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Over the past decade, remarkable progress for full utilization
of conducting polymers in various electronic and optoelec-
tronic applications has been achieved with the improvement of
device performance based on advance in designing new con-
ducting polymers and better understanding of device physics.' >
At the same time, it has been demonstrated that the structure on
the nanometer and micrometer scales as well as the electronic
properties inherent to conducting polymers are key in determin-
ing properties and ultimate device performance.*”® Among
several strategies, the self-assembly of block copolymer (BCP)
can offer effective means to control the nanoscale morphology
because they, consisting of two or more chemically different
macromolecules that are connected covalently, can self-assemble
to produce well-defined structure on the molecular scale.'® More-
over, methodologies recently developed for manipulating self-
assembly raise our expectations for utilization of BCP containing
conducting polymers."'~*° Organic photovoltaic (OPV) cells and
field-effect transistors (FFTs) are the applications that can receive
the greatest benefit from such BCP self-assembly and have
intensively been investigated so far.'*'” However, although a
number of works on conducting BCPs have been published and
their number is ever-increasing, their applications are very limited
due to poor performance. Such poor performance mainly results
from difficulty in controlling the self-assembly of conducting BCPs
due to inherent chain rigidity of conducting polymers. Basically,
the phase behavior of conducting BCPs is much different from that
of conventional BCPs with flexible chains. In this work, by using
BCPs containing poly(3-hexylthiophene) (P3HT) as a conduct-
ing polymer, well-controlled, well-ordered nanostructure over
large area which have never been observed before was produced
for better performance.

BCPs containing P3HT were synthesized through the use of
controlled Grignard metathesis (GRIM) polymerization method
and subsequent atom transfer radical polymerization (ATRP) that
was previously developed by McCullough and co-workers.”"*
P3HT macroinitiator synthesized in this work exhibited 98%
regioregulaity and narrow molecular weight distribution with M,,/
M, = 1.3 and was used for copolymerization of methyl methacrylate
(MMA) to produce rod—coil PZHT-b-PMMA BCPs with different
compositions. Figure 1 shows the surface morphologies of films of
P3HT-b-PMMA copolymer with P3HT of 10 kg/mol and PMMA
of 15 kg/mol cast on silicon wafer. The film thickness was in the
range of 80—100 nm, and the solvent was evaporated very slowly
under saturated solvent vapor. As-cast copolymer film, as shown in

v ACS Publications © 2011 American chemical Society

Figure 1. AFM images of (a) as-cast P3HT-b-PMMA film, (b) solvent-
annealed P3HT-b-PMMA film, (c) as-cast P3HT-b-PMMA/P3HT (9/1)
blend film, (d) as-cast P3HT-b-PMMA/PMMA (9/1) blend film, and (e)
as-cast P3HT-b-PMMA/PMMA (7/3) blend film and TEM micrograph
of (f) P3HT-b-PMMA/PMMA (9/1) blend film after PMMA removal.

Figure la, exhibits the fibril-like structure that is typical rod-like
P3HT morphology due to its crystallization. However, the fibrils are
randomly oriented, and their degree of order is poor. Solvent-
annealing for 12 h slightly improves fibril packing with its length
increased (Figure 1b), but its effects are not so dominant as in the
case of conventional coil—coil BCPs.** On the other hand, when
small amounts of homopolymers were added to BCP solution, the
lateral order of microphase-separated domains significantly im-
proved, as shown Figure 1c,d. Especially, in the PMMA case, highly
ordered nanofibril structure was produced, and the fibril length was
extended over tens of micrometers. Fourier transform of the image
in the inset exhibits the perfection of lamellar order. It should be
noted that such well-ordered nanostructure was produced for as-cast
films without additional annealing process. In order to clearly show
long-range lateral order, large-area AFM image was additionally
provided in Figure S1 of the Supporting Information, where defects
marked by the different colors of circles were used to connect a
series of AFM images. With the content further increasing,
however, added homopolymers were separated from BCP
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domains to generate their own domains via macrophase separa-
tion (Figure le). The composition effects with lower amount of
homopolymers can be observed in the Figure S2 in the Support-
ing Information. Even only at 3 wt %, the order of P3HT blocks
improved significantly, but the order is near perfection at 10 wt %
homopolymers added. The prerequisites for achieving long-
range ordering of BCPs are sufficient chain mobility and high y
value.”® In our work, BCP films were generated under fully
saturated solvent vapor, which would provide copolymer chains
with sufficient mobility. Another prerequisite would be met by
blending BCPs with homopolymers. Previous studies have
shown that depending on the molecular weight of homopolymer
relative to that of corresponding block, three different distribu-
tions of homopolymers take place: homogeneous distribution
within the domains of corresponding blocks, segregation to the
central region of block domains, and macrophase separation from
BCP nanostructure.”**> Furthermore, in thin films, it has been
reported that addition of homopolymers tends to reorient the
microdomains from parallel to perpendicular and enhance the
degree of order.”*” In order to understand all these phenomena,
the enthalpic contributions in addition to entropic contributions
should be properly considered from blending with homopolymers.
Indeed, the intermolecular interaction between homopolymers and
corresponding blocks was found to increase the incompatibility
between components to induce the orientation change and en-
hance the order.***” The increase in incompatibility between the
components of BCP due to the presence of additives such as salts,
surfactants, or liquid crystals has also been reported in other
cases.”®*® In our case, added homopolymers are expected to play
a similar role in improving the degree of order of BCP nanostruc-
ture. The effects are found to be more prominent for PMMA
homopolymer than for P3HT homopolymer. It should be noted
that PMMA has lower molecular weight than the PMMA block
while P3HT is much larger than the P3HT block. However, not all
BCPs with different compositions exhibit long-range order, but
highly ordered nanostructure was obtained over limited composi-
tion range. All parameters such as block composition, molecular
weight, interaction between components, etc., appear to work toge-
ther in determining the nanostructure of BCPs.

PMMA can be easily degraded and removed on exposure to
deep UV lights, which is one of the reasons why PMMA has been
adopted as a coil block in this work. Nanoporous template
generated by selective removal of sacrificial block from BCP film
can be used to introduce new functional materials into the holes.
If the electron-acceptor materials will be able to be incorporated
after PMMA removal, ideal heterojuction nanostructure may be
formed for OPV cells by combination with highly ordered P3HT
phases. Figure 1f displays the TEM image for BCP film after
PMMA removal. BCP film was observed to maintain highly
ordered nanostructure after PMMA degradation. Similar results
have been reported in the previous works,>* >* where selective
removal of one component produced nanoporous P3HT films.
Hillmyer’s group synthesized P3HT-b-PLA and selectively re-
moved PLA,* Hawker’s group used P3HT-g-PS graft copolymer
with cleavable junction to remove PS domains,”" and Hiashihara
et al. used the ionic interaction between P3HT-NH, and PS-
SO;H to synthesize the BCP and produce the P3HT nanoporous
film by etching out PS-SO;H domains.*” However, their nano-
porous structures were initially ill-defined, ill-ordered, and/or
collapsed during formation of nanoporous films. In terms of
applications of our BCP, there still exist problems to be overcome
such as effective infiltration and thereafter formation of robust
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Figure 2. GIWAXD pattern of P3HT-b-PMMA/PMMA (9/1) blend
film. The inset includes the out-of-plane and in-plane profiles extracted
from GIWAXD pattern, respectively.

interface with existing P3HT phases. Nevertheless, in our work,
self-assembled nanostructure with high degree of order in BCP
films containing P3HT was obtained with unprecedented suc-
cess, making one step further toward real applications of con-
ducting BCPs such as FET and OPV where charge-transporting
properties are decisive of determining their performance.

The orientation and packing of P3HT chains are also im-
portant factors to affect their charge-transporting properties and
ultimate performance. Grazing-incidence X-ray wide-angle dif-
fraction (GIWAXD) experiments were conducted to explore the
molecular ordering of P3HT chains in film, and the results are
included in Figure 2 where P3HT-b-PMMA/PMMA (9/1) film
was measured at incident angle a; = 0.18°. Two insets corre-
spond to the out-of-plane profile scanned along the o direction
at 20 = 0° and in-plane scan extracted along the 20 direction at 0
=0.18° from GIWAXD pattern, respectively. In the out-of-plane
profile, strong (100) reflections due to lamellar stacking oriented
parallel to the substrate are evident, while a (010) reflection due
to 71—t interchain stacking of P3HT is observed in in-plane scan.
These observations indicate that P3HT blocks still have edge-on
orientation in the BCP geometry as in the case of homopolymer
chain where the hexyl side chains of the P3HT blocks are
oriented normal to the silicon wafer and the intermolecular
m— stacking between thiophene rings is parallel to the sub-
strate. Similar patterns were observed for BCP films without
added homopolymer, implying that the orientation and packing
of P3HT blocks that are connected to flexible PMMA chains are
the same as those of homopolymer chains. Therefore, P3HT
blocks in BCP domains are expected to have the properties and
performance with the same level as P3HT homopolymers do.
Considering highly ordered nanostructure that P3HT-contain-
ing BCPs exhibit in thin film geometry, these results are quite
promising for their potential applications.

Figure 3a shows UV—vis absorption spectra of P3HT-con-
taining BCP films that can provide another insight into the
molecular ordering of P3HT blocks such as conjugation length
and intrachain/interchain. BCP film without added homopoly-
mers exhibits the vibronic features characteristic of regioregular
P3HT homopolymer chains with highly ordered lamellae, in-
dicating the P3HT backbones in BCP are highly ordered such as
in homopolymer. Blend film with PMMA homopolymers of
10 wt % exhibits similar or slightly improved ordering of P3HT
blocks. However, as the content of PMMA added increases
up to 30 wt %, the absorption shoulder at 610 nm is weakened
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Figure 3. (a) UV—vis absorption of P3HT-b-PMMA and its blends
with PMMA homopolymers. (b) PL spectra of P3HT-b-PMMA/
PMMA (9/1) (—) and its mixture with PCBM (---). (c¢) Current—
voltage curves of FET devices consisting of P3HT-b-PMMA/PMMA
(9/1) blend film at different gate voltages (of 0, —10, 20, —30, —40, —
50, —60, —70, and —80 V from the bottom). The AFM image of active
layer and field-effect motility of device are inserted in each graph.

significantly, indicating that the interchain order of P3HT was
disturbed by excess of added homopolymers.

The potential for OPV application of conducting BCP used in
this work was investigated through blending with [6,6]-phenyl-
C61-butyric acid methyl ester (PCBM, Nano-C) because PCBM
can be combined with P3HT to produce bulk heterojunction
solar cells. For the purpose, photoluminescence was measured
for mixtures of P3HT-b-PMMA/PMMA (9/1) and PCBM, as
shown in Figure 3b. Here, PCBM was added to P3HT-b-
PMMA/PMMA blend without removal of PMMA but is still
expected to be preferentially located along the PMMA micro-
domains due to strong repulsion with P3HT chains. Addition of
PCBM has little effect on the ordering behavior of BCP blend;
still highly ordered nanostructure was observed. However,
compared to that without PCBM, the photoluminescence of
P3HT is significantly quenched after addition of PCBM, which
means that the charge transfer across the interface takes place.
Such result indicates that PCBM molecules are well distributed
along the nanostructure, and such highly ordered nanostructure
generated by BCP self-assembly can provide a platform for OPV
although high energy conversion efficiency cannot be expected
here due to the presence of large amount of dielectric PMMA.

Another potential application of our block copolymer systems
was probed to measure the field-effect characteristics. For the
purpose, the field-effect transistors were fabricated in bottom-gate
configuration on heavily doped n-type Si substrate as the gate
electrode and a thermally grown 300 nm silicone dioxide as a
dielectric layer. The measured results were added in Figure 3¢,
together with the average field-effect mobility of the transistors
calculated from the slope of a line drawn through the linear plot of
square-root drain current (Ipg'/?) versus gate voltage (V) in the
saturation regime. As in the case of OPV application, the presence
of large amount of PMMA blocks and homopolymers still limit

their real applications and do not exhibit so excellent properties as
expected from highly ordered nanostructure of block copolymer
films including P3HT. Moreover, our experimental conditions for
measurements of field-effect mobility were not optimized per-
fectly; indeed, measured mobility is not so high as that presented in
ref 13. Nonetheless, relatively high field-effect mobility was
obtained for our BCP films, and that for film with highly ordered
structure (Figure 3c-1) was higher twice than that with less-
ordered structure (Figure 3c-2). The order in films was here
controlled to various degrees by adjusting the evaporation rate of
solvent on casting the film. The field-effect mobility for films with
poor order could hardly be measured in this work.

In conclusion, highly ordered nanostructure of conducting
polymers through BCP self-assembly was successfully produced,
which, combined with high degree of order of conducting polymer
chains in their domains, can provide great opportunity for electronic
and optoelectrical applications with much improved performance.
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