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ABSTRACT:

Recent evidence has demonstrated that amorphous mixed phases are ubiquitous within
mesostructured polythiophene/fullerene mixtures. Nevertheless, the role of mixing within
nanophases on charge transport of organic semiconductor mixtures is not fully understood. To
this end, we have examined the electron mobility in amorphous blends of poly(3-
hexylthiophene) and phenyl-Cg;-butyric acid methyl ester. Our studies reveal that the miscibility
of the components strongly affects electron transport within blends. Immiscibility promotes
efficient electron transport by promoting percolating pathways within organic semiconductor
mixtures. As a consequence, partial miscibility may be important for efficient charge transport

in polythiophene/fullerene mixtures and organic solar cell performance.



The generation of unique properties through mixing of organic semiconductors has
enabled improved performance and novel functionalities in organic electronic devices [1-3]. In
organic light emitting diodes, isolated phases of a second material within the active layer can act
as recombination centers, enhancing the quantum efficiency [1]. Mixing of flexible polymer
semiconductors with high-mobility small organic molecules can yield high-performance flexible
transistors [2].  Solution-processed organic solar cells rely on the self-assembly of
polymer/fullerene donor/acceptor mixtures to create the morphology necessary for efficient
photocurrent generation [4, 5]. Despite the importance of creating organic semiconductor
mixtures and the tremendous recent advances in the performance of the aforementioned devices,
it remains a challenge to fully describe the optoelectronic properties of heterogeneous organic
semiconductors.

The difficulty in describing the effect of nanoscale phase separation on the performance
of organic photovoltaics (OPVs) illustrates the need for further examination of the role of mixing
and transport within organic semiconductor mixtures [5-9]. Kozub et al. has recently shown that
regioregular poly(3-hexylthiophene) (RR P3HT)/phenyl-Cs;-butyric acid methyl ester (PCBM)
mixtures, which are used as the active layer of OPVs, separate into two phases due to the
crystallization of the polymer [10]. The RR P3HT-rich phase, composed of P3HT crystals, is
essentially pure. The PCBM-rich phase, however, is a mixture of amorphous P3HT with PCBM.
The existence of a mixed phase is consistent with the semicrystalline nature of RR P3HT and the
partial miscibility of P3HT and PCBM [10-12]. Except for highly immiscible systems,
polymer/small molecule mixtures will always exhibit partial miscibility and as a consequence,

mixed phases [10, 13]. Nevertheless, the effect of mixed phases on the efficiency of OPVs is not



clear; for instance, blending of organic semiconductors can strongly affect charge transport in
mixtures [2, 14-19] and as a result affect OPV device performance.

Studies of charge transport in mixtures of organic semiconductors have demonstrated
that, in general, carrier mobilities depend monotonically on the concentration of the carrier phase
[15,20-23]. As might be expected, a decrease in concentration of the carrier phase decreases the
effective mobility. Consequently, efficient ambipolar transport is only achieved for a limited
range of concentrations, which is system-specific. =~ Studies are complicated by the
semicrystalline nature of many organic semiconductors, since crystallization of one or more of
the constituents can affect the composition of the remaining mixed amorphous phase. It remains
a challenge to fully describe charge transport and its dependence on composition within mixed
semiconductor films utilized in OPVs.

In this Letter, we examine a model system for the amorphous PCBM-rich phase prevalent
in devices composed of RR P3HT/PCBM mixtures. By mixing regiorandom P3HT (RRa
P3HT), which is amorphous, with PCBM, we create thin films which exhibit no crystallinity of
either component. Thus, by fabricating thin film transistors we have examined the electron
transport properties of amorphous P3HT/PCBM mixtures. We find that charge transport
properties are closely coupled to the miscibility of the two components. At compositions where
the films are miscible, PCBM is dispersed in RRa P3HT and electron transport is strongly
suppressed. In contrast, when the materials are immiscible, spinodal decomposition driven phase
separation leads to efficient electron transport by promoting percolating pathways throughout the
active layer. Thus, our results suggest that charge transport in mixed amorphous systems is
strongly coupled to the miscibility of the components and when homogeneous, can be described

with percolation theory.



The photoactive layer morphologies of 1:1 by mass RR P3HT/PCBM solar cells are
shown in Figure 1. The images are generated through energy-filtered transmission electron
microscopy (EFTEM), which couples spectroscopy and microscopy to map the local elemental
composition. The fiber-like morphologies are a direct consequence of the crystallization of
P3HT, where the matrix phase is fullerene-rich but contains significant amorphous P3HT [10].
From the image intensities of Figure 1, we compute that the P3HT fibers are essentially pure (ca.
99%), but the PCBM-rich phases contain 30+5% and 45+4% P3HT by volume once annealed at
165 and 190 °C, respectively (see reference [10] for details of the calculation). Thus, Figure 1
demonstrates that the composition of the fullerene-rich phase, which is responsible for electron
transport in OPVs, can depend on the crystallization of the components and processing
conditions. Figure 1 exemplifies one of the challenges in examining electron transport in
semicrystalline polythiophene/fullerene mixtures; crystallization can affect the composition of
the fullerene-rich phase. On the other hand, Figure 1 also suggests that electron transport is
likely not a trivial function of electron donor/acceptor composition in OPVs.

As a model system for the matrix phase within the photoactive layer of RR P3HT/PCBM
OPVs, we mix RRa P3HT, which does not crystallize, with PCBM at various compositions. The
number-averaged molecular weight of RRa P3HT is 30 kg/mol (Sigma-Aldrich). RRa P3HT
was extensively purified through precipitation in methanol and soxhlet extraction in hexane,
hexane/methanol and methanol. Mixtures were created through dissolution in anhydrous
chlorobenzene and spun cast into thin films. The resulting films are amorphous for the
processing conditions chosen in this study.

Bottom-contact, bottom-gate field-effect transistors were fabricated to examine the

electron mobility of amorphous RRa P3HT/PCBM mixtures. All devices were fabricated and



tested in an N, glovebox. In order to prevent selective wetting at the dielectric-semiconductor
interface, the surface energy of the dielectric was carefully modified. Near Edge X-ray
Absorption Fine Structure studies of P3HT/PCBM films have shown that selective wetting
occurs on various substrates [24, 25]. The composition of P3HT/PCBM films at SiO, (surfaces
surface energy=77.4 dyn/cm [25]) is 18% P3HT, while on octotrichlorosilane (OTS) (23.7
dyn/cm [25]) the composition is 74% P3HT. Thus, we do not expect significant selective
wetting on hexamethyldisilazane (HMDS), which has a surface energy of 43 dyn/cm [26].
Linearly interpolating between the surface energy of SiO; and OTS would suggest a composition
on HMDS of 54% P3HT, close to the composition of the casting solution (58%). As a
consequence, RRa P3HT/PCBM transistors are ideally suited for the examination of electron
transport in organic semiconductor mixtures and to obtain insights into the fullerene-rich phase
of RR P3HT/PCBM OPVs.

Figure 2a shows transfer characteristics of RRa P3HT/PCBM field effect transistors at
three different PCBM volume fractions. Devices exhibit both hole and electron transport
characteristics with threshold voltages near 80 V. The hole mobilities of both neat RRa P3HT
and PCBM are ~ 10 to 10° cm?/Vs. Consequently, hole mobilities of mixed films do not vary
significantly with composition. The electron mobilities («.) at PCBM volume fractions (@rcaum)
of 0.4, 0.55 and 0.7 are 2.5+0.3x107, 2.2+0.1x10™, and 1.840.6x107 cm?/Vs, respectively; u.
varies with composition and approaches the neat u, of PCBM, u2, with increasing @pcsu
(19=2.6+0.7x10" c¢m?/Vs from our studies and 10~ to 10 cm?/Vs in the literature [15, 20-23,
27, 28]). Figure 2b summarizes u. in the saturation regime calculated from transfer curves as a
function of @pcpy for RRa P3HT/PCBM transistors. Mobilities were calculated at gate voltages

which are 20-30 V above the threshold voltage resulting in charge densities near 1-2x10'* cm™.



Devices were tested as cast or annealed at either 50 or 100 °C for 12 hrs. The time and
temperature for thermal annealing was chosen to prevent PCBM crystallization [29]. Data from
as-cast RR P3HT/PCBM transistors is also shown in Figure 2b, since RR P3HT/PCBM films
which are not annealed exhibit little structure [10, 30]. For all of the processing conditions
chosen for this study, u. does not depend on processing conditions. Furthermore, as shown in
Figure 2c, u. depends linearly on composition when @pcpy~>0.6. In contrast, u. decreases super-
linearly as the amount of PCBM is decreased in the film for @pcp<0.6 (Figure 2b). The sudden
change in f, from a super-linear to linear dependence on composition has not been observed in
previous studies of the mobility in RR P3HT/PCBM films, which possess significant P3HT
crystallinity due to thermal annealing [15, 21]. By utilizing RRa P3HT and controlling the
processing conditions, our studies uniquely examine electron transport in amorphous films.
Figure 3 shows u. as a function of temperature for @pcpy=0.8 and 0.4. The increase in
mobility with increasing temperature is due to thermally activated transport, commonly observed
in organic semiconductors [31]. Although u,. varies by two orders of magnitude, the temperature
dependence and consequently the activation energy, E,, is unchanged. Furthermore, E, from our
blends (83 meV for @pcpy=0.8 and 73 meV for @pcpy=0.4) is similar to £, from studies on
PCBM films (63-100 meV) [27, 28, 32]. The similar £, values from our blends and neat PCBM
suggest that transport is occurring through PCBM molecules only; in addition, at @gpcpy=0.8 it is
unlikely that electron hopping is limited by RRa P3HT due to the high PCBM content. Thus,
Figure 3 demonstrates that the dominant phenomena that leads to activated transport is
unperturbed as a function of composition. This implies that intermolecular charge hopping, trap
densities and the temperature dependence of percolating pathways do not change significantly

with @pcay. As a result, we assume that electron hopping takes place only through PCBM and



not through RRa P3HT and we attribute the drop in the room temperature mobility below
orcen=0.6 to a decrease in the number of percolating pathways within the active layer.

Concepts from percolation theory are powerful in describing the electrical properties of
composites [33-35]. In particular, the conductivity of a composite system is given by (¢-@.)”
near the percolation threshold, where ¢. is the percolation volume fraction and « is an exponent
which depends on the dimensionality of the sample. We note that ¢. can depend on the
intermolecular interactions within the system and has been observed to vary between 0.07 and
0.65 in various mixtures [34]. The electron mobility for our system at @pcpr=0.16 is 1.4x107
cmz/Vs, but at @pcpr=0.14 the value is too low to measure with our instrumentation Que<10'10
cm?/Vs). Thus, we take ¢ to be 0.15+0.01. Figure 4 shows the electron mobility as a function
of (dpcam-9@c). U increases with (@pcay-@c) until (@pcpi-@.)=<0.45, after which . depends linearly
on (Ppcpm-Pe).

The data in Figure 4 follow percolation behavior for small (@pcpm-@:); mobilities
approaching the percolation threshold follow a scaling law for conductivity in 3D percolating
systems (0=2) [33, 34]. Figure 4 denotes 1.o(@dpcsn-¢.)* as a solid line for comparison to the
data. In addition, fitting the three data points with lowest (¢rcpm-@c) yields o=2.2+0.2, where the
error is computed by considering the range of ¢@. (0.15+£0.01). Our data is not consistent with a
2D exponent(o=1.3) [33, 35], suggesting that the channel region is sufficiently thick to allow
multiple layers of fullerene to participate in conduction. A channel thickness of 3-5 nm is not
unreasonable for organic semiconductors [36]; furthermore, field-effect mobilities in organic
semiconductors saturate only after 3 or more layers are deposited [37, 38]. Nevertheless, we
note that a high gate bias may decrease the channel thickness and effectively constrain charge

transport to 2D conduction [39]. As (@pcam-@.) approaches 0.45, u. no longer follows (@pcau-



¢.)*. Both the divergence of u. from the expected scaling law and the linear dependence of u. on
composition after (@pcan-@.)~0.45 are not consistent with percolation theory. Thus, factors other
than simple percolation of homogeneously dispersed PCBM molecules in a RRa P3HT matrix
must play a role in governing electron transport for (@pcay-@.)>0.45.

We have previously determined the miscibility of amorphous P3HT/PCBM mixtures
[10]. By measuring the melting point depression of RR P3HT when mixed with PCBM, we were
able to estimate the Flory-Huggins interaction parameter, y, and the compositions for which the
components are miscible. From Flory-Huggins theory, we found that for @pcp)>0.5840.05
amorphous P3HT and PCBM are immiscible; this miscibility limit is denoted in Figure 4 as a
gray region to include the experimental uncertainty. Once immiscible, the number of percolation
pathways of the majority phase is enhanced by the formation of distinct phases. The Flory-
Huggins phase diagram for amorphous P3HT/PCBM mixtures shown in Figure 3 of reference
[10] predicts that once immiscible, a pure PCBM phase will form. Thus, we expect the mobility
will decrease linearly with dilution from the neat PCBM electron mobility, 2. Although our
data has significant scatter, we note that the average electron mobility of all samples increases
linearly for (@pcpm-@:)>0.43 (or @pcprr>0.58, see Figure 2¢). We speculate that the rapid increase
near (@pcpm-@:)=0.4 of u, from (¢pCBM-¢C)2 to a ¢pCBM><,ug dependence is due to concentration
fluctuations as immiscibility is approached. The linear dependence of the mobility with
composition at (@pcay-9.)>0.43 (Figures 2¢ and 4), however, is clearly due to the components
becoming immiscible at this composition.

Energy-filtered transmission electron microscopy (EFTEM) was used to generate high
contrast images of the morphologies in amorphous mixtures of RRa P3HT/PCBM. As shown in

Figure 5a, at high @pcsy (Ppcn=0.8 and 0.7) light regions corresponding to P3HT-rich domains



and dark regions corresponding to PCBM-rich domains are visible. The presence of distinct
P3HT and PCBM domains demonstrates that polythiophene/fullerene mixtures are not
completely miscible. In contrast, the sulfur elemental map for @pcpy=0.2 shows no evidence of
phase separation, indicating that RRa P3HT and PCBM are miscible. Figure 5b shows the
radially-averaged fast Fourier transform (FFT) intensities as a function of the reciprocal space
scattering vector, ¢, generated from the EFTEM images in Figure 5a. There is a jump in the FFT
intensities between @pcpy=0.6 and 0.7 for g < 0.28 nm’', suggesting coarsening and growth of
structures greater than 22 nm for samples with high PCBM compositions. This is illustrated by
the change in slope in the integrated FFT intensities shown in the inset of Figure 5b. Thus, the
results shown in Figures 5a and 5b are consistent with our previous measurements of the
miscibility limit of P3HT/PCBM mixtures at @pcpy=0.58+0.05 [10] and support our hypothesis
that the drop in the mobility when @pcz,<0.58 is due to RRa P3HT/PCBM mixtures becoming
homogeneous.

Through a combination of our previous measurements of the miscibility [10], and the
EFTEM results shown in Figure 5, we conclude that at high fullerene volume fractions PCBM
and RRa P3HT are immiscible. Consequently, the components phase separate and u. is the
product of the neat PCBM mobility and @pcgpa (Figure 2¢). Immiscibility of the two components
promotes percolating pathways, thereby enhancing charge transport in the mixture. On the other
hand, at low PCBM volume fractions, the components are miscible. As @pcpy decreases, the
number of percolating pathways also decreases resulting in drastically lower mobilities.
Consequently, we surmise that the extent of miscibility between donor and acceptor components
in OPVs can affect device performance by governing charge transport within the photoactive

layer. Donor/acceptor mixtures which are completely miscible would exhibit sharp drop offs in



charge transport efficacy with dilution. Strongly immiscible systems, on the other hand, would
readily phase separate into large domains and prevent efficient charge separation. Our results
suggest that partial miscibility of donor/acceptor mixtures is critical for efficient device
performance.

In summary, we have demonstrated the interplay between miscibility and percolation in a
model organic semiconductor mixture. We utilized field-effect mobilities derived from thin-film
transistors as a measure of the conductive pathways present in amorphous
polythiophene/fullerene blends. This approach examines electron transport in the fullerene-rich
phase of polythiophene/fullerene solar cells and can be extended to crystalline polymer/fullerene
mixtures if the compositions near the dielectric interface are known. Our study reveals that the
electron mobility of amorphous mixtures of RRa P3HT/PCBM decreases significantly below
fullerene volume fractions of 0.58, where the components are miscible. The strong dependence
of charge transport on the miscibility of P3HT and PCBM suggests that partial miscibility may
be critical for efficient OPV device performance.
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Figure 1

Sulfur elemental maps of 1:1 RR P3HT:PCBM mixtures (@pcs~0.42) annealed at two different
temperatures (165 and 190 °C) generated through EFTEM. Samples were annealed for 30 min.
The scale bar is 200 nm.
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Figure 2
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(Color online) (a) Transfer characteristics of RRa P3HT/PCBM field effect transistors at various
PCBM volume fractions (channel widths of 220 um and lengths of 20 pm). Samples were
annealed at 50 °C for 12 hours. (b) Electron mobility as a function of PCBM volume fraction for
various processing conditions. Samples were annealed for 12 hrs. The electron mobility of as
cast RR P3HT/PCBM devices is also shown. Error bars denote the standard deviation of

multiple measurements. (c) i averaged over all samples shown in (b) as a function of @pcau.

The errors bars denote the standard deviations. The dashed line is uSX(bPCBM.
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Figure 3
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(Color online) Electron mobility as a function of temperature for @pcpp~0.8 and 0.4. The solid

lines are exponential fits to the data.
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Figure 4
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(Color online) Electron mobility of RRa P3HT/PCBM and RR P3HT/PCBM films for different

processing conditions as a function of (@pcai-@:). The solid line represents (@pcpy-@:)” with a

=2. The gray region designates the miscibility limit for PSHT/PCBM. Error bars denote the

standard deviations of multiple measurements.
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Figure 5
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(Color online) (a) Sulfur elemental maps of RRa P3HT/PCBM mixtures at various PCBM

volume fractions(@=@pcpr). Samples were annealed at 50 °C for 12 hours. The scale bar is 200
nm. (b) Fast Fourier transform (FFT) intensity as a function of scattering vector, ¢, obtained

from the images in (a). Inset: FFT integrated intensity as a function of ¢=@pcpu.
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