
Uniformly dispersed, high-aspect-ratio P3BT-5-P3HT nanowires
with a diameter of 8-10 nm and a length of micrometers were
readily achieved in the anisole/chloroform = 2:1 solutions.
Quite intriguingly, by increasing anisole (i.e., anisole/chloroform
= 6:1), P3BT-b-P3HT chains self-assembled into two-dimen-
sional nanorings, which were promoted by the enhanced sol-
vophobic interaction between P3BT-b-P3HT blocks and
anisole,'?® thereby minimizing the unfavorable interfacial area
per unit volume in the solution.'?*

Compared to P3AT homopolymer counterparts, better opti-
mized polymer BHJ nanostructures were then achieved in P3BT-
b-P3HT/PC;;BM solar cells by tuning the ratio of two dissimilar
blocks of P3BT and P3HT in the BCPs (Fig. 8).!2>!2¢ An
attractive PCE of 4.02% was yielded, which was a direct conse-
quence of the formation of small crystalline domains of 10.4 nm

P3BHT12,m:n=1:2
20,,00=5.8°
P3BHT11l,m:n=1:1
20)9=6.1"
P3BHT2l,m:n=2:1
20,400=6.5 °

4 6 8 10 12 14 16 18
26

—_—
=
~—

Intensity (a. u.)

a[100]
(C) c[nuu._}/blm]

it ,.- JT
T _"4"1'5

dp3BaTI2

Fig. 8 (a) Chemical structure of poly(3-butylthiophene)-b-poly(3-hex-
ylthiophene) (P3BHT) diblock copolymer. (b) XRD profiles of P3BHT
films prepared from the P3BHT o-dichlorobenzene solution. The diblock
copolymers with different lengths of alkyl side chain used in the study
were P3BHT21 (P3BT:P3HT = 2 : 1, mol/mol), P3BHT11 (P3BT:P3HT
= 1:1, mol/mol), and P3BHTI12 (P3BT:P3HT = 1: 2, mol/mol). (c)
Schematic representation of P3BHT21 (left panel), P3BHT11 (central
panel), and P3BHTI12 (right panel) lamella packing with the edge-on
orientation. P3BHT diblock copolymers with different alkyl chain
lengths tend to co-crystallize forming a crystalline lamellar by interdigi-
tating two different side chains, each with tunable interchain distance
along the (100) axis (i.e., side-chain direction).
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that is comparable to the exciton diffusion length in P3ATs, finer
phase separation on the nanoscale with a homogeneous donor—
acceptor interface to maximize the charge generation, and
percolation networks with hole mobility of 2.0 x 10~*cm?> V-'s™!
for the charge transport and collection. 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 conversion,
from rational design and synthesis of new materials to engi-
neering of high-efficiency polymer BHJ solar cells.

3.2 Rod-rod block copolymer as donor—acceptor materials

Compared to the donor-acceptor rod—coil BCPs, the use of
donor-acceptor all-conjugated rod-rod BCPs is advantageous as
the charge carrier mobility is increased.>® In donor-acceptor all-
conjugated rod-rod BCP, one rod block acts as electron-donor
while the other functions as electron-acceptor. Perylene diimide
and its derivatives are known as good electron-acceptor mate-
rials with high electron mobility of up to 2.1 cm? V! g~1,127-129
Several methods based on a combination of GRIM polymeri-
zation and living radical polymerization have been exploited
to synthesize poly(3-hexylthiophene)-b-poly(perylene diimide
acrylate) (P3HT-b-PPDA) donor—acceptor all-conjugated BCPs.
Remarkable differences in PCEs were observed in P3HT-b-
PPDA synthesized and fabricated into solar cells under different
processes. The P3HT-b-PPDA synthesized by combining GRIM
polymerization and click reaction showed PCEs up to 0.03%.'%°
In a different synthetic approach involving GRIM polymeriza-
tion and subsequent nitroxide mediated radical polymerization
(NMRP), vinyl-terminated P3HT was synthesized by GRIM
polymerization and converted to alkoxyamine macroinitiator,
which was then used in the controlled NMRP of PDA.**! Inte-
grating P3HT and the perylene units into a BCP structure limited
the nanoscale phase separation between the donor and acceptor
blocks, which was responsible for a higher PCE of 0.49% in
P3HT-b-PPDA BCPs than that of 0.18% in donor/acceptor
blends.’** The molecular weight of P3HT-b-PPDA was also
found to influence the photovoltaic performance. The devices
made from P3HT-5-PPDA with higher molecular weight (M,
psut = 17 kg mol™', PPDA = 55 wt%) exhibited 20-fold
improvement in PCEs compared to that of lower molecular
weight used (M, p3ur = 9 kg mol™', PPDA = 55 wt%)."** One of
the best working examples of all-conjugated donor—acceptor
BCPs is a fullerene-attached all-conjugated polythiophene BCP
with a well-defined structure, which has an advantage of
controlling the film morphology and improving the morpho-
logical stability of the film, resulting in a PCE near 2%."3*

4. Conclusions and outlook

Rapid advances have been witnessed in improving photovoltaic
performance of polymer solar cells over the past five years.
Current research efforts are directed toward elucidating photo-
physical phenomena (i.e., exciton generation, diffusion and
dissociation as well as charge transport and collection) and
mechanisms responsible for the enhanced performance. The ideal
semiconductor polymers for use as promising photovoltaic
materials should fulfill several requirements: (1) a band gap (E;)

between 1.30 and 1.90 eV to expand the spectral absorption
domain and more efficiently harvest the photon flux spectrum of
sunlight; (2) a well-matched energy offset between the HOMO of
donor and the LUMO of acceptor to maximize V. (3) a high
donor—acceptor interfacial area to facilitate exciton dissociation;
(4) a bicontinuous network with domain width twice the exciton
diffusion length to optimize the charge generation and trans-
port.>"® Compared to homopolymers, BCPs are of particular
interest for photovoltaic applications because of their superior
self-assembly characteristic and improved control over nanoscale
morphology. Recent development in synthesis techniques, in
particular, GRIM polymerization, have rendered rational
molecular design and synthesis of a wide variety of rod—coil and
rod-rod BCPs, opening numerous opportunities for producing
nanostructured functional BCP-based BHJ solar cells.

Future development of BCP-based solar cells will center on
simultaneous optimization of the photophysical structure (i.e.,
the HOMO-LUMO level of BCP), molecular organization, and
film morphology to achieve high-performance photovoltaic
devices. To this end, the first approach is to craft ordered poly-
mer BHJ nanostructures through fine tuning the chemical
composition of each block, the block length (i.e., molecular
weight), and the block ratio. The ability to control the Flory—
Huggins interaction, the Maier—Saupe interaction and the
geometrical asymmetry in rod—coil BCPs would afford a poten-
tially viable route to ideal nanostructures for solar energy
conversion. One may even extend the use of rod—coil or rod-rod
BCPs in which one block can be selectively removed to yield the
structure director for assembling ordered donor/acceptor inter-
face. A pioneering work has been demonstrated by capitalizing
on P3HT-b-PLLA BCPs,'” where the PLLA block was easily
degraded, leaving behind regular layered P3HT nanodomains.
Subsequently, the inter-space between adjacent domains was
impregnated with fullerenes to attain well-defined P3HT-
fullerene layered nanostructures, thereby meeting all require-
ments of the formation of a bicontinuous network, small domain
size and large donor/acceptor interface for high-efficiency solar
cells. The second approach is the incorporation of electronically
active molecules (e.g., CPs and fullerenes) into rod or coil blocks
to obtain functionalized donor-acceptor rod—coil or rod-rod
BCPs, which therefore provide the expanded possibility to
confine electronically active groups in geometrically well-defined
nanostructures, promoting charge generation and transport.*® A
variation of electronic properties by altering the block length and
type of electronic group is also feasible in rod—coil and rod-rod
BCPs.'* The third approach is to lower the band gap of CPs by
combining two co-monomers, one being an electron-rich (i.e.,
fluorine, carbazole, dibenzosilole, benzodithiophene) and the
other being an electron-deficient moiety (i.e., benzodiathiazole,
diketopyrrolopyrrole).'*® Recently, a wide range of such push—
pull alternating copolymers have been synthesized with band
gaps ranging from 1.0 to 1.9 eV, HOMO energy levels lower than
—5.20 ev, and PCEs exceeding over 7%. The push—pull copoly-
mers also possess all-conjugated molecular structures. Their
phase behavior and self-assembly depend largely on the choice of
conjugated backbones and soluble side chains.® An extensive
study on the relationship between molecular packing, crystal-
linity, film morphology and influence on charge generation and
transfer in push-pull copolymers is emerging as a bright,
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promising direction for designing new polymer solar cells with
PCE approaching 10%.
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