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ABSTRACT: Block copolymers have been widely investigated over the
past decades for their ability to microphase separate into well-defined
nanostructured thin films with tailored physical properties. The aim of
the present study is to investigate the thin film properties of rod—coil
block copolymer/phenyl-Cg;-butyric acid methyl ester (PCBM) blends
as a function of the blend weight ratio, using a copolymer which is based
on a poly(3-hexylthiophene) (P3HT) rod block and poly(4-vinyl-
pyridine) (P4VP) coil block. Atomic force microscopy, transmission
electron microscopy and grazing incidence X-ray diffraction analysis are
used to study the influence of PCBM on the copolymer self-assembling.
UV-—visible absorption and photoluminescence spectroscopies as well as
field-effect mobility measurements are performed in order to get further
insight into the blend optoelectronic properties. It is found that the
block copolymer phase-separated morphology and charge carrier
mobilities strongly depend on the PCBM loading and thermal annealing. In particular, the results point out that PCBM
enhances the block copolymer microphase separation within a narrow range of the polymer:PCBM weight ratio. In addition,
clear evidence for PCBM accumulation within the P4VP domains is found by monitoring the P3HT fluorescence and charge
carrier mobilities.

1. INTRODUCTION organic thin film transistors and solar cells, or as structuring
agent.” ™ Significant efforts have been made in particular to
control the synthesis of block copolymers using regioregular
poly(3-hexylthiophene) (P3HT) as the conjugated block."®
P3HT is indeed a semiconducting polymer known to self-
assemble into a relatively ordered lamellar semicrystalline
phase, which translates into a high hole mobility.'"'* P3HT has
also been often used as electron-donor (D) material in donor—
acceptor (D—A) bulk heterojunction devices and is currently
the most studied hole conducting polymer for photovoltaic
applications. Recently, Yu et al. investigated P3HT-b-PS block
copolymers with various rod/coil weight ratios and found that

Block copolymers have been widely investigated over the past
decades for their ability to microphase separate into well-
defined nanostructured thin films with tailored physical
properties.' > Rod—coil block copolymers are a special class
of materials for which one block is generally a 7-conjugated
rigid molecular unit, while the second block is a flexible
nonconjugated polymer. The conjugated segment adds an
electronic functionality to the copolymer, which makes these
materials of particular interest for applications in organic
electronic devices.* The 77—z stacking interactions between
neighboring rod blocks introduce an additional driving force
that competes with Flory—Huggins phase separation and leads
to a convoluted self-assembling mechanism. This gives rise to a
larger variety but less understood thin film morphologies
compared to those of the more standard coil—coil block

the block copolymer phase separation can enhance the
crystallinity of the P3HT domains, leading to an increase in
the hole mobility."> Various approaches to use P3HT based
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block copolymers to form a nanostructured D—A hetero-
junction have also been reported. Botiz et al. synthesized
P3HT-b-polylactide polymers and used them as structure-
directing agent. In their case, the polylactide coil block was
removed after film formation and replaced by an electron
acceptor material.

Several groups reported the synthesis of P3HT based block
copolymers whose coil block was functionalized with electron
acceptor units (such as fullerenes)."*™"” These D—A block
copolymers are expected to self-assemble spontaneously into a
thermodynamically stable interpenetrated network of D and A
nanodomains, approaching the ideal bulk heterojunction
configuration for solar cells. The currently reported power
conversion efficiencies of these devices remain however well
below those achieved with state-of-the-art polymer/fullerene
blends, and point out the difficulty to achieve an optimal
nanomorphology.'® For rod—coil block copolymers including a
poly(butyl acrylate-stat-Cgy-methylstyrene) coil block, Barrau et
al. found for instance that the formation of crystalline fullerene
aggregates strongly competes with the block copolymer
microphase separation, leading to disordered thin films."® The
strong tendency of covalently grafted fullerenes to form
aggregates has also been observed when similar block
copolymers were used as compatibilizer in P3HT/PCBM
blends.”® In the latter case, the block copolymers acted as
nucleation center for PCBM crystallization.

A possible way to reduce the interference between block
copolymer self-assembling and fullerene precipitation consists
in using a coil block that establishes noncovalent bonds with
the fullerene units. Sary et al. explored this idea by synthesizing
a P3HT-b-P4VP block copolymer and blending it with PCBM
to elaborate a D—A bulk heterojunction.” PCBM is indeed
expected to preferentially locate within the coil phase, driven by
the noncovalent bond between the Nitrogen atoms in the
P4VP block and the fullerenes.”” ** They observed that the
block copolymer/fullerene blend self-assembles into nano-
domains that are composed of either P3HT or P4VP rich
phases. The P3HT-b-P4VP/PCBM layers were shown to be
thermally stable and yielded promising photovoltaic perform-
ances. However, the underlying self-assembling mechanism is
still poorly understood and needs to be further investigated.
Very recently, Lohwasser et al. investigated the thin film
morphology of pure P3HT-b-P4VP block copolymers with a
high molecular weight P3HT block as a function of the P4VP
weight fractions. Their results show in particular that
microphase separation occurs even for P4VP weight fractions
as high as 77%.%°

Here, we report on the self-assembled nanostructure and
optoelectronic properties of thin films composed of blends of a
P3HT-b-P4VP block copolymer and PCBM.>® Various block
copolymer/PCBM weight ratios and annealing conditions have
been explored. The nanostructure has been studied by atomic
force microscopy (AFM), transmission electron microscopy
(TEM) and X-ray diffraction while the opto-electronic
properties have been investigated by UV—visible absorption
and fluorescence spectroscopies as well as by field-effect
mobility measurements. We found that PCBM has a strong
impact on the copolymer self-assembling mechanism and tends
to enhance the block copolymer microphase separation while
hindering the crystallization process of P3HT. In particular, for
a specific PCBM concentration range, a well-defined micro-
phase separated nanostructure occurs while for pure block
copolymers, processed in similar conditions, a highly disordered
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thin film is obtained. Moreover, evidence for PCBM
accumulation within the P4VP domains is found by monitoring
the P3HT fluorescence and charge carrier mobilities.

2. EXPERIMENTAL SECTION

2.1. Materials. The molecular structure of the P3HT-b-P4VP
block copolymer used in this study is given in Scheme 1. The P3HT

Scheme 1. P3HT-b-P4VP Rod—Coil Block Copolymer
Chemical Structure

block has been obtained by the Grignard metathesis (GRIM) poly
merization method, whereas the P4VP block has been synthesized by
anionic polymerization.”” The P4VP polymerization has been
quenched by adding the aldehyde end-functionalized P3HT.*® The
molecular properties are summarized in Table 1.

Table 1. Properties of the Copolymer

coil rod
block  block P4VP
copolymer  M,* M, rod block wt
M.? [kg [kg1 [kg1 regio- regularity” fraction  copolymer
mol™] mol’]  mol”] [%] [%] polydispersity
8.6 S.5 3.1 93 64 1.4

“Determined by 'H NMR.

The coil weight fraction is approximately 64 wt %, which is
significantly higher than for the copolymers used previously by Sary et
al. but similar to those investigated by Lohwasser et al.*"** PCBM was
commercially purchased and used as received. Blends of P3HT-b-
P4VP and PCBM with various weight ratios, 1:0.32, 1:0.25, 1:0.16, and
1:0, were prepared in a 25 mg/mL chloroform solution and heated up
for 24 h at 50 °C prior to spin-coating. Thin films used for
morphological and optical analysis were deposited on a glass substrate
covered by a S0 nm thin layer of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS).

The spin-coating parameters were chosen in order to achieve a film
thickness close to 200 nm, as measured by profilometry.
Morphological and optoelectronic characterizations were performed
on as-deposited films and after a subsequent 1 h annealing at 160 °C
under nitrogen atmosphere. For some samples, an additional heat
treatment at 120 °C for 24 h was applied in order to investigate the
nanostructure thermal stability.

2.2. Methods. The thin film surface morphology was investigated
by dynamic amplitude modulation atomic force microscopy (tapping
mode) under ambient conditions. AFM observations were conducted
using phase imaging on the Nanoscope IV system commercialized by
Veeco. The bulk morphology was studied by transmission electron
microscopy (using a 120 keV electron beam) after selective staining of
the P4VP domains by exposure to iodine vapor. The thin films were
removed from the substrate and collected on a TEM grid after
dissolving the PEDOT:PSS layer in water.

Structural studies were performed with X-ray diffraction in grazing-
incidence geometry. In these experiments, as-prepared drop-cast films,
as well as films obtained upon annealing were studied. The use of
drop-cast films in the X-ray diffraction experiments allowed to obtain
stronger intensity of the scattering signal since the thickness of these
films was higher than that of the spin-cast films used for the AFM and
TEM studies. The annealing protocol included two steps: 1 h at 160
°C followed by 24 h at 120 °C. The measurements were performed on
the X6B beamline at National Synchrotron Light Source (NSLS,
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Brookhaven National Laboratory, Upton, NY). The X-ray energy was
10 keV. The detector used in the experiment was a Bruker Smart 1000
CCD camera. An INSTEC heating stage HCS402 equipped with a
STC200 temperature controller operated under a liquid nitrogen flow
was employed for variable-temperature measurements.

UV-—visible absorption (using a Schimadzu UV 2101PC spec-
trometer) and photoluminescence (PL) measurements were done at
room temperature under ambient conditions. In the case of PL
spectroscopy, photoexcitation was achieved by using a pulsed laser
beam at a wavelength of 355 nm. Fluctuations in film thickness, laser
light intensity and photon detection efficiency were below a few
percent and allow the comparison between measurements done on
different samples.

For the mobility measurements, bottom gate field-effect transistors
(OFET) were elaborated using available test structures commercial-
ized by Fraunhofer IPMS. A highly doped N-type silicon sample was
used as gate electrode, while a 230 nm thick thermally grown silicon
oxide layer was used as gate dielectric. The lithographically patterned
source and drain contacts were composed of a 30 nm thick gold layer
on top of a 10 nm thick ITO adhesion layer and the channel length
and width were 20 ym and 10 mm, respectively. After a cleaning step
in soap, acetone and isopropyl alcohol and a 15 min exposure to ozone
in an UV-ozone reactor, a thin hexamethyldisilazane (HMDS) layer
was deposited by spin-coating under nitrogen atmosphere and
annealed for 5 min at 130 °C. Finally, 4 mg/mL solutions of the
blends were spin-coated to complete the OFET device. The samples
were left overnight under vacuum to remove residual solvent traces.
The device elaboration and characterizations (using an Agilent HP-
4155B source measurement) were performed under nitrogen
atmosphere.

3. RESULTS AND DISCUSSION

3.1. Thin Film Morphology. The AFM observations of the
as-deposited pure block copolymer film and of the blends with
PCBM (not shown) revealed rather featureless morphologies.
Significant structural changes occurred however during the
annealing step at 160 °C (1 h), as evidenced by the AFM phase
images shown in Figure 1. The film morphology was found to

Figure 1. AFM phase images on copolymer:PCBM blends after 1 h
annealing at 160 °C for different copolymer:PCBM weight ratios: (a)
1:0, (b) 1:0.16, (c) 1:0.25, and (d) 1:0.32.

depend strongly on the PCBM weight fraction. For the pure
copolymer, the film appears like a random assembly of
nanometer-sized rods (Figure la). No evidence for block
copolymer microphase separation can be seen. On the other
hand, parallel-packed well-defined lamellae are visible for both,
1:0.16 and 1:0.25 copolymer:PCBM weight ratios (Figure 1,
parts b and c). The average interlamellar spacing, determined
by numerical Fourier transform of the AFM phase image,
increases from 22 + 1 nm, for the lowest PCBM content, up to
27 = 1 nm for the 1:0.25 weight ratio blend. For the highest
PCBM content (1:0.32 weight ratio), the major part of the film
appears again featureless with the exception of some residual
double linear structures (Figure 1d). Note that similar lamellar-
type structures have been observed after repeated replacements
of the silicon cantilever, ascertaining that these features are not
an artifact caused by a damaged tip.

Since in the AFM phase-contrast mode, lighter regions
correspond generally to stiffer materials, it is likely that the
bright lamellae observed in the 1:0.16 and 1:0.25 blends
correspond to the rod block domains.””*® The higher
interlamellar spacing in the 0.25 blend seem to be induced
by slightly broader dark domains, as would be expected if
PCBM molecules accumulate in the P4VP domains.

TEM analyses have been performed on the pure copolymer
film and on the 1:0.25 blend film. Both films have been
annealed at 160 °C for 1 h, followed by 24 h at 120 °C. The
results are shown in Figure 2. The pure copolymer film appears

[~ 5G|

Figure 2. TEM images of the pure copolymer film (a) and of the
1:0.25 weight ratio film (b) after 1 h at 160 °C and 24 h at 120 °C.

as a highly disordered assembly of more or less spherical
nanoaggregates, in accordance with the AFM results. No long-
range order, typical for block copolymer microphase separation,
can be observed for the pure copolymer, even after an extended
annealing at 120 °C. This result is similar to the one observed
previously by Sary et al. on a pure P3HT-b-P4VP block
copolymer with a lower coil weight fraction and a longer P3HT
block, but contrasts with the data published by Lohwasser et al.
on copolzymers with similar rod—coil ratios but longer rod
blocks.*"**

For the 1:0.25 blend, the presence of parallel-stacked
lamellae can be observed. The average interlamellar distance
was estimated to 26 + 2 nm, by taking the Fourier transform of
the TEM image. This result coincides with the value
determined by AFM on the 1:0.25 blend and points out that
the lamellar structure observed by AFM is also present in the
bulk of the film. It is also worth to note that both, AFM and
TEM measurements show no presence of large PCBM crystals
even after extended annealing. This behavior supports the idea
that the PCBM/P4VP noncovalent bonds stabilize the blend
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morphology by avoiding PCBM macrophase separation. The
latter result substantiates the interest of P3HT-b-P4VP:PCBM
blends for bulk heterojunction solar cell applications, for which
macrophase separation of the D and A components is generally
detrimental to the device lifetime.

The microstructure of pure P3HT-b-P4VP thin films and the
corresponding blends with PCBM were investigated further by
X-ray diffraction scattering in grazing-incidence geometry in
wide (GIWAXS) and small (GISAXS) angles. The GIWAXS
patterns corresponding to the as-cast pure copolymer film
reveal the presence of P3HT crystals with the in-plane chain
orientation (Figure 3a). In addition to two orders of 100 peak

Figure 3. GIWAXS patterns corresponding to the pure copolymer
before (a) and after (b) thermal annealing (1 h, 160 °C) and to the
1:0.25 copolymer:PCBM weight ratio film before (c) and after (d)
thermal annealing (1 h, 160 °C).

of P3HT lattice, an intense oriented amorphous halo is visible
on the meridional direction of the pattern. The 020 reflection
appearing along the pattern equator reveals the formation of
m—rn stacking parallel to the substrate. Annealing of the film
leads to disappearance of higher orders of the 100 reflection
and that of the 020 peak of the P3HT structure (Figure 3b). It
is likely that microphase separation of the block copolymer
during annealing results in deterioration of the inter- and
intralayer arrangement of the P3HT block.

The blending of the copolymer with PCBM drastically
changes its structure (Figure 3c). Only faint traces of the 100
peak can be found on the meridian. The increase of the
amorphous halo intensity indicates a visible decrease in film
crystallinity. After annealing of the film, the crystalline peaks
completely disappear (Figure 3d). Hence, the presence of
PCBM in the amorphous phase of the copolymer disturbs the
crystal register within the P3HT domains. It is noteworthy that
no peaks of the PCBM crystals were identified in the GIWAXS
patterns.

The one-dimensional GISAXS curves of the nonannealed
and annealed pure copolymer were found featureless (cf. curves
1 and 2 in Figure 4). However, the curves of the 1:0.25 blend
reveal the form-factor of the P3HT layers (cf. curve 3 in Figure
4) corresponding to the formation of a block copolymer phase-
separated morphology without crystallization of the P3HT
block. The characteristic thickness of the layers calculated from
the position of the form-factor minimum was estimated to be
14.1 nm. This value is in qualitative agreement with the
interlamellar distances found from the analysis of TEM and
AFM images. Annealing of the film was found to improve the
layer-like morphology of the sample (cf. curve 4 in Figure 4).
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Figure 4. GISAXS curves of the pure copolymer before (1) and after
(2) thermal annealing (1 h, 160 °C); the 1:0.25 copolymer:PCBM
weight ratio film before (3) and after (4) thermal annealing (1 h, 160
°C). The dashed line shows the approximate position of the first
minimum of the P3HT phase form-factor.

On the basis of the GISAXS, AFM, and TEM data, we may
suggest that the presence of PCBM enhances the block
copolymer microphase separation and induces a lamellar
morphology while simultaneously hindering the crystallization
process of P3HT. Rod—coil block copolymers are indeed
known to microphase separate into a lamellar structure
provided that the driving force toward phase-separation is
large enough.>*' The latter is a function of the chemical
incompatibility between P3HT and P4VP pair which in turn
depends on the Flory—Huggins parameter y and the degree of
polymerization N. For the pure copolymer film, we did not
observe the formation of lamellas even after extended annealing
times, in contrast with the work reported by Lohwasser et al. on
a block copolymer of similar chemical nature.*> We attribute
this discrepancy to the smaller degree of polymerization N of
our copolymer, which reduces the driving force for microphase
separation. As a consequence, our P3HT-b-P4VP copolymer
may either be in the mixed phase of the equilibrium phase
diagram or its microphase separation process may be kinetically
quenched. Remarkably, adding relatively small amounts of
PCBM while keeping the processing conditions constant, leads
to a lamellar nanostructure with a well-defined homogeneous
lamellar spacing, typical for microphase separated rod—coil
block copolymer films.'"”***" We may therefore hypothesize
that complexation between PCBM and P4VP enhances the
chemical incompatibility between both blocks and thereby
increases the driving force for microphase separation while
triggering the formation of a lamellar nanostructure.

In principle, the presence of PCBM molecules may create
disorder in the P3HT phase, observed by GIWAXS, according
to two different mechanisms: either by increasing the driving
force for microphase separation or by diffusing into the P3HT
domains. The former mechanism is responsible for higher order
on the mesoscopic scale, but may hinder the rod-block 7—n
stacking interactions in the lamellar phase due to the high coil
fraction of our copolymer and the related steric hindrance. The
second mechanism depends on the miscibility of PCBM in the
P3HT phase. By investigating the behavior of P3HT:PCBM
bilayers during annealing, Treat et al. demonstrated recently
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Figure 5. Normalized UV—visible spectra before thermal annealing (a) and after a (1 h, 160 °C) thermal annealing (b) as a function of
copolymer:PCBM weight ratios: (red triangle and line) 1:0.32, (green circle and line) 1:0.25, (blue X and line) 1:0.16, (black line) 1:0.

that PCBM diffuses rapidly into amorphous P3HT domains
even at relatively low temperature, and estimated the PCBM
miscibility in P3HT to be higher than 40 wt %.>* On the other
hand, by following the optical properties of P3HT:PCBM
blends, Carach et al. found that thermal annealing leads to
partial crystallization of P3HT and simultaneous PCBM phase
separation and aggregate formation.>® In our case, the negligible
crystallization of P3HT as revealed by GIWAXS makes the
segregation mechanism described by Carach et al. unlikely.
Therefore, only supramolecular interactions between PCBM
and P4VP could a priori be able to promote PCBM
accumulation within the P4VP domains.

In order to clarify this issue and get a better insight into the
P3HT local electronic environment, it is instructive to follow
the UV—visible absorption and photoluminescence spectra of
P3HT-b-P4VP:PCBM blends, before and after thermal
annealing (see next section).

In the future, it will also be interesting to analyze in more
detail the interplay between ordering phenomena in the block
copolymer structure and P3HT crystallization in the course of
annealing, as for the compositions used in this work one can
expect a significant decrease of the P3HT melting temper-
ature.

3.2. UV-Visible Absorption and Photoluminescence
Spectroscopies. The normalized UV—visible absorption
spectra in as-deposited thin films of the P3HT-b-P4VP block
copolymer and of its blends with PCBM are given in Figure Sa.
The spectra of annealed thin films are shown in Figure 5b. For
comparison, we also included the absorption spectra of the
P3HT-rod block in both, solution and solid state (Figure 6).
The P3HT-rod and the as-deposited P3HT-b-P4VP thin films
absorption spectra are almost identical, indicating that the
P4VP block does not affect the conjugation length of the rod
block. The P3HT-rod molecule presents a significant red-shift
of their absorption edge and the appearance of vibronic peaks
(arrows in Figures Sb and 6), when going from solution to solid
state. The latter is attributed to the A, and A, transitions (at
600 + S nm and 550 + 10 nm, respectively), between the
molecular ground state and the first and second Franck—
Condon excited states, as reported by Spano for regioregular
P3HT.* The A,/A, amplitude ratio differs significantly for
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Figure 6. Normalized UV—visible spectra of P3HT-rod block in
solution in dichlorobenzene and in thin film.

P3HT-rod and P3HT-b-P4VH materials and points out
different intermolecular coupling strengths.36 In particular, the
lower amplitude ratio observed for the block copolymer (~0.5,
as compared to ~0.9 for the rod block only) provides evidence
for a much weaker intermolecular coupling between neighbor-
ing P3HT-rod blocks in the block copolymer film. The same
absorption peaks can be observed on the annealed pure
copolymer film, with reduced amplitudes but a similar
amplitude ratio. This behavior can be attributed to a higher
disorder (or larger amorphous fraction) of P3HT-rod and
agrees with the GIWAXS results described above. The constant
amplitude ratio further points out that the local molecular
environment of the ordered fraction does not change
considerably.

The absorption spectra of as-deposited P3HT-b-
P4VP:PCBM blends are similar to that of the P3HT-rod
molecule measured in solution, except for the peak at shorter
wavelength (around 330 nm), which corresponds to PCBM
exciton generation. These results indicate that the added
PCBM molecules engender structural disorder and weaken the
m—n stacking interactions of the P3HT segments, in accordance
with the X-ray diffraction data discussed above. On the
annealed samples, the vibronic structure can be seen for all
PCBM ratios and, for the two lowest copolymer:PCBM weight
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Figure 7. Photoluminescence spectra as a function of copolymer:PCBM weight ratios (a) before thermal annealing, (b) after a (1 h, 160 °C) thermal
annealing. The inset corresponds to the luminescence intensity as a function of weight ratios: (red triangle and line) 1:0.32, (green circle and line)

1:0.25, (blue X and line) 1:0.16, (black line) 1:0.

ratios (1:0.16 and 1:0.25), gets close to the absorption
spectrum of the pure copolymer film. Here again, the low
A,/A, amplitude ratio (estimated to ~0.5 + 0.1) suggests that a
rather weak intermolecular coupling between the P3HT rods
occurs in the ordered P3HT domains.

The room temperature photoluminescence of as-deposited
thin films of the P3HT-b-P4VP block copolymer, and of its
blends with PCBM, are represented in Figure 7a. A strong
decrease in luminescence intensity can be seen on the as-
deposited blend films with increasing PCBM content. Since the
rod block weight fraction decreases by only 20% for the 1:0.32
wt ratio with respect to the pure block copolymer film (which is
significantly lower than the 70% decrease in luminescence
intensity), the luminescence quenching may be attributed to
the fast photoinduced charge transfer between the electron
donor P3HT and the electron acceptor PCBM.

The photoluminescence spectra of annealed samples are
given in Figure 7b. The figure inset shows the PL intensity as
well as the P3HT fraction as a function of PCBM content. The
values have been normalized by the intensity measured for the
pure copolymer sample. For the 1:0.16 weight ratio, the PL
intensity after annealing is significantly higher than for the as-
deposited film. The PL intensity reduction observed when
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comparing the pure copolymer film with the 1:0.16 sample is
closed to what would be expected due to the sole decrease in
the P3HT weight fraction. We may therefore conclude that for
this particular blend, the photoinduced charge transfer and
related luminescence quenching becomes negligible. This in
turn points out that significant PCBM segregation toward the
P4VP phase must have occurred during annealing. Moreover,
the residual PL quenching observed for the 1:0.25 sample, for
which a clear microphase separation has been observed as well
by AFM and TEM (see Figures 1 and 2), may be a result of
either incomplete PCBM segregation toward the P4VP
domains or to a more efficient charge-transfer between P3HT
and PCBM molecules that are located within the P4VP phase.
The latter mechanism could be an outcome of a reduced
average distance between PCBM and the P3HT block with an
increasing density of PCBM molecules within the P4VP
lamella. The negligible increase in luminescence upon
annealing seen for the 1:0.32 sample is consistent with the
highly disordered morphology observed by AFM.
Interestingly, the PL spectra of the blend films display a well-
defined vibronic structure, which is best resolved for the 1:0.16
weight ratio after the annealing step. The corresponding
luminescence peaks are located at 573, 630, and 695 nm, and
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Macromolecules

are characterized by a constant energy spacing of AE = 0.18 +
0.01 eV. A similar vibronic structure has been observed before
on regio—regiolar P3HT polymer films by J. Clark et al. and has
been described by a modified Franck—Condon progression of
weakly coupled H-aggregates.>**” Within their model, AE
matches the phonon energy of the C=C symmetric stretch,
while the shortest wavelength peak has been attributed to a
disorder allowed 0—0 transition between the zero phonon
excited state and the Franck—Condon ground state of the H-
aggregates. Surprisingly, the 0—0 transition energy (2.14 V)
observed for the P3HT-b-P4VP:PCBM blends is about 0.25 eV
higher than the value reported by J. Clark et al. As a
consequence, our absorption and luminescence data point out a
negligible Franck—Condon shift (energy difference between the
0—0 absorption and 0—0 emission). The origin of this
particular behavior remains unclear and requires a more
thorough investigation of the block copolymer blend properties
(for instance by measuring photoluminescence at low temper-
ature), which lies however beyond the scope of the present
report.

Nevertheless, within the framework of the H-aggregate
model, we may get some more insight into the local molecular
environment of the P3HT-rods, by taking into account the
amplitude ratio of 0—0 and 0—1 vibronic transitions (located at
573 and 630 nm respectively) 3%3¢ Indeed, the 0—0 transition
is known to be forbidden in perfectly aligned H-aggregates and
can only be observed in the presence of structural disorder.
Therefore, high 0—0/0—1amplitude ratios are representative of
high disorder in the local molecular environment. Reported
values lie within 0.3 to 0.8 range.33 For the 1:0.26 blend, the
amplitude ratio is estimated to 0.9. If we assume that the
coupling between the electronic transition and phonon mode
for the P3HT-rod block copolymer is similar to the value
reported for P3HT polymer,®® such a high amplitude ratio
indicates a disorder close to that of an isolated macromolecule
in solution.”® It is somewhat surprising, that this high disorder
does not hinder the observation of the vibronic features by
room temperature PL. Note that the vibronic structure is barely
visible in the pure block copolymer film. We suggest that the
confinement of the P3HT rod—block within the rod domains
of the microphase-separated thin film could be responsible for
this remarkable behavior.

The absorption and luminescence data are in line with the
morphology results and corroborate the conclusion that the
P3HT blocks within the lamellar domains of annealed
copolymer:PCBM films are in a highly disordered state. As a
consequence, it is unlikely that P3HT crystallization contributes
to the PCBM phase segregation, as it does in standard
P3HT:PCBM blends. Rather, the supramolecular interaction
between PCBM and the P4VP blocks can be considered as the
major driving force for the preferential accumulation of PCBM
within the P4VP domains.

3.3. Field-Effect Mobility Measurements. An additional
way to probe the ordering of both, the P3HT block and the
PCBM molecules, consists in measuring the charge carrier
mobilities. The hole mobility (4,) is indeed strongly dependent
on the P3HT sn—r stacking interactions while the electron
mobility (4,) depends on the percolation between PCBM
molecules. We therefore implemented the copolymer/PCBM
thin films as semiconductor layer into an organic field effect
transistor and estimated the charge carrier mobilities by fittin
the device transfer characteristics to a standard device model.”
The hole mobility has been measured in the linear regime while
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the electron mobility has been extracted in the saturation
regime. This procedure relates to the fact that the high contact
resistance (R.) for electron injection does not allow the
observation of a linear regime (see below).

No field-effect could be observed in as-deposited thin films,
corroborating the lack of structural order observed by AFM and
optical spectroscopy. After 1 h annealing at 160 °C, the current
remains below the detection limit for the transistor based on
the pure block copolymer film. On the other hand, however,
the devices made of the polymer/PCBM blends show an
ambipolar charge transport, although with relatively low
currents (see Figure 8). The small but non-negligible drain
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Figure 8. Ambipolar transistor transfer characteristics for a channel
with 1:0.25 copolymer:PCBM weight ratio after 1 h annealing at 160
°C. The p-type transistor characteristics are illustrated in the inset.

current at zero drain voltage is due to gate leakage. The
extracted electron and hole mobilities as a function of PCBM
content are summarized in Table 2. The values are orders of

Table 2. Electron and Hole Mobilities as a Function of
Copolymer:PCBM Weight Ratio after 1 h at 160 °C

copolymer:PCBM weight  1:0 1:0.16 1:0.25 1:0.32
wy, [em?/(V s)] 8 x 1077 2% 107° 6x 1077
Ue [em?/(V s)] 2x 1078 2x 1078 3x 1078

magnitude lower than those typically observed for P3HT and
PCBM and make these films inappropriate for device
applications. Nevertheless, the dependency of the mobilities
on the PCBM content nicely fits with the conclusions outlined
above. In particular, the fact that adding PCBM is necessary for
the observation of a hole transport is consistent with the idea
that fullerenes trigger the copolymer microphase separation
giving rise to percolation paths for both, electrons and holes.

4. CONCLUSION

In conclusion, a combination of AFM, GIWAXS, and GISAXS
and the optoelectronic results obtained on P3HT-b-P4VP/
PCBM block copolymer fullerene blends give strong evidence
that the presence of PCBM influences the block copolymer self-
assembling. Within a specific range of PCBM concentrations, a
more pronounced block copolymer microphase separation and
more intense 7—7 stacking interactions of the rod block have
been observed, giving rise to ambipolar charge transport.
Moreover, the luminescence increase after annealing clearly
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shows that PCBM molecules are preferentially localized within
the P4VP domains, corroborating the impact of the non-
covalent interaction between the fullerene and 4VP units.
Finally, the thermal stability of the blend morphology as well as
the absence of PCBM crystallization confirms the ability of such
blends to avoid macrophase separation which is one of the
problems in state-of-the-art solar cell applications.
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