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I
n recent years, field-effect transistors
(FET) based on single-walled carbon
nanotubes (SWNT) have been shown

to exhibit a range of interesting optoelec-
tronic effects.1 In particular, near-infrared
electroluminescence (EL) was demon-
strated for ambipolar and unipolar field-
effect transistors that used either random
networks of SWNTs or individual SWNTs.2�6

In these devices, excitons resulted from the
recombination of holes and electrons that
were injected from the source and drain
electrodes, respectively. However, external
quantum efficiencies were generally low
(10�7 to 10�6 photons per electron),4,5 and
many nanotube FETs suffered from current
hysteresis due to the presence of water un-
der ambient conditions and the high volt-
ages required for sufficient injection of
holes and electrons.3,7,8 Because nanotubes
with large diameters (�1.5 nm) and small
band gaps have the lowest injection barri-
ers for both carrier types,9 they are best
suited for ambipolar FETs, and thus elec-
troluminescence is usually observed at
wavelengths around 1.8 to 2 �m.4�6

In order to make light-emitting carbon
nanotube FETs interesting for applications,
their device properties have to be improved
significantly. Major objectives are minimiza-
tion of applied voltages and current hyster-
esis, device uniformity and reproducibility,
for example, by statistical averaging over
many nanotubes, and optimization of elec-
troluminescence efficiency in the optical
telecommunications window by shifting
emission toward shorter wavelengths and
avoiding quenching caused by metallic
nanotubes and substrate effects.

Here we present near-infrared light
emission from electrolyte-gated ambipolar
field-effect transistors with large scale, par-

allel arrays of carbon nanotubes grown by
chemical vapor deposition (CVD) on quartz
substrates. Two aspects of these devices are
significant, compared to previous light-
emitting nanotube transistors. First, we use
high quality, nearly perfectly linear, aligned
arrays of SWNTs that have been shown to
yield transistors with excellent performance
characteristics, high levels of reproducibil-
ity in wafer-scale arrays, and demonstrated
applications in radio frequency electronics
and other integrated systems.10,11 These ar-
rays provide a multitude of light sources
with potential for high overall output. They
also offer reproducible properties due to
statistical averaging effects owing to the
large numbers of tubes in the channel with-
out the drawback of uncontrolled energy
transfer and quenching by metallic tubes
associated with dense random arrays of
SWNT. They are significant for basic scien-
tific study because emission from large
numbers of tubes can be evaluated in a
single device under identical conditions,
thereby allowing systematic investigations
of emission properties depending on tube
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ABSTRACT We demonstrate near-infrared electroluminescence from ambipolar, electrolyte-gated arrays of

highly aligned single-walled carbon nanotubes (SWNT). Using electrolytes instead of traditional oxide dielectrics

in carbon nanotube field-effect transistors (FET) facilitates injection and accumulation of high densities of holes

and electrons at very low gate voltages with minimal current hysteresis. We observe numerous emission spots,

each corresponding to individual nanotubes in the array. The positions of these spots indicate the meeting point

of the electron and hole accumulation zones determined by the applied gate and source�drain voltages. The

movement of emission spots with gate voltage yields information about relative band gaps, contact resistance,

defects, and interaction between carbon nanotubes within the array. Introducing thin layers of HfO2 and TiO2

provides a means to modify exciton screening without fundamentally changing the current�voltage

characteristics or electroluminescence yield of these devices.
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diameter, chirality, and other characteristics. Disadvan-
tages of these thin film-like arrays are the presence of
metallic nanotubes that cause large off currents and re-
duce overall efficiency and the inability to determine in-
dividual current�voltage characteristics and threshold
voltages of the carbon nanotubes in the array.

The other important feature of the light-emitting
FETs introduced here is that they use electrolyte gat-
ing as a way to achieve high charge carrier densities
with drastically reduced gate and source�drain volt-
ages while avoiding current hysteresis, as demonstrated
previously in carbon nanotube and organic field-effect
transistors.12�15 In these devices, the gate dielectric is
replaced by an electrolyte, for example, imidazolium-
based ionic liquid gels or LiClO4 dissolved in poly(ethyl-
ene glycol) (PEG). When a negative voltage is applied,
positive cations are attracted to and negative anions are
repelled from the gate electrode. The cations form an
electric double layer at the gate/electrolyte interface,
while the anions do the same at the carbon nanotube/
electrolyte interface, where they induce accumulation
of holes in the nanotube. The bulk electrolyte remains
charge-neutral so that almost all of the applied poten-
tial is dropped across these electric double layers, which
leads to an extremely high effective gate capacitance
of tens of �F · cm�2 and thus high charge carrier densi-
ties. Changing the gate voltage causes the ion distribu-
tion to re-adjust with diffusion-limited rates. This redis-
tribution avoids charge trapping and associated
hysteresis that occur in oxide dielectrics. The strong
gate coupling provided by the electrolyte enables effi-
cient charge injection, due to sharp bending of the va-
lence and conduction band at the metal/nanotube in-
terface and thus enhanced tunneling through the thin
Schottky barrier. In this manner, both holes and elec-
trons can be efficiently injected even into carbon nano-
tubes with relatively small diameters (i.e., large band
gaps) and under ambient conditions. Simultaneous in-
jection of both charge carriers leads to coexisting hole,
and electron accumulation zones along the nanotube
and light emission take place at the point where the op-
posite charge carriers meet and recombine. The posi-
tion of the recombination zone is determined by the
gate and source�drain voltages and thus the local po-
tential along the nanotubes.3,16,17 We note that elec-
troluminescence from electrolyte-gated SWNTs is par-
ticularly interesting because metal ions can quench
nanotube luminescence.18 Here positive (e.g., Li�) and
negative (e.g., ClO4

�) ions are accumulated closely (De-
bye length � 0.1 nm) around the nanotubes, and
strong quenching might be expected.

Our device structure allows us to study the effect of
the dielectric environment on charge transport in and
emission from carbon nanotubes. As a quasi-one-
dimensional object, the medium surrounding the
nanotube has a strong influence on emission wave-
length, peak width, and photoluminescence yield.19,20

Increasing the dielectric constant � leads to increased
exciton screening and thus a decreased exciton bind-
ing energy. Simultaneously, the self-energy correction
causes a red shift of emission that is larger than the blue
shift associated with the reduced binding energy.21,22

As charge screening increases with the dielectric con-
stant of the surrounding medium, interband transitions
(blue-shifted with respect to the exciton) become stron-
ger and eventually dominate according to theory.20

This has not yet been observed for photoluminescence
from carbon nanotubes due to the strong lumines-
cence quenching of nanotubes on solid
substrates.19,23,24 For electroluminescence, these limita-
tions are less strict because very large numbers of exci-
tons can be generated and thus light detection from in-
dividual nanotubes remains possible despite low
efficiencies. For example, a small contribution of inter-
band emission was recently assigned to unipolar impact
excitation electroluminescence.25,26 A very high � di-
electric that could lead to interband transitions is TiO2

(� � 60�80). However, TiO2 is not very suitable as a thin
gate dielectric on its own due to its relatively small
band gap and thus high leakage. We will show that add-
ing a thin layer (few nm) of TiO2 or HfO2 (� � 25) to
the electrolyte-gated carbon nanotube FETs allows us
to significantly increase the dielectric constant of the
nanotube environment without drastically altering the
overall device and emission characteristics.

Figure 1a shows a schematic of the electrolyte-
gated nanotube FET and the electroluminescence mea-
surement setup. We fabricated aligned carbon nano-
tube transistors on quartz substrates with Ti/Pd
source�drain electrodes (see inset Figure 1a) and a liq-
uid electrolyte contacted with a PtIr wire as the gate
electrode. Figure 1b,c shows current�voltage charac-
teristics of nanotube array field-effect transistors gated
via an electrolyte of either PEG:LiClO4 or the ionic liquid
1-butyl-3-methylimidazolium octyl sulfate
([BMIM]�[octOSO3]�). In both cases, ambipolar charge
transport is evident for very low gate (Vg) and
source�drain (Vds) voltages with negligible hysteresis
despite the very slow gate voltage sweep rate. Such ex-
tended bias stress typically leads to strong hysteresis
in devices that use conventional oxide gate dielectrics.
The limited gate modulation of the source�drain cur-
rent (Ids) is partially due to the ambipolar nature of the
transport (i.e., the hole and electron accumulation
ranges overlap so that the channel is never in deple-
tion) and to the presence of metallic nanotubes in the
arrays. The point of minimum current roughly follows
the expected Vg � Vds/2 dependence for ambipolar FETs
with threshold voltages near zero.27 Effective peak mo-
bilities for holes and electrons were calculated to range
between 600 and 1200 cm2 V�1 s�1 using � � (	Ids/
	Vg) · (L/(W · Vds · C)), with channel width W and channel
length L. The devices capacitance C is determined using
the quantum capacitance of a carbon nanotube with
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one sub-band occupied (Cq � 4 
 10�10 F · m�1)28

and the density of the nanotube array 	N/	W �

5�10 �m�1 minus the metallic tubes: 	N/	W �

3�7 �m�1 (N is the number of nanotubes in the
channel) with Cq · 	N/	W � 0.12 � 0.28 �F · cm�2.
The effective capacitance of the electrolyte (Cel �

10 �F · cm�2) is orders of magnitude larger than
the quantum capacitance of the array so that the
total capacitance (1/C � 1/Cel � 1/Cq) is domi-
nated by the latter.

The average maximum conductance per nano-
tube (including metallic SWNT) is on the order of
0.04 e2/h (for L � 10 �m), which is comparable to
values reported by Zhou et al. for nanotubes with
diameters of 1.5 nm.29 This value is within the av-
erage diameter distribution of the nanotube ar-
rays determined by atomic force microscopy
(AFM) and Raman spectroscopy (see Supporting
Information Figures S1 and S2).

We note that, although imidazolium-based
ionic liquids can disperse carbon nanotubes
through weak van der Waals interactions,30 we
did not find evidence that the nanotubes become
detached from the quartz surface when 1-butyl-3-
methylimidazolium octyl sulfate is used as the
electrolyte. Nevertheless, due to its comparatively
large electrochemical operating window, we used
PEG:LiClO4 as the electrolyte for all experiments
described in the following.

We observe light emission from electrolyte-
gated carbon nanotube array transistors for a
range of gate voltages, as a collection of emis-
sion spots, each of which corresponds to an indi-
vidual nanotube in the array, as shown in Figure
2a. These emission spots appear to be nearly
diffraction-limited with an isotropic full width at
half-maximum of about 1.5 �m. For a
source�drain voltage of �2.4 V, light emission
appears at the source electrode for positive or
small negative gate voltages (e.g., for Vg � 0). Un-
der these bias conditions, electrons accumulate
over the entire length of the channel and hole injec-
tion at the source leads to recombination and emis-
sion along the edge of the electrode visible as a string
of light spots. As the gate voltage shifts toward more
negative values, the hole accumulation layer extends
further away from the source. The point of charge re-
combination and emission for each nanotube shifts
more into the channel and moves with decreasing gate
voltage toward the drain (e.g., Vg � �1.2 V in Figure
2a). The reverse movement takes place when the gate
voltage increases again.

Figure 2b shows a composite image of emission
from the device in Figure 2a. This image is created by
assigning to each pixel the highest brightness value de-
tected during the entire voltage sweep. In this way,
traces of exciton recombination along the nanotubes

become visible as well as apparently disconnected

emission spots (see also Supporting Information Figure

S3). The number of emission traces in Figure 2a is sig-

nificantly smaller than one would expect from the

nanotube density determined by SEM and AFM. One-

third of the nanotubes are metallic and do not emit

light. The observed movement of emission spots and

increased brightness close to the contacts exclude the

possibility of emission from metallic tubes due to Joule

heating.31 The diameter distribution of the aligned nan-

otubes (Supporting Information Figures S1 and S2) indi-

cates that the majority emits at wavelengths longer

than 1600 nm that are not detected by our InGaAs cam-

era, which could account for the small number of ob-

servable emission spots compared to the density of

aligned nanotubes estimated by SEM.

Figure 1. (a) Schematic illustration of device structure of an electrolyte-gated
ambipolar carbon nanotube field-effect transistor and experimental setup for
detection of near-infrared electroluminescence. FETs consist of an array of
highly aligned single-walled carbon nanotubes on a double-side polished
quartz wafer (thickness 500 �m) contacted with Ti/Pd source/drain electrodes
(inset: scanning electron micrograph (SEM)). Emitted light is collected through
the quartz substrate by a microscope objective and imaged onto a liquid nitro-
gen cooled InGaAs focal plane array. (b) Current�voltage characteristics of
electrolyte-gated carbon nanotube FET with PEG:LiClO4 electrolyte (channel
length L � 10 �m, channel width W � 150 �m). (c) Current�voltage character-
istics of electrolyte-gated carbon nanotube FET with ionic liquid,
[BMIM]�[octOSO3]�, electrolyte (channel length L � 10 �m, channel width W
� 150 �m). In both cases, the gate voltage was scanned at 5 mV/s.
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The average current density in these devices is on

the order of 1�5 �A per nanotube. The distribution of

current within the ensemble of nanotubes is deter-

mined by the conductance and contact resistance of

metallic and semiconducting nanotubes with different

diameters. The on-state conductance of semiconduct-

ing nanotubes is similar to that of metallic ones and in-

creases linearly with nanotube diameter.29,32 Higher in-

jection barriers for larger band gap nanotubes and thus

higher contact resistance further reduce the number

of charges going through these nanotubes. Although

this effect should be lower in electrolyte-gated devices

compared to those with thick oxide dielectrics, it is likely

to still play a role. We assume that these factors shift

the distribution of current density toward large diam-

eter nanotubes and thus decrease the probability of ob-

serving emission from smaller diameter nanotubes

that emit within our detection range. Energy transfer

to metallic or smaller band gap nanotubes33 should not

be a significant problem because nanotubes grown on

quartz are almost perfectly aligned in parallel, and only

very few of them form bundles or intersect with each

other compared to random networks.

Devices with aligned arrays of SWNTs enable imag-
ing of electroluminescence from many different nano-
tubes at a time and thus highlight the distribution of
possible defects and emission efficiencies. Examples of
position and intensity versus gate voltage plots are
shown in Figure 2c. The movement of these light spots
is reproducible for several voltage sweeps, and overall
emission intensity increases with increasing
source�drain voltage (see Supporting Information Fig-
ure S3). It is evident from Figure 2a,c that emission spots
associated with individual nanotubes reach different
positions along the channel for the same gate and
source�drain voltage. We attribute these variations to
the distribution of diameters and chiralities of nano-
tubes in the array resulting in different injection barri-
ers and thus voltage drops at the contacts.9

In a simplified picture, we can assume diffusive
transport and use the gradual channel approximation
as shown by Tersoff et al.16 to find the dependence of
the emission spot position x0 (as distance from drain) on
Vg and Vds including constant voltage drops at the
source (VC,s) and drain (VC,d) electrodes to be

In the ambipolar regime, there is an overall voltage
drop equal to the band gap due to the crossover from
electron to hole conduction. Therefore VC,s and VC,d can-
not be smaller than the Schottky barrier heights for
holes and electrons, respectively. The emission zone
moves from the source to the drain electrode within a
gate voltage range of Vds � (VC,s � VC,d).16 This suggests
that the larger voltage drops at the contacts with wide
band gap (i.e., small diameter) nanotubes should lead to
a more rapid change of the emission zone position
with gate voltage compared to small band gap (i.e.,
large diameter) nanotubes. The difference between the
voltage drop at the source and that at the drain elec-
trode, the work function of Pd being closer to the SWNT
valence band than the conduction band, should only
cause an overall Vg shift of the curve compared to sym-
metric injection barriers (see Supporting Information
Figure S4). Absolute values of hole and electron mobil-
ity do not have an impact on the movement of the
emission zone provided that their ratio is close to unity,
as is the case for our devices. According to this model,
relative differences in motion of emission spots with
gate voltage can be attributed to different voltage
drops at the contacts and thus to different nanotube
band gaps. This simple picture is complicated by the
unknown gate voltage dependence of contact resis-
tance and thus voltage drop at the contacts and the in-
fluence of electrolyte gating on it.

In order to study the light emission from carbon
nanotubes embedded in high � dielectrics, we depos-
ited thin layers of HfO2 (5 nm by atomic layer deposi-

Figure 2. (a) False-color intensity images of electroluminescence from
electrolyte (PEG:LiClO4)-gated array of SWNT (L � 9 �m, W � 250
�m) for source�drain voltage Vds � �2.4 V and different gate volt-
ages (Vg). The white, dashed lines indicate the edges of the source and
drain electrodes. (b) Composite image of light emission for entire
gate voltage sweep illustrating the emission traces of individual
nanotubes along the channel. (c) Position/intensity versus gate volt-
age maps for selected nanotubes in (b).

x0

L
)

(Vds - VC,d - Vg)2

(VC,s - Vg)2 + (Vds - VC,d - Vg)2
(1)
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tion, � � 25, CHfO2
� 4.4 �F · cm�2) and TiO2 (7 nm by

electron beam evaporation, � � 60, CTiO2
� 7.6

�F · cm�2) on top of the aligned carbon nanotubes as
a buffer dielectric after the source/drain electrodes
were patterned and before the device was completed
as described earlier with the electrolyte and gate elec-
trode. The capacitance of these thin buffer layers is still
much higher than the quantum capacitance of the
nanotubes, so that the overall efficiency of gating is
not significantly decreased. Moreover, leakage through
the electrolyte is greatly reduced, and device stability at
higher voltages improved due to the separation of the
source/drain electrodes from the electrolyte. The ad-
vantages of using electrolyte gating instead of a thin
oxide as the only dielectric are simplified fabrication,
high device yield, and reduction of leakage and dielec-
tric breakdown especially for a high � dielectric such as
TiO2 with a small band gap.

Figure 3a,b shows current�voltage characteristics
of nanotube FETs with buffer layers of HfO2 and TiO2, re-
spectively. They are overall similar to those of purely
electrolyte-gated devices except for a threshold shift.
In both cases, the transfer curves are shifted toward
more positive gate voltages, which could indicate
p-doping that occurred during the oxide deposition
process or an increased contact resistance for electrons
due to the additional dielectric. Despite this, we ob-
serve electroluminescence from these devices in a simi-
lar fashion as without the buffer layers. Examples are
shown in Figure 3c (HfO2) and Figure 4 (TiO2). The same
movement of emission spots from the source to the
drain electrode takes place, and the intensity of emis-
sion from the individual nanotubes increases with
source�drain voltage.

Again, using an array of nanotubes allows for ob-
serving emission from a range of nanotubes with differ-
ent band gaps and possibly defects within a single de-
vice under uniform bias conditions. Panels 1 and 2 in
Figure 3d show the position of light emission with
changing gate voltage for two nanotubes. In panel 1,
the emission zone moves from the source to the drain
electrode over a gate voltage range of 1.3 V for a
source�drain voltage of �2.8 V. This gives us a direct
estimate of the voltage drop at the contacts because
this voltage range equals Vds � (VC,s � VC,d). The total
voltage drop is 1.5 V, which is larger than any possible
band gap of a nanotube in the array, based on the mea-
sured diameter distribution, but significantly smaller
than values found for ambipolar FETs with small band
gap nanotubes on SiO2 dielectrics (5�6 V).16 FETs with-
out any buffer layer (see Figure 2c and Supporting Infor-
mation Figure S3), and those with TiO2 as the buffer di-
electric (see Figure 4) exhibit similar contact-induced
voltage drops. This is direct evidence that electrolyte
gating significantly reduces contact resistance in car-
bon nanotube field-effect transistors. In Figure 3d,
panel 2, the progression of emission zone position

with gate voltage is much steeper than that in panel 1.

A voltage difference of only 1 V covers the entire chan-

nel length. The overall voltage drop at the contacts

therefore amounts to about 1.8 V, indicating that this

nanotube has a larger band gap than the one in panel

1.

Besides emission from nanotubes with different

band gaps, we observe emission traces that do not ex-

tend all the way across the channel but are confined to

part of the channel, as shown in Figure 3d, panels 3

Figure 3. (a) Current voltage characteristics of electrolyte-gated SWNT-FET
with additional 5 nm HfO2 (ALD) buffer dielectric (L � 8 �m, W � 150 �m)
and (b) 7 nm TiO2 (e-beam) buffer dielectric (L � 8 �m, W � 150 �m). (c)
Composite image of light emission for forward and reverse gate voltage
sweep (Vg � 1.0 to �1.0 V, Vds � �2.8 V) of electrolyte-gated FET of aligned
carbon nanotubes (L � 9 �m, W � 250 �m) with a 5 nm buffer layer of
HfO2. (d) Position/intensity versus gate voltage maps for selected carbon
nanotubes (1�4) in (c).
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and 4. Various explanations are possible. A nanotube

could change its chirality along the channel19,34 and

may emit outside the detection range from that point

on. Alternatively, it could join a bundle, which would

lead to energy transfer to smaller band gap nanotubes

(Supporting Information Figure S1 shows a bundle of

nanotubes that splits into well-separated nanotubes).

Panel 4 in Figure 3d could be explained either way be-

cause emission disappears for more negative gate volt-

ages before reoccurring at the same position when the

voltage sweep is reversed. Another possible scenario for

a shortened emission trace is the intersection of the

emitting nanotube with a metallic nanotube and thus

shorting out of the rest of the channel. The metallic

nanotube then acts as an electrode itself. This could

be the case in Figure 3d, panel 3, because here emis-

sion is continuous for the entire gate voltage sweep

similar to a nanotube FET with shorter channel length.

Furthermore, we occasionally observe apparently

disconnected emission spots within the channel re-

gion (see Figure 3c and Supporting Information Figure

S3) that move little or not at all. Some of these emission

spots emerge, move slightly, and disappear again with

changing gate voltage. These could originate from

short segments of nanotubes that are emissive within

the detection range. Others that are stationary could re-

sult from defects (e.g., sharp kinks as visible in AFM im-

ages, Supporting Information Figure S1) that can cause

impact excitation and thus bright localized

emission.25,35

In order to estimate the electroluminescence effi-

ciency of electrolyte-gated SWNT-FETs, we need to cor-

relate source�drain current with emission intensity.

This can only be done for the entire device including

the metallic and small band gap semiconducting nano-

tubes. As the gate voltage changes and thus alters the

conductivity of the semiconducting SWNT, the distribu-

tion of current density among the ensemble of nano-

tubes is expected to change, as well. Figure 5 shows

source�drain current and light output versus gate volt-

age characteristics for a purely electrolyte-gated FET

and for one with a TiO2 buffer layer. Due to the high

source�drain bias (2�3 V) necessary to achieve detect-

able electroluminescence, the current modulation is

small. For the FET without a buffer dielectric in Figure

5b, the emission intensity increases with decreasing

gate voltage as more and more emission spots appear

and move through the channel until they have reached

Figure 4. Left: composite image of light emission for forward and reverse gate voltage sweep (Vg � 0.6 to �1.0 V, Vds �
�2.4 V) of electrolyte-gated FET with aligned arrays of carbon nanotubes (L � 9 �m, W � 250 �m) and a buffer layer of 7
nm TiO2. Right: position/intensity versus gate voltage plots of selected nanotubes (1�3) and their evolution with
source�drain voltage (�2.2 to �2.6 V).
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the drain electrode and vanish as injection of electrons

diminishes. For the device with a TiO2 buffer layer, the

total electroluminescence intensity remains relatively

unchanged throughout the gate voltage sweep (Fig-

ure 5e), although emission from individual SWNT ap-

pears strongest close to the electrodes (see Figure 4).

This may be explained by a broadening of the spectrum

near the contacts and thus more photons within the de-

tection range.3 Alternatively, the increase of emission

at the contacts could be a result of the lower mobility

and thus higher concentration of carriers in the high-

field region near the contact as suggested by McGuire

et al.36

In both cases, the maximum emission intensity in-

creases superlinearly with Vds (Figure 5c,f), while Ids in-

creases more or less linearly. An exponential depen-

dence of intensity on Vds, which fits the data well, has

previously been associated with impact excitation that

is more efficient than ambipolar emission.1,35,37 Al-

though emission close to the electrodes (especially the

source) is more intense than within the channel and in-

creases more with Vds, it is not stationary as one would

expect for impact excitation35 but vanishes when volt-

age conditions become more unipolar. Enhanced injec-

tion through the Schottky barrier at higher Vds and

thus larger carrier densities could also explain the ob-

served Vds dependence of the integrated emission in-

tensity. This should also lead to higher source�drain

currents, which may not show in the overall

current�voltage characteristics due to the metallic

nanotubes.

We estimate the effective external efficiency for de-

vices with and without oxide buffers to be about 10�10

to 10�9 photons/electron. This is significantly lower

than efficiencies found for ambipolar nanotube elec-

troluminescence in previous studies.4,5 We are, how-

ever, limited in detection to the wavelength range of

800 to 1600 nm. The diameter distribution of the CVD-

grown SWNT is centered around 1.7 nm (corresponding

to an emission wavelength of 2 �m), and only about

10�15% of all nanotubes is expected to emit within the

detection range. Spectral resolution of a number of

emission spots (Figure 6a�d) reveals that most of them

represent only the high-energy tail of emission peaks

beyond 1600 nm. This prevents a detailed analysis of

the influence of the dielectric surrounding on the spec-

tral distribution as well as correlation of emission be-

havior with nanotube diameter and band gap at this

point. For very few emission spots, we could resolve a

whole emission peak (Figure 6f). The width at half-

maximum of these peaks varied between 50 and 100

nm (27�59 meV), which is significantly broader than

photoluminescence peaks from CVD-grown suspended

nanotubes (10�15 meV)38 but similar to electrolumi-

nescence from other long channel devices (25 meV)4

and narrower than those from short channel nanotube

Figure 5. (a) Current�voltage characteristics of a SWNT-FET with PEG:LiClO4 electrolyte (L � 6 �m, W � 150 �m). (b) Con-
current light output versus gate voltage for this device over the wavelength range of 800 to 1600 nm. (c) Average maximum
light output (squares, error bars indicate maximum and minimum values) versus source�drain voltage and single exponen-
tial fit (red line). (d) Current�voltage and light output (e) versus gate voltage characteristics of an electrolyte-gated SWNT-
FET (L � 9 �m, W � 250 �m) with TiO2 buffer dielectric (7 nm). (f) Average maximum light output (squares, error bars indi-
cate maximum and minimum values) versus source�drain voltage for this device and single exponential fit (red line).
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FETs (80�100 meV).5,39 Assuming this peak width range
to be similar for all nanotubes regardless of diameter
and taking into account the brightness of those emis-
sion spots for which only the high-energy tail of the
spectrum was detected, we can estimate that the over-
all efficiency of these devices is much higher than 10�9

photons/electron. This is further supported by the fact
that nanotubes with smaller band gaps exhibit more ef-
ficient carrier injection and higher mobilities and thus
allow for higher current densities than nanotubes with
larger band gaps and thus shorter emission wave-
lengths. Nevertheless, the differences of efficiency be-
tween FETs with and without dielectric buffer layers are
within the margin of error of detection and device-to-
device fluctuations. We thus conclude that emission
from carbon nanotubes in direct contact with the elec-
trolyte is not drastically more or less quenched than
that from nanotubes embedded in an oxide.

In conclusion, we demonstrated near-infrared light
emission from ambipolar electrolyte-gated field-effect
transistors with dense parallel arrays of carbon nano-
tubes at exceptionally low gate and source�drain volt-
ages and with minimal current hysteresis. The depen-
dence of emission spot position and brightness on the
applied voltages yielded information about the relative
band gap, possible defects, and interactions of carbon
nanotubes in the array and confirmed that electrolyte
gating leads to low contact resistance for both charge
carriers. Nanotube FETs using thin layers of HfO2 or TiO2

as high � buffer dielectrics showed similar
current�voltage and emission characteristics, opening
a convenient way to study the influence of different di-
electric media on carbon nanotube excitons. The esti-
mated nanotube electroluminescence efficiencies did
not significantly depend on the surrounding medium
but were lower than previously reported values for am-
bipolar nanotube FETs on Si/SiO2.4,5 The demonstrated
device structure is versatile and easy to fabricate with
high yields. While the liquid electrolyte can be washed
off for further analysis of the nanotubes, solid electro-
lytes could be employed for other applications. Increas-
ing the ratio of semiconducting to metallic nanotubes
and better control over the chirality and diameter
distribution40,41 will further improve device perfor-
mance and electroluminescence yield of these near-
infrared light-emitting FETs.

METHODS
We fabricated devices as shown in Figure 1a on double-side

polished quartz wafers (ST-cut) whose annealed surface tem-
plates dense (1�10 SWNT/�m) and highly aligned growth of
single-walled carbon nanotubes (see scanning electron micro-
graph, inset Figure 1a and Supporting Information Figure S1)
from prepatterned submonolayer iron catalyst lines as described
previously.42 Evaporation and lift-off of Ti (1�2 nm)/Pd (30�40
nm) gave source and drain electrodes with channel lengths (L) of
5�15 �m and channel widths (W) of 150 and 250 �m. Oxide

buffer layers were deposited by electron beam evaporation
(TiO2, thickness 7 nm) or by atomic layer deposition (HfO2, at
120 °C with alternating pulses (50 cycles) of tetrakis(dimethyla-
mido)hafnium(IV) precursor (0.06 s) and H2O (0.6 s)). To complete
the devices, a piece of polydimethylsiloxane (PDMS) elastomer
with a trench was placed over the source and drain electrodes,
so that the trench allowed access to the channel area while the
larger parts of the electrodes were in conformal contact with the
PDMS to reduce gate leakage. The trench was filled with the elec-
trolyte, for example, polyethylene glycol methyl ether (PEG, Ald-

Figure 6. (a�d) Electroluminescence spectra of electrolyte-gated array
of carbon nanotubes with 5 nm HfO2 buffer layer (Vds � �3.4 V, L � 6 �m,
W � 250 �m). The spectrometer slit (perpendicular to nanotube orienta-
tion, parallel to electrode edge, slit width 200 �m) was positioned so
that only emission from the middle of the channel was dispersed. The
InGaAs camera sensitivity cutoff is at 1600 nm. (e) Current�voltage char-
acteristics of device in (a)�(d). Circles indicate voltage conditions for
each spectrum. (f) Resolved emission spectrum for emission spot indi-
cated by white arrow in (a). Lorentzian peak fit (after subtraction of back-
ground) gives a peak center �center of 1425 nm (870 meV) and full width
at half-maximum (fwhm) of 50 nm (27 meV).
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rich): LiClO4 · 3H2O (weight ratio 12:1) or the ionic liquid 1-butyl-
3-methylimidazolium octyl sulfate (Aldrich). A PtIr wire immersed
in the electrolyte acted as the gate electrode. Two Keithley 2400
source meters applied voltage to the gate and drain, while the
source was grounded, and acquired current�voltage character-
istics of the completed transistors. A near-infrared objective
(Olympus LMPL 100xIR, NA � 0.8) collected light emitted
through the quartz substrate (thickness 500 �m). The image
was focused onto the entrance slit of a spectrometer (Acton
SP150, focal length 15 cm) that enabled direct imaging with a
mirror and spectral resolution with a grating (150 grooves/mm,
blaze 1250 nm). A liquid nitrogen cooled InGaAs camera (Prince-
ton Instruments 2D-OMA V) acquired images and spectra dur-
ing voltage sweeps synchronized via a Labview interface. Each
image was exposed and accumulated over a total of 60 s.
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