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N
ear-infrared electroluminescence from
semiconducting single-walled car-
bon nanotubes (s-SWNTs) could be

useful for many applications in optoelectro-
nics.1,2 However, the implementation of
s-SWNTs in light-emitting devices has been
impeded in the past by their low emission
efficiencies and broad spectra.3,4 Simulta-
neously, networks of s-SWNTs have at-
tracted much attention as a promising way
to obtain high-mobility solution-processed
field-effect transistors (FETs).5�9 Recent ad-
vances in the separation of semiconducting
and metallic SWNTs have enabled these
and other applications in optoelectronic

devices. By using density gradient ultracen-
trifugation,10 gel chromatography,11 or selec-
tive dispersion in conjugated polymers,12�15

it is now possible to obtain dispersions with
99% semiconducting nanotubes or even
specific chiralities. Random network FETs
produced from s-SWNT dispersions exhibit
high mobilities as well as high on/off
ratios.5,13,15�18 They can be used in comple-
mentary-like inverters for fast ring oscilla-
tors8,19 or as switches in active matrix
organic light-emitting diode displays.7 The
use of networks of nanotubes with different
diameters and thus different band gaps
and mobilities raises the question of how
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ABSTRACT

We demonstrate random network single-walled carbon nanotube (SWNT) field-effect transistors (FETs) in bottom contact/top gate geometry with only five

different semiconducting nanotube species that were selected by dispersion with poly(9,9-dioctylfluorene) in toluene. These FETs are highly ambipolar with

balanced hole and electron mobilities and emit near-infrared light with narrow peak widths (<40 meV) and good efficiency. We spatially resolve the

electroluminescence from the channel region during a gate voltage sweep and can thus trace charge transport paths through the SWNT thin film. A shift of

emission intensity to large diameter nanotubes and gate-voltage-dependent photoluminescence quenching of the different nanotube species indicates

excitation transfer within the network and preferential charge accumulation on small band gap nanotubes. Apart from applications as near-infrared

emitters with selectable emission wavelengths and narrow line widths, these devices will help to understand and model charge transport in realistic carbon

nanotube networks.
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current density is distributed within the channel. Pre-
vious approaches tomodel carbon nanotube networks
using percolation theory only took into account dis-
tributions of metallic and semiconducting nanotubes.
Experimental data to validate those models were
limited to current�voltage characteristics,20,21 and
thus a detailed understanding is still lacking.
Another intriguing feature of semiconducting car-

bon nanotubes is their luminescence in the near-
infrared that originates from exciton recombination.
These excitons can be generated by absorption of light
(photoluminescence, PL)22 or electrically by electron�
hole recombination23 or impact excitation,24 thus
resulting in electroluminescence (EL). Efficient near-
infrared light-emitting devices, with selectable emis-
sion wavelengths and narrow line widths relying only
on carbon-based materials, are highly desirable.
The application of devices based on lead chalcogenide
nanocrystals25 will be limited due to health and safety
concerns, andother solution-processable near-infrared
electroluminescent materials (e.g., rare earth metal
complexes26,27) are rare or suffer from low efficiency.
While PL quantum efficiencies of carbon nanotubes
can reach several percent for single free-standing28 or
individualized polymer-wrapped SWNTs,12 electrolu-
minescent devices (diodes as well as FETs) based on
SWNTs as emitters have so far shown poor perfor-
mance with broadened emission spectra and low
quantum efficiencies.3,4,29,30

Here we demonstrate ambipolar field-effect transis-
tors based on random networks of only five different

semiconducting nanotubes that emit near-infrared
light with good efficiency and with the same peak
positions and peak widths as their photoluminescence
spectra. Tracing the near-infrared emission during a
gate voltage sweep allows us to map preferential
current paths and thus gain insight into the charge
transport in these networks. Gate-voltage-dependent
PL quenching indicates the distribution of accumu-
lated holes and electrons in a s-SWNTnetwork depend-
ing on the different SWNT band gaps.

RESULTS AND DISCUSSION

To obtain purely semiconducting SWNT thin films,
HiPco nanotubes were selectively dispersed in a to-
luene solution of the conjugated polymer poly(9,9-
dioctylfluorene) (PFO).12,31 After centrifugation, only
five semiconducting nanotube species, namely, (7,5),
(7,6), (8,6), (8,7), and (9,7), remained in dispersion
(Supporting Information Figure S1). The excess poly-
mer was subsequently removed by sedimentation of
the nanotubes, washingwith toluene, and redispersion
of the formed s-SWNT pellet in fresh toluene (see
Methods).18 The absorption spectrum (Figure 1a) and
Raman spectra (Supporting Information Figure S2) of
the obtained dispersion show no metallic nanotubes
and only minimal amounts (<5 μg/mL) of PFO directly
associated with the SWNTs. The PL excitation�emis-
sion map (Figure 1b) shows a very similar distribution
of nanotube species as before sedimentation, with (8,6)
as the most abundant chirality. This dispersion was
used to form the semiconducting layer by spin-coating

Figure 1. (a) Absorption spectrum of enriched s-SWNT dispersion withminimal residual polymer (PFO, inset). (b) Excitation�
emissionmap of this dispersion showingfive dominant nanotube species. (c) Schematic device structure of a bottomcontact/
topgate FETwith selected s-SWNT, PMMAdielectric, and silver gate electrode. (d) Typical ambipolar transfer characteristics of
an encapsulated FETwith spin-coated s-SWNT. (e,f) Output characteristics of the samedevice, showing good injection of both
holes and electrons and current saturation at high Vds.
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or drop-casting onto prepatterned gold electrodes
on glass. We used a top-gate FET structure, shown in
Figure 1c, with spin-coated PMMAas the gate dielectric
and an evaporated silver gate electrode. This device
geometry previously proved to be very effective for
obtaining ambipolar transport and light emission in a
range of conjugated polymers due to improved charge
injection assisted by the gate field and elimination of
electron traps at the semiconductor�dielectric inter-
face.31,32 This device geometry also has the additional
advantage of being easily encapsulated without de-
gradation, allowing for device operation and charac-
terization in air. The current�voltage characteristics
(Figure 1d�f) of the resulting SWNT-FETs are near ideal
and show balanced hole and electron transport and
little current hysteresis. Charge injection of both car-
riers appears to be good, although not ohmic. Residual
polymer may partially limit injection from the gold into
the nanotubes. The saturation field-effect mobilities are
estimated to be 0.23 ( 0.17 cm2

3 V
�1

3 s
�1 for holes and

0.24( 0.18 cm2
3 V

�1
3 s
�1 for electrons using the parallel

plate model for the capacitance. Due to the ambipolar
nature of these FETs, their on/off current ratios depend
strongly on the applied source-drain bias (Vds). For low
Vds, the on/off ratio reaches 105, which is close to state-
of-the-art SWNT network FETs,5,18 and further corrobo-
rates the absence of metallic nanotubes.

In the ambipolar regime of an FET, both holes and
electrons are present in the channel and recombina-
tion and light emission should take place.33 The posi-
tion of the resulting recombination zone is determined
by the applied voltages and can be moved from the
source electrode through the channel to the drain
electrode as was previously demonstrated for ambipo-
lar polymer,34 single organic crystal,35 and single car-
bon nanotube36 FETs. Here we demonstrate the same
behavior for a network of s-SWNTs as shown in Figure
2a. Depending on the applied gate voltage (Figure 2b),
many near-infrared emission spots are visible and
move through the channel (Supporting Information
S3, movie). This controlledmovement and the absence
of continuous light emission from the contacts indicate
that emission predominantly results from electron�
hole recombination and not impact excitation, which
relies on very high electric fields. Note that the spatial
resolution of the emission spots is limited to about
1 μm by the emission wavelength (1000�1400 nm)
and the optical setup. After ultrasonication, the nano-
tubes should be shorter than 1�2 μm, so that any
emission spot may originate from a collection of
several nanotubes.
In contrast to a uniform polymer film,37 the emission

from the SWNT network is very nonuniform and the
emission spots do not move in a straight line from the

Figure 2. (a) False-color intensity images of near-infrared EL from s-SWNT FET (channel length 20 μm) at different gate
voltages and constant source-drain voltage (Vds =�40 V). (b) Current�voltage characteristics for this device during a forward
sweep. (c) Photoluminescence image of the channel region excited by a laser diode (640 nm). (d,e) Composite images of EL
during forward and reverse gate voltage sweeps visualizing various transport paths through the SWNT film. In one case holes
are injected from the left electrode (d), in the other case from the right electrode (e). Note that certain emission paths (white
arrow) only show up for hole injection from the left electrode.
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source to the drain electrode but sometimes follow tor-
tuous paths. A photoluminescence image (Figure 2c)
from the channel area also shows an uneven distribu-
tion of emission intensity and thus a nonuniform
coverage with SWNTs. A composite image of the
electroluminescence (EL) obtained from an entire gate
voltage (Vg) sweep reveals the various paths of emis-
sion, as shown in Figure 2d for a forward and reverse
Vg sweep. The overall image is calculated by assigning
to each pixel a color corresponding to the highest
brightness value this pixel exhibited during the entire
voltage sweep. Interestingly, these composite EL images
are not identical with the photoluminescence image of
the same area. Clearly, not all nanotubes in the channel
contribute to the electroluminescence. As EL can only
occur where electrons and holes recombine, the com-
posite EL image shows preferential current paths
through the network of nanotubes. Those nanotubes
that do not contribute to the charge transport do not
appear in the electroluminescence images but are
visible in the PL images. The different current pathways
probably result from the variation of nanotubes' den-
sity, length, band gap, and connectivity within the
channel.
Surprisingly, the EL composite images and thus

observable current paths also depend on the assign-
ment of the source and drain electrodes, that is, which
electrode injects holes or electrons. The differences are
mostly subtle, but in some cases, certain EL pathways,
as the indicated in Figure 2d,e (white arrow), appear
and disappear almost entirely. This effect is reproduci-
ble for repeated exchanges of the electrode assign-
ment (see Supporting Information Figure S4a,b). In
contrast to that, there is no appreciable difference
between images obtained for forward or reverse vol-
tage sweeps, that is, whether the channel changes
from hole accumulation to electron accumulation or
vice versa. This indicates that the observed variations of
current paths are likely to arise from preferential injec-
tion of holes or electrons depending on energy level
alignment and density of different nanotubes at the
contacts. Due to the work function of gold (4.8�5 eV),
the injection of holes into the network should be
favored, but as the band gap of s-SWNTs decreases
with increasing diameter, electron injection should
increase.
The spatial resolution of the ELmaps is quite limited,

and in dense films of SWNTs, it cannot distinguish
between different nanotubes. However, indirect in-
sight into the charge distribution in networks of differ-
ent semiconducting SWNTs can be gained from
comparing the photoluminescence (excited by a red
laser, 640 nm, 5 mW) and electroluminescence spectra
from the exact same channel area, as shown in Figure 3.
Both spectra exhibit five distinct peaks, which can
be fitted with Lorentz profiles with a full width at
half-maximum (fwhm) of 25�45 nm (20�37 meV).

The different peaks can be ascribed to the five s-SWNT
species identified before (see Supporting Information
Figure S5 and Table 1). Peak positions and widths do
not differ significantly between PL and EL spectra. The
obtained PL and EL peakwidths are broader than those
of PL from single suspended SWNTs (9 meV)38 but sig-
nificantly narrower than EL from previous single nano-
tube and SWNT network devices (80�150meV),3,4,39,40

as well as near-infrared PbS nanocrystal light-emitting
diodes (100�150 nm).25 Importantly, there is no severe
red shift that is usually observed for EL from single
SWNT devices with short channels.39,40 This is probably
due to the relatively low effective lateral fields (2�4 V/
μm) in our long channel (20 μm) devices and again
supports the notion that excitons are formed by
electron�hole recombination and not by impact
excitation.
However, the PL spectrum indicates significant en-

ergy transfer from the larger band gap nanotubes, that
is, (7,5) and (7,6), which are close to resonance with
the excitation laser (640 nm), to smaller band gap
nanotubes, which are not directly excited at that

Figure 3. Photoluminescence spectrum (excited at 640 nm,
5 mW, integration time 0.5 s) of s-SWNTs within the channel
region and electroluminescence spectrum from the same
spot (Vg = 30 V, Vds = 70 V, integration time 60 s).

TABLE 1. Fitted Lorentz Peak Positions, Full Widths at Half-

Maximum (fwhm), and Fractions of Overall Intensity for

Photoluminescence and Electroluminescence Spectra from

the same Spot within the FET Channel

photoluminescence

(excitation 640 nm)

electroluminescence

(Vg = 30 V, Vds = 70 V)

(n,m) λcenter (nm) fwhm (nm) % signal λcenter (nm) fwhm (nm) % signal

(7,5) 1043 26 10.3 1044 25 5.3
(7,6) 1140 36 23.9 1141 30 17.7
(8,6) 1201 30 43.2 1202 29 52.8
(8,7) 1292 33 14.8 1294 34 16.6
(9,7) 1353 37 7.8 1357 46 7.6
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wavelength (see Figure 1b for comparison). The (8,6)
nanotube emission is dominant, and the emission from
(8,7) and (9,7) nanotubes is much stronger than what
would be expected from their population in the dis-
persion. Clearly, the nanotubes are in intimate contact
with each other, and energy transfer can take place.
Mehlenbacher et al. recently showed that this excita-
tion transfer takes place on a picosecond time scale.41

The EL spectrum shows even more emission from the
smaller band gap nanotubes and from those that are
most abundant in the network, that is, the (8,6) SWNTs
(Figure 3 and Table 1). Emission from (7,5) and (7,6)
nanotubes is strongly diminished compared to the
dispersion and also weaker compared to the PL spec-
trum. Nanotubeswith smaller band gaps exhibit higher
charge carrier mobilities than those with larger band
gaps due to reduced scattering with phonon modes,42

butmore importantly, they are also energetically favor-
able for both holes and electrons. Predominant charge
transfer to and therefore electroluminescence from
SWNTs with small band gaps could be expected.
Although a quantitative description combining charge
transport and excitation transfer is difficult, this notion
is supported by the experimental EL spectra.
A preference of charge accumulation on nanotubes

with small band gaps is further indicated by the charge
carrier density-dependent quenching of photolumi-
nescence from the channel (Figure 4a). Here, different
positive and negative gate voltages are applied, while
the source and drain electrodes are both grounded
and thus charges are accumulated throughout the
channel. PL spectra were recorded from a spot in the
middle of the channel. While there is no shift in peak
position or peak width, the overall PL intensity de-
creases with positive (accumulation of electrons) and
negative (accumulation of holes) gate voltages
(Figure 4b). The decrease of emission is not quite linear
with gate voltage and thus charge carrier density and

not equal for hole and electron accumulation, which
may be due to the presence of the polymer. More
importantly, the decrease of PL intensity is not uniform,
but emission from the small band gap nanotubes
declines faster than that of the larger band gap nano-
tubes, as shown in Figure 4b. The emission from (8,7)
and (9,7) SWNTs for Vg = 50 V is quenched to a fifth of
the maximum value, while emission from (7,5) SWNTs
remains at about two-thirds of its maximum intensity.
The reduced PL efficiency of charged SWNTs is gen-
erally attributed to an Auger-type E11 exciton quench-
ing mechanism.43 A reduced absorption and hence
lower PL due to filling (emptying) of the conduction
(valence) band of the SWNTs can be excluded, as this
should mainly affect the (7,5) and (7,6) nanotubes,
which are in resonance with the excitation laser. These
results indicate that accumulated charges in a network
of carbon nanotubes are predominantly located on
SWNTs with smaller band gaps. In other words, those
SWNTs are intrinsic shallow traps for both holes and
electrons in a network of s-SWNTs with different
diameters (see inset Figure 4a). However, this should
not limit the overall mobility as the charge carrier
mobility is higher in large diameter nanotubes than
in small diameter nanotubes42 and the SWNT-to-SWNT
contact resistance44 is probably the limiting factor.
Finally, the external quantum efficiency of such a

device is crucial for any optoelectronic application. For
ambipolar light-emitting FETs, which have narrow
movable emission zones, one can assume that all
injected charges recombine and form excitons that
can relax radiatively or nonradiatively. This leads to
very high external quantum efficiencies (EQE) in ambi-
polar polymer light-emitting FETs.32,45 The chirality-
selected s-SWNTs are wrapped with conjugated poly-
mers, which should increase emission efficiencies
compared to the commonly used bare SWNTs.12

Furthermore, the SWNT films were annealed and

Figure 4. (a) Successive quenching of PL within the FET channel with increasing positive gate voltages (source/drain
electrodes grounded). Inset: redox potentials (i.e., energy of first van Hove singularities of the valence and conduction band)
for selected SWNTs according to Tanaka et al.50 showing decrease of band gap from (7,5) to (9,7) nanotubes. (b) Normalized
peak intensities of corresponding SWNTs and total PL intensity for positive and negative applied gate voltages.
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encapsulated in a dry nitrogen glovebox, and thus
oxygen, which is known to quench emission,46 was
largely excluded and device measurements in air
became possible. Note that no visible light emission
is observed from the polymer, in contrast to devices
based on PFO layers with small amounts of SWNT
below the percolation limit, which show efficient blue
electroluminescence.31 This is in agreement with pre-
vious reports of excitation transfer from the polymer to
the nanotubes.47 For redispersed PFO/SWNT hybrids,
we find reduced blue photoluminescence from the
polymer when excited at 380 nm but near-infrared
emission from all SWNT species instead (see Support-
ing Information Figure S6).
Figure 5a,b shows constant drain current measure-

ments of a s-SWNT network FET. The drain current is
kept at a certain value, while the gate voltage is swept
and the source-drain voltage is adjusted accordingly.48

The maximum optical power recorded with a cali-
brated InGaAs photodiode positioned on the glass side
of the FET increases linearly with the drain current.
From this, we can estimate an EQE of about 0.002%, not
taking into account losses by internal absorption and
waveguiding. This is in the same range as the best
single nanotube light-emitting diodes2 and FETs49 and
orders of magnitude higher than other SWNT network-
based devices.3,4 Optimizing the wrapping of nano-
tubes with polymer and thus increasing PL efficiency
while maintaining good contacts between the nano-
tubes for fast charge transport and high currents could
further improve the overall near-infrared EL efficiency
and brightness.

CONCLUSIONS

In summary, we have demonstrated ambipolar light-
emitting FETs based on random networks of only five
different types of semiconducting carbon nanotubes.
Spatial mapping of the electroluminescence allows us
to visualize charge transport paths within the nano-
tube thin film that clearly depend on the density and
connectivity of the nanotubes as well as on the differ-
ent injection of holes and electrons at the contacts. The
obtained electroluminescence spectra show the same
peaks as the corresponding photoluminescence spec-
tra of the SWNT network with equal center wave-
lengths and line widths for each nanotube species. A
shift of intensity from small diameter nanotubes with
larger band gaps to large diameter nanotubes with
smaller band gaps for both PL and EL indicate both
excitation transfer and charge transfer within the net-
work. Charge carrier density-dependent photolumi-
nescence quenching suggests that both holes and
electrons are predominantly located on small band
gap nanotubes in networks of different SWNTs. The
efficiency of near-infrared light emission is low but
muchhigher than previous electroluminescent devices
based on nanotube networks. Further improvement of
the nanotube selection process toward single chiral-
ities and optimization of the polymer wrapping could
lead to even more efficient near-infrared emitters with
a specific wavelength and narrow line width. More-
over, the obtained information on current paths
through and charge distribution in the nanotube thin
film could be used to inform and improve advanced
theoretical transport models for SWNT network FETs.

METHODS
Selective Dispersion of SWNTs. HiPco single-walled carbon nano-

tubes (1.5 mg 3mL�1, Unidym Inc., batch P2172, diameter 0.8�
1.2 nm, <11wt% iron) were dispersed in 3mg 3mL�1 PFO (Aldrich,
Mw = 75 kg 3mol�1, PD = 3.4) solution in toluene and bath
sonicated for 90 min. The resulting dispersion was centrifuged at

60 000g for 45 min (Beckman Coulter Avanti J26XP). The super-
natant was further ultracentrifuged at 268000g for 30 min to
remove any remaining bundles and then at 268000g for 8 h to
sediment >80% of all nanotubes. Ultracentrifugation was per-
formed with a Beckman Coulter OptimaMax XP table-top centri-
fuge with a swinging bucket rotor MLS-50 using thick-walled

Figure 5. (a) Source-drain voltage vs gate voltage plots for fixed constant drain currents of�10 to�40 μA. (b) Near-infrared
optical output in the near-infrared (800�1600 nm) during each constant current gate voltage sweep. Inset: Optical output vs
drain current resulting in average external quantum efficiency of about 0.002%.
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polyallomer vials. A pellet was formed at the bottom of the
centrifuge vial, which was washed several times with toluene to
remove most of the residual free polymer. Redispersing the
nanotube pellet in toluene by mild sonication for several minutes
yielded a stable dispersionwith a similar nanotube composition to
the original dispersion. Absorption spectra were recorded with a
Varian Cary 6000i UV�vis�NIR spectrometer and PL excitation�
emission maps with a Horiba Jobin-Yvon Fluorolog-3 spectro-
meter with a Symphony-II InGaAs diode array detector. Raman
spectra were obtained from drop-cast films on glass using a
Renishaw InVia Reflex Raman microscope.

Device Fabrication. Interdigitated source/drain electrodes were
patterned on thin glass substrates (Schott AF32 Eco, thickness
700 μm) by photolithography (double-layer photoresist LOR5B/
S1813), electron-beam evaporation of 2 nm chromium and 30 nm
gold, and lift-off (channel width W = 20 mm, channel length
L = 20 μm). The nanotube dispersion was spin-coated onto the
substrates at 1000 rpm three times or drop-cast several times, and
the resulting films were annealed in a dry nitrogen glovebox at
290 �C for 30 min to remove residual water and oxygen. Spin-
coating PMMA (Polymer Source Inc., Mw = 315 kg 3mol�1, PD =
1.05) from filtered, anhydrousn-butylacetate solution (60mg 3mL�1)
on top of the SWNT film formed the dielectric layer (thickness
∼700 nm, Ci = 3.14 nF 3 cm

�2. A simple plate capacitor model
was used formobility calculations due to the high SWNT surface
coverage). Thermal evaporation of 30 nm of silver through a
shadow mask as a gate electrode completed the FETs. After
initial testing inside a dry nitrogen glovebox, all devices were
encapsulated with an epoxy resin (Rubnor, PX681C/NC) and all
of the followingmeasurements were carried out in air. Current�
voltage characteristics were measured with an Agilent 4155C
semiconductorparameteranalyzerandaKeithley2600sourcemeter.

Photoluminescence and Electroluminescence Measurements. PL and
EL images were recorded with a thermoelectrically cooled 256 �
360 pixel InGaAs camera (Xenics XEVA-CL-TE3, 800�1600 nm),
while spectra were obtained with an Acton SpectraPro SP2358
spectrometer (grating 150 lines/mm) and a liquid-nitrogen-
cooled InGaAs line camera (PI Acton OMA V:1024 1.7). For
photoluminescencemeasurements, anOBIS 640 nm laser diode
(5mW) (Coherent Europe B.V.) was used and the laser beamwas
defocused onto the substrate through the collecting near-
infrared objective (Olympus LMPL100XIR 100�, NA 0.80 or
Olympus LCPLN50XIR 50�, NA 0.65 with correction for glass
thickness) to illuminate an area of about 100 μm in diameter.
A coldmirror (750 nm) and a long-pass filter (900 nm)were used
to reject visible and scattered laser light. For current�volta-
ge�luminance measurements, a calibrated InGaAs photodiode
(Thorlabs FGA21-CAL, active area 3.1 mm2) was placed directly
underneath the device (active area ∼1.25 mm2) to collect as
much of the emitted light as possible (the silver gate electrode
was reflective), and the photocurrent was recorded at 0 V bias.
Calculations of the optical power and EQE took the observed
electroluminescence spectrum into account. Given the ex-
pected losses due to absorption andwaveguiding, the obtained
EQE is a lower boundary for the overall efficiency.
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