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E
fficient injection of charge carriers is
crucial for organic electronic devices
such as organic light-emitting diodes

(OLEDs) and field-effect transistors (OFETs)
with applications in flexible electronics.
Large injection barriers and high con-
tact resistance increase operating voltages
and power dissipation and thus reduce
device efficiency. Depending on the posi-
tion of the HOMO/LUMO levels of a parti-
cular organic semiconductor, the work
function of the injecting electrode has to
be chosen or adjusted according towhether
holes or electrons are to be injected.1,2 In
the case of ambipolar OFETs for comple-
mentary circuits3 and light-emitting field-
effect transistors (LEFETs),4 equally efficient
injection of holes and electrons is required.
Due to the large band gap of most organic
semiconductors (2�3 eV), it is not possible
to find one metal that results in a low
Schottky barrier for both polarities of charge
carriers. This fundamental issue has been
addressed in several ways over the past few
years. The straightforward approach is to
use two different metals: a high work func-
tion metal for hole injection (e.g., Au, Pd)
anda lowwork functionmetal (e.g., Ca,Mg,Al)
for electron injection similar to an OLED.5,6

However, low work function metals are
not air-stable, and patterning is limited
to shadow masking. Both of these severely
reduce the applicability of such devices.
Recently, ZnO was introduced as a possible
air-stable injection layer for electrons in
polymer OFETs but had to be photolitho-
graphically patterned in a separate step.7

Self-assembled monolayers of thiols are
able to change the injection barrier of gold
for both holes and electrons depending
on their dipole moment.8�11 This method

is widely applicable except for semiconduc-
tors that require high-temperature post-
deposition annealing for best performance
or alignment, for example, high molecular
weight conjugated polymers. During heat-
ing, the thiol molecules desorb from the
surface and the intended effect is lost.
Furthermore, this method can only be
applied to gold and silver electrodes, which
are not the best choice for organic electronics
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ABSTRACT

We investigate the influence of small amounts of semiconducting single-walled carbon

nanotubes (SWNTs) dispersed in polyfluorenes such as poly(9,9-di-n-octylfluorene-alt-ben-

zothiadiazole (F8BT) and poly(9,9-dioctylfluorene) (F8) on device characteristics of bottom

contact/top gate ambipolar light-emitting field-effect transistors (LEFETs) based on these

conjugated polymers. We find that the presence of SWNTs within the semiconducting layer at

concentrations below the percolation limit significantly increases both hole and electron

injection, even for a large band gap semiconductor like F8, without leading to significant

luminescence quenching of the conjugated polymer. As a result of the reduced contact

resistance and lower threshold voltages, larger ambipolar currents and thus brighter light

emission are observed. We examine possible mechanisms of this effect such as energy level

alignment, reduced bulk resistance above the contacts, and field-enhanced injection at the

nanotube tips. The observed ambipolar injection improvement is applicable to most

conjugated polymers in staggered transistor configurations or similar organic electronic

devices where injection barriers are an issue.

KEYWORDS: single-walled carbon nanotubes . semiconducting polymers .
ambipolar . field-effect transistor . light-emitting . charge injection
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in general. It is also difficult to deposit different self-
assembled monolayers for hole and electron injection
on the source and drain electrodes without additional
photolithography steps.
The device configuration also has an impact on

charge injection and contact resistance. The staggered
or bottom contact/top gate configuration (as shown in
Figure 1A) universally shows lower contact resistance
than a coplanar OFET using the same electrode and
semiconducting material.12,13 The overlap of the gate
electrode with the source�drain electrodes and the
applied gate field support injection of charges even
when a high injection barrier is present. However, since
all charge carriers have to travel through the undoped
polymer film of low conductivity to reach the interface
with the dielectric and enter the charge accumulation
layer, the contact resistance increases again with film
thickness.14 The staggered configuration is a very
common and convenient structure especially for all
printed OFETs. The reduced contact resistance in
staggered devices was previously exploited for an
ambipolar LEFET based on poly(9,9-di-n-octylfluorene-
alt-benzothiadiazole (F8BT).15,16 In an ambipolar light-
emitting FET, holes and electrons are injected into
the channel from the source and drain, respectively,
depending on the applied voltages. They form accu-
mulation layers that extend from the corresponding
electrodes and meet within the channel where holes
and electrons recombine and result in light emission.
The position of this narrow emission zone depends on
the applied voltages. As a first approximation, an
ambipolar transistor can be modeled as a saturated
hole and electron channel in series, assuming that all
charge carriers recombine.4 The conjugated polymer
F8BT, used in this study, is an efficient green emitter
(photoluminescence efficiency ∼60%) but has a large
band gap of 2.6 eV (Figure 1B). The injection barriers for
holes and electrons are about 1.2 eV, and thus no
injection is found for coplanar devices with gold
electrodes. However, using a bottom contact/top gate
structure enables ambipolar charge injection. However,
even in this configuration, thehigh injectionbarrier leads

to very high, non-ohmic contact resistance. Reducing
this contact resistance would lead to a lower potential
drop and thus less power dissipation at the contacts,
higher ambipolar currents at lower applied voltages, and
highermaximumbrightness. Both self-assembledmono-
layers and ZnO for electron injection were previously
employed to lower contact resistance in this device
structure with some success, but hole and electron
injection could not be improved equally.7,10,11 The draw-
backs of the previously applied methods for reducing
contact resistance demonstrate that there is a need for a
novel and easy-to-implement method that allows us to
increase charge injection of both charge carriers.
Here we report a simple method that significantly

improves the injection of both holes and electrons into
large band gap polyfluorenes such as F8BT and the blue-
emitting poly(9,9-dioctylfluorene) (F8) (see Figure 1A) in
a bottom contact/top gate FET structure by adding
small amounts of single-walled carbon nanotubes
(SWNTs) to the semiconducting polymerwithout creat-
ing percolation paths between the source�drain elec-
trodes. This method does not require any additional
patterning steps and is compatible with high- and low-
temperature processing. It leads to lower contact
resistance and thus lower threshold/onset voltages
for both holes and electrons at the same time and
higher ambipolar currents and emission intensities.
Carbon nanotubes have been of interest for charge

injection in organic electronics for some time. Several
groups have reported examples of injecting electrodes
for OFETs where the main electrode material was a
metal or conducting polymer and carbon nanotubes
extended from the edge of the electrode laterally into
the channel.17�19 Others used patterned conducting
films of carbon nanotubes directly as the injecting
electrodes.20,21 Most devices with carbon nanotubes
showed lower contact resistance than devices based
on gold electrodes. However, all of these examples
used bottom contact/bottom gate configurations
(coplanar). That is, charge was injected laterally into
the accumulation channel with the lateral field act-
ing along the length of the nanotubes. In a bottom

Figure 1. (A) Schematic illustration of bottom contact/top gate polymer field-effect transistor with carbon nanotubes
dispersed in the semiconducting polymers F8BT and F8. (B) Energy level diagram of a semiconducting SWNT with (7,5)
chirality according to Tanaka et al.,32 gold (injecting electrode) and HOMO/LUMO levels of both F8 and F8BT.
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contact/top gate structure, as shown in Figure 1A,
charges are injected vertically into the polymer layer
assisted by the gate field. The only reported carbon
nanotube electrode device that also features this
vertical injection is the so-called carbon nanotube
enabled vertical field-effect transistor (CN-VFET) that
uses a conducting carbon nanotube network as a
porous source electrode.22,23

Conjugated polymers are known for efficiently dis-
persing carbon nanotubes in organic solvents. Solutions
based on polythiophenes and polyphenylvinyl-
enes that disperse SWNTs nonselectively at high con-
centrations were used to fabricate hybrid solar cells
using the nanotubes for electron transport.24,25 Certain
polyfluorenes, however, can selectively wrap around
semiconducting SWNTs of a particular chirality or
diameter.26,27 After sonication and centrifugation of a
polyfluorene solution with HipCO carbon nanotube
powder that contains a broad distribution of metallic
and semiconducting nanotubes, only completely
debundled semiconductingSWNTs remain indispersion.
The amount and type of SWNT depends on the poly-
mer and the dispersion solvent. F8BT solutions are
generally selective for (9,4) and (10,5) SWNTs, while
F8 solutions are selective for SWNTs with large chiral
angles, for example, chiralities (8,6), (7,5), (7,6), and
(8,7). The absorption spectra and excitation�emission
maps in Figure 2 show the distribution of dispersed
nanotubes for the polymers and solvents used in this
study. Note that unlike previous studies we are using
conjugated polymers with rather high molecular
weights that are necessary to obtain high-performance
FETs.28 During sonication, themolecular weight, in par-
ticular the highmolecular weight tail of the polymers, is

reduced slightly (see Methods and S1 of Supporting
Information). The concentration of nanotubes after
centrifugation at 60 000g is low and depends on the
polymer. Using a recently published carbon absorption
cross section of 1.7� 10�17 cm2 for the E11 absorption
peaks,29 we estimate approximately 0.001 mg/mL
SWNTs in F8/o-xylene solutions and 0.0002 mg/mL
SWNT in F8BT/o-xylene solutions from the absorption
spectra in Figure 2A,C. In both cases, spin-coating a thin
film of 50�70 nm (after adding pristine polymer to
achieve the desired film thickness) on top of prepat-
terned gold source�drain electrodes with a channel
length of 20 μmdoes not lead to any direct percolation
paths of the nanotubes or any significantly increased
film conductivity that would indicate a continuous
SWNT network.
The completed field-effect transistors with PMMA

(500 nm) as the gate dielectric and evaporated gold top
gate electrodes showed markedly improved device
characteristics compared to FETs with pure semicon-
ducting polymer layers processed in the same way.
Figure 3 shows the transfer and output characteristics
of ambipolar F8BT LEFETs with and without HipCO
nanotubes. As extracted from Figure 3A,B, the onset
voltage for holes drops from �22 V without SWNTs
to�12 Vwith SWNTs, while the electron onset voltages
are also reduced from 28 to 12 V. In both cases, the
current onsets at low source�drain voltages also be-
come much steeper. The observed reduction in onset
voltages for electron and hole transport are at least
partially due to lower contact resistance. The source�
drain currents at low source�drain voltages in the output
characteristics, plotted in Figure 3C,D, are significantly
larger in devices with SWNTs than in those without,
indicating substantially lower, yet still non-ohmic, contact
resistance.Gated four-point probemeasurements of FETs
with and without SWNTs indicate a reduction of contact
resistance by at least an order of magnitude for hole and
electron injection (see S2).
While the SWNTs have the effect of lowering thresh-

old/onset voltages (see Table 1), the effective satura-
tion mobilities for both carriers are also slightly
reduced to 1 � 10�3 cm2 V�1 s�1 for holes and 0.5 �
10�3 cm2 V�1 s�1 for electrons. Together with the low
off-currents, this indicates again that there are no
SWNT percolation paths. According to the energy level
diagram of semiconducting SWNTs and F8BT (see
Figure 1B), the nanotubes might even act as shallow
traps, which could explain the lower mobilities. Due to
the reduced onset voltages, the ambipolar currents
and thus overall brightness of light emission are 2
orders of magnitude larger for LEFETs with SWNTs. At
the same time, the external quantum efficiency (EQE)
measured with a silicon photodiode in the forward
direction through the semitransparent gate electrode
and plotted in Figure 3E is similar to the best pure F8BT
devices (note that using this method we do not obtain

Figure 2. Absorption spectra of HipCOnanotubes dispersed
in F8BT/o-xylene (A) andF8/o-xylene (C) after centrifugation.
Excitation�emission maps for photoluminescence from
these dispersions F8BT/HipCO (B) and F8/HipCO (D). Pre-
dominant types of SWNTs are labeled.
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an absolute value of the EQE as not all of the emitted
photons but just the small fraction transmitted through
the gold gate are collected16). Possible energy transfer
from the polymer to the nanotubes that emit near-
infrared light30 is currently being investigated, but clearly,
the limited amount of nanotubes does not quench the
visible F8BT emission significantly. Figure 3F shows an
optical micrograph of the green emission zone of the
LEFETs in the ambipolar regime.
The described improved device characteristics are

apparent not only for devices that were annealed to
the liquid crystallinemelt of F8BT (290 �C, see Figure 3),
which is the standard procedure, but also for films
annealed below the glass transition temperature at
150 �C (S3). Previously, it was difficult to achieve accept-
able charge injection into F8BTwithout annealing to high
temperatures. This is important for devices with semi-
conducting films that should remain amorphous, for
example, for optical waveguiding applications.31

The effect of enhanced charge injection is even
more dramatic for LEFETs with F8 as the semiconduc-
tor. Its large band gap (3.1 eV) and low electron affinity
of �2.6 eV make electron injection from gold very
unfavorable. The device characteristics for pure F8
FETs, shown in Figure 4A,B, exhibit almost no electron
transport or only with very large onset voltages and
hysteresis. Previously, we improved the electron injec-
tion into F8 with an additional ZnO layer on one
electrode, but even then, onset voltages and hysteresis
remained quite large.7 For devices fabricated from
F8/HipCO dispersions, electron injection and transport
become observable in the transfer and output char-
acteristics (Figure 4A�D). The electron onset decreases
from values above 52 V to about 25 V. The output
characteristics for negative voltages (Figure 4C) show
reasonably good injection of holes into pure F8 from
gold, which is expected as the HOMO level of F8 is
closer to the gold work function than in the case of

Figure 3. Comparison of transfer (A,B) and output characteristics (C,D) at positive and negative gate voltages of LEFETs with
pure F8BT (dotted lines) and F8BT/HipCO (solid lines) films (L = 20 μm, W/L = 1000, Ci = 4.4 nF cm�2). (E) Current�voltage
characteristics and external quantum efficiency of green light emission (maximum at 560 nm) from LEFETs with F8BT/HipCO
thin films (Vds =�100 V, L = 20 μm,W/L = 1000, Ci = 4.4 nF cm�2). (F) Optical micrograph of visible light emission from LEFET
with interdigitated electrodes during a transfer scan.

TABLE 1. Average Device Parameters of Polymer FETs Processed under the Same Conditions with and without Added

SWNT

saturation hole mobility

(cm2 V�1 s�1)

saturation electron mobility

(cm2 V�1 s�1)

onset voltage

holes (V)

onset voltage

electrons (V)

F8BT pure (1.8 ( 0.3) � 10�3 (0.7 ( 0.04) � 10�3 �22 ( 5 28 ( 7
F8BT/HipCO (1.1 ( 0.2) � 10�3 (0.5 ( 0.08) � 10�3 �12 ( 5 12 ( 5
F8BT pure with SWNT electrodes (1.3 ( 0.1) � 10�3 (0.7 ( 0.1) � 10�3 �16 ( 4 20 ( 4
F8 pure (0.18 ( 0.03) � 10�3 (0.03 ( 0.02) � 10�3 �21 ( 6 52 ( 8
F8/HipCO (0.3 ( 0.05) � 10�3 (0.86 ( 0.3) � 10�3 0 ( 8 26 ( 5
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F8BT (see Figure 1B). Nevertheless, even in this case,
the added nanotubes lead to improved current�volt-
age characteristics. The onset for hole transport is
reduced from about�21 to 0 V or even slightly positive
voltages, and the source�drain current at low source�
drain voltages increases almost linearly. Similar to the
F8BT devices, the hole and electron mobilities remain
largely unchanged. For F8/SWNT devices, higher elec-
tron than hole mobilities are found (Table 1), while for
FETs without SWNTs, current and voltage hysteresis
and large threshold voltages are a source of error for
calculated electron mobilities. Previously unattainable
high ambipolar currents and bright, stable blue light
emission can be achieved with F8/HipCO blends (see
Figure 4E,F), exhibiting good external quantum effi-
ciencies. Note that despite the approximately five
times higher concentration of SWNTs in F8 compared
to F8BT the off-currents are still low.
Clearly the presence of SWNTs has a substantial

effect on injection of charges into semiconducting
polymers. To test the limit of this effect, we wanted
to increase the concentration of nanotubes at the
contacts without causing percolation paths in the
channel. We chose to use spin-cast semiconducting
CoMoCat nanotubes that containmainly semiconduct-
ing SWNTs similar to the polymer blends as an injecting
layer. Purified and well-dispersed CoMoCat-SWNTs
were spin-coated from 1,2-dichlorobenzene onto sub-
strateswith prepatternedgold electrodes (see Figure 5A),

forming a dense conducting layer. Subsequently, all
nanotubes were removed from the channel region by
photolithography with an inverse mask and oxygen
plasma, thus leaving SWNTs only on top of the gold
electrodes. Spin-coating pure F8BT as the active layer
and PMMA as the dielectric followed by thermal
evaporation of the gate electrode completed the
devices as described before. The resulting transfer
characteristics of these FETs show similar behavior to
the F8BT/HipCO blend FETs with low onset voltages
and little hysteresis. The effective hole and electron
mobilities are again similar to those of F8BT without
carbon nanotubes (see Table 1), indicating that charge
transport through the channel is not affected and no
nanotubes remained in the channel. Due to the sig-
nificantly lower onset voltages for both holes and
electrons of �16 and 20 V, respectively, compared to
devices with bare gold electrodes, the LEFETs with
SWNT electrodes exhibit very high ambipolar currents
and bright light emission, as shown in Figure 5C,D.
Remarkably, however, the output characteristics fea-
ture almost ohmic charge injection for both holes and
electrons as indicated by the near linear drain�current
increase at low source�drain voltages (see Figure 5E,F).
The contact resistance for both holes and electrons
is decreased to values similar to polymers whose
HOMO/LUMO levels are aligned with the injec-
ting metal work function. Similarly, good charge injec-
tion into F8BT could previously only be achieved for

Figure 4. Comparison of transfer (A,B) and output characteristics (C,D) at negative and positive gate voltages of FETs with
pure F8 (dotted lines) and F8/HipCO (solid lines) films (L = 20 μm, W/L = 1000, Ci = 4.4 nF cm�2). (E) Current�voltage
characteristics and external quantum efficiency of blue light emission (maximum at 433 nm) from LEFETs with F8/HipCO thin
films (Vds =�100 V, L = 20 μm,W/L = 1000, Ci = 4.4 nF cm�2). (F) Optical micrograph of visible light emission from LEFET with
interdigitated electrodes during a transfer scan.
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electrons using low work function electrodes (calcium)
that are not stable in air.28

Using SWNTs as additives to the semiconducting
polymer layer or as surface modification of the inject-
ing electrodes of polymer FETs substantially enhances
the performance of these devices. In order to be able to
maximize this improvement or to use this method in a
wider range of devices, it is vital to understand the
mechanism of the injection enhancement. One possi-
ble reason for the reduced contact resistance for
electron and hole injection in FETs with SWNT electro-
des and in polymer/SWNT blend devices could be the
different work function of carbon nanotubes com-
pared to gold. To test this hypothesis, we determined
the work function of plasma-cleaned gold as used in
our standard devices and the work function/ionization
potential of spin-cast semiconducting carbon nano-
tubes (CoMoCat) by photoemission yield spectroscopy
in air. The results are shown in Figure 5B. The work
function of freshly plasma-cleaned gold was 5.3 eV and
that of the SWNT thin films on gold and on glass was
4.9 eV. This reduction compared to gold could possibly
explain the improved electron injection in a stepwise
injection process from the gold to the nanotubes into
the polymer, but not the improvement of hole injec-
tion, as such a work function shift would increase the
energy barrier with respect to the HOMO of F8BT and
F8. The conclusion that the change of the effective
electrode work function cannot be responsible for the
contact resistance reduction is corroborated by the

experimental energy levels of semiconducting carbon
nanotubes as determined by Tanaka et al.32 compared
to F8BT and F8, as shown for a (7,5) nanotube in
Figure 1B. The highest occupied van Hove singularities
range from 5.0 to 4.8 eV and the lowest unoccupied
von Hove singularities from 3.9 to 4.1 eV for semicon-
ducting HipCO SWNTs dispersed by F8BT and F8. They
would thus have some effect on the injection of
electrons and essentially no effect on the injection of
holes into either polymer.
Another possible mechanism for improved injection

along the lines of reduced injection barriers is the
possible hybridization of energy levels and π�π stack-
ing between the polymer and the carbon nanotubes.
Evaluation of this concept requires quantum mechan-
ical calculations of the energy levels of the polymer
wrapped around the nanotubes depending on their
chirality and the specific polymer. These are currently
not available. We also assume that possible effects
would depend on the charge carrier type and specific
nanotube, which does not seem to play a role here.
The excellent properties of FETs with spin-coated

SWNTs on their source/drain electrodes might suggest
that the improved device characteristics of the blend
devices are due to a vertical phase separation that
could lead to an enrichment of nanotubes at the
contacts. However, as shown in Figure S4, reduced
onset voltages and enhanced ambipolar currents are
also evident for FETs with inverted (flipped) F8BT/HipCO
films. These were spin-cast onto mica substrates,

Figure 5. (A) Scanning electron micrograph of CoMoCat-SWNTs spin-coated from 1,2-dichlorobenzene onto prepatterned
gold electrodes. (B) Determination of work function of plasma-cleaned gold and thin films of CoMoCat-SWNTs by
photoemission yield spectroscopy. Transfer (C,D) and output characteristics (E,F) of FETs with gold electrodes with spin-
coated SWNTs and pure F8BT film (L = 20 μm, W/L = 1000, Ci = 4.4 nF cm�2).
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floated off in water, and transferred upside down onto
a substrate with prepatterned gold source�drain elec-
trodes. The observation that devices with flipped and
not flipped (but also floated off) films show the same
performance strongly indicates that no segregation of
SWNTs at the interface takes place.
We can thus assume that most nanotubes (probably

50 nm to 1 μm long) are randomly distributed in the
polymer film, but with a preferential orientation paral-
lel to the substrate similar to the polymer due to the
strong shear forces during spin-coating. Possible tilt
angles are expected to be less than 10�. This can be
estimated by considering that the devices are not
shorting to the gate, which would be caused by
nanotubes poking out of the semiconducting film. This
possibility was also excluded by atomic force micro-
scopy of the top and bottom surface of the polymer
films. Rejecting the energy levels of the SWNTs as the
main reason for injection enhancement, two other
mechanisms seem likely to play an important role.
First, SWNTs can reduce the vertical bulk resistance

of the polymer film, which is a significant part of the
overall contact resistance in bottom contact/top gate
FETs,33 particularly when the organic semiconductor
exhibits a poor intrinsic conductivity as in the case of
F8BT and F8.10,11,34 To investigate the influence of the
SWNTs mixed into the F8BT film, we compared a set of
F8BT/HipCO FETs with different film thicknesses to
pure F8BT devices with identical film thicknesses (S5).
Figure S5A,B shows that, without nanotubes, the onset
voltage in the output curves for holes and electrons
(defined as the drain voltage at which the current starts
to rise and which is indicative of the overall non-ohmic
contact resistance) increases significantly with film
thickness. However, this is not observed for the FETs
with F8BT/SWNT blends. Figure S5C,D shows that the
onset voltages essentially remain constant with in-
creasing film thickness and the currents even improve
slightly. This would mean that the contact resistance
remains approximately constant despite the thicker
polymer layer. Given that the contribution by the
injection barrier remains unaltered (except for the
linear change of the effective gate field), this means
that the bulk resistance stays almost constant. Since
the number of F8BT molecules, to and from which a
hole or electron needs to hop, is proportional to the
layer thickness, the bulk resistance can only stay con-
stant if charges are injected into the nanotubes and are
transported through them toward the interface with
the PMMA dielectric and thus the conduction channel.
This is certainly possible even with very few nanotubes
considering their average length l and possible tilt
angles R, as illustrated in Figure 6A. The conductivity
of a semiconducting nanotube (∼1 S 3 cm

�1)35 is more
than 10 orders of magnitude higher than that of the
undoped polymer (∼1 � 10�10 S 3 cm

�1),34 and they
can carry extremely high currents. Although it is

unlikely that a nanotube bridges the entire distance t

between injecting electrode and charge accumulation
layer, it would still result in a significant reduction of the
bulk resistance Rbulk. Due to the much lower intrinsic
resistivity of the SWNT, effectively only a reduced
thickness of t � (l � sin R) of the high resistivity
polymer needs to be overcome by a charge carrier.
This reduction of the bulk resistance scales linearlywith
R for small tilt angles. The fact that the contact
resistance of FETs with SWNT/polymer blends remains
constant for increasing film thicknesses may indicate
that the nanotubes reduce the effective bulk polymer
resistance substantially and independently of the car-
rier polarity.
A secondpossiblemechanismexplaining the improved

charge injection for both holes and electrons is due to
the one-dimensional shape of the integrated SWNTs.

Figure 6. (A) Schematic illustration of reduced bulk resis-
tance and enhanced vertical electric field in a polymer layer
with thickness t, containing a nanotube with length l, tilted
at an angle R. (B) Simulations of enhanced electric field at
and in the vicinity of a tilted (R = 4�) nanotube at ground
potential or at 10 V. (C) Dependence of maximum electric
field at the nanotube tip on tilt angle compared to the bulk
electric field of �0.4 V/nm.
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The vertical electric field is enhanced locally around
the SWNTs, in particular at their tips. This effect has
been reported to lead to improved charge injection in
coplanar FETs with nanotubes extending laterally from
the electrodes into the channel.18,36 However, we are
specifically looking at the vertical field and include
nanotubes that are not in contact with the electrodes.
The field enhancement with nanotubes for small tilt
angles can be simulated using COMSOL Multiphysics
software in a simple dc field dielectric configura-
tion (disregarding current flow and charge accumula-
tion that could lead to screening effects). The results
are shown in Figure 6B and S6 for the example of
a tilt angle of 4� and a nominal vertical electric field of
∼0.4 V/nm (or 20 V over 50 nm of polymer). Two
different cases are distinguished, dependingonwhether
the nanotube is touching the injecting bottom elec-
trode (i.e., grounded) or whether the nanotube is
embedded within the polymer matrix (i.e., floating).
The maximum fields at the tip of the nanotube versus

the tilt angle are plotted in Figure 6C. In both cases, there
are substantially higher fields at the nanotube tips,
with field enhancement of 1�2 orders of magnitude
increasing linearly with the tilt angle. However, even
when the nanotube is not tilted at all, a field enhance-
ment of a factor of 2 persists. Most injection mech-
anisms proposed for charge injection into organic
semiconductors, such as diffusion-limited thermionic
emission or thermally assisted tunneling into localized
states, show a power law or even exponential depen-
dence on the applied field.37,38 Thus an increase of the
field strength by an order of magnitude due to the
presence of the SWNTs in the vicinity of the injecting
electrodes enhances the injection efficiency dispropor-
tionately and hence lowers the total contact resistance
dramatically. For FETs with thicker polymer films, the
nanotubes are more likely to adopt steeper tilt angles
than for thin films due to the different viscosities of the
polymer solutions and fewer space restrictions. A larger
tilt angle will increase the field enhancement at the
tips, and thus a good injectionwould be expected even
for thicker polymer films, as seen in Figure S5. Unfortu-
nately, determining the exact vertical position and
orientation of the nanotubes within a conjugated poly-
mer film was not possible with the currently available
experimental methods.
Both of the above proposed mechanisms can explain

the apparently even further reduced contact resis-
tances in the case of SWNT-coated gold electrodes.

When the pure polymer is spun on top and infiltrates
the dense SWNT network, more interconnected na-
notube pathways between the electrode and the
accumulation layer become available, which lowers
the bulk resistance. Equally, the density of nano-
tube tips and thus sites for field enhancement is
increased drastically, as well. In conclusion, both
mechanisms are likely to play a role, but the localized
field enhancement is probably dominant due to the
nonlinear dependence of charge injection on the
electric field.
As bothmechanisms are independent of the polarity

of the injected charge carrier and applicable for all
types of bottom contact/top gate FETs using polymer
semiconductors, this method could be applied to
improve device characteristics where efficient charge
injection is an issue. For example, LEFETs that need a
thick semiconducting layer for the incorporation of
waveguides would benefit from low contact resistance
independent of film thickness. The type of SWNT
(metallic or semiconducting) is not a major concern,
and the concentration of SWNTs can easily be reduced
below the percolation limit by dilution so that most
conjugated polymers could be used, as well.
In summary, we improved the device characteristics

of ambipolar field-effect transistors in a bottom con-
tact/top gate geometry based on the conjugated
polymers F8BT and F8 by adding small amounts of
SWNTs to the semiconducting polymer layer. The
threshold/onset voltages for both holes and electrons
were lowered, and substantially diminished contact
resistances were achieved. Consequently, ambipolar
currents and maximum light emission intensities were
1�2 orders of magnitude higher than in devices with-
out nanotubes. An even stronger positive effect was
observed for devices with gold electrodes coated with
a dense SWNT layer. We conclude that energy level
alignment at the electrode/semiconductor interface
cannot be the main cause of the observed improve-
ments. Instead, we find that a combined reduction of
the bulk resistance by the highly conductive SWNTs
and enhancement of the local electric field at the SWNT
tips and thus increased injection efficiency are the
most likely causes. We believe that this simple method
of blending organic semiconductor films with small
amounts of SWNTs can be of great use, not only for
ambipolar LEFETs but also for many organic optoelec-
tronic devices suffering from injection barriers and
high contact resistance in general.

METHODS

Polymer/Nanotube Dispersion Preparation. The conjugated poly-
mers used in this study, poly(9,9-dioctylfluorenyl-2,7-diyl)
(F8, Mn = 110 kg 3mol�1, PD = 2.4) and poly[(9,9-dioctylfluorenyl-2,
7-diyl)-alt-co-(1,4-benzo-2,10 ,3-thiadiazole)] (F8BT,Mn=61kg 3mol�1,

PD = 3.1), were supplied by Cambridge Display Technology Ltd.
Single-walled carbon nanotubes produced by the HipCO pro-
cess (diameter 0.8�1.2 nm, purified <13 wt % iron) were
purchased from Unidym Inc. Polymer solutions (2 mg/mL in
o-xylene, anhydrous, Sigma-Aldrich) were heated for 30 min at
70 �C to remove aggregates, which can affect dispersion. After
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cooling, the nanotube powder was added at 2 mg/mL, and
dispersions were homogenized in an ultrasonic bath for 60 min,
followed by vigorous sonication using a tip sonicator (Sonics
Vibra Cell) for 10min to induce debundling. After centrifugation
at 60 000g for 30 min (Beckman Coulter Avanti J26XP), the
supernatant was collected. Note, the polymer concentration in
solution is reduced by about 50% after centrifugation, as
determined by absorption spectroscopy. In addition, ultrasoni-
cation of the polymer solutions reduces the average molar
mass by 12�32% (see Figure S1). Molar mass distributions were
determined by gel permeation chromatography with the poly-
mer dissolved in tetrahydrofuran (1mg/mL). Characterization of
the polymer�nanotube dispersion was carried out with a Cary
6000i UV/vis/NIR absorption spectrometer (Varian), and excita-
tion�emission maps were collected with a Horiba Scientific
Fluorolog-3 with an InGaAs diode array detector. All processing
and characterization steps were carried out under ambient
conditions.

Fabrication of Field-Effect Transistors. Low-sodium Schott AF 32
eco glass served as a substrate for field-effect transistors. Inter-
digitated source/drain electrodes were patterned by photo-
lithography, thermal evaporation of 1 nm chromium and 30 nm
gold, and lift-off (channel width W = 20 mm, channel length
L = 20 μm). The substrates and electrodes were cleaned with
oxygen plasma (250 W, 10 min). The total polymer concentra-
tion was adjusted to 6 mg/mL for regular F8 and F8BT solu-
tions to give a film thickness of 40�60 nm after spin-coating.
For thickness-dependent measurements, polymer solutions of
7, 11, and 13.5 mg/mL (39, 75, and 135 nm) were prepared
from a polymer/SWNT stock dispersion in order to achieve
a constant nanotube to polymer weight ratio. Subsequent
annealing above TM at 290 �C (30 min) or below TG at
120 �C (60min) removed residual solvent andmoisture. Anneal-
ing above the liquid crystalline melt induced polycrystallinity.
Spin-coating PMMA (Polymer Source Inc., Mw = 319 kg 3mol�1,
PD = 1.25) from filtered anhydrous n-butylacetate solution
(60 mg/mL) on top of the semiconducting film formed the
dielectric layer (approximately 500 nm). Evaporation of 15 nmof
gold through a shadowmask as a gate electrode completed the
FET. Reference samples without nanotubes were processed in
the same way only without nanotubes. All spin-coating and
annealing steps were carried out in a nitrogen glovebox.

Field-effect transistors with Au/SWNT electrodes were fab-
ricated by spin-coating purified CoMoCat carbon nanotubes
(>90% semiconducting SWNT, Southwest Nanotechnology)
from 1,2-dichlorobenzene dispersions onto prepatterned gold
electrodes. Photolithography with an identical but inverse
photomask protected the nanotubes on the electrodes with
photoresist, while those in the channel region were exposed
and completely removed by oxygen plasma. After removal of
the photoresist, all FETs were completed as described above
but with pure F8BT solutions (7 mg/mL in o-xylene). The work
function/ionization potential of CoMoCat-SWNT thin films
compared to clean gold was determined by photoemission
yield spectroscopy in air (AC-2, RIKEN KEIKI CO., LTD).

Device Characterization. Electrical and optical device character-
ization was carried out in nitrogen atmosphere with an Agilent
4155C semiconductor parameter analyzer and a Hamamatsu
S1133-01 silicon photodiode. For photocurrent measurements,
the photodiodewas biased at�3 V and placed directly on top of
the FET. Capacitance measurements of the dielectric layer
for mobility calculations were performed on 1 � 1 mm contact
pads with a HP4192A impedance analyzer.

Simulations. Electrostatic conditions at the nanotube were
simulated with COMSOL Multiphysics to investigate the electric
field distribution between ground (0 V) and a virtual top
electrode (20 V) to represent the gate field. The nanotube
(length = 200 nm, diameter = 1 nm) with an estimated
conductivity of about 1 S 3 cm

�1 exceeds the conductivity of
undoped F8BT (1 � 10�10 S 3 cm

�1) by several orders of magni-
tude. Consequently, a homogeneous potential was assumed
within the nanotube, which is determined by the nanotube
position within the polymer film acting as a voltage divider, that
is, all voltage drops across the polymer between nanotube and
adjacent electrode. For calculations of the maximum electric

field, the nanotube was either in contact with ground (0 V) or
placed in the channel center (10 V). The simulation was carried
out as purely dielectric, no current flow or charge density was
included. See also Supporting Information S6.
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