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he carbon nanotube field-effect tran-
Tsistor (CNFET) is a promising nanoscale

device due to the quasi-one-dimen-
sional structure and the unique electronic
properties of carbon nanotubes. Moreover,
CNFETs are also expected to be utilized for
optoelectronic devices because near-infra-
red (NIR) electroluminescence (EL) due to
the recombination of excitons or free car-
riers is demonstrated in CNFETs with
ambipolar'~” and unipolar>® characteristics
when applying bias voltage. (Quite recently,
phonon-assisted EL in the visible region has
also been demonstrated in metallic carbon
nanotubes and graphenes.)® In the NIR EL
from the CNFET, three mechanisms of ex-
citations: (i) electron and hole injection in
ambipolar CNFETs;' ™37 (i) impact excita-
tion in unipolar and ambipolar CNFETs;*¢#
and (iii) thermal excitation in quasimetallic
CNFETs,'®'" have been proposed.

The NIR EL wavelength due to excitons
and free carriers in a semiconducting single-
walled carbon nanotube (SWNT) is deter-
mined by the band gap,'? which is inversely
proportional to the diameter of the SWNT. In
photoluminescence (PL) from SWNTs, a
short-wavelength (~0.8 um) emission can
be obtained because the wide band gap
SWNTs can be easily excited by using an
short-wavelength excitation light.">™"” In
EL, however, only the longer wavelength
(>~1.5 um) emission has been reported due
to the difficulty of electrically exciting the
wide band gap SWNT.' 8 In the electron
and hole injection mechanism, it is not easy
for the wide band gap SWNTs to inject
sufficient electrons and holes to observe
the EL emission due to the large height
and width of the Schottky barriers for the
wide band gap SWNTs."® In addition, in the
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ABSTRACT Short-wavelength electroluminescence (EL) emission is observed from unipolar and

ambipolar carbon nanotube field-effect transistors ((NFETs) under high bias voltage. EL measure-

ments were carried out with an unsuspended single-walled carbon nanotube (SWNT) in high vacuum

to prevent the oxidation damage induced by current heating. Short-wavelength emission under high

bias voltage is obtained because of the Schottky barrier reduction and the electric field increase in a

SWNT. The simultaneous measurements of transport and EL spectra revealed the excitation

mechanism of impact excitation or electron and hole injection dependent on the conduction type

of unipolar or ambipolar characteristics. In addition to the EL emission, blackbody radiation was also

observed in a p-type CNFET. Taking into account the device temperature estimated from blackbody

radiation, the contribution of impact excitation and thermal effect to the exciton production rate was

evaluated.
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impact excitation mechanism, excitation
energy to create an exciton is high for the
wide band gap SWNTs.*'°~2! Therefore, the
EL of these mechanisms is hard to obtain for
the wide band gap SWNTs. For the short-
wavelength EL emission, however, applying
high bias voltage is an effective solution. At
high bias voltage, the Schottky barrier
height and width are reduced, and elec-
trons and holes can be sufficiently injected
to the wide band gap SWNTs. In addition,
high bias voltage increases the accelerating
field defined by the voltage drop and makes
it possible to increase the impact excitation
rate in the wide band gap SWNTs. 818
However, SWNTs easily break down by ap-
plying high bias voltage due to the oxida-
tion induced by current heating.??”%
Therefore, EL at a high bias voltage has
not been demonstrated despite the expec-
tation of the short-wavelength emission. In
this study, we constructed an EL measurement
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Figure 1. (a) Scanning electron microscope image of the
CNFET device. (b) Gate voltage V,; dependence of the
current /ys at the drain source voltage V45 =1V for the device
that keeps the p-type unipolar characteristic after current
heating. Arrows indicate the positive (blue open circles) and
negative (red solid circles) sweep direction of V. (c) Vy;
dependence of /4 at Vg = 1V for the device that converted
from the unipolar to ambipolar characteristic before (black
squares) and after (blue and red circles) current heating.
Arrows indicate the sweep direction of V.

system, in which the electrical and EL measurements
could be carried out in high vacuum to prevent
current-induced oxidation. In addition, we used SWNTs
lying on the substrate, i.e., unsuspended carbon nano-
tubes, to dissipate heat to the substrate.?® Using these
techniques, we observed short-wavelength EL from
p-type unipolar and ambipolar CNFETs at high bias
voltage. The excitation mechanisms of carriers in EL
emission were also investigated by the simultaneous
measurements of transport and EL spectra. In addition
to the EL emission, blackbody radiation was observed
in a p-type CNFET. Taking into account the device
temperature estimated from the blackbody radiation,
we evaluated the contribution of impact excitation and
thermal effect on the exciton production rate.
As-fabricated CNFETSs exhibit a p-type unipolar char-
acteristic at low bias voltage because the work function
of Pd electrodes is high.2®? In this study, before the EL
measurement, we applied high bias voltage (>5 V) to
the devices and measured the gate voltage Vs depen-
dence of the current (Iy) to investigate the electric
properties at high bias voltage. During high-voltage
application, two types of CNFETs exist: one is a device

HIBINO ET AL.

that maintains the p-type unipolar characteristic at high
voltage (Figure 1b), and the other is the device con-
verted from an unipolar to an ambipolar characteristic
(Figure 1c). These unipolar or ambipolar characteristics
are maintained after removal of the high voltage.
Similar conversion was experimentally reported in
the CNFETs using the electrical contact with the inter-
mediate work-function metal of Ti and the high work-
function metal of Pd.”>° The conversion in the CNFETs
with the high work-function metal was previously
understood by: (i) the Fermi level shift from the vicinity
of the valence band top to the center of the band gap®®
or (ii) a charge transfer between the nanotubes and the
water/oxygen redox couple.?® In the first mechanism
(i), it was theoretically explained that the Fermi level of
the high work-function metal of Au can be strongly
pinned at the center of the SWNT band gap when
strong metal-SWNT bonds are formed at the
interface.?® In the second mechanism (ii), it was experi-
mentally determined that the dominant effect for the
ambipolar/unipolar conversion is linked to a charge
transfer between the nanotubes and the water/oxygen
redox couple and that the accumulation of negative
charges changes the band-bending situation and thus
limits electron injection.?® However, it is not clear
which mechanism is responsible to the present case,
and further investigation is needed.

Figure 2a shows the typical EL spectra from the
p-type unipolar device, which keeps the p-type char-
acteristic after current heating, as a function of the bias
voltage Vg, at Vg = —20 V (Figure 2a). The EL emission
is clearly observed, and the emission intensity is in-
creased with increasing V.. These emissions consist of
a single peak with a tail at the higher energy side. The
emission peak energy (wavelength) is ~1.06 eV (~1.17
um), which is consistent with the E;; excitonic transi-
tion estimated from the diameter (d ~ 1.0 nm) ob-
tained by the atomic force microscopy (AFM) measure-
ment.3' The emission peak shifts slightly to higher
energy with increasing Vg,. The V45 dependence of /4
and the EL intensity at Vg = —20 V are shown in
Figure 2b. The EL intensity is defined as the integrated
peak intensity with background subtraction. At low Vs,
I4s increases nonlinearly with increasing Vys due to the
reduction of the Schottky barrier height and width with
increasing Vys. Iy linearly increases at the middle bias
voltage of 8 V < V4, < 16 V and saturates at a high bias
voltage of Vys > 16 V due to optical phonon scattering
of electrons.*?”3%33 |n previous studies, the current
saturation due to optical phonon scattering was ob-
served from several uA to more than 10 uA,*?73%33
which is consistent with our result for the saturated /4
(~7 uA). Although the EL emission was not observed at
Vgs < 11V, the EL intensity rapidly increased with
increasing Vys at Vg5 > 11 V. By comparison between
the EL and the current result in Figure 2b, the EL intensity
exhibits exponential dependence on Iy (Figure 2c).
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Figure 2. (a) EL spectra from the p-type unipolar device as a function of Vs at Vg = —20 V and Vs = 0—28 V with steps of 2 V.
Arrow indicates the background intensity at a wavelength of 1.45 um for the EL spectrum at V4, =28 V. (b) V45 dependence of /45
(open circles and triangles) and EL intensity (solid squares and diamonds) at V4 = —20 and 0 V, respectively. The detection limit
of the EL intensity is indicated by the black broken line. (c) The EL intensity vs Iy; at Vg = —20 V. The solid line indicates the line
fitting for this result. (d) V4s dependence of the background intensity (open circles) and the applied power P (solid triangles) at
Vgs=—20V. (e) The background intensity vs P at Vqs = —20 V. The broken line is the fitting curve calculated by using Planck’s law
and the Stefan—Boltzmann law for blackbody radiation. The observed background intensity can be fitted with an offset (blue
broken circle). (f) EL spectra at Vs = —20 V and V4, = 18 and 28 V. The broken line is the Gaussian peak as a guide to the eye.
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Figure 3. V4, dependence of Iy, (blue solid and open circles)
and EL intensity (red solid and open squares) at Vg, = —23 V
for the p-type unipolar device. The positive (solid squares
and circles) and negative (open squares and circles) sweep
direction of V; is indicated by arrows. The inset shows the
schematics of the impact excitation mechanism.

We also measured the Vg, dependence of /4 and the
EL intensity at a high bias voltage of V4, = —23 V to
investigate the correlation between carrier type and EL
intensity (Figure 3). Because our devices exhibit a
strong hysteresis during a gate voltage sweep maybe
due to trapping and detrapping of impurity states at
the surface of the SiO, layer,***° the EL spectra and /g,
were measured under a sweep to positive (from —20 to
20 V) and negative (from 20 to —20 V) Vg, which
enhances n- and p-type regions in Vy dependence,
respectively. lys decreases with increasing Vg; that is,
this device exhibits a p-type unipolar characteristic.
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However, although the current reaches zero at a
positive Vg, under low bias voltage (as shown in
Figure 1b), a finite current remains at a positive Vg
under high bias voltage. This is because the height and
width of the Schottky barriers for holes are quite low
due to applying high bias voltage, and the thermionic
and tunneling current flows through the Schottky
barriers in all Vg ranges. From the results shown in
Figure 3, the V4 dependence of the EL behaves
similarly to that of the exponential of the current, and
the EL intensity depends on the density of majority
carriers (holes in this case).

We now discuss the excitation mechanism of this EL.
In early reports of EL, the EL emission caused by: (i) the
electron and hole injection mechanism, in which re-
combination of electrons and holes injected from the
opposite electrodes causes the EL emission, was
demonstrated.' 37 In this mechanism, however, the
emission intensity is proportional to the minority car-
rier density;' therefore, the EL emission obtained in
Figure 2 is unlikely to be due to the electron and hole
injection mechanism because the behavior of the EL
intensity in Figure 3 corresponds to that of the majority
carrier density. The other mechanisms, which depend
on the majority carrier density, were previously pro-
posed: (ii) the impact excitation and (iii) the thermal
excitation mechanisms. In the thermal excitation
mechanism, Joule heating and electron scattering by hot
optical phonons causes significant electron heating,
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and this heating gives rise to a thermal distribution of
electrons and holes, which radiatively recombine.'®"’
In this mechanism, the negative differential conduc-
tance (NDC) caused by the electron scattering is ob-
served, followed by the EL emission at higher bias
voltage. However, although our device in Figure 2b
starts to emit EL at Vg = 11 V, NDC is not observed
around this bias voltage, where /4 linearly increases as
increasing Vys. In addition, although it was previously
reported that the light emission of thermal excitation
exhibits exponential dependence on power dissipa-
tion P(= I4Vys) in a device,'® the EL intensity shown in
Figure 2b does not correlate with the P behavior.
Therefore, the thermal excitation mechanism is unli-
kely to be the dominant mechanism of the observed EL
emission.

It is reasonable that the observed EL results from the
impact excitation mechanisms (Figure 3, inset), in
which the EL intensity exhibits exponential depen-
dence on current as experimentally* and theoretic-
ally’2" demonstrated in previous reports. In the
simple model of this mechanism, the emission inten-
sity should be proportional to the impact excitation
rate exp(—ew/e), where ¢ is the electric field and &,
(roughly given by 1.5E4/A,pn, Where Eq is the band gap
energy and Ay, is the optical phonon scattering length)
is the threshold electrical field for impact excitation.*'?
Because &y, becomes large for a wide band gap
nanotube, a high electric field ¢ is necessary to obtain
the short-wavelength EL emission. In our experiment,
we obtained the short-wavelength EL emission from a
CNFET by applying high bias voltage, which causes an
increase in the electric field in a nanotube. As shown in
Figure 2b, the curves of the bias voltage dependence
of I4s and the emission intensity are shifted to higher
bias voltages at Vs = 0 V compared with the curves at
Vy4s = —20 V. These results can be explained by the
reduction of band bending in the vicinity of the
Schottky contact, taking into account the impact ex-
citation mechanism.* At Vs = 0V, the Schottky barrier
height and width for holes become large compared
with those at the negative gate voltage, and the bias
voltage needed for hole injection becomes large. In
addition, the reduction of band bending decreases the
electric field in a nanotube in the vicinity of the
contacts, and the bias voltage needed for impact
excitation increases. (We note that Adam et al. distin-
guished electron—hole injection and impact excitation
by observing the position of the emission spot using
emission two-dimensional (2D) images;” however, the
gap of electrodes in our device is too narrow to observe
the position of the emission spot between electrodes.)

We also discuss the background of the EL spectra,
which increases with increasing Vys in Figure 2a. As
shown in Figure 2d, there is some correlation between
the background intensity at 0.86 eV (1.45 um) and the
total power dissipation P. Here we fit this result to the
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curve calculated by using Planck's law and the Stefan—
Boltzmann law for blackbody radiation, assuming that
the total power from a blackbody radiator is propor-
tional to the applied power P (Figure 2e). The observed
background intensity can be explained by the fitted
curve with an offset; that is, the observed background
increase in Figure 2a is ascribed to the blackbody
radiation from the device. From this fitting, the device
temperature T at each Vys can be estimated. For
example, the maximum T is ~1390 K at Vg5 = 28 V,
which is consistent with the previously reported tem-
perature obtained from the blackbody radiation of
carbon nanotube devices.3*38 This indicates that the
oxygen-absent condition and an unsuspended SWNT
are effective in clearly observing the short-wavelength
EL at high bias voltage because the heating damage in
SWNTSs and the blackbody radiation induced by current
heating should be prevented** At the low P in
Figure 2e, the offset component, which quickly rises
at low P (low bias voltage), is observed; however, the
origins of this offset remain unclear, and further in-
vestigation is needed.

As mentioned above, the emission peak has an
unsymmetrical shape with a tail toward the higher
energy side (Figure 2f). In addition, the intensity of this
tail increases with increasing Vys. (This tail increase also
causes a slight shift of peak energy of the EL emission.)
This higher energy tail is unlikely to be explained by the
binding energy of excitons because the energy broad-
ening of the tail is smaller than the exciton binding
energy (E, ~ 0.2 eV for d ~ 1.0 nm).*° This higher
energy tail, which increases with Vg, can be explained
by: (i) the bound exciton wave function mixing with the
band-to-band continuum due to the high electric
field**? and (ji) the emission of the thermally excited
excitons.*® The effect of (i) due to the high electric field
was theoretically calculated in ref 41, in which the high
electric field causes the exciton wave function to mix
with the band-to-band continuum that leads to spec-
tral weight transfer from the excitonic peak to the
continuum. Moreover, the experimental results of the
higher energy broadening of the EL emission peak
under the impact excitation condition were explained
by this mechanism.*? In accordance with this mecha-
nism, the increase of the higher energy tail with Vs is
caused by spectral weight transfer from the excitonic
peak to the continuum due to the high electric field. In
addition, the high device temperature increases the
higher energy emission because the carriers are ther-
mally activated to the mixed state at high temperature.
On the other hand, in the (ii) mechanism, thermally
activated excitons occupying the higher energy exci-
ton level contribute to the EL emission at high tem-
perature. In accordance with this mechanism, the blue
shift of the EL emission peak in metallic SWNT at high
temperature was explained in ref 43. In addition,
thermally activated excitons with K # 0 due to high
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device temperature also might be able to contribute to
the higher energy emission due to satisfaction of the
momentum conservation with phonon assistance. To
distinguish the above effects (i) and (ii), further inves-
tigation is necessary. For example, the PL measure-
ment at high temperature is useful in investigating the
thermal effect. However, blackbody radiation from
ambient matter, such as a substrate, should be sup-
pressed to clearly observe emission peaks from a CNT;
the current heating is therefore an effective method to
investigate the exciton behavior at high temperature
because only a CNT can be heated.

The previous report by V. Perebeionos et al.?' theo-
retically pointed out two competing mechanisms that
lead to light emission in SWNT devices: the thermal
effect and the impact excitation due to a high electric
field. It is an outstanding question as to whether these
two competing mechanisms can explain the experi-
mentally obtained light emission. The exciton produc-
tion rate P is given by the following equation:

P=Pyexp| — Een )

(kBTop)2 + (e":j«op)2

where P, is a constant and F is the electric field in the
SWNTs. The optical phonon temperature T, &~ T is
estimated from the fitting of blackbody radiation
shown in Figure 2e. Ey, ~ 1.22 (eV nm)/d and Ao, ~
14 x d are the impact excitation threshold energy and
the optical phonon mean free path, dependent on the
diameter d (~1.0 nm in this device) of the SWNT,
respectively.?' Eq 1 indicates that the exciton produc-
tion rate is dominated not only by the electric field but
also by the temperature and that their contribution to
the exciton production rate can be evaluated by
comparison between the energy term of kgT and
eFlop.' | We fit the Vg4, dependence of the emission
intensity at Vg = —20V (shown in Figure 2b) using eq 1
and F ~ aVy;s as a fitting parameter on the assumption
that the emission intensity is proportional to the
excitation rate (Figure 4a).*? The experimental result
is well-explained by assuming o.~ (1.5 x 10~%)~". From
this fitting, the applied electric field of this device is
estimated to be approximately three times smaller
than the simple model of the electric field F.x ~
Vas/tow that is, ot & (3t,) ', where toy is the gate oxide
thickness.* This smaller electric field might be due to
the thicker gate oxide, which causes the reduction in
the screening effect. To evaluate the contribution of
impact excitation and the thermal effect, the thermal
term energy term kgT, the impact excitation term
eFlop, and their ratio (eFA,,/kgT) are shown in Figure
4b. Although the ratio of efA,,/kgT has a constant value
of 1.4 at V4, below the EL threshold voltage, the impact
excitation term increases with increasing V45 above the
threshold voltage (the eF/,, term rises to 2.3 times as
large as the kgT term at Vys = 28 V). This increase
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Figure 4. (a) Fitting curve (solid blue line) for the V4
dependence of the EL intensity (red solid circles) at Vg, =
—20 calculated by using eq 1 and F ~ olVy; as a fitting
parameter on the assumption that the emission intensity is
proportional to the excitation rate. (b) V45 dependence of
the thermal energy term kgT, the impact excitation term
eFAop, and their ratio eFA,,/kgT. The threshold voltage of the
EL emission is indicated by the black broken line.

indicates that the impact excitation makes a major
contribution to the EL emission and that the contribu-
tion of the thermal effect is small (but not zero). The
increase in eFAop/kgT at high Vg is due to the saturation
of the device temperature at high V.4, which results
from the current saturation.

In this study, we also observed the short-wavelength
EL from the ambipolar CNFETs shown in Figure 1c.
Figure 5a shows the EL spectra from the ambipolar
CNFET at Vg = 0 V. The EL emission peak appears at
~1.24 eV (~1.0 um), which is consistent with emission
energy estimated from d ~ 0.9 nm measured by AFM,
and the intensity increases with increasing bias vol-
tage. The Vg4 dependence of Iys and the EL intensity at
Vy4s = 0 V are shown in Figure 5b. This /ys—Vys char-
acteristic exhibits nearly ohmic behavior in contrast
with the p-type CNFET (Figure 2b) due to the lower
Schottky barriers at Vgo = 0 V. In contrast, the EL
intensity drastically increases over the threshold Vg
of ~11.5 V. To determine the excitation mechanism of
this emission, the correlation between carrier type and
emission intensity was investigated by measuring the
V4s dependence of Iy and the EL intensity at Vg = —10
V (Figure 5c¢). Iys increases in both regions of the
negative (p-type) and positive (n-type) Vy; that is, the
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Figure 5. (a) EL spectra from the ambipolar device as a function of Vs at Vg =0V and Vs = 11—15 V with steps of 0.5 V. (b) V
dependence of I, (blue open circles) and the EL intensity (red solid squares) at V4, = 0 V. The inset shows the schematics of the
electron and hole injection mechanism. At a threshold voltage of EL (green broken line), the slope of the /4s—Vys curve
suddenly increases (green solid lines). (c) Vs dependence of Iy (blue solid and open circles) and EL intensity (red solid and
open squares) at V4, = —10 V. The positive (solid squares and circles) and negative (open squares and circles) sweep direction
of Vg, is indicated by the arrows. (d) Two Gaussian fittings for the EL spectrum at Vg, =0V and V4 = 15 V. X (purple broken line)
and LX (green broken line) peaks are assigned to the free exciton and weakly localized exciton emission, respectively.

(e) Current dependence of the X and LX integrated peak intensity. Linear fittings for X and LX are also indicated by solid lines.

ambipolar characteristic is preserved at high V4s. On
the other hand, the EL intensity is increased only in the
n-type (the positive V) region and is suppressed in the
p-type (the negative V) region. This result indicates
that the EL intensity does not depend on the current
value but on the electron density. As mentioned above,
the EL intensity depends on the density of majority
carriers for the EL of the impact excitation® and thermal
excitation mechanisms;'® therefore, the observed
emission of Figure 5 is unlikely to be explained by
these excitation mechanisms.

The possible excitation mechanism of the EL domi-
nated by the minority carriers is the electron and hole
injection (Figure 5b, inset).">” In this mechanism,
electrons behave as minority carriers because the EL
intensity, which is dominated by the density of minor-
ity carriers, increases in the n-type region. In the simple
model of this mechanism, the EL intensity is propor-
tional to the product of minority and majority carrier
densities. Therefore, to explain the Vg, dependence of
l4s and the EL intensity in Figure 5c, the hole density
should be sufficiently high in all gate voltage ranges,
and the electrons should be suppressed in the nega-
tive gate voltage ranges because the EL emission is
observed only in the n-type region. This is because the
Schottky barrier height for holes is greatly decreased
by applying high bias voltage. The current exhibits the
ambipolar characteristic (i.e., current increases as in-
creasing negative and positive gate voltages), as
shown in Figure 5¢, because the current is dominated
by the sum of the electron and hole density. In fact, in
contrast to the Vs dependence at low bias voltage
shown in Figure 1b, /4 is not suppressed between the
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n- and p-type regions in Figure 5c because the high
bias voltage allows hole injection throughout the gate
voltage range. In addition, this mechanism of electron
and hole injection explains the current and EL intensity
change at the threshold bias voltage of the V45 depen-
dence result. As shown in Figure 5b, the slope of the
lgs—V4s curve suddenly increases at the threshold
voltage of EL. This increase is due to the electron
injection being increased at the threshold voltage in
response to the reduction in the Schottky barrier
height for electrons by applying high bias voltage.
The device begins to emit at this Vs by recombination
of the injected minority carriers of the electrons and
the majority carriers of holes.

The EL emission peaks in Figure 5a are asymmetric,
and the emission profiles can be fitted by two Gaussians
(Figure 5d). Given the similar splitting previously
observed in the EL from a SWNT diode,*? the higher
and lower emission peaks can be assigned to the free
exciton (X) and weakly localized exciton (LX) emission,
respectively. The exciton localization might be due to
environmental fluctuation or brightening of intrinsic
dark states at structural defect sites.*? In addition, as
shown in Figure 5e, the current dependence of X and
LX peak intensity exhibits the same slope. This is also
consistent with the previous observation in a SWNT
diode,** although the LX intensity is not saturated
because the number of excitons is insufficient to occur
Auger-mediated exciton—exciton annihilation.

In conclusion, we have measured EL for the CNFETs
with unsuspended SWNTs in high vacuum, and short-
wavelength EL emission was observed from unipolar
and ambipolar CNFETs under high bias voltage. The
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simultaneous measurements of transport and EL spec-
tra reveal the excitation mechanism of impact excita-
tion or electron and hole injection dependent on the
conduction type of unipolar or ambipolar characteris-
tics. Short-wavelength emission under high bias vol-
tage is due to the Schottky barrier reduction and the
electric field increase in a SWNT. Blackbody radiation is
also observed from the CNFETs due to current heating.
To clearly observe short-wavelength EL at high bias
voltage, the oxygen-absent condition and an unsus-

METHODS

CNFETs were fabricated using electron beam (EB) lithography
and lift-off processes on a heavily doped p-type Si substrate
with a thermally oxidized SiO, layer of 500 nm thickness. SWNTs
were grown by chemical vapor deposition using ethanol from
the Co catalysts, which were patterned with a size of 10 x 10
um?.% Source and drain electrodes of 30 nm Pd metal were
formed on a SWNT with a gap of 5 um, and a single SWNT was
contacted to the electrodes (Figure 1a). Gate voltage (V) was
applied through the substrate as a back gate. The electric
properties of the devices were measured as a function of the
drain source bias voltage (V) and V, at room temperature in a
high-vacuum chamber (<107° Torr), which prevents current-
induced oxidation. EL spectra were also measured at room
temperature in high vacuum. In the EL measurement, the
emission light was passed through a quartz optical window of
the chamber and a microscope objective. The EL spectra were
acquired using a spectrometer and an InGaAs detector. The
relative spectral response of the measurement system including
the optical path and the detector was measured by a calibrated
halogen lamp, and all spectra were corrected accordingly. To
investigate the EL mechanisms, the electrical and EL measure-
ments were carried out simultaneously.
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