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Electroluminescence of individual single-walled carbon nanotubes down to ⬃15 K is measured. We
observe electrically driven light emission from suspended quasimetallic nanotubes in vacuum down
to ⬃15 K and under different gas pressures at room temperature. Light emission is found to
originate from hot electrons in the presence of electrically driven nonequilibrium optical phonons.
Reduced light emission is observed in exponential manner as electron and optical phonon
temperatures in the nanotube are lowered by lower ambient temperature or higher gas pressure. The
results reveal over wide ambient conditions, light emission in a suspended tube is from thermally
excited electron-hole recombination. © 2007 American Institute of Physics.
关DOI: 10.1063/1.2827281兴
Single-walled carbon nanotubes 共SWNTs兲 are onedimensional 共1D兲 materials with interesting optical and
electro-optical properties due to the sharp peaks in the electronic density of states known as van Hove singularities.1,2
Photoluminescence and electroluminescence 共EL兲 involving
interband exciton recombination have been reported in semiconducting SWNTs 共S-SWNTs兲.3–9 Earlier EL measurements
on S-SWNTs attributed light emission from injected electron
and hole recombination under bipolar operation.5 Recently,
however, we observed strong thermally excited light emission in suspended quasimetallic 共QM兲 SWNT transistors under unipolar operation.10 Optical phonon temperature 共Top兲
obtained from the high energy tail in visible light emission
was in excellent agreement with the hot phonon model11 and
was used to reproduce the infrared spectra. These suggested
that thermally generated carrier recombination was responsible for the light emission.10 On the other hand, other study6
on suspended metallic nanotube suggested that impact excitation could also lead to light emission, provided large
enough electric field in the nanotube device. Both studies
have shown exponential dependence of light emission intensity on bias voltage, yet how to distinguish the two mechanisms experimentally is still an open question.
In this work, we used two different methods to lower Top
in suspended SWNTs by decreasing ambient/metal contact
temperature T0 关Fig. 1共a兲兴 and by increasing ambient gas
pressure.12 In all cases, we observed decreased electrical
driven light emission intensity from QM-SWNTs as Top was
decreased. The hot optical phonon temperature was extracted
within the framework of our nonequilibrium optical phonon
model11,13 using an empirical SWNT thermal conductivity,14
and we found that light emission intensity was exponentially
dependent on Top down to 100 K ambient temperature. We
a兲
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believe this universal dependence of light emission intensity
on Top is a clear signature of thermally excited light emission
mechanism. The thermal light emission mechanism could be
applicable to various hot SWNT devices, including suspended structures and nonsuspended ones operating at sufficiently high power dissipations.

FIG. 1. 共Color online兲 共a兲 Schematic drawing of our suspended SWNT
devices with 10 nm W / 20 nm Pt leads. 共b兲 Scanning electron microscopy
image of a typical suspended device over ⬃2 m trench. Scale bar is 1 m.
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FIG. 2. Light emission data from a 2.5 m long suspended quasimetallic
device at various ambient temperatures in vacuum 共⬃10−5 Torr兲. 共a兲 Experimental data 共symbols兲 and theoretical calculation 共lines兲 of I-V characteristics under −15 V gate voltage. 共b兲 Measured infrared light emission intensity vs bias. 共c兲 Measured raw spectra at 1.25 V bias and −15 V gate bias.
共d兲 Calculated optical phonon Top 共lines兲 temperatures vs input power from
I-V curves. Symbols are Top ⬇ Te from experimental light emission data and
Eq. 共2兲. The experimental light emissions stopped at certain input power
because of our detection limit.

We used suspended CVD-grown QM-SWNTs that were
2 – 4 m in length, bridging the W / Pt leads over a 1.5 m
deep trench and backgated by a heavily doped silicon substrate 共Fig. 1兲. The fabrication processes were similar to
those described eleswhere.10 All measurements were done
inside a cryogenics probe station, where the heavily doped
silicon backgate was both thermally and electrically well
connected to the base plate of the probe station. Throughout
this work, we treated that the contact temperature T0 was
equal to ambient temperature 共down to ⬃15 K兲. We used
specially designed optical fiber coupled with an objective
lens 共numerical aperture of approximately ⬃0.4, working
distance ⬃1 mm兲 to collect the light and sent it into spectrometer and detector.12 SEM images were taken after all the
measurements to ensure single nanotube connection and to
get the length information.
We then investigated the ambient temperature dependence of light emission intensity under a constant vacuum of
⬃10−5 Torr. At T0 ⬃ 300 K, the current through nanotubes
together with light emission intensity were recorded as a
function of bias under a fixed gate voltage of −15 V 关Figs.
2共a兲 and 2共b兲兴. Due to insufficient heat dissipation in the
suspended nanotubes and hot optical phonon population,11
the I-V characteristics exhibited negative differential conductance 共NDC兲 region beyond ⬃0.5 V, where light emission
grew exponentially with bias 关Fig. 2共b兲兴. The same measurements were repeated at T0 ⬃ 200, 100, and 15 K 关Fig. 2,
15 K data not shown兴. As T0 went down, current significantly increased in the NDC region at a given bias, while
light emission intensity became much lower. This observation which was qualitatively explained by that lower T0 gave
lower Top in the SWNTs, resulting in lower thermal electron
occupation at first van Hove singularity 共thus lower light
emission intensity兲 and reduced electron-phonon scattering
共thus higher current兲.

FIG. 3. Calculated Top 共lines兲 vs input power for the same device as Fig. 2
at T0 = 300 K, in vacuum and 0.67 atm argon, respectively. Symbols are
Top ⬇ Te from experimental light emission data and Eq. 共2兲, with the same
fitting parameter I0 as in Fig. 2. The inset shows the experimental I-V curves
共symbols兲 and fits 共lines兲.

We also varied ambient gas pressure and measured light
emission of suspended SWNTs at room temperature in
0.67 atm of argon and compared with the result in vacuum
共Fig. 3兲. In argon, current was slightly higher than in vacuum
due to better heat dissipation through optical phonon relaxation by the gas molecules surrounding the nanotube.12
Therefore, gas molecules acted as an effective “cooler” for
the nanotube. As a result, the light emission intensity was
slightly decreased in argon ambient 共data not shown兲, as we
would expect in our thermal picture.
In order to study light emission intensity quantitatively,
we extracted the hot phonon temperature as a function of
power dissipation by fitting the I-V characteristics11,13,14 共see
supplementary material15 for calculation details兲. We can use
two fitting parameters: the hot-phonon parameter ␣ defined
as Top = Tac + ␣共Tac − T0兲 and contact thermal resistance Rcth to
fit experimental I-V curves under all conditions 共Table I in
supplementary material15 shows the parameters used in
simulation兲. We emphasize that the inclusion of Rcth and contact heating effect is necessary to reproduce the experimental
curves, which has not been observed experimentally and
modeled theoretically. In Figs. 2共a兲 and 3 inset, we show the
calculated I-V curves 共lines兲, which are in very good agreement with experimental data. The extracted optical phonon
temperatures at various conditions are also plotted in Figs.
2共d兲 and 3 共lines兲.
In earlier work, we had proposed that the intensity of
thermal light emission should be exponentially dependent on
optical phonon temperature as10

冉

I = I0 exp −

冊

E
,
kBTop

共1兲

with Top ⬇ Te obtained from the blackbodylike tail of visible
light emission and I0 as a fitting parameter 共I0 is the saturation intensity at infinite temperature, proportional to the transition probability兲. We invert Eq. 共1兲 as
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FIG. 4. Light emission intensity vs −E / kBTop for all cases in Figs. 2 and 3.

Top =

−E
.
kB log共I/I0兲

共2兲

By reading E from the peak position in the spectra 关Fig. 2共c兲兴
and selecting a proper temperature independent I0, we could
get the optical phonon temperature from the experimental
light emission intensity I. It turned out that a single value of
I0 could reproduce the calculated Top from I-V data and hot
phonon model for all four cases studied in this work
关100– 300 K in vacuum and 300 K in argon, shown in Figs.
2共d兲 and 3兴. The agreement between the Top indicates that
Eq. 共2兲 is the correct model to understand the light emission
in our devices. The relation between I and Top is rather general in various ambient conditions. In Fig. 4, we plot the
experimental I versus −E / kBTop in log scale for all the four
cases, and they indeed overlap very well in an exponential
manner. This simple scaling is a strong evidence that the
light emission from our devices is from thermally excited
electron-hole recombination.
We noted a recent theoretical work16 that considered the
effect of optical phonon temperature and predicted

冉

I = I0 exp −

E

冑共kBTop兲2 + 共eFop兲2

冊

,

共3兲

where F is the electric field in the SWNTs, op is optical
phonon mean free path, and E is the threshold energy. This
equation points out two competing mechanisms that lead to
light emission in SWNT devices: thermal effect and impact
excitation of high energy electrons due to high electric field.
In our devices, Top ⬃ 1000 K, while op ⬃ 15 nm in the NDC
region at room temperature,11 and F ⬃ 0.5 MV/ m, so the
thermal term 共kBTop ⬃ 0.086 eV兲 is dominant over the impact
excitation term 共eFop ⬃ 0.0075 eV兲. Therefore, we see the

scaling of light emission intensity with Top, indicating it is in
thermal nature. This condition should hold in the relatively
long suspended nanotube devices 共L 艌 1 m兲, but in the
short devices, the electric field could be high enough for the
impact excitation term to be comparable to the thermal term.
The same situation could also occur in nonsuspended devices
since Top could be much lower than 1000 K.17
In summary, we studied the ambient temperature and
pressure dependence of electrically driven infrared light
emission from suspended QM SWNTs. We found that the
intensity was exponentially dependent on the optical phonon
temperature Top in all T0 down to 100 K as well as in argon
ambient, suggesting that the light emission originates from
the recombination of thermally excited electrons and holes.
This universal dependence could be used as one of the signatures of thermal light emission. We discussed the two possible light emission mechanisms in light of recent theoretical
calculation, and believed that the thermal mechanism should
be the dominant mechanism in relatively long suspended
SWNT devices as in our case. The thermal mechanism
should be considered in future nanotube electroluminescence
research and applications.
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