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ABSTRACT

In this work, we carried out electroluminescence (EL) measurements on metallic single-walled carbon nanotubes (SWNTs) and compared the
light emission from the suspended section with the on-substrate section along the same SWNT. In addition to the lowest excitonic emission
for metallic SWNTs (M), a side peak was observed at an energy of 0.17—0.20 eV lower than the M;; peak, which is attributed to a phonon-
assisted sideband. Interestingly, this side peak was only observed from on-substrate sections but not from suspended sections. This is likely
due to the higher electric field used in the EL measurement of on-substrate sections and the asymmetric surroundings for on-substrate SWNT
sections. When the drain voltage is increased, either a blue shift or a red shift of the M;; emission (up to +20 meV) was observed in different
suspended SWNTs. The red shift can be explained by the temperature-dependence of the My, transition energy, whereas the blue shift is
surprising and has never been observed before. Some possible mechanisms for the blue shift are discussed.

With their unique electronic properties and one-dimensional
structure, single-walled carbon nanotubes (SWNTs) have
potential applications in future nanoelectronics and nano-
photonics. Photoluminescence (PL) and electroluminescence
(EL) have been intensively investigated to understand the
fundamental photophysics in SWNTs.!~® In both PL and EL
studies, substrates have played an important role in influenc-
ing the properties of SWNTs.2’~? Up to now, PL has not
been observed from semiconducting SWNTs directly grown
on substrates,? and suspended semiconducting SWNTs give
a much higher PL efficiency'® than surfactant-wrapped
semiconducting SWNTSs.? On the other hand, EL has been
observed from all SWNTs (semiconducting or metallic,
suspended or on-substrate)."*!! Thus EL is especially useful
to investigate the fundamental photophysics of metallic
SWNTs as well as substrate effects. Since the EL properties
of different SWNT devices (either suspended or on-substrate)
are dramatically different,'** comparing the EL spectra from
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Figure 1. Schematic illustration (a) and scanning electron micros-
copy image (b) of suspended and on-substrate devices fabricated
along the same SWNT.

suspended and on-substrate sections from the same SWNT
will provide further insight into the fundamental physics of
SWNTs.

In the present work, we measured the EL emission from
suspended and on-substrate sections along the same metallic
SWNT (Figure 1). While the suspended section exhibits a
stronger EL signal that turns on at a lower drain voltage Vi,
the on-substrate section has an additional side peak at
0.17—0.20 eV below the lowest excitonic transition (M;;).
This side peak is assigned to phonon-assisted emission.
Moreover, in suspended sections, we have observed an
interesting blue shift of the EL emission energy at higher



drain voltages, which cannot be explained by the temperature
dependence of the transition energy M.

Devices with on-substrate and suspended sections along
the same individual SWNTs were fabricated either by
transfering'? or by directly growing ultralong SWNTs by
chemical vapor deposition (CVD)'® onto substrates with
prefabricated trenches and electrode patterns. These sub-
strates are the same as those used in ref 11. Briefly, a SizNy
film (thickness ~ 38 nm) was deposited on a SiO,/Si wafer
(oxide thickness = 500 nm). Trenches were then photolitho-
graphically defined and etched through the SizN, on SiO,.
Finally, Pt electrodes (thickness ~ 25 nm) were patterned
by lift-off. The CVD growth of ultralong SWNTs was carried
out by an Fe-assisted ethanol CVD method.'> The SWNT
transfer was done by a PMMA-mediated transfer method.'?
The EL measurement was achieved by a home-built setup.
A 50x aspheric lens was used to collect the EL signal, and
a 300 line/mm grating and a 512-pixel InGaAs detector
(Hamamatsu G9204—512D, spectrum range 900—1700 nm)
were used to disperse the signal and record the spectra. A
typical integration time of 60—120 s was used for collecting
the spectra. All EL measurements were conducted under an
argon atmosphere.

Figure la is a schematic illustration of a metallic SWNT
device with one section on the Si3N, substrate and the other
section suspended. Figure 1b is a scanning electron micro-
scope (SEM) image of a typical device. The highly doped
Si substrate was used as a back gate. The channel lengths of
the devices are about 1 um. The trench depth is about 300
nm. Figure 2a shows a typical drain-source current /4 versus
drain-source voltage Vy, plot of our devices. Due to electron-
phonon scattering by optical phonons,’ for the on-substrate
section, Iy saturates at high Vg, and for the suspended
section, a negative differential conductance occurs at Vg, >
1.2 V. The inset in Figure 2a shows the drain current Iy
versus gate voltage (V) curve (under constant bias voltage
Vigs = 10 mV) for the same SWNT (the suspended section),
which is a typical I4;—V, curve for a metallic SWNT. In
order to measure EL from individual SWNTs, but not from
multiwalled carbon nanotubes or nanotube-bundles, we used
the nanotube devices in which the on-substrate sections have
saturation currents of about 25 uA.'*!5 The corresponding
EL spectra from this SWNT in Figure 2a are presented in
Figure 2b. For the suspended section, only one EL peak was
observed centered at 1.054 eV at Vg = 2.0 V and V,, =
—20 V. Using the diameter information (~2.3 nm) obtained
by atomic force microscopy (AFM) measurements, the 1.054
eV peak from the suspended section can be assigned to the
M,; excitonic transition.'® There could be an emission
component from the M;; continuum that is embedded in the
M, exciton emission since the exciton binding energy (~30
meV for 2.3 nm diameter metallic SWNTSs, estimated from
the 50 meV reported for a (10,10) SWNT'7) is less than both
the thermal energy (>60 meV!') and the EL emission peak
width (~100 meV).

In contrast, for the on-substrate section, two EL peaks
(0.865 and 1.036 eV) were observed. Measurements from
two other SWNT devices showed similar phenomena,
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Figure 2. (a) Drain current (Ig) vs drain voltage (V) plot for
suspended (red line) and on-substrate (black line) sections along
the same SWNT. The inset shows the drain current vs gate voltage
(V) plot for the suspended section. (b) Electroluminescence (EL)
from the suspended section (red circle) at Vys = 2.0 V and the on-
substrate section (black circle) at Vg = 5.6 V. A gate voltage Vi
= —20 V is used in all EL measurements. Data are offset for clarity.
Red lines are a Lorentzian fit to the results and green lines are
fitting curves for the individual peaks.

namely, the suspended sections only displayed the M;,
emissions, whereas the on-substrate sections exhibited two
emission peaks, one dominant peak near M;; of the sus-
pended section and the other one lying 0.17—0.20 eV lower
in energy. For the on-substrate sections, a higher Vs is
required for observable EL emission. Since the exciton
binding energy for a 2.3 nm diameter metallic SWNT is
about 30 meV, the two peaks in the emission spectrum of
the on-substrate section cannot together be identified as the
M, exciton transition and the M;; continuum. Additionally,
the peak separation does not correspond to the trigonal-
warping induced splitting of the M, transition which is less
than 70 meV for a 2.3 nm diameter metallic SWNT.!8
Considering that the energy difference between the two peaks
(~0.17 eV) is close to a I'-point optical phonon energy (~0.2
eV) and a K-point phonon energy (0.16 eV), the lower energy
side peak is assigned to an optical phonon-assisted emission
(either from the I" or K point. From our later discussion, it
appears that a ['-point optical phonon-assisted emission is
more likely). Thus the higher energy peak is assigned to the
M, emission. Additionally, the M;; emission from the on-
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Figure 3. (a) Drain current (I4) and EL intensity plot vs drain
voltage (V) for two suspended SWNTs A and B. (b) Drain current
(1gs) and EL intensity plot vs drain voltage (Vys) for the same on-
substrate section of the SWNT used in Figure 2. M, and Ep 5 denote
the lowest excitonic transition and phonon-assisted emission,
respectively.

substrate section was found to be redshifted with respect to
the suspended section as will be discussed later.

The drain current and emission intensity versus drain
voltage are plotted in Figure 3. For suspended sections,
similarly to the observation in ref 11, EL was observed in
the negative differential conductance region, where Iy
decreases with Vg but the EL intensity increases with Vi
(Figure 3a). In contrast to the suspended SWNTs, Iy for the
on-substrate SWNT section used in Figure 2 continues to
increase with Vg under a large bias of up to 5.6 V, as shown
in Figure 3b. But the EL intensity dependence on Vy for
the on-substrate section is different from that observed for
the suspended sections. The emission intensity for both the
phonon-assisted transition (Ep.») and the M;; emission for
the on-substrate section increased slowly in the range V4, =
5.0—5.4 V and then increased more rapidly in the range Vy
=54-56V.

Now we shift our attention to the origin of the phonon-
assisted emissions. This phonon-assisted sideband was only
observed from the on-substrate sections. Before discussing
this difference, the EL. mechanisms for suspended and on-
substrate SWNTs should be discussed in more detail.
Previous works!!!” have shown that the EL from suspended
metallic SWNTSs occurs via a thermal light emission mech-
anism. In this case, hot electrons are thermally distributed
in higher energy bands. However, for on-substrate metallic
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Figure 4. Schematic diagram for direct M, emission (a—b) and
phonon-assisted emission (c—d—b). Black dots denote excitons.
The phonon-assisted emission energy is M;; + AE — E,;, where
M, is the lowest excitonic transition energy for metallic SWNTs,
AE is the average energy difference between the excitons at “c”
and the excitons at “a”, and E,; is the phonon energy.

SWNTs, no EL mechanism has previously been reported.
Since suspended SWNTs give observable thermal light
emission above 800 K,!! and on-substrate metallic SWNTs
can be heated up to 900 K in air before they burn® (in an
Ar atmosphere, the same on-substrate SWNT devices can
go up to an even higher Vi, indicating that on-substrate
SWNTs can go up to a higher temperature), thermal light
emission should also be possible for on-substrate metallic
SWNTs. Impact excitation, which occurs under a high
electrical field,'?! is another possible mechanism for EL
emission from on-substrate metallic SWNTs. The average
electrical field in our EL experiment is about 5 V/um. The
electrical field in the regions of the contacts, defects, and
impurities may be higher.

For the energy difference between the sideband and the
M, emission, two other SWNTs give an energy difference
of 0.20 and 0.17 eV. Since different exciton levels in 1 nm
diameter semiconducting SWNTs only have an energy
difference of <40 meV?>? and the exciton binding energy
in metallic SWNTs is much smaller than that in semicon-
ducting SWNTSs,'7?* the energy difference for different
exciton levels is much smaller in 2 nm diameter metallic
SWNTs. Therefore, the K-point phonon-assisted £ symmetry
exciton emission should appear at slightly less than 0.16 eV
lower energy than the bright exciton emission? and the
I"-point phonon-assisted emission should appear at slightly
less than 0.20 eV lower than the bright exciton emission.
Therefore, the sideband observed in our EL measurement is
more likely to be the I'-point phonon-assisted emission. The
smaller observed energy difference (0.17 eV) relative to 0.2
eV is attributed to the kinetic energy of excitons.

Figure 4 depicts the processes of the M;; emission (a—b)
and the phonon-assisted emission (c—d—b). The intensity
of the phonon-assisted emission is related to the number of
excitons distributed above the M;; band edge with nonzero
momentum and the efficiency for these excitons to emit via
the phonon-assisted process. For the on-substrate sections,
there may be more higher-energy excitons with nonzero
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Figure 5. EL from the on-substrate section of the SWNT used in
Figure 2 at different drain voltages. Red line for V4 = 5.6 V, black
line for Vg =5.0 V. (For both data sets V is at —20 V.) Blue
lines are a Lorentzian fit to the emissions and green lines are fitting
curves for the individual peaks.

momentum because a higher electric field was used in the
EL measurements of the on-substrate sections, and this higher
electric field will accelerate the carriers more and may create
more excitons with higher energy and nonzero momentum.?!
Meanwhile, the suspended metallic SWNTSs may have a very
low phonon-assisted emission efficiency judging from PL
studies of semiconducting SWNTs. Up to now there has been
no report of phonon-assisted PL from suspended semicon-
ducting SWNTSs. But phonon-assisted PL emission has been
reported from surfactant-wrapped or DNA-wrapped semi-
conducting SWNTs.>>% It is possible that due to their
symmetric and unperturbed surroundings, suspended semi-
conducting SWNTs have a low phonon-assisted efficiency.
This may be the same case for our suspended metallic
SWNTs, which will account for the absence of phonon-
assisted EL emission.

The phonon-assisted emission energy Ep, can be ex-
pressed as M;; + AE — E,, where AE is the average exciton
energy relative to the zero-momentum exciton at the My,
edge and E,, is the phonon energy. Because of the nonzero
value of AE, the energy difference between Ep s and My,
should be less than Ep,, which is consistent with the
experimental data. At a lower Vg, AE is expected to be
smaller since in this case there are fewer high-energy excitons
in the system. Therefore the energy difference between Ep.a
and M, is expected to be larger at lower Vg This is
confirmed by our observations (Figure 5). At V4o = 5.0V,
the energy difference between the Ep.» and the M, emission
is 0.19 eV. When Vg is changed to 5.6 V, it can be seen
that the M;, emission is redshifted by 20 meV and the
difference between the two peaks becomes 0.17 eV. The red
shift of the M;; emission could be due to the increase of the
lattice temperature at higher V.2

The energy difference between the M;; emissions from
the suspended and the on-substrate sections, as shown in
Figure 2b, can be attributed to environmental effects (dif-
ferences in the dielectric constant of the SWNT surroundings,
substrate interaction, etc.), dark-bright exciton mixing and/
or the temperature difference between the suspended and the
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Figure 6. Red shift (a) and blue shift (b) of the EL emission position
with increasing drain voltage observed for suspended sections of
two different metallic SWNTs. The dashed red lines are guidance
for the eyes. From bottom to top in panel a, Vg = 2.0—2.4 V with
steps of 0.1 V; in panel b, Vg = 1.0—1.6 V with steps of 0.1 V.
For all data sets V, is at =20 V. (c) A two-Lorentzian peak fit to
the emission profiles from the suspended SWNT in panel b; from
bottom to up, V4 = 1.3—1.6 V with a step of 0.1 V.

on-substrate sections under the EL experimental conditions.
Because the dielectric constant of SizNy (¢ = 7.5) is
significantly larger than that of air (¢ = 1) and the transition
energy of SWNTs is smaller in higher dielectric constant
surroundings,”?’ substrates can induce a red shift of M;;.
Van der Waals interactions with the substrates can induce
an elastic deformation in the SWNTs?® and make their
transition energies shift (tens of meV).?’ The asymmetric
surrounding and higher electric field required for the emission
can introduce a perturbation to the on-substrate sections. Such
perturbations can promote dark-bright exciton mixing and
also can induce a red shift of the transition energy (by several
meV).’*3! The temperatures for the suspended and on-
substrate sections are unknown and the temperature differ-
ence may contribute up to a —10 meV shift in the My,
transition per 100 K temperature increase.*

For the suspended sections, some SWNTSs show a red shift
and others show a blue shift of the EL peak starting from
the Vg at the onset of the EL emission and going to the Vy
point just before the SWNTs are burnt out (Figure 6a,b).
All EL emission from suspended sections was measured in
the negative differential conductance region. Different
SWNTs give different maximum energy shifts (between 20
meV). For the suspended SWNTs, the lattice temperature
of the SWNTs increases with increasing Vy'' and the
transition energies (such as M;;) decrease with increasing
temperature.’> Therefore, in some suspended SWNTs the
temperature dependence of the transition energies may
dominate the EL emission shift, which gives a red shift of
the EL emission with increasing V. In other SWNTs, other
factors may dominate the EL emission shift. Noticing that
the EL emission peaks from the suspended section are
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asymmetric, the emission profile can be fit by two compo-
nents: a low-energy component and a high-energy component
(Figure 6¢). As Vy, increases, the intensity of both the low-
energy component and the high-energy component increase
but the energy of the peak positions of these two components
vary only slightly compared to the shift (Figure 6¢). However
the intensity ratio for the high-energy component to the low-
energy component increases with Vg (from 1.3 V to 1.5 V),
which gives rise to a blue shift of the overall spectrum.
Therefore, this blue shift is due to the relatively higher
intensity of the high-energy component. Since suspended
SWNTs have a higher temperature at a higher Vy,!! the
relatively higher intensity of the high-energy component may
correspond to relatively more thermally excited excitons
occupying the higher energy level. The higher energy level
could be identified as either the M;; continuum and/or the
M,,;" exciton level (the upper component of the trigonal
warping-split My transition). For the SWNT shown in Figure
6¢c, the M, exciton emission is the most likely explanation
judging from the energy difference between these two
emission components (~50 meV).

In conclusion, we have carried out EL measurements on
suspended and on-substrate sections of the same metallic
SWNTs. A phonon-assisted emission was found from the
on-substrate sections, which may be due to the higher electric
field and the asymmetric surroundings for the on-substrate
SWNT sections. In the suspended SWNT sections, some
SWNTs showed a red shift and others showed a blue shift
of the EL peak position with increasing Vy;. The blue shift,
which cannot be understood by a temperature-dependent
transition energy, could be caused by the fine features of
the emission spectrum at a higher temperature, either by
emission from the M;; continuum and/or from the upper
component M;;t of the trigonal warping-split transition
energies.
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