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Abstract

Polymer solar cell (PSC) technology has continued to be developed, and the power conversion
efficiency (PCE) has now exceeded 10%. The rapid improvement of PCEs in the last decade has
mainly resulted from versatile synthetic efforts for conjugated polymers as electron-donors and
fullerene derivatives as electron-acceptors. This Feature Article highlights recent exploration of
unique, attractive building blocks, i.e., quinoidal units, phospholes, porphyrins, and fluorinated
aromatic rings, which can be incorporated into low bandgap conjugated polymers. As candidates for
the  next-generation acceptor materials that replace the benchmark acceptor,
[6,6]-phenyl-C,,-butyric acid methyl ester ([60]PCBM), fullerene bisadduct regioisomers are also
overviewed. Furthermore, we summarized recent attempts for the construction of one-dimensionally
confined, organic donor—acceptor heterojunction nanorods and their applications to photovoltaic
and optoelectronic devices. The topics in this article are not intended to cover an exhaustive list of
PSC researches, but involve the fundamental aspect to stimulate further studies for getting new

insights into structure—property relationship in PSC devices.
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1. Introduction

Conversion of unlimited solar radiation into electricity has emerged as a highly promising solution
for world increasing energy demands. Polymer solar cells (PSCs) have attracted a tremendous
amount of research activity in the academic and industrial communities because of their potential
advantages including low cost, light weight, and fast, economical roll-to-roll production compared
to the currently market dominant crystalline silicon solar cells.'” So far the most successful PSC
devices to date are based on a bulk heterojunction (BHJ) structure, which typically has an
interpenetrating bicontinuous network comprising of electron-donating conjugated polymers and
electron-accepting fullerene derivatives.*® The device structure of PSCs typically involves a
photoactive layer with the BHJ structure sandwiched between an ITO bottom anode modified by
poly(ethylene dioxythiophene) doped with polystyrene sulfonic acid (PEDOT:PSS) and a low-work
function metal cathode such as Al to collect holes and electrons, respectively (Fig. 1). Calcium and
titanium oxides have frequently been employed as an electron-transporting layer between the
photoactive layer and Al electrode.” Recently, PSC devices with an inverted device structure, using
an ITO bottom cathode and a high-work function metal anode, have also intensively been
investigated owing to the long-term ambient stability (Fig. 1).*'* Careful choice of buffer layers
between the photoactive layer and cathode/anode has improved power conversion efficiencies
(PCEs) of the inverted devices, which become comparable with those of the conventional

devices.!''?

Fig. 1

In PSC devices, the conversion of light-energy to electricity generally involves the following

fundamental steps: 1) absorbing incident photons by the polymers or fullerene derivatives to form
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excitons, 2) diffusion of the excitons to an interface of the polymer and fullerene, 3) dissociation of
the excitons to form holes in the polymer and electrons in the fullerene derivative, 4) transportation
of the separated charges toward the respective electrodes, and 5) charge collection at the electrodes.
Note that three photovoltaic parameters determine the PCE of a solar cell device: short-circuit
current density (Jy-), open-circuit voltage (V,c), and fill factor (FF). The PCE is equal to the
product of these parameters divided by the input power. The J. value of a solar cell depends on the
efficiencies corresponding to the above 5 steps, and V. is mainly proportional to the energy level
difference between HOMO of the electron-donor and LUMO of the electron-acceptor.'®'” FF is
related to series resistance (R,) and shunt resistance (R ); lower R, and higher R lead to high
FF.'>"

The maximum PCE of PSCs has increased recently to over 8% in single BHJ PSCs appeared in
scientific literatures.'**"* However, the necessity of over 15% PCE has been recognized for
future commercialization. Therefore, state-of-the-art studies on PSCs still mainly lie on increasing
the PCE. A lot of efforts have been paid to design and synthesize highly efficient photovoltaic

203 and fullerene acceptor materials.”’ Indeed, the rapid improvement

conjugated polymer donor
of the PCE:s in the last decade has mainly resulted from versatile synthetic efforts for fine-tuning the
electronic properties of the polymer donors. The ideal photovoltaic materials should have broad and
intense absorption in visible and near-infrared region to harvest solar light efficiently for achieving
high Jy. as well as suitable energy levels of HOMO and LUMO to facilitate the exciton dissociation
at the polymer—fullerene interface with retaining the high V,..'"""” These requirements are not
independent of each other, i.e., raising the HOMO and/or lowering the LUMO lead to the smaller
HOMO-LUMO bandgap, but the smaller V. stemming from the higher HOMO level of the

polymer and/or the lower LUMO level of the fullerene. Therefore, it is essential to balance the

conflicting parameters when modulating the electronic structure of the polymer for the high
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photovoltaic performance. In addition, pivotal is optimizing morphology of the polymer—fullerene
blend active layer with nano-sized phase separation of the interpenetrating network for achieving
the high PCE.”** Together with excellent charge separation (CS) and transport properties of
fullerenes and fullerene derivatives due to their small reorganization energies of electron transfer
(ET),”*" such nano-sized bicontinuous structure can promote exciton diffusion to the
polymer—fullerene interface for efficient CS and subsequent favorable transport of the
photogenerated charges, eventually maximizing the V., Jsc and FF. High charge carrier mobilities,
i.e., hole mobility in conjugated polymers and electron mobility in fullerene derivatives, can also
enhance the charge-transport efficiency of the blend film to improve the photovoltaic parameters.
Thus, besides the fine-tuned electronic structure, control of solubility and crystallinity of
photovoltaic materials are of extreme importance to optimize the phase separation process.
Collateral methodologies such as utilization of additives* and thermal or solvent annealing” have
been developed.

In response to the rapid growth in PSC devices, excellent reviews have been dedicated to the

26-30 33-35

design of conjugated polymers and fullerene derivatives as well as morphology control of
their blend films*** and utilization of nanostructured materials.**® In this Feature Article, rather
than listing highly efficient conjugated polymers and fullerenes for PSC applications, we will
concentrate on recent exploration of unique, attractive building blocks for photovoltaic polymers
and fullerene derivatives. Because of the page limitations, our examples of quinoidal units,
phospholes, porphyrins, and fluorinated aromatic rings as well as fullerene bisadduct regioisomers
are presented together with related representative work. Furthermore, we will introduce
optoelectronic devices of one-dimensional (1D) organic donor—acceptor (D—A) nanostructures that

can provide the platform to examine the optoelectronic properties of organic semiconductors at

nanoscale. This article is by no means a comprehensive review of PSC researches, but our emphasis
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lies on how unprecedented electronic and nano-sized structures of the organic semiconductors

influence their photovoltaic and photoelectric properties.

2. Conjugated Polymer Materials

To absorb the sunlight efficiently, researchers have explored low bandgap conjugated polymers. It
has been shown that construction of the low bandgap polymers is attainable by the following
approaches: (1) enlargement of the s systems using fused aromatic rings, (2) construction of D—A
alternating backbones with an electron-rich donor and an electron-deficient acceptor units, (3)
stabilization of the quinoid resonance structure, and (4) attachment of strong electron-withdrawing
substituents. By using or combining these approaches, hundreds of conjugated polymers have been
prepared in the last decade in pursuit of ideal materials for PSC applications.”** Especially, an
appropriate choice and combination of D—A units with fused ring structures enables fine-tuning of
the HOMO-LUMO energy levels and their bandgaps to maximize the PCE in BHJ solar cells.
Almost all of conjugated polymers for PSCs with the high PCE reported so far possess the D—-A

structures of fused rings based on the approaches (1) and (2).

2-1. Quinoid Polymers

2-1-1. Quinoid Homopolymers

In this section, we put emphasis on conjugated polymers based on the above-mentioned approach
(3); utilization of quinoidal units. Generally, conjugated polymers are expressed in either an
aromatic form with single carbon bonds or a quinoid form with double bonds between the monomer
units. In most cases the aromatic form is more stable than the quinoid one, but one can stabilize the
quinoid resonance form by fusing other aromatic units to the main-chain aromatic ones. Conjugated

polymers with the quinoidal character would possess reduced bond length alternation and efficient
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electron-delocalization along the backbone, thereby narrowing the bandgap.

One of well-known quinoidal polymers is poly(isothianaphthene) (PITN) (Fig. 2).** This
polymer is of historic significance because it is the first example of “low bandgap” polymers. The
ITN monomer has a bicyclic structure comprised of a phenyl ring fused to the C;—C, bond of
thiophene, resulting in competing aromaticity between the two rings. It has been calculated that the
quinoidal form of PITN is lower in energy by 2.4 kcal mol™' than the aromatic one, as a result of
larger aromatic stabilization energy of benzene than thiophene.” This energy difference imparts
significant quinoidal character to the structure of PITN, making the bandgap of PITN as low as 1.0
eV.* Poly(thieno[3 4-b]pyrazine)™ and poly(thieno[3,4-b]thiophene)’" (Fig. 2) are also known to
favor the quinoid structure with narrow bandgaps of 0.95 eV and 0.8 — 0.9 eV, respectively. The
major drawbacks of these homopolymers are low molecular weights, poor film-forming properties,
and high-lying HOMO energy levels.”* Therefore, applications of the simple homopolymers to
PSC devices have not been addressed. However, engineering the substituents on these units together
with a combination with other donor or acceptor units is expected to attain the excellent solubility
and the lowering of the HOMO energy levels, making the quinoid-inducing units fascinating for
PSC applications. In fact, Yu and coworkers have developed a series of conjugated polymers
comprised of thieno[3.4-b]thiophene (TT) with electron-withdrawing fluorine and carbonyl
substituents and electron-rich benzo[1,2-b:4,5-b’|dithiophene (BDT).”>** These TT-based polymers
have a relatively low bandgap of ca. 1.6 eV and a HOMO level of —=5.2 eV. Noteworthy, this series
of polymers have set the milestones of 7-9% PCEs,*"*******% and thus a number of the review
articles have appeared.”® > As described below, we present a different class of the ITN-containing
quinoidal D—A polymers. Namely, an intrinsic quinoidal unit such as thienoquinodimethane is

applied to D—A conjugated polymers for BHJ PSCs.
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Fig. 2

2-1-2. Isothianaphthene as a Donor Unit

Sariciftci and coworkers reported the PSC applications of ITN-containing polymers prepared by
chemical oxidative polymerization in 2001.°°" Then, Frisbie and coworkers presented the first
example for the synthesis of ITN-based D—A polymers and their PSC application in 2009.” Stille
coupling reaction between 1,3-bis(trimethylstannyl)isothianaphthene® and
bis(iodothienyl)benzothiadiazole yielded polymer P1 (Fig. 3) with a number-average molecular
weight (M,) of 5700. The ITN-benzothiadiazole (BTD) alternating polymer P1 showed a relatively
small optical bandgap of 1.55 eV, arising from the quinoidal D—A alternating structure. A BHJ PSC
device with a benchmark fullerene derivative, [6,6]-phenyl-C¢,-butyric acid methyl ester
([60]JPCBM), gave a Jq. of 3.4 mA cm™, a Vo of 0.83 V, and a FF of 0.32, affording a PCE of
0.90% (Table 1) under standard AM1.5 conditions. This result demonstrated the possibility of ITN
as the electron-rich unit in D—A polymers, but the PCE value was inferior to those of other
BTD-based polymers.”* The authors attributed the low PCE value to the insufficient charge
mobilities.”> One of the plausible reasons for vitiating the mobilities and resultant device
performances is the instability of the ITN monomers owing to its high reactivity at the 1- and
3-positions, which would lead to the low molecular weight and considerable defect structures in the

resulting polymers.

Fig. 3 and Table 1

A potential strategy to overcome the instability of the ITN monomers is the synthesis of

precursor polymers from the corresponding stable monomers and the conversion of the precursors
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to the desirable ITN-containing polymers by external stimuli such as heat and light after the film
formation using spin-coating. Ono et al. reported the synthesis of ITN oligomers (i.e., monomer to
trimer) via bicyclo[2.2.2]octadiene (BCOD)-fused thiophene, which can be converted to the ITN
structure by thermally induced retro-Diels—Alder reaction.”*® We applied the thermal conversion
method”” to D—-A alternating conjugated polymers, that is, the synthesis of novel conjugated
polymers P2 containing ITN dimer structure as a donor and thiazolothiazole unit (TT) as an
acceptor in the backbone (Fig. 3).”® Thiazolothiazole bearing two alkylthiophene units was chosen
as an acceptor unit because it has strong electron-withdrawing character, rigid coplanar structure,
and sufficient solubility. First, a soluble precursor polymer P-P2 with an alternating main chain
structure of BCOD-fused thiophene dimer and BDT was synthesized by palladium(0)-catalyzed
Stille coupling reaction. The M, value of P-P2 was as high as 10000. The BCOD moiety underwent
the retro-Diels—Alder reaction by the thermal treatment of a red P-P2 film to afford a dark blue P2
film that was insoluble in any organic solvents (Scheme 1). The optical bandgap of P2 (1.3 eV)
became significantly narrow compared to that of P-P2 (2.1 eV) as a result of the stabilized quinoid
resonance structure of the P2 main chain.” The field-effect hole mobility (u,) of P2 was determined
to be 2.2 x 107 cm® V™' s7' with an on—off ratio (I /I ;) of 2.5 x 10%, whereas the corresponding
P-P2-based device did not show any p- and n-type response. PSC devices were fabricated based on
a BHIJ film of the polymers and [60]PCBM. The device with the P2:[60]PCBM film exhibited a
PCE of 0.29% (Joc =2.41 mA cm™>, V. =042 V, FF =0.29) (Table 1). The photoresponse of the
P2:[60]PCBM-based device ranges widely from 400 nm to 900 nm in the incident
photon-to-current efficiency (IPCE) spectrum, reflecting the broad absorption band of P2.%
However, the device performances are still unsatisfactory. To take full advantage of the broad
absorption of the low bandgap polymers containing thermally induced ITN structures for

high-performance photovoltaic devices, it would be essential to optimize the molecular alignment in
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the composite films with [60]JPCBM, which could be modulated by altering the side-chain

structures and annealing conditions.

Scheme 1

Recently, Anandan et al. developed a D—A alternating copolymer P3 containing ITN as a donor
unit and 1,4-bis-(cyano-2-thienylvinylene)phenylene as an acceptor unit by chemical oxidative
polymerization (Fig. 3).” Despite success in obtaining the high molecular weight polymer (M, =
398000), a PCE of the PSC device with P3 and [60]PCBM remained moderate (1.98%, Table 1).
The relatively wide bandgap (1.86 €V) and the phase separation into large domains of 30 — 110 nm

resulted in the moderate Jg. value (4.89 mA cm™).

2-1-3. Isothianaphthene as an Acceptor Unit

In the series of TT-BDT alternating polymer with excellent photovoltaic properties,”™
electron-withdrawing carbonyl and fluorine have been introduced to the TT unit, rendering TT an
electron deficient unit (vide infra). The electron-withdrawing substituents can also stabilize the
quinoidal monomer for diminishing the instability. Inspired by these pioneering works, several
groups have developed acceptor units based on ITN with electron-withdrawing groups.””* Fréchet
et al.” and Chen et al.”' independently reported conjugated polymers P4a and P4b composed of
BTD and ITN bearing two electron-withdrawing ester groups (Fig. 3). Both polymers have
relatively high molecular weights (M, > 20000) and low bandgaps (1.5 — 1.6 eV). PSCs based on
these polymers as donors and [60]PCBM as acceptor exhibited PCEs of 2.74% for P4a and 1.25%

for P4b (Table 1). The theoretical calculations of P4b suggested that a small dihedral angle between

the adjacent BTD and ITN units would result in a planar conjugated backbone, leading to the higher
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charge mobility and resulting higher PCE.”" The less hindered methyl ester group in P4a may be
responsible for the higher PCE than P4b with the more hindered ethyl ester.

An example of the successful acceptor unit in combination with BDT for the PSC applications is
5-alkyl-thieno[3 4-c]pyrrole-4,6-dione (TPD).”” The optical bandgap for these systems was
reported as ca. 1.8 eV, with a HOMO level of —5.4 eV and optimized PCEs exceeding 8%.**
Noteworthy is that bandgaps of the TPD-BDT-based polymers are relatively large, suggesting room
for further optimization. ITN analogues of the TPD unit, ie.,
5-alkyl-thieno[3 4-flisoindole-5,7-dione (TID)"® are candidates with a strong electron-accepting
ability, similar to TPD, but the quinoid resonance structure is also stabilized. Three different
research groups independently developed D—A alternating polymers PS and P6 consisting of the
BDT and TID units (Fig. 3),”*"** which exhibited narrow bandgaps of 1.4 — 1.6 eV. PCE values of
2 — 3% were obtained for the PSC devices with the PS:[60]PCBM or P6:[60]PCBM layer (Table 1),
which are the best performances for the ITN-based PSCs. However, despite the optimal bandgaps,
the PCEs decreased compared to their TPD-containing analogues.”® Braunecker ascribed the inferior
device performance to the molecular planarity, because computational modeling suggests the TID
copolymers possess a twisted backbone that is similar to polymers containing the ITN unit with two
ester groups, whereas the TPD copolymers are considerably more planar and form partially ordered
domains.®’ To improve the device performance, it may be necessary to build up more planar
structures of ITN-based polymers, e.g., introduction of less-hindered fluorine as an electron

withdrawing substituent and insertion of ethynylene bridges next to the ITN unit.

2-1-4. Thienoquinodimethane as a Donor Unit
Following the synthesis of PITN, from which low bandgap polymers are originated,

poly(arylene-methine)s (PAMs) combining heteroquinodimethane and heteroaromatic units in the
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main chain were prepared through the acid-catalyzed polycondensation reactions between
heteroaromatic compounds and aldehydes and subsequent oxidations.**” Although this approach
yielded poly((oligo)thienylene-methine)s,** poly(ITN-methine)s,”” and poly(pyrrolylene-methine)s*
with a low bandgap of ca. 1.2 eV, these polymers suffered from irregularly linked heteroaromatic
units and contamination of residual oxidants. In addition, the number-average molecular weights
were found to be typically less than 5000. Accordingly, PAMs have yet to be applied to optical and
electrical devices such as PSCs and organic field-effect transistors. Meanwhile, Jenekhe and Chen
presented the synthesis of quinoid thiophene oligomers (i.e., monomer to trimer) as model
compounds of PAMs.*” These compounds exhibited efficient m-electron delocalization with
absorption maxima of 480—676 nm. Moreover, the bandgap and ionization potential decreased with
increasing the length of the quinoid oligomer.*” Therefore, these electron-rich quinoidal thiophene
units can be regarded as highly promising building blocks for D-A conjugated polymers with a
tunable bandgap and HOMO level.

Recently, we synthesized a non-fused ring building block of an electron-rich quinoid structure,
2,5-thienoquinodimethane to incorporate it into DA type low bandgap polymers for the first time.*
Specifically, 2,5-thienoquinodimethane P7a and P7b  with  4-(fert-butyl)phenyl or
4-(octyloxy)phenyl side chain as a solubilizing group was copolymerized with an electron-deficient
diketopyrrolopyrrole (DPP) subunit (Fig. 3). Note here that we used mixtures of E.E, E,.Z, Z,Z
isomers of the thienoquinodimethane monomers due to the difficulty in separation. The obtained
polymer films exhibited broad and intense absorption bands in the region of 400-1000 nm.
Photovoltaic devices with active layers consisting of P7a or P7b with [6,6]-phenyl-C;,-butyric acid
methyl ester ([70]PCBM) revealed a broad photoresponse covering from 400 nm to 1000 nm. In
contrast, the PCE values were found to be moderate (PCE = 1.44%, Jo. = 6.58 mA cm™, V. = 0.53

V, and FF = 0.42 for P7a; PCE = 0.96%, Jo- = 5.58 mA cm™, V. =045 V, and FF = 0.41 for P7b,
12
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Table 1) under the illumination of AM1.5G, 100 mW c¢m™.* The V. values are inferior to those of
the devices consisting of other DPP-based conjugated polymers,” reflecting the shallow HOMO
levels (=5.2 eV for P7a and —4.9 eV for P7b) because of the strong electron-donating character of
the 2,5-thienoquinodimethane units. The superior PCE value of the P7a:[70]PCBM-based device
relative to the P7b:[70]JPCBM-based one can be rationalized by the more favorable phase-separated
nanostructure in the active layer as well as the higher crystallinity of P7a than P7b. Although these
PCE values are lower than those on the state-of-the-art PSC devices, these results corroborate the
“true” quinoid structures can function as a building block of D-A conjugated polymers. This
approach is versatile for the creation of novel low bandgap polymers as well as the utilization of the

fused-ring structures.

2-2. Phosphole Polymer

Despite the diversity of elements in the periodic table, majority of conjugated polymers for PSC
applications are characterized by the backbones that only contain carbon in combination with sulfur,
nitrogen, and oxygen. Under such circumstance, a material design approach that has generated
much attention in recent years is the incorporation of other heteroatoms in the polymer backbone.
Non-fused and fused heterocycles partially substituted with larger heteroatoms such as silicon,
germanium, and selenium are anticipated to have several advantages over conventional monomer
units composed of C, S, N, and O. For instance, the reduced aromaticity of selenophene, compared
to thiophene, increases the ground-state quinoid resonance character of its polymers, resulting in
improved planarity, increased effective conjugation length, and facilitated interchain charge
hopping.”””" Besides, conjugated polymers containing bithiophene systems fused by Si and Ge
showed enhanced solid-state ordering and also improved charge transport in comparison with the

carbon-fused analogues.””” Therefore, these polymers revealed, albeit not always,” higher PCE
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values than the thiophene or carbon-fused counterparts.

Among the various heterocycles, phosphole has a unique feature; the LUMO level is influenced
by hyperconjugative interactions, and can be lowered significantly by variation of the phosphorus
substituent.”” In this regard, thiophene—phosphole-based D—A-type copolymers, in which the
phosphole acts as an acceptor unit, are attractive low bandgap conjugated polymers for the use in
PSCs. To date, several kinds of phosphole-containing m-conjugated polymers have been
reported,”” but they had never been applied to PSC active layers. Recently, we have reported the
first example of thiophene—phosphole-based D-A-type copolymers for BHJ PSCs.'” Namely, two
kinds of phosphole- and BDT-based copolymers P8a and P8b bearing P'=0 and P'=NSO,CH,,,
respectively, were prepared by Pd—Cul-promoted Stille coupling reactions (Fig. 4). The optical
HOMO-LUMO gaps of P8a and P8b determined from their absorption onsets in films were found
to be 1.73 and 1.69 eV, respectively. The HOMO levels obtained by photoemission yield
spectroscopy were —5.65 for P8a and —5.32 eV for P8b, which are lower than those of the TT and
BDT-based polymers (ca. —=5.2 €V).” These results suggested that the incorporation of the
phosphole subunits is effective for lowering the HOMO levels of the D—A copolymers. On the other
hand, PSC device performances differed significantly depending on the P=E functions (E = O,
NSO,C¢H,,).'” The device with the P8b:[70]PCBM active layer showed a higher PCE of 0.65%
(Jsc =2.6 mA cm™, Voo = 0.63 V, FF = 0.40) than that with P8a:[70]JPCBM (PCE = 0.07%, Jy =
0.45 mA cm™, V. = 0.45 V, FF = 0.35). Presumably, the P8b & network is more densely packed
and transports the charge carriers more effectively than the P8a st network owing to the less steric
congestion around the phosphorus core of P8b. This implies that the PV substituents make a large
impact on the charge-generation efficiency and/or charge-carrier transports in the blend films. The
preliminary PCE value of 0.65% as well as the other photovoltaic parameters is still low compared

26-30

to the previously reported PCE values for PSC devices with BDT-based D—-A copolymers.
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Nevertheless, these results exemplify for the first time that the phosphole subunits can behave as

key components in the D-A copolymers for PSC.

Fig. 4

2-3. Porphyrin Polymer

In a quest for monomer units that may provide major PCE breakthroughs, the utilization of highly
light-absorbing chromophore units with unique optical and electronic properties is also an
enchanting approach. Among various chromophores, porphyrins and their derivatives have attracted
considerable attention for many years, preliminarily because of their importance in biological
systems.'”’ In most of natural photosynthetic cores of plants, solar energy is absorbed by
chromophores based on porphyrin framework and the absorbed solar energy is converted efficiently
to chemical energy. Porphyrins consist of an extensively conjugated planar mt-system which renders
them suitable for light-harvesting and efficient ET because the uptake or release of electrons results
in minimal structural change.'"” Typical porphyrins exhibit an extensive optical absorption in the
visible region, i.e., intense Soret band at 410 — 430 nm and moderate Q bands at 500 — 650 nm.
Their electrochemical and photophysical properties can be tuned easily via synthetic modifications
at the macrocycle peripheral positions and by metal insertion into the central cavity. These
remarkable physical and chemical properties make porphyrins suitable for light-absorbing dyes in
dye-sensitized solar cells (DSCs).'"”"'* In fact, porphyrins have been proven to be one of the most
promising materials for highly efficient DSCs yielding a record PCE of 12.3% for DSCs.'” In view
of these captivating properties, porphyrin frameworks have also been employed in PSC
106-113

devices.

The first example of the synthesis and PSC applications of conjugated polymers with porphyrins
15
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as a unit of the main chain was reported by Bo and coworkers in 2008.'” Soluble conjugated
alternating porphyrin-dithienothiophene copolymers P9a and P9b with direct and triple-bond
linkage (Fig. 5) were synthesized by palladium(0)-catalyzed Stille and Sonagashira coupling
reactions, respectively. It is noteworthy that both porphyrin and dithienothiophene units in the
polymer main chain are electron-rich donor monomer units, and thus P9a and P9b are not D-A
alternating copolymers. The absorption spectrum of P9a in thin film exhibits a sharp Soret band at
450 nm and two weak Q-bands at 560—620 nm, while P9b does a sharp Soret band at 491 nm and a
strong Q-band at 760 nm. In polymer P9b, the triple-bond linker between the porphyrin and
dithienothiophene units reduces the steric hindrance and, therefore, may promote coplanarity and
extended sm-conjugation. Consistently, the PSC device with the P9b:[60]PCBM active layer showed
a higher Jg. (1.52 mA ¢cm™) and thereby enhanced the photovoltaic parameters (PCE = 0.30%, V.
=0.58 V, FF = 0.34) compared to those with P9b:[60]PCBM (Js. = 0.45 mA cm™?, PCE = 0.06%,

Voe =0.45 V, FF =0.29) under the same condition.'"

Fig. 5

On the other hand, we investigated the effects of the heterole bridges (i.e., furan vs. thiophene) in
porphyrin polymers on their PSC performances as well as optical, electrochemical, and
photophysical properties.'”” Conjugated polymers P10a and P10b with alternating main chain
structures of zinc porphyrin-furan and zinc porphyrin-thiophene were synthesized by Stille coupling
reaction (Fig. 5). The optical bandgap of 1.75 eV for P10a is smaller than that of 1.90 eV for P10b,
implying the efficient delocalization of the m-electrons along the polymer main chain of P10a
relative to P10b. The more extended s-conjugation in P10a originates from the smaller steric

repulsion of the meso-furan moiety with the porphyrin rings than that of the meso-thiophene. In
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fact, dihedral angles between the porphyrin and furan or thiophene were estimated to be 43° for
P10a and 70° for P10b by theoretical estimation. The time-resolved fluorescence spectrum of P10a
showed a gradual Stokes shift to the longer wavelength in the subnanosecond time domain due to
the relaxation from a twisted conformation with the large dihedral angles between the porphyrins
and the furan rings to a coplanar conformation with the small dihedral angles, whereas the
fluorescence spectrum of P10b did not exhibit such dynamic Stokes shift. Both P10a and P10b are
electrochemically active in the oxidation and reduction regions and have suitable HOMO and
LUMO levels that enable photoinduced ET from the excited state of the polymer to [60]PCBM in
the blend films. Indeed, the blend films displayed strong fluorescence quenching of the porphyrin
moieties by [60]PCBM together with appearance of charge-transfer (CT) emission arising from the
interaction between the porphyrin and the Cg, moieties. This is the first observation on CT emission
between conjugated porphyrin polymers and fullerenes. PSCs were fabricated by using the blend
films of P10a:[60]PCBM and P10b:[60]PCBM as photoactive layers."” The P10a:[60]PCBM and
P10b:[60]PCBM devices revealed PCEs of 0.048% and 0.027% under standard AM1.5 sunlight
(100 mW cm™). Unfortunately, formation of the supramolecular CT complexes arising from the
conjugated porphyrin polymer and fullerene does not enhance the device performance of the BHJ
PSCs probably due to the lack of bicontinuous polymer-fullerene network in the photoactive layer.
Nevertheless, these results obtained in this study will provide fundamental information on the
rational design of large chromophore-embedded conjugated polymers for solar energy conversion.
After the above two pioneering works, several groups synthesized porphyrin conjugated
polymers and applied them to active layers in PSCs. Zhou et al. incorporated an acceptor unit, i.e.,
BTD, into porphyrin polymers.'"” Namely, conjugated polymers containing the porphyrin,
thiophene, and BTD units were synthesized by Stille coupling reaction of

2,5-bis(trimethylstannyl)thiophene with BTD and porphyrin bearing bis(bromoaryl) groups (P11a
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with x : y=1:2 and P11b with x : y = 1 : 4, Fig. 5). With increasing the molar amount of BTD
moieties in conjugated main chain, the absorption in the range of 450—700 nm was broadened and
red-shifted compared to the similar polymers without the BTD moiety, and the optical bandgaps of
copolymers were narrowed to ca. 1.50 eV. The PSC device fabricated based on the
P11b:[60]PCBM film showed a PCE of 091%. Although the PCE was improved by the
incorporation of D—A structures relative to the preceding works, it is far from bringing out the full
potential of porphyrins in PSCs. The large drop of absorption between the Soret and Q bands as
well as less efficient conjugation length in the main chain owing to the large dihedral angles
between the porphyrin and adjacent aryl group is responsible for the limitation in the photovoltaic
properties."”'"" To avoid the large porphyrin—aryl dihedral angles in porphyrin polymers with
meso-linkage, Wang and coworkers recently proposed an edge-fused fashion to form
quinoxalino[2,3-b]porphyrin (QP) moiety as a new acceptor unit.''>'"’ They prepared a ternary
copolymer P12 composed of terthiophene with QP and carbazole units (Fig. 5). P12 displayed a
broad absorption over the entire spectrum of visible light without a missing absorption region
between Soret and Q bands, which is beneficial for enhancing its light-harvesting ability. The
dihedral angles between the m bridge and QP were estimated to be ca. 20° by a theoretical
calculation, which are in good agreement with the larger m extension in P12 obtained by the
absorption measurements. The PSC fabricated from the blend of P12 and [70]PCBM showed a PCE
value as high as 2.53% with a V. of 0.68 V, a Jy. of 8.32 mA cm™ and a FF of 0.45. This result
indicates that porphyrin-acceptor alternating structures could be promising as D-A units of

conjugated polymer for highly efficient PSCs.

2-4. Fluorinated Polymer

Another potential approach to broadening of the absorption bands and downward-shift of the
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HOMO and LUMO energy levels of D—A conjugated polymers is the attachment of
electron-withdrawing groups to the monomer units (vide supra). In the electron-withdrawing
substituents, fluorine atom substitution, as the smallest electron-withdrawing group in size, is ideal
in downward-tuning of the HOMO and LUMO energy levels without disturbing the planar
molecular structure. In particular, the D—A copolymers consisting of electron-donating BDT and
fluorine-substituted TT with a carbonyl group, i.e., PTB7, revealed leading PCE values of
single-junction PSCs.'>"***?*%3 Ingpired by these successful works, Zhou et al. first reported the
synthesis of a conjugated polymer with an incorporated fluorinated BTD unit, and demonstrated its

"4 The increase in the

improved performance relative to the unsubstituted BTD moiety in the PSC.
device performance arose predominately from a deeper HOMO level which increased the V. value
of the PSC. They and others have subsequently reported the use of the mono- and di-fluorinated
BTD unit*'"'"® as well as fluorinated quinoxaline,”"'"” 2-alkyl-benzo[d][1,2,3]triazole,'® and
vinylene,'"” which in general resulted in an improved photovoltaic performance.

Along with PTB7, poly[N-9’-heptadecanyl-2,7-carbazole-alt-5,5-(4’,7°-di-2-thienyl-2°,1°,3’-
benzothiadiazole)] (PCDTBT, Fig. 6) is now a benchmark polymer that shows a relatively low
HOMO Ilevel (=5.5 €V) and excellent photovoltaic performances in PSCs."'* PCDTBT is stable
and low-cost materials for PSCs with a high V. of 0.90 V, a PCE of 7.5%, and an estimated
lifetime of 7 years."” However, the bandgap of PCDTBT (1.89 eV) is larger than the value (1.5 —
1.7 V) of the ideal polymers for the PCE exceeding 10%. Recently, to narrow the bandgap of
PCDTBT without sacrificing the low HOMO level, further different electron-accepting monomers,

' and quinoxaline-based units,'”* have been incorporated into

including phenylbenzotriazole
2,7-carbazole based copolymers. However, the PCE values of the PSCs with these polymers are still

comparable to or even lower than those of the PCDTBT-based devices.

To shed light onto the effect of fluorine substitution on the photovoltaic properties of PCDTBT
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as well as its molecular and film structures and optical and electrochemical properties, we recently
combine 4,7-di(thien-2-yl)-5,6-difluoro-2,1,3-benzothiadiazole (DTBT-F) with carbazole for the
first time to obtain a fluorinated analogue of PCDTBT (P13) where two hydrogen atoms on the
BTD units are replaced by two fluorine atoms (Fig. 6)."” In addition, P14 with additional
hexylthiophenes between the thiophene and carbazole of P13 was also prepared to overcome the
poor solubility of P13 (Fig. 6)."” The P14 film showed wide absorption in UV and visible regions
with an optical bandgap of 1.82 eV that is smaller than that of PCDTBT, whereas the film of P13
exhibited blue-shifted absorption with a bandgap of 1.96 eV due to the low molecular weight (M, =
4000) arising from the deficient solubility. The HOMO energy level of P13 was successfully
lowered by the fluorination of BTD unit (-5.54 eV), whereas P14 exhibited a higher HOMO level
(<544 eV) than PCDTBT (-548 eV), implying that the additional incorporation of
electron-donating hexylthiophenes negated the fluorination effect. PSC devices that employed P13
or P14 as an electron donor and a fullerene derivative [70]PCBM as an electron acceptor yielded
lower PCEs of 1.29% (Voo =0.82 V, Joe =4.93 mA cm™, FF = 0.32) and 1.98% (V. = 0.88 V, Jgc
= 6.56 mA cm™, FF = 0.34) than that (6.16%) of PCDTBT (V. = 0.88 V, Js- = 11.1 mA cm™, FF
= 0.63). Unfavorable film structures, low crystallinities, and limited exciton lifetimes of the
fluorinated polymers are responsible for the decrease in the PCE.'” Considering the availabilities of
fluorinated analogues of PCDTBT to lower the HOMO energy levels, there is still room to achieve
higher PCEs in the BHJ PSCs. To take full advantage of the lower HOMO level of the fluorinated
PCDTBT analogues for high-performance photovoltaic devices, it would be desirable to optimize
the molecular alignment in the films, which could be modulated by altering the side-chain and

end-group structures and utilizing additives.***>'>*'*

Fig. 6
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3. Fullerene Materials

As already described above,'*"”

it is well established that the magnitude of V. value is proportional
to the difference between the HOMO level of the donor and the LUMO level of the acceptor. At the
molecular level, lowering the HOMO level of conjugated polymers or raising the LUMO level of
fullerene derivatives or the both could reach the larger V. value. However, lowering a polymer’s
HOMO level inevitably increases its optical bandgap and thereby sacrifices its light-harvesting
ability. Meanwhile, trimetallic nitride endohedral fullerenes (TNEFs) are known to possess
up-shifted LUMO levels compared to their corresponding empty-cage fullerenes.'” In 2009, Ross et
al. synthesized a soluble PCBM-like Lu;N@C;, derivative with hexyl chain (Lu;N@[80]PCBH).""
The LUMO level of Lu;N@[80]PCBH is 0.28 eV higher than that of [60]PCBM. When comparing
the photovoltaic properties of poly(3-hexylthiophene) (P3HT):Lu;N@[80]PCBH- and
P3HT:[60]PCBM-based devices, Jy- and FF were similar but V. of the former was 0.26 V higher
than that of the latter. Thus, the endohedral fullerenes can be excellent acceptors attaining high Vi,
in PSC. However, the high production and separation costs as well as the low reactivity of the
endohedral fullerenes still hamper their wide application in PSC devices.

It has also been reported that fullerene bis- and multi-adducts of fullerenes effectively enhance
the V,. values by 0.1 — 0.2 V compared to the corresponding mono-adducts."”' The second
functionalization on the fullerene framework of the mono-adduct further reduces the s-conjugation
as well as electron delocalization in the fullerene. This structural alternation in the bis-adduct makes
the first one-electron reduction potential more negative, thereby yielding the higher-lying LUMO
level. Successful examples such as PCBM bisadduct (bis-PCBM),"* indene-C,, and -C,, bisadduct
([60]JICBA and [70]ICBA),”*"* di(4-methylphenyl)-methano-C,, bisadduct (DMPCBA),"”* and

thieno-o-quinodimethane-Cg, bisadduct (TOQC)"** have been reported. In particular, a combination
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of [70]ICBA with P3HT achieved a PCE as high as 7.5%."”* Despite successful application of
fullerene bisadducts to PSCs, their regioisomer mixtures have been directly used without separating
each isomer. Considering that molecular packing and arrangement of fullerene derivatives in the
active layer with polymers have a large impact on CS and electron-transporting properties, a pure
bis- or multi-adduct isomer with the multi-substituents at specific positions on C,, would yield a
more desirable network structure in the BHJ active layers by the excellent matching of the polymer
and each multi-adduct isomer. Overall, a better photovoltaic performance in a specific combination
of the polymer and pure fullerene bis- or multi-adduct isomer is expected, compared to the
corresponding combination of the polymer and fullerene bis- or multi-adduct mixtures.
Accordingly, it is extremely important to elucidate the close relationship between the molecular
structure of fullerene bis- or multi-adduct regioisomers and photovoltaic performance.

Nakamura and coworkers reported the regiocontrolled synthesis and photovoltaic application of
a new class of structurally defined 66m-electron tetra-organo[70]fullerenes.”’ Namely, they
developed a synthetic access to [3+1] hybrid tetra-aryl C,, adducts via oxidation of a fullerene
copper complex [Ar;C,-Cu-Ar’]” (Ar = 4-nBuCH,, Ar’ = 4-MeOC.H,). This reaction yielded only
two types of regioisomers (Fig. 7), 3,10,22,25-adduct F1 and 7,10,22,25-adduct F2. The generation
of the two regioisomers was suggested to result from the haptotropic migration of the copper on a
cuprio fullerene intermediate. F1 was easily separated by gel permeation chromatography (GPC)
and residual F1 in the mixture with F2 was thermally converted to F2, yielding both pure F1 and
F2. Although F1 and F2 bear the same substituents on the surface of C,, the difference in the first
reduction potentials is notable, that is, the LUMO level of F1 (-3.72 eV) is lower by 0.1 ¢V than
that of F2 (-3.62 eV). In addition, organic photovoltaic (OPV) devices having a bilayer active layer
of tetrabenzoporphyrin (BP) as an electron donor and F1 or F2 as an electron acceptor were

fabricated with a configuration of ITO/PEDOT:PSS/BP/F1 or F2/NBphen/Al (NBphen:
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2.9-bis(naphthalen-2-yl)-4,7-diphenyl-1,10-phenanthroline)."”” As expected from the LUMO levels,
the device with F2 showed a higher V. of 0.87 V than that of the device based on F1 (0.74 V), and
the corresponding higher PCE of 2.87% than that of 1.18%. In accordance with the PCEs, the F2
regioisomer revealed a Jg. of 5.52 mA cm™ and a FF of 0.60, whereas the F1 regioisomer a Jg. of
3.66 mA cm™ and a FF of 0.44. Jy. and FF values are known to correlate with the carrier mobility

of the materials'®"

and close packing of the fullerene cores in the blend film is the key factor for
effective electron hopping in the OPV devices. Thus, the higher performance of the F2-based OPV
device can be attributed at least partially to the higher electron mobility of the F2-based blend film.
This can be rationalized by a closer fullerene-fullerene distance in the crystals of F2, as compared

to F1. These findings corroborate the necessity of developing selective synthesis or facile separation

methodology of fullerene regioisomers for the rational design of organic semiconductor materials.

Fig.7

Aside from the above notable exception,"’

the current synthetic routes to fullerene bis- and
multi-adducts invariably generate a mixture of regioisomers."”*"** Therefore, we recently conducted
the separation of Cg, bisadduct regioisomers F3 (Fig. 8) and applied the separated bisadducts to
PSCs for the first time.”® To reduce the number of fullerene bisadduct isomers, a symmetrical
dihydronaphthyl group was chosen as the substituent. We expected that symmetrical introduction of
two long alkoxycarbonyl chains into the dihydronaphthyl groups would facilitate the isomer
separation and purification. To our satisfaction, repeated separations by HPLC equipped with a
Buckyprep column afforded trans-1, trans-2, trans-3, trans-4, e, and cis-2+cis-3 (mixture) isomers,

named by Hirsch nomenclature,”” with a ratio of 3 : 18 : 31 : 11 : 29 : 7 (Fig. 8). cis-1 isomer could

not be obtained because of steric hindrance. The LUMO energy levels of the F3 isomers estimated
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by cyclic voltammetry are 0.1 — 0.2 eV higher than those of the monoadduct F4 and [60]PCBM
(Table 2), which would be favorable for their application as an acceptor in PSCs to improve V.
PSCs based on P3HT:F3 or P3HT:F4 without a cathode buffer layer were fabricated and the device
performances were evaluated under standard AM1.5 conditions (Table 2)."*® The trans-2, trans-4
and e isomer-based PSCs exhibited comparable PCE values of ca. 1.4%, whereas the trans-1,
trans-3 and cis-2+cis-3 isomer-based BHJ solar cells revealed significantly inferior performance
(PCE = 0.12-0.89%). Overall, the regioisomer mixture (F3 mixture)-based device showed moderate
performance (PCE = 0.95%). Although the PCE (1.71%) value of the F4-based device is slightly
higher than those of trans-2, trans-4 and e isomer-based devices, the V. values (0.70-0.73 V) of
the bisadduct-based devices are significantly increased compared to that (0.66 V) of the
monoadduct-based device. The IPCE values of the frans-2-based device are larger than those of the
trans-3-based one, despite of similar light-harvesting properties of the two films." This indicates
that the difference in the device performance results from those in CS efficiency and/or
charge-collection efficiency. Consistently, the surface morphology of the P3HT:F3 (frans-3) film
showed micrometer-sized phase separation, whereas the P3HT:F3 (trans-2) film did not show such
large aggregations. These results suggest that a bicontinuous D—A network is formed more
effectively in the P3BHT:F3 (trans-2) film than in the P3HT:F3 (trans-3) film, leading to the higher

device performance of the P3BHT:F3 (trans-2) device.

Fig. 8 and Table 2

Following our pioneering experimental study, Sabirov revealed the correlation between
anisotropy of polarizability and photovoltaic performances based on the theoretical calculation and

our experimental results.'* The superior photovoltaic isomers, i.e., trans-2, trans-4 and e isomers,
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are characterized by the low anisotropy, whereas the inferior photovoltaic isomers, i.e., frans-1 and
trans-3, showed the high anisotropy. Such structure—photovoltaic performance relationship will
provide valuable, basic information on the rational design of fullerene bisadducts as an acceptor for
highly efficient PSCs.

Recently, Li et al. reported the isolation and photovoltaic performance of dihydronaphthyl-based
fullerene bisadduct F5 where no substituents are present on the benzene ring (Fig. 8)."*"'** In
contrast to our study, only trans-2, trans-3, trans-4 and e isomers were isolated by HPLC. Despite
the small steric hindrance owing to the absence of substituents at hydronaphthyl groups, cis-1, cis-2
and cis-3 isomers of FS where both substituents are present on the same hemisphere of the fullerene
cage, were found to be low in yield. The trans-1 isomer of FS was also unavailable due to the
energetic unfavorable reactivity on this site. The four FS isomers exhibited different LUMO levels
(=3.70 ~ =3.76 V) and electron mobility, leading to different PCE values ranging from 5.5 to 6.3%
(Table 2). Overall, PCEs of the P3BHT:FS isomer-based devices with Ca cathode buffer layer were
higher than those of the P3HT:F3 isomer-based devices, probably due to the ill-packed structure of
F3 as well as the absence of cathode buffer layer."”® Namely, ester groups on hydronaphthyl groups
of F3 may limit the dense packing of the fullerene moieties in the blend film, although the
solubilizing groups permit the isolation of cis-isomers and frans-1. Among the isomers of FS, the
P3HT:FS (trans-3)-based PSC afforded the highest PCE value of 6.3%, which is obviously superior
to the F5 mixture based PSC (5.3%)." The performance improvements should be ascribed to
higher LUMO energy level and higher electron mobility of the trans-3 FS isomer, suggesting the
necessity to use the individual fullerene bisadduct isomer for high performance PSCs. Moreover,
the electron mobility of the isomers may be related to the packing ability of the fullerene cage in the
blend film. These findings imply that the two substituent positions of the fullerene bisadduct do

have a pronounced effect on overall photovoltaic performance.
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4. Nanostructured Devices

The advances in PCEs of PSCs have largely been achieved by the extensive synthetic efforts for
new conjugated polymers and fullerene derivatives and their device evaluation, as discussed above.
However, at present, our ability to predict device performances from material structures is still
limited. As a consequence, the vast majority of new materials tested so far have showed inferior
performance to the ongoing state-of-the-art materials such as PTB7 and PCDTBT, contrary to the
prediction by the HOMO and LUMO levels. The understanding of the fundamental processes of
exciton dissociation and charge transport in the polymer-fullerene films with nanoscaled BHJ
structure and charge collection at organic-inorganic interfaces remains great challenges toward
achieving the improvement in PCE values.

Optoelectronic devices of 1D organic nanostructures may serve as the ideal model systems to
examine the optoelectronic processes of organic semiconductors at nanoscale. In fact, p-n
heterojunctions of inorganic and inorganic-organic hybrid materials with 1D nanostructures offer
several significant advantages not available in other material systems.'*'** For example, they can
simultaneously allow efficient optical absorption and charge transportation due to the confinement
in two lateral dimension and unconstrained axial dimension. In addition, the unique geometry
permits low optical reflection. These encouraging properties of inorganic and hybrid p-n junction
nanostructures suggest similar advantages of pure organic p-n (i.e., D—A) junction with nano-sized
1D structures for both fundamental research and practical applications. However, reports on 1D
organic D—A heterojunction are extremely limited. One reason is the difficulty of fabrication; i.e.,
the techniques for the fabrication of inorganic p-n junctions, such as oxidation, diffusion of dopants,
and ion implantation, which are not applicable to organic semiconductors. In this section, we

highlight recent efforts for the construction of organic D—A heterojunction with one-dimensionally
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confined structures and their applications in photovoltaic and optoelectric devices.'**"*

Briseno and coworkers reported the formation of single-crystalline D—A heterojunction
nanoribbons of organic semiconductors by selective crystallization of copper
hexadecafluorophthalocyanine acceptor F,,CuPc on copper phthalocyanine donor CuPc

single-crystalline nanoribbons (Fig. 9).'*

The crystallization of F,,CuPc onto CuPc requires several
parameters, including similar molecular structures and lattice constants as well as 7-stacking along
the nanoribbon axis. The width of the CuPc nanoribbons prepared by physical vapor deposition
(PVD) technique ranged from several tens to several hundred nanometers, the thickness of several
nanometers and the length from 20 to 50 wm. The length of the D—A heterojunction depended on
the length of the CuPc template and the PVD crystallization time of F,CuPc on the CuPc template.
Ambipolar transport of the D—A heterojunction nanoribbons was observed in field-effect transistors
(FETs) with balanced electron and hole mobilities of 0.05 and 0.07 cm* V™' s™' for F,,CuPc and
CuPc, respectively. A photovoltaic device with the composition of Au/CuPc/F,,CuPc/Al (Fig. 9)
was fabricated and yielded a PCE of 0.007% (Js- = 0.054 mA cm™, V. =0.35 V, FF = 0.36) under
AM 1.5 simulated light, but the detailed measurement conditions (e.g., the sizes of cell and mask)
were not described in the report.'* Although the device showed the low PCE, the discrete D—A
heterojunction devices may allow precise control and characterization of the optoelectronic

properties, thus significantly reducing the uncertainty in data interpretation in comparison with

polycrystalline bilayer devices.

Fig. 9

Recently, our group reported the first example of D—A double-cable copolymer nanorods

synthesized by electrochemical copolymerization.'* Ordered anodic aluminum oxide (AAO)
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templates (Scheme 2) were used as the nano-sized templates and 3-hexylthiophene (3HT) and C,
were chosen as the electron donor and acceptor, respectively. To fabricate a BHJ nanorod composed
of 3HT and fullerene, we synthesized thiophene-tethered Cg (TC,) and conducted
copolymerization of TCy, with 3HT to obtain the copolymer P(3HT+TC,,), where fullerenes were
covalently incorporated into the polythiophene (Scheme 3). As illustrated in Scheme 2, segmented
metal—-polymer—metal nanorods (denoted as Au/P(BHT+TC,)/Au) were synthesized by 1)
electrochemical deposition of gold into an AAO template, 2) electrochemical copolymerization of
3HT and TCg, with a molar ratio of 4:1, i.e., weight ratio of thiophene:Cg, unit = 1:1, 3)
electrochemical deposition of gold, and 4) removal of the template. The incorporation of Au
segments at both sides were expected to create excellent electrical connections between the
P(BHT+TCy,) segments and Au microelectrode. SEM measurements revealed that the
Au/P(BHT+TC))/Au nanorods have an average diameter of 330 nm (+10 nm) with a total length of

2.7 um (0.4 um) and possess distinct interfaces between the Au and P(BHT+TC,,) segments.

Schemes 2 and 3

The photoelectric measurements of Au/P(3BHT+TC,,)/Au nanorod revealed highly insulating
nature in the dark with resistivity of 1.2 x 10° Qcm.'*® However when illuminated, the
Au/P(3HT+TC,,)/Au nanorod served as a semiconductor with a resistivity of 8.4 x 10’ €-cm. In
contrast, the reference Au/P3HT/Au nanorods are highly insulating both in the dark (1.6 x 10’
Q-cm) and under illumination (1.2 x 10° Q-:cm). The Au/P(3HT+TC,)/Au nanorod caused CS
within the P(BHT+TC,,) segment by illumination and the generated charges were transported to the
Au segments by inter- and intramolecular electron hopping through the neighboring C,, moieties in

the BHJ nanorod. On the other hand, the Au/P(BHT+TC,)/Au nanorods did not show FET
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properties.'* The hole transport may be hindered by the inefficient conjugation of P(3HT+TCy,)
owing to the bulkiness of TCy,. In addition, no occurrence of electron transport was caused by the
large electron-injection barrier from Au (5.1 eV work function) to C, (4.0 eV LUMO) as well as a
significant amount of electron traps (OH, etc.) on the SiO, surface. Although such preliminary
devices need further optimization, these systems based on organic D—A heterojunction nanorods
will be useful for probing photoinduced CS and transport at nanointerfaces and in exploring the
rational design of nanoscaled organic electronics including OPVs and FETs.

Subsequently, well-defined nanotubes of regioregular P3HT and [60]PCBM were reported by
Hu and coworkers."® The P3HT:[60]PCBM BHIJ nanotubes were also prepared with AAO
templates, but not by the electrochemical polymerization. In their method, the AAO template was
immersed into a P3HT/[60]PCBM (1:1, wt. %) solution in chlorobenzene for 48 h so that the mixed
solution had sufficient time to entirely penetrate into the AAO nanopores. After the solvent
evaporation, well-defined P3HT:[60]PCBM BHIJ nanotubes were obtained, and the AAO template
was removed. The average diameter and thickness of the nanotubes were around 200 and 30 nm,
respectively. The photovoltaic devices based on individual nanotube were constructed with
asymmetrical electrodes fabricated by a modified organic ribbon mask method,* namely
Au/P3HT:[60]PCBM/AI configuration. The significant photovoltaic effect was observed under 5.51
mW cm™ white light illumination. A PCE of 0.106% with J¢. = 0.049 mA cm™, V. = 0.47 V, and
FF =0.25 was obtained for the device where the active area was calculated by the entire length (ca.
2 um) of conducting channel between the electrodes multiplying the width of nanotube (ca. 200
nm). The PCE value was one order higher than that of individual single crystal of planar D-A
heterojunction nanoribbons (0.007%)'** due to the BHJ structure. These works will open the door to
opportunities for exploring the fabrication of nano-sized BHJ structures of organic semiconductors

and their application to fundamental science as well as new nano-sized device technologies.
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5. Summary and Outlook

This Feature Article has focused on recent notable design concepts to unique, attractive
building blocks for conjugated polymers as electron donors as well as recent progress in separated
fullerene bisadduct regioisomers as electron acceptors. In addition, we overviewed recent attempts
for the construction of organic D—A heterojunction with one-dimensionally confined structures and
their applications to photovoltaic and optoelectric devices. The topics in this article are not a
comprehensive list of PSC researches, but involve exploration of fundamental materials and
concepts to inspire further studies in PSCs.

The field of PSCs has continued to evolve, and this technology has been transferring from
research laboratories to industrial massive fabrications. The PCE of the PSCs with a cell size of ca.
0.1-1 cm® has been steadily increased from ca. 1% in 1995' to recently over 9% in single cells
and over 10%'* in tandem cells. However, the PCE values are always much lower than ideal.
Janssen and Nelson recently proposed that PCEs of 20 — 24% are reachable in single junction PSCs
with the assumption that fill factor and internal quantum efficiency are 0.85 and unity."”" Therefore,
there is still plenty of room for further improvement in the PCE values of PSCs. The suppression of
charge recombination as well as the enhancement of charge dissociation at the D—A interface is
pivotal in achieving the excellent device performances.””'** The formation of weakly bound
interfacial CT states makes it possible to shut off the recombination and non-radiative
deactivation.'” The separation distance between electron-donating polymers and electron-accepting
fullerenes is one of the decisive factors to control the charge recombination process. Systematic
studies for revealing the effect of D—A electronic coupling in bulk heterojunction films on
photodynamics and photovoltaic properties will provide valuable information for the improvement

of device performance. Developments of unprecedented main-chain and side-chain structures of
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conjugated polymers can also tune the interaction at D—A interfaces. Furthermore, the utilization of
nano-sized organic materials such as nanorods with limited space for CS and charge dissociation
may simplify the investigation of photophysical processes in PSC devices. If such
structure—photovoltaic property correlation is available, this will greatly aid toward the realization
of over 12% efficiency. The rational molecular design and elaborated synthesis of the photovoltaic
materials will continue to play a core role for understanding the device mechanism and promoting

the commercial application of PSCs.
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Table 1 Molecular weights, bandgaps, HOMO energy levels, and photovoltaic properties of

polymers in Fig. 3.

polymer kgj‘lflno/l"1 eE\gf/ H/O el\\/lfo misfzr/n'Z >/C\)]C Fr PCE/ % ref
P1 5.7 1.55 =53 34 0.83 0.32 0.90 57
P2 10° 1.3 =53 241 042 0.29 0.29 63
P3 398 1.86 -5.56 4.89 0.74 0.55 1.98 64
P4a 24 1.60 -5.59 6.70 0.88 047 2.74 65
P4b 27.5 1.52 -5.30 5.90 0.64 0.33 1.25 66
P5a 43 1.57 -5.69 8.63 0.76 0.46 3.04 65
P5b 40.3 1.43 -5.37 5.0 0.79 0.52 2.1 76
Po6 20 1.53 -5.52 6.50 0.80 0.60 3.12 77
P7a 4.7 1.2 =52 6.58 0.53 042 1.44 83
P7b 8.2 1.2 -4.9 5.58 045 041 0.96 83

“M, of precursor polymer P-P2.
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Table 2 LUMO levels of F3 — F5 and PSC device characteristics®

Journal of Materials Chemistry A

based on P3HT: F3 — F5.

LUMO Jse ! Voc PCE
Acceptor / eV mAcm” /V FF ! %
F3 trans-1 -391 143 0.29 0.30 0.12
F3 trans-2 -3.84 4.73 0.73 040 1.38
F3 trans-3 -3.78 3.57 0.65 0.39 0.89
F3 trans-4 -3.78 4.63 0.71 0.44 1.44
F3e -3.78 4.56 0.70 0.44 1.41
F3 cis-2 + cis-3 -3.80 3.44 0.57 0.31 0.62
F3 mixture -3.86 3.71 0.68 0.38 0.95
F4 -3.96 5.14 0.66 0.50 1.71
FS trans-2 -3.76 10.04 0.83 0.69 5.8
FS trans-3 -3.70 10.21 0.88 0.71 63
FS trans-4 -3.72 9.67 0.86 0.67 5.6
F5 e -3.73 9.51 0.86 0.67 55
F5 mixture -3.76 9.88 0.82 0.67 53

“The PSC device structures are ITO/PEDOT:PSS/P3HT:fullerene/Al for F3 and F4
and ITO/PEDOT:PSS/P3HT:fullerene/Ca/Al for F5.
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Scheme 1 Thermal conversion of P-P2 to P2.
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Scheme 2 Template synthesis of nanorods.

AAOtemplate POHT* e
1) 2)
— ——
eGSR,
/Au \
= il -\ 2
-

1) Electrodeposition of Au. 2) Electrochemical copolymerization of 3HT and TCg. 3)
Electrodeposition of Au. 4) Dissolution of Ag film with conc. HNO;, then dissolution of AAO

template with 3M NaOH agq.
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Scheme 3 Electrochemical polymerization of 3HT and TC,.

-0.6Vto+2.2V

vs Ag/AgCl

0.2V s,

10 cycles
BF3-OFEt, :
o-dichlorobenzene
=1:3 (V)

P@BHT+TCgp)
n:m=8:1
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(a) - + (b) + -

ETL (Ca, TiO,, etc.) ’

HTL (PEDOT:PSS)

Fig. 1 PSC device structures with (a) conventional and (b) inverted configurations. HTL: hole

transporting layer, ETL: electron transporting layer.
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o «> / \ / \ / \
S n S n S n S n S n S n
Quinoid Aromatic

Fig. 2 Quinoid and aromatic forms of poly(isothianaththene), poly(thieno[34-b]pyrazine) and

poly(thieno[3 4-b]thiophene).
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P4a (R2 = 2-butyloctyl, R' = methyl) P5a (R' = R2 = 2-ethylhexyl) P6 (R' = 2-hexyldecyl, R? = 2-ethylhexyl) P7a (R' = tbutyl, R2 = 2-ethylhexyl)
P4b (R2 = 2-ethylhexyl, R' = ethyl)  P5b (R' = 2-ethylhexyl, R? = CgH17) P7b (R' = octyloxy, R2 = 2-ethylhexyl)

Fig. 3 Structures of quinoid conjugated polymers.
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R /n
N\
PH NSO,CqH,
OCgH7 OCgH17
P8a P8b
(M, = 13800, HOMO = -5.65 6V, (M, = 11500, HOMO = —5.32 &V,
E,=1.73 eV, PCE = 0.07%) E, =1.69 eV, PCE = 0.65%)

Fig. 4 Structures of phosphole-based conjugated polymers.

51



Journal of Materials Chemistry A Page 52 of 56

P10a (E = O)

o= 46500 :?)?w o esey pob (M, = 10500, HOMO = -5.5 eV,
= , =-55eV, Eg=1.6 eV, PCE = 0.048%)
CigHasO O E,=1.9 eV, PCE = 0.06%) (M, = 15300, HOMO = -5.2 &V, Y b E=S)
= = 19/ -
et 2 CiahasO OCigHy; o= 1:4eV, PCE=0.30%)  cgip0 OCgti; (M, = 10800, HOMO = 5.6 eV,
CiatlasO Eq=1.7 eV, PCE = 0.027%)
0OCgHi7 Plla(x:y=1:2)

(M, = 5200, HOMO =-5.12 eV,
Ey=1.51eV, PCE = 0.45%)
P11lb (x:y=1:4)

(M, =2100, HOMO = -5.21 eV,
Ey =1.50 eV, PCE = 0.91%)

P12 (x:y=1:1)
(M, =61100, HOMO =-5.33 eV,
Ey=1.67 eV, PCE = 2.53%)

Fig. 5 Structures of porphyrin-based conjugated polymers.
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PCDTBT P13
(M, = 90000, HOMO = —5.48 eV, (M, = 4000, HOMO = —5.54 eV,
E,=1.89 eV, PCE = 6.16%) E,=1.96 eV, PCE = 1.29%)
N
N N

P14
n (M, =13000, HOMO = —5.44 eV,
Ey=1.82 eV, PCE = 1.98%)

Fig. 6 Structures of PCDTBT and its fluorinated analogues. The data of PCDTBT in parenthesis are

extracted from reference 125.
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Fig. 7 Structures of F1 and F2.
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3 (bisaddUCt, R= COzCGH13)
4 (monoadduct, R = CO,CgH3)
5 (bisadduct,R = H)

Fig. 8 Structures of F3, F4 and F5 with the possible regioisomers.
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F,sCuPc
f / — ﬂ vV /
, single crystal formation of
single crystal of CuPc gchYJPc on CuPc
(b)
h+
CuPc —o e—> | F,sCuPc
o
Au Al

Fig. 9 (a) Structures and illustration of nanoribbon crystals of CuPc and F,,CuPc. (b) Schematic

illustration of a discrete D—A heterojunction photovoltaic device.
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