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Thin film field-effect transistors based on binary blends of poly(3-hexylthiophene) (P3HT) and two perylene

diimide (PDI) derivatives with different alkyl substituents have been investigated in terms of device

performance, microstructure and molecular organization on the surface. For the same blend ratios the

PDIs phase separate differently due to solubility variation. Blends with a horizontal phase separation

between the donor and acceptor show ambipolar behavior due to well defined homogenous pathways

for both charge carriers. In this layer arrangement the polymer is located near the dielectric interface,

while the PDI molecules crystallize on top of the film. Interestingly, the electron mobility is improved by

a few orders of magnitude in comparison to the pure acceptor. This increase is attributed to the altered

microstructure of PDI in the blends. Layers in which the PDI crystals are embedded within the polymer

matrix and are not interconnected with each other lead only to hole transport in the transistor. For one

blend ratio, the hole mobility improves by one order of magnitude compared to pure P3HT as a result

of the reorganization of the polymer in the blend layer. This study provides new insights into the role of

microstructure and molecular organization in the charge carrier transport in heterojunction field-effect

transistors for the development of high-performance future devices.
Introduction

Organic eld-effect transistors (FETs) based on solution
processable conjugated polymers are technologically attractive
as active components in cheap and exible electronic devices
such as radio frequency identication (RF-ID) tags and active
matrix of exible displays.1 Most recent high-performance
polymeric organic semiconductors revealed unipolar device
operation,2 while an ambipolar transport of electrons and holes
is required for applications in complementary-like logic
circuits.3 The main reasons for unipolarity are unoptimized
device geometries and molecular energy levels suited for only
one type of charge carrier.4
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There are several approaches to build ambipolar transistors.
The simplest method is based on the separate deposition of p-
and n-type materials on the corresponding electrodes of the
logic circuit.5 However, this procedure involves complex and
precise solution deposition techniques. Recently, single-
component transistors with ambipolar behavior have been
reported reaching high balanced mobilities.6 The optimization
of the molecular design towards ambipolarity is a challenging
task and the synthesis oen remains a complicated multistep
procedure. An alternative is the employment of a mixture of two
components having different electronic affinity which form a
heterojunction blend in the active layer aer solution deposi-
tion.7 The heterojunction structure depends on the deposition
conditions and can vary between a simple bilayer8 and a
complex interdigitation9 of both phases. Intensive studies have
been performed on the effect of the heterojunction micro-
structure on the efficiency of organic photovoltaics.10 Such bulk
heterostructures are highly attractive due to their expanded
interface between the donor and acceptor available for charge
separation, which can overcome the limits of short exciton
diffusion length in organic semiconductors in photovoltaics.11

Since the charge carrier migration in FETs occurs parallel to the
substrate, the bulk heterostructure interface needs to be adap-
ted accordingly to avoid scattering of charges and interruption
in the charge carrier pathway. The microstructure plays a
crucial role in determining the device properties due to the
J. Mater. Chem. C, 2013, 1, 2433–2440 | 2433
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Scheme 1 Chemical structures of the investigated PDI derivatives. PDI-1 bears
short branched alkyl-chains at the N-imide position. PDI-1 served as the starting
material for the synthesis of PDI-2, which carries additional bulky alkyl-substitu-
ents at the 2-, 5-, 8-, and 11-position of the PDI core.

Table 1 Charge carrier mobility data derived from FET measurements for pure
P3HT, PDI-1 and PDI-2 and blends of P3HT:PDI-1 and P3HT:PDI-2

Sample mh,sat (cm
2 V�1 s�1) me,sat (cm

2 V�1 s�1)

P3HT 3.7 � 10�2 —
PDI-1 — 1.1 � 10�6

1 : 3 P3HT:PDI-1 1 � 10�3 —
1 : 1 P3HT:PDI-1 4.5 � 10�3 6 � 10�3

�3 �5
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View Article Online
requirement of each semiconductor to contact the source and
drain electrodes and to form sufficient percolation paths for
each type of charge carrier.12 Therefore, it is a great challenge to
precisely control the direction and length scale of such phase-
separated microstructures for transistor applications since this
limits the electronic functionality of the blend lm. The phase
separation can occur either horizontally or vertically with
respect to the surface. For an unhindered charge migration the
corresponding electron or hole transporting fractions should
connect the source and drain electrodes. Additionally, the
transport of holes and electrons through the corresponding
phases can be improved by increasing the local molecular order
and crystallinity.13

The most prominent acceptor used in bulk heterojunction
photovoltaics is PCBM ([6,6]-phenyl C61-butyric acid methyl-
ester) due to the match of its energy levels to many donor
materials and due to its excellent electron transporting prop-
erties.14 PCBM has also been successfully applied for many
heterojunction FET devices in combination with various poly-
mers and small molecules.9 Recently, we have demonstrated
perylene diimide (PDI) derivatives as an alternative for electron
acceptors in heterojunction photovoltaics in combination with
poly(3-hexylthiophene) (P3HT)15 due to their strong absorption
in the visible light region and typically high electron charge
carrier mobilities.16 The PDI derivatives are a promising elec-
tron transporting material for their exploitation in solution
processed heterojunction FETs.

Therefore, in this work heterojunction ambipolar transistors
with the active layer based on crystalline PDI and P3HT are
studied and correlations between blend composition, hetero-
junction microstructure, molecular order and charge carrier
transport of holes and electrons are established. While P3HT is
a p-type conjugated polymer with well-known electronic prop-
erties and organization,17 two PDI derivatives with different
alkyl substituents and solubility are investigated leading to
altered organization in the blended thin layers. This study
indicates that the layer location near the dielectric interface
plays a crucial role in the device operation. Interestingly, for few
blend ratios the charge carrier mobility signicantly improves
in comparison to the pure compounds. As with our previous
studies on photovoltaics, this work provides a further insight
into the ambipolar charge carrier transport mechanism in
heterojunctions.
Fig. 1 AFM height images of spin-coated and annealed (at 120 �C for 20min) (a)
P3HT, (b) PDI-1 and (c) PDI-2 (height scale valid for both PDI derivatives).

3 : 1 P3HT:PDI-1 3 � 10 2 � 10
PDI-2 — 10�8

1 : 3 P3HT:PDI-2 7 � 10�3 2 � 10�3

1 : 1 P3HT:PDI-2 2 � 10�3 —
3 : 1 P3HT:PDI-2 0.1 —
Results and discussion

The chemical structures of the investigated PDI derivatives are
depicted in Scheme 1. Compound PDI-2 was specically
designed to increase the solubility by additional bulky alkyl side
chains in comparison to PDI-1. As the donor, P3HT with a
regioregularity of �94%, Mw ¼ 60 kg mol�1 and PDI ¼ 2.2 was
used.

The transport behavior of hole and electron carriers was
investigated by FET measurements. Bottom-contact, bottom-
gate hexamethyldisilazane (HMDS) treated devices were fabri-
cated by spin coating a chloroform solution at a concentration
of 10 mg ml�1 of the pure compounds and the mixtures. Aer
2434 | J. Mater. Chem. C, 2013, 1, 2433–2440
deposition, the thin lms were annealed at 120 �C for 20 min.
Three blend ratios for each PDI derivative have been investi-
gated: 1 : 1, 1 : 3 and 3 : 1 (w/w) P3HT:PDI.

A moderate p-type saturation mobility of 3.7 � 10�2 cm2 V�1

s�1 was determined for pure P3HT (Table 1), which is typical for
spin-coated thin P3HT layers.18 The microstructure of P3HT was
inspected by atomic force microscopy (AFM), which reveals a
uniform topography consisting of a nodular structure (Fig. 1a).
This has been observed previously for P3HT samples with a
similar molecular weight range.19 Additional grazing incidence
wide-angle X-ray scattering (GIWAXS) measurements on the
lm provide information about the organization of P3HT on the
surface. The scattering maximum located on the meridian
(Fig. S1,† qz z 1.64 Å�1 at qx,y ¼ 0 Å�1 indicating a p-stacking
distance of dp ¼ 3.83 Å) is a result of diffraction of X-rays on
p-stacked polymer chains. The azimuthal location of this peak
points towards a face-on orientation of the macromolecules
This journal is ª The Royal Society of Chemistry 2013
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(Fig. 2a). It is known that the regioregularity of P3HT deter-
mines the polymer arrangement towards the surface and that
P3HT with a relatively low regioregularity tends to organize in a
face-on manner.20 Further, distinct equatorial reections at
qx,y ¼ 0.37 Å�1 are related to the lateral chain-to-chain distance
of 16.9 Å of the face-on organized polymer. Interestingly, the
identical position of scattering maxima visible on the meridian
at qz ¼ 0.37 Å�1 may be assigned to a certain fraction of P3HT
with an edge-on arrangement (Fig. S1†). A very low intensity of
equatorial reections located at qx,y ¼ 1.64 Å�1 suggests,
however, a signicantly smaller amount of the edge-on oriented
fraction which has additionally a shorter coherence length in
the p-stacking direction. It can be therefore assumed that the
polymer is organized in an edge-on and face-on manner: a
major part of P3HT forms well-developed domains containing
face-on oriented, p-stacked macromolecules while a smaller
part is oriented edge-on towards the substrate with rather
random organization in the direction normal to the aromatic
planes. In the face-on arrangement of P3HT the insulating alkyl
side chains are oriented in the same plane and lead to a lower
charge carrier transport in the transistor. On the other hand, a
face-on arrangement is considered to favor the solar cell effi-
ciency since in this kind of device the main charge carrier
direction is normal to the surface. Additional temperature
dependent in situ GIWAXS measurements indicate that thermal
annealing enhances both coherence of macromolecules within
stacks (in other words: longer coherence length) and also
ordering of stacks with respect to the surface (Fig. S2†).

As expected, both pure PDI-1 and PDI-2 show n-type behavior
with low electron mobilities of 10�6 and 10�8 cm2 V�1 s�1,
respectively (Table 1). It has to be mentioned that PDI-1 gives
rise to more distinct output curves in comparison to PDI-2
which shows a very low eld-effect (10�8 cm2 V�1 s�1). The low
performance of both PDIs, and especially of PDI-2, can be
explained in terms of their crystal size and order in the thin
layer. AFM images of PDI-1 show several micrometer large leaf-
like crystalline structures (Fig. 1b), while PDI-2 forms uniform
grains of�0.25 mm in average size (Fig. 1c). The small grain size
and lower crystallinity of PDI-2 in comparison to PDI-1 can be
attributed to the bulky side chains at the bay of the core
which hinder molecular interactions in solution, reduce the
Fig. 2 GIWAXS patterns of thin films and the corresponding illustrations of the
organization (alkyl substituents and helical rotation are omitted due to simplicity)
of (a) P3HT, (b) PDI-1 and (c) PDI-2.

This journal is ª The Royal Society of Chemistry 2013
self-assembly and thus lead to small domains. In both cases, the
domains are obviously separated from each other by distinct
grain boundaries which are known to limit the charge carrier
transport in thin layers.21 Equatorial reections at qx,y ¼ 1.85
Å�1 in the GIWAXS pattern for PDI-1 are assigned to the
p-stacking distance of 3.4 Å and indicate an edge-on arrange-
ment of the molecules on the surface (Fig. 2b and S1†).
Accordingly, the columnar stacks are oriented parallel to the
surface as implied by the most intense reection located on the
meridional plane (located on the qz axis) of the pattern.
Unfortunately, due to insufficient number of peaks, the precise
assignment of the 2D intercolumnar unit cell is impossible.
Additional diffraction maxima visible at various azimuthal
angles in the low to middle q-range result from a complex
helical intracolumnar packing of the molecules within the
columnar stacks, which has been already reported for other PDI
derivatives in bulk and in thin layers.22 In contrast to PDI-1, the
pattern of PDI-2 is less complex and is characteristic for poorly
developed microstructures (Fig. 2c). Nearly uniform, broad
rings located at q-values ranging approximately from 1.1 Å�1 to
1.5 Å�1 indicate low crystallinity and mostly isotropic arrange-
ment of molecules in the lm. These GIWAXS results for PDI-2
are in agreement with the microstructure observed by AFM and
the low FET performance. The bulky side chains of PDI-2 lower
the molecular interactions and lead to a less ordered lm as
conrmed additionally by the lack of further reections such as
from p-stacking.

The device behavior of P3HT:PDI-1 and P3HT:PDI-2 blends
was determined for three weight ratios of components: 1 : 3,
1 : 1 and 3 : 1. Clear ambipolar behavior for P3HT:PDI-1 1 : 1 is
observed from the transfer curves in both p-type and n-type
operation modes for positive and negative gate voltages with a
hole and electron mobility of mh ¼ 4.5 � 10�3 cm2 V�1 s�1 and
me¼ 6.0� 10�3 cm2 V�1 s�1 (Fig. 3c and d). In the negative drain
mode, VDS < 0 V, the crossover point from electron- to hole-
dominated current is at approximately Vg ¼ �25 V (Fig. 3c).
Below this gate voltage, the transistor shows a typical p-type
behavior in the accumulation mode. On the other hand, in the
Fig. 3 Output and transfer FET characteristics for the P3HT:PDI-1 blends: (a and
b) 1 : 3, (c and d) 1 : 1, and (e and f) 3 : 1.

J. Mater. Chem. C, 2013, 1, 2433–2440 | 2435
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Fig. 4 AFM height (left) and phase (right) images for P3HT:PDI-1 blend films
with the weight ratios of (a) 1 : 3, (b) 1 : 1, and (c) 3 : 1.
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positive regime, VDS > 0 V, electron domination and n-type
properties of the device are obvious from Vg ¼ 20 V. The
symmetric form of the transfer characteristics in the saturation
regime conrms a well-balanced transport of hole and electron
carriers (Fig. 3d) and implies that the active lm consists of
phase separated donor and acceptor components. Interestingly,
the electron mobility is signicantly higher in comparison to
the pure acceptor (PDI-1), while the value for holes drops by one
order of magnitude in regard to the mobility of P3HT. For p-type
systems, it has been previously observed that the performance
of small crystalline oligomers can be improved by blending with
conjugated polymers in small amounts. Thereby, the small
molecules form crystals within the phase separated polymer
thin layer.23 However, it has not been reported so far for FETs
that a p-type polymer can enhance the performance of an n-type
small molecule (or vice versa), as it is the case for the current
P3HT:PDI systems.

The increase of the donor fraction in the active layer for
P3HT:PDI-1 3 : 1 reduces the electron transport leading to a
mobility of only 2 � 10�5 cm2 V�1 s�1, while the hole value
remains almost unchanged in comparison to the 1 : 1 ratio.
Both output and transfer curves also show ambipolar device
characteristics (Fig. 3f and g) whereby the electron transport in
the p-type regime is less pronounced. This is also obvious for
the less symmetric transfer plots (Fig. 3f). It has to be noted that
in the p-type operation mode for VDS < 0 V only a slight electron
transport occurs most probably due to signicant trapping of
these charge carriers. Surprisingly, an increase of the acceptor
fraction in the lm to P3HT:PDI-1 1 : 3 yields only a unipolar
behavior with holes as the main charge carriers in both opera-
tionmodes (Fig. 3a) andmobilities of mh¼ 1� 10�3 cm2 V�1 s�1

as extracted from the transfer curves (Fig. 3b). In the n-type
operation regime, only diode-like curves are recorded indicating
no electron transport.

To understand the electron and hole transport in the thin
layer for different P3HT:PDI-1 blend ratios, the microstructure
and molecular organization were investigated and compared to
those of the pure compounds. Interestingly, the crystal micro-
structure of PDI-1 changes in the presence of P3HT as particu-
larly evident from the AFM and scanning electron microscopy
(SEM) images in Fig. 4b and 5b for P3HT:PDI-1 1 : 1 and in
Fig. 5c and 6c for P3HT:PDI-1 3 : 1. In comparison to pure PDI-
1, the sizes of 1.5–2.0 mm of the rod-shaped crystals are smaller,
but have more regular shapes. The phase image shows that
these crystals are distributed on top of the P3HT layer sug-
gesting a bilayer with a horizontal phase separation between the
donor and acceptor as it is also clearly evident from the cross-
sectional SEM image (Fig. 5b). This spontaneous separation is
in agreement with other blends containing PDI or other crys-
talline small molecules which preferentially crystallize at the
top surface of spin-cast lms.24 By comparison, cross-sectional
SEM images of annealed P3HT:PCBM exhibit a homogenous
lm microstructure due to the mutual miscibility and diffusion
of the components.25 Since the top and bottom layers are
continuous for the 1 : 1 P3HT:PDI-1 ratio, a balanced transport
of both types of charge carriers is observed in the transistor.
Thereby, the PDI-1 crystals in the top layer are densely packed
2436 | J. Mater. Chem. C, 2013, 1, 2433–2440
creating an interconnection for the electron transport and not
directly linked to the dielectric interface where the main charge
migration takes place.

The change of the PDI fraction has an unexpected effect on
the microstructure of the lm. Lowering the PDI-1 content in
the lm to 3 : 1 P3HT:PDI-1 increases the lm area covered by
PDI-1 crystals (Fig. 4c), whereby it has to be mentioned that the
AFM image acquisition of this topography was challenging. In
the height image the crystals are blurred and appear in low
contrast (Fig. 4c). The reason is evident from the SEM image
(Fig. 5c) which reveals again a vertically phase separated layer,
but with PDI-1 crystals which partly stick out of the lm up to
0.5 mm in height. Nevertheless, the necessary percolation
pathways for electrons are established by the remaining PDI-1
crystals on top of the P3HT layer leading to a mobility of 2 �
10�5 cm2 V�1 s�1. Interestingly, increasing the PDI-1 content to
1 : 3 P3HT:PDI-1 decreases the PDI crystal concentration in the
top layer of the active lm (Fig. 4a). The AFM image clearly
exhibits the PDI-1 crystals of ca. 1.5–2 mm in size on top of the
P3HT matrix suggesting that the rest of the PDI-1 material
should be embedded in the bulk lm. This is indeed conrmed
by the cross-sectional SEM image in which PDI-1 crystals are
vertically embedded within the continuous P3HT matrix
(Fig. 5a). This distribution of the crystals hinders an intercon-
nection between PDI-1 domains, lowers possible in-plane elec-
tron percolation and thus blocks the electron transport through
the layer.

To conrm the phase separation between P3HT and PDI-1 in
the thin lm and to inspect the molecular organization in the
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 Cross-sectional SEM images of thin films of P3HT:PDI-1 blends with the
weight ratios of (a) 1 : 3, (b) 1 : 1, and (c) 3 : 1.

Fig. 6 GIWAXS patterns of thin films of P3HT:PDI-1 blends with the weight
ratios of (a) 1 : 3, (b) 1 : 1, and (c) 3 : 1.

Fig. 7 Transfer FET characteristics for the P3HT:PDI-2 blend: (a) 1 : 3, (b) 1 : 1,
and (c) 3 : 1.
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corresponding phases, GIWAXS of the blended layers was per-
formed and compared to the pure compounds (Fig. 6). The
analysis of the patterns indicates molecular reorganization in
some of the blends, but at the same time does not allow the FET
results to be fully explained. Surprisingly for the P3HT:PDI-1
1 : 1 blend, a balanced ambipolar transport is observed with
mobilities of mh¼ 4.5� 10�3 cm2 V�1 s�1 and me¼ 6� 10�3 cm2

V�1 s�1 (Fig. 6b), despite molecular interactions as indicated by
the absence of characteristic p-stacking reections. These
results indicate a higher inuence of the phase separated
microstructure on the device performance. Nevertheless, the
This journal is ª The Royal Society of Chemistry 2013
equatorial (along qz for qx,y ¼ 0) and meridional (along qx,y for
qz ¼ 0) integrations in the q range between 0.3 Å�1 and 1.1 Å�1

conrm supramolecular structures of the pure compounds and
thus phase separation. On the other hand, equatorial reec-
tions for P3HT:PDI-1 3 : 1 are attributed only to the polymer
suggesting low order of PDI-1 at this ratio. This is in line with
the decrease in electron transport and the microstructure
observation in which small PDI crystals stick out of the lm.
Interestingly, the arrangement of the P3HT backbone changes
from a face-on in the pure state to an edge-on in the blend of
P3HT:PDI-1 3 : 1 as evident from meridional p-stacking scat-
tering intensities and equatorial reections related to the chain-
to-chain spacing (Fig. S1†). Additionally, the p-stacking
distance slightly decreases from 3.80 Å for pure P3HT to 3.70 Å
in the mixture (Fig. S1†). However, the nearly uniform
azimuthal distribution of this reection would suggest a
random arrangement of the backbone towards the surface. This
might be an additional reason for the drop in hole mobility in
the blend.

In the P3HT:PDI-1 1 : 3 lm the polymer backbones are
oriented edge-on while PDI-1 adapts an identical organization
as in the pure state. Thereby, in the scattering pattern a double
meridional reection with maxima located at the positions
corresponding to real-space distances of 3.60 Å and 3.40 Å is
visible. The smaller value may be assigned to the p-stacking of
PDI-1, while 3.60 Å can be attributed to a decreased packing
distance of P3HT. At the moment, the driving force for tighter
packing of P3HT in the blend is unclear.

To conclude, the analysis of GIWAXS patterns conrms the
phase separation between both compounds since only spacings
for pure P3HT and PDI-1 emerge. In the blend a reorganization
of P3HT to an edge-on arrangement is observed. As already
mentioned above, it is not possible to correlate the molecular
order to the device performance. This indicates a more impor-
tant inuence of the lm microstructure on the charge carrier
transport than the organization of the molecules within the
phases.

For the P3HT and PDI-2 (1 : 3, 1 : 1 and 3 : 1) blends, the
charge carrier mobilities were also determined from the trans-
fer curves (Fig. 7). For the blend with the highest acceptor
concentration (P3HT:PDI-2 1 : 3), hole and electron mobilities
of mh ¼ 7 � 10�3 cm2 V�1 s�1 and me ¼ 2 � 10�3 cm2 V�1 s�1

were derived from the transfer curves (Fig. 7a). As already
observed for the P3HT:PDI-1 system, the electron mobility is
signicantly enhanced for PDI-2 in the blend in comparison to
the pure acceptor (10�8 cm2 V�1 s�1), while for the same lm the
J. Mater. Chem. C, 2013, 1, 2433–2440 | 2437
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Fig. 8 Cross-sectional SEM images of thin films of P3HT:PDI-2 blends with the
weight ratios of (a) 1 : 3 and (b) 3 : 1.

Fig. 9 GIWAXS patterns of thin films of P3HT:PDI-2 blends with the weight
ratios of (a) 1 : 3, (b) 1 : 1, and (c) 3 : 1.
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hole mobility drops half order of magnitude to that of pure
P3HT (Table 1). The crossover point from the electron- to hole-
dominated current in the negative drain mode (VDS < 0) is
slightly shied to ca. Vg ¼ �10 V (Fig. 7a). At the same time in
the positive VDS regime, domination of the electron transport
becomes obvious from Vg > 40 V which is higher than for the
1 : 1 P3HT:PDI-1 blend.

The increase of the donor fraction in the active layer to a
blend ratio of 1 : 1 and 3 : 1 P3HT:PDI-2 shows no electron
transport. This is also evident from the asymmetric transfer
plots in Fig. 7b and c. Only a hole mobility of mh ¼ 2 � 10�3 cm2

V�1 s�1 is determined for 1 : 1 P3HT:PDI-2 and mh¼ 0.1 cm2 V�1

s�1 for 3 : 1 P3HT:PDI-2. The latter value is surprisingly two
orders of magnitude higher than that for the pure polymer. It
seems that a minor concentration of an n-type small molecule
semiconductor acceptor can improve the performance of the
p-type polymer in the major matrix. The reason for the higher
hole transport for the blend of P3HT:PDI-2 3 : 1 might be
doping of P3HT by the addition of a small amount of PDI-2.
Recently, successful doping of P3HT with the strong acceptor
3,5,6-tetrauoro-7,7,8,8-tetracyanoquinodimethane (4-TCNQ)
has been reported. The incorporation of TCNQ resulted in hole
mobilities higher by a factor of 30 in comparison to pure P3HT,
while the threshold voltage was controllable by adjustment of
the doping concentration.26 However, we expect such a doping
effect of PDI-2 to be relatively small since the improvement in
hole mobility occurs only for the P3HT:PDI-2 3 : 1 ratio. Another
explanation could be the reorganization of P3HT in the blend
allowing a 3D charge transport (see below).

The microstructure was studied rstly by AFM and is pre-
sented in Fig. S3.† In all three blend ratios, large crystals on top
of the lm are observed which are assigned to PDI-2. This is
similar to the observations made for the PDI-1 blends. In
comparison to the pure acceptor, the crystal microstructure of
PDI-2 is signicantly changed in the presence of P3HT. In the
blended layers, long crystals are grown with a length of up to
1.5 mm, which are similar to PDI-1 in the mixture. However, the
crystal size seems to be independent of the blend ratio since the
smallest dimensions are observed for the equivalent blend.
Therefore, the lm topography does not fully explain the
differences in device performance. Although the device char-
acteristics of P3HT:PDI-2 with 1 : 3 (Fig. 7a) and 3 : 1 (Fig. 7c)
ratios signicantly differ, the PDI-2 crystals on top of the layer
show almost identical microstructures. More insight into the
phase separated lm is obtained by SEM which reveals a diag-
onal penetration of the elongated single crystals through the
entire lm for P3HT:PDI-2 3 : 1 (Fig. 8b). In this way, the crystals
are not interconnected and do not create the necessary network
for the charge carrier percolation pathways. We assume that
this microstructure is due to the lower tendency of PDI-2 to
crystallize. However, the organization is different for the 1 : 3
P3HT:PDI-2 blend, for which the SEM shows a bilayer with a
distinct horizontal phase separation between the donor and
acceptor (Fig. 8a). In suchmicrostructures both phases form the
required conduction layers for individual charge carriers. Flat,
tightly packed and interconnected networks of PDI-2 crystals
form the pathways for electrons.
2438 | J. Mater. Chem. C, 2013, 1, 2433–2440
The GIWAXS data conrm a separated crystallization of
P3HT and PDI-2 in the blends (Fig. 9). This is especially obvious
from small-angle reections indicating both types of structures
in the blended layer (Fig. S1†). The high hole mobility of 0.1 cm2

V�1 s�1 of P3HT:PDI-2 3 : 1 is attributed to the organization of
P3HT in the blend lm (Fig. 9c). The p-stacking reection is
relatively isotropic with an intensity maximum on the meridian
suggesting the preferred face-on orientation, while peaks
related to the chain-to-chain spacing also appear in the
meridional plane which is typical for the edge-on arrangement.
This, again, might be an indication for a simultaneous edge-on
and face-on organization of P3HT towards the surface, which
allows an enhanced 3D charge carrier transport. In contrast to
pure P3HT, which organizes in an identical manner (Fig. 2a),
the edge-on fraction of the polymer in the blend is well packed
as evident from corresponding meridional p-stacking reec-
tions ensuring an unhindered charge transport (Fig. 9c). Similar
phenomena have been observed for high performance iso-
indigo-based polymers.27 It is also interesting that the addition
of a minor amount of PDI leads to a rearrangement of P3HT in
the blend (for P3HT:PDI 3 : 1 blends). This would suggest that
This journal is ª The Royal Society of Chemistry 2013
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the face-on and edge-on surface organization of the polymer
backbone can be controlled by processing. A similar effect was
observed for naphthobisthiadiazole-based polymers, which
change the arrangement from edge-on in pure lms to face-on
in the presence of PCBM.28 On the other hand, the GIWAXS
pattern of P3HT:PDI-2 1 : 3 equals the one for pure PDI-2 dis-
playing isotropic reections which are characteristic for
randomly arranged molecules towards the surface (Fig. 9a).
Nevertheless, an improvement by ve orders of magnitude in
electron mobility was derived for this system.

To summarize the SEM and GIWAXS data for the P3HT:PDI-2
blends, analogous to P3HT:PDI-1, the ambipolar device
behavior mainly depends on the phase separated microstruc-
ture. A horizontal phase separation leads to an ambipolar
transistor response, while a lm with embedded PDI crystals
shows only a hole transport. The reorganization of P3HT from a
pure face-on to a simultaneous edge-on and face-on arrange-
ment signicantly favors this hole migration through the active
layer.
Conclusions

All investigated blends reveal a phase separation between the
donor andacceptorwith P3HTmainly at theHMDS interface and
the PDI derivatives crystallized on top of the lm. For solar cells
this is the appropriate layer arrangement where the donor is
located at the ITO electrode. In the transistor, a continuous
phase of the donor and acceptor phase in the micrometer long
channel is required. This is apparently not the case for all
samples sincenot all devices showanambipolar behavior, but all
FETs reveal hole transport with mobilities depending on the
composition. Due to variation in solubility and crystallization,
the PDIs phase separate differently at equal blend compositions
affecting the electron transport. While electron transport is
observed only for a blendwith excess of PDI-2, the corresponding
compositions with PDI-1 lack negative charge carriers in the
eld-effect. Interestingly, the cross-sectional SEM images for the
blend with an ambipolar device performance clearly exhibit a
well-dened homogenous horizontal phase separation. In
samples with only a hole transport, the PDI crystals are
embeddedwithin the polymermatrix and in thisway they are not
interconnected. These results are in line with the previous solar
cell studies in which PDI-2 showed a slightly higher short circuit
current due to the interdigitated heterostructure in comparison
to PDI-1. The FET response is interesting since one could also
assume that the position of the layer towards the dielectric is
more crucial. Probably this is partly the case since a hole trans-
port is determined in all devices by the main charge carrier
pathway establishedat thenear surface interfacewhere theP3HT
layer is positioned. These results are in line with more homog-
enous phase separated P3HT:PCBM lms which do not show
signicant differences between bottom and top gate devices.29

This work provides further understanding of the inuence of
the microstructure on the transport mechanism in hetero-
junction ambipolar transistors based on a polymer–crystalline
molecule blend. Another promising effect is the signicant
mobility increase in comparison to the pure compounds. This is
This journal is ª The Royal Society of Chemistry 2013
a new observation for donor–acceptor composites and an
attractive approach for the development of ambipolar hetero-
junction FETs. The enhancement in performance for the PDI
derivatives is related to a decrease in crystallinity in the blend,
while P3HT undergoes a structural reorganization providing 3D
pathways for charge carriers. It is necessary to look into further
binary blend systems to gain deeper understanding of the
relationship between composition, microstructure, molecular
organization and device performance.
Acknowledgements

The authors thank G. Glasser and I. Lieberwirth for the cross-
sectional SEM images and also for helpful discussions. This
work was nancially supported by the ERC Advanced Grant
NANOGRAPH (AdG-2010-267160), Australian Solar Institute
(Fellowship for W. W. H. Wong and project grant), Australian
Research Council (DP0877325), the AAS-BMBF Australia–Ger-
many Solar Photovoltaic Research Exchange Program, the
German Science Foundation (Korean–German IR TG), the
European Community's Seventh Framework Programme ONE-P
(grant agreement no. 212311), DFG Priority Program SPP 1355,
DFG MU 334/32-1, DFG Priority Program SPP 1459, and ESF
Project GOSPEL (Ref Nr: 09-EuroGRAPHENE-FP-001). A. Kier-
snowski acknowledges the support from Marie Curie Intra
European Fellowship (PIEF-GA-2009-253521) granted within 7th

EU Framework program. The temperature dependent GIWAXS
experiments were undertaken on the SAXS/WAXS beamline at
the Australian Synchrotron, Victoria, Australia.
Notes and references

1 (a) A. C. Arias, J. D. MacKenzie, I. McCulloch, J. Rivnay and
A. Salleo, Chem. Rev., 2010, 110, 3; (b) S.-J. Kim and
J.-S. Lee, Nano Lett., 2010, 10, 2884.

2 (a) H. N. Tsao, D. M. Cho, I. Park, M. R. Hansen,
A. Mavrinskiy, D. Y. Yoon, R. Graf, W. Pisula, H. W. Spiess
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F. Dötz, M. Kastler and A. Facchetti, Nature, 2009, 457, 679;
(c) H. Chen, Y. Guo, G. Yu, Y. Zhao, J. Zhang, D. Gao,
H. Liu and Y. Liu, Adv. Mater., 2012, 24, 4618.

3 F. S. Kim, X. Guo, M. D. Watson and S. Jenekhe, Adv. Mater.,
2010, 22, 478.

4 (a) L.-L. Chua, J. Zaumseil, J.-F. Chang, E. C. W. Ou,
P. K. H. Ho, H. Sirringhaus and R. H. Friend, Nature, 2005,
434, 194; (b) J. Cornil, J.-L. Brédas, J. Zaumseil and
H. Sirringhaus, Adv. Mater., 2007, 19, 1791.

5 (a) E. Gili, M. Caironi and H. Sirringhaus, Appl. Phys. Lett.,
2012, 100, 123303; (b) K. J. Baeg, J. Kim, D. Khim,
M. Caironi, D. Y. Kim, I. K. You, J. R. Quinn, A. Facchetti
and Y. Y. Noh, ACS Appl. Mater. Interfaces, 2011, 3, 3205; (c)
H. Li, B. C.-K. Tee, G. Giri, J. W. Chung, S. Y. Lee and
Z. Bao, Adv. Mater., 2012, 24, 2588.

6 (a) M. L. Tang, A. D. Reichardt, N. Miyaki, R. M. Stoltenberg
and Z. Bao, J. Am. Chem. Soc., 2008, 130, 6664; (b) Z. Chen,
M. J. Lee, R. S. Ashraf, Y. Gu, S. Albert-Seifried,
J. Mater. Chem. C, 2013, 1, 2433–2440 | 2439

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c3tc00562c


Journal of Materials Chemistry C Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ja

nu
ar

y 
20

13
. D

ow
nl

oa
de

d 
on

 5
/7

/2
02

6 
6:

38
:3

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
M. M. Nielsen, B. Schroeder, T. D. Anthopoulos, M. Heeney,
I. McCulloch and H. Sirringhaus, Adv. Mater., 2012, 24, 647;
(c) Z. Chen, H. Lemke, S. Albert-Seifried, M. Caironi,
M. M. Nielsen, M. Heeney, W. Zhang, I. McCulloch and
H. Sirringhaus, Adv. Mater., 2010, 22, 2371; (d) J. D. Yuen,
J. Fan, J. Seier, B. Lim, R. Hufschmid, A. J. Heeger and
F. Wudl, J. Am. Chem. Soc., 2011, 133, 20799; (e) S. Cho,
J. Lee, M. Tong, J. H. Seo and C. Yang, Adv. Funct. Mater.,
2011, 21, 1910; (f) J. C. Bijleveld, A. P. Zoombelt,
S. G. J. Mathijssen, M. M. Wienk, M. Turbiez, D. M. de
Leeuw and R. A. J. Janssen, J. Am. Chem. Soc., 2009, 131,
16616; (g) J. S. Lee, S. K. Son, S. Song, H. Kim, D. R. Lee,
K. Kim, M. J. Ko, D. H. Choi, B. S. Kim and J. H. Cho,
Chem. Mater., 2012, 24, 1316.

7 (a) J. Smith, R. Hamilton, I. McCulloch, N. Stingelin-
Stutzmann, M. Heeney, D. D. C. Bradleya and
T. D. Anthopoulos, J. Mater. Chem., 2010, 20, 2562; S. B. Jo,
W. H. Lee, L. Qiu and K. Cho, J. Mater. Chem., 2012, 22, 4244.

8 (a) F. Dinelli, R. Capelli, M. A. Loi, M. Murgia, M. Muccini,
A. Facchetti and T. J. Marks, Adv. Mater., 2006, 18, 1416; (b)
J. Wang, H. Wang, X. Yan, H. Huang and D. Yan, Appl.
Phys. Lett., 2005, 87, 093507; (c) R. Ye, M. Baba, Y. Oishi,
K. Mori and K. Suzuki, Appl. Phys. Lett., 2005, 86, 253505;
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