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ABSTRACT: We explore near-infrared light emission in suspended carbon nanotube field effect transistors over a wide range
of gate and bias voltages. An abrupt increase in both the electric current (90 μA/V) and electroluminescence intensity is
observed at high bias voltages (∼3.5 V), when gated in the “off’ state (i.e., Vgate > 0 V). For bias voltages below the threshold for
avalanche breakdown, we observe light emission due to the creation of exitons by impact ionization under these high electric
fields. Here, we find that there is a relatively small region over which low power (∼nW) light emission is observed. By plotting
the relative luminescence efficiency (i.e., light intensity/electrical power) as a function of the gate and bias voltages, we observe
a very sharp feature corresponding to avalanche emission at which the electroluminescence efficiency is 2−3 orders of
magnitude higher than that under all other conditions of gate and bias voltage. A steep increase in the current with bias voltage
(i.e., large dI/dVb) is observed at the same gate and bias conditions of the highly efficient electroluminescence and signifies the
onset of the avalanche process. We believe that these results demonstrate additional mechanistic evidence for achieving highly
efficient light emission in carbon nanotubes via avalanche breakdown.
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Recent research of light emission from nanoscale systems,
such as carbon nanotubes (CNTs) and III−V semi-

conducting quantum dots, shows several interesting optical and
optoelectronic phenomena including exciton and trion
formation and room-temperature single photon emission
(SPE) at telecommunications wavelengths (1300−1550
nm).1−5 High purity single photon sources (SPSs) are a key
component needed for quantum information and computing
technologies. Electroluminescence (EL) from substrate-sup-
ported single CNT pn-junction devices was first demonstrated
by the IBM group in 2003.6,7 They reported a light emission
efficiency around 10−4 photons per injected electron−hole
pair. In addition to these pn-junction devices, several CNT
FET-based devices (FET = field effect transistor) exhibiting
electroluminescence have also been reported from several
groups.8−11 In these previous single nanotube studies, an
empirical threshold of 1 μW of applied electrical power was
required in order to detect light emission from these CNT
FET devices. At these applied powers, however, substantial

Joule heating occurs, which can be monitored by the G-band
shift in their Raman spectra.12 As a result, thermal emission
caused by heating is likely the main mechanism of light
emission occurring in these previous works. In order to
develop electrically driven single photon emitters based on
carbon nanotubes for quantum communication, it is absolutely
essential that highly efficient electroluminescent carbon
nanotube devices be demonstrated.
Photoluminescence from carbon nanotubes was first

observed in 2002 by O’Connell et al.,13 which was followed
by many further optical and optoelectronic studies of CNTs.
Lefebrve et al. reported bright photoluminescence from
suspended regions of carbon nanotubes, which indicated that
suspended CNTs had a much higher luminescence efficiency
than substrate-supported CNTs.14 In 2005, Chen et al.
observed bright electroluminescence from partly suspended

Received: July 3, 2018
Published: October 16, 2018

Article

pubs.acs.org/journal/apchd5Cite This: ACS Photonics XXXX, XXX, XXX−XXX

© XXXX American Chemical Society A DOI: 10.1021/acsphotonics.8b00896
ACS Photonics XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
SO

U
T

H
E

R
N

 C
A

L
IF

O
R

N
IA

 o
n 

O
ct

ob
er

 3
1,

 2
01

8 
at

 0
2:

57
:1

6 
(U

T
C

).
 

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.
 

pubs.acs.org/journal/apchd5
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsphotonics.8b00896
http://dx.doi.org/10.1021/acsphotonics.8b00896


carbon nanotubes, which they attributed to the high fields
produced at the region between the suspended and non-
suspended parts of CNT that provide enough electrical energy
for exciton creation and subsequent light emission.15

Khasminskaya et al. observed electrically driven single photon
emission from a CNT-based photonic circuit under cryogenic
conditions in 2016.16 In 2017, He et al. showed that, by
introducing aryl sp3 defects in single-walled CNTs through a
solution-based doping method, they can achieve single photon
emission with a low probability of multiphoton emission at
room temperature.5 Electroluminescence with various of
approaches are also reported by many other groups.17−22

Most recently, Wang et al. reported avalanche emission in
CNT FETs under extremely high electric fields (0.5 MV/
cm).12 Here, the drive currents were 3 orders of magnitude
lower, while the EL efficiencies were 3 orders of magnitude
higher, than previous reports in the literature, and Raman
spectroscopy was used to explicitly rule out thermal
emission.8,10,23,11,23 While several demonstrative measurements
were shown, this previous report did not study this effect over
a wide range of gate voltage conditions, nor did it present a
consistent picture of electron transport and EL emission.
In the work presented here, we have systematically explored

light emission in these suspended CNT FET devices over a
wide range of experimental device parameters (i.e., gate
voltage, bias voltage, bias current, and light intensity), in order
to further establish and understand the origin of this avalanche
emission mechanism. Here, we are able to tune through
various mechanisms of light emission from thermal emission to
avalanche electroluminescence. By comparing the bias voltage
dependence of the electric current and EL intensity, we
observe a region under which sub-avalanche light emission is
observed. There appears to be a “sweet spot” in gate voltage at
which the avalanche emission process occurs. Here, the
current−voltage characteristics of each device were used to
verify that they consist of individual nanotubes rather than
multiple nanotubes. On the basis of several years of
measurements involving these devices, we have found that
individual, suspended nanotube devices exhibit negative
differential conductance above approximately 1.2 V with a

maximum current of 3−5 μA.24−26 A plot of the current vs bias
voltage showing NDC can be found in the Supporting
Information document.
Figure 1a shows a schematic diagram of the CNT FET

device. In the device fabrication process, a 1 μm wide trench is
etched in a Si/SiO2/Si3N4 wafer approximately 500 nm deep.
Thirty pairs of platinum source and drain electrodes are then
patterned on the surface of the wafer along with one common
gate electrode on the bottom of the trench using photo-
lithography. A scanning electron microscope (SEM) image of a
CNT suspended over the trench is shown in Figure 1b. Figure
1c shows optical microscope images of a typical chip,27−29

indicating the approximate size of the device. Lithographically
defined windows are introduced into a photoresist layer on the
source and drain electrodes for the controlled deposition of
ferric nitrate (Fe(NO3)3) catalyst. To avoid chemical
contamination by the lithographic processes, the last step of
the sample fabrication is CNT growth by chemical vapor
deposition (CVD) at 825 °C using hydrogen and argon gas,
which is passed through pure ethanol.30 A semiconductor
parameter analyzer is used for the electrical characterization of
these devices. During these measurements, the drain electrode
is grounded and all the values of gate and bias voltage are
applied with respect to the drain electrode. Electrolumines-
cence images are collected with a thermoelectrically cooled
InGaAs camera (Xenics, Inc.) with an effective wavelength
range from 1000 to 1600 nm. This IR camera is capable of
outputting the light intensity for selected regions or individual
pixels in the EL image.
Figure 2 shows semi-log plots of the electric current and the

electroluminescence intensity plotted as a function of applied
bias voltage at a gate potential of Vg = +7 V. In Figure 2a, there
is a very steep jump in the current with a very large differential
conductance of 90 μA/V, which indicates the onset of the
avalanche breakdown of Vbias = 3.75 V. In Figure 2b, we
observe the onset of electroluminescence at Vbias = 3.4 V,
which is 0.35 V below the threshold for avalanche breakdown,
as observed in the current−bias voltage data. Here, in the “sub-
avalanche” regime (between Vbias = 3.4 and 3.8 V), ballistic
electrons accelerating in the high electric fields gain enough

Figure 1. (a) Schematic diagram, (b) scanning electron microscope (SEM) image, and (c) optical microscope images of a suspended carbon
nanotube field effect transistor.
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kinetic energy for an exciton decay (∼0.8 eV), resulting in light
emission. The electric field required to separate these excitons
into free electron−hole pairs is substantially high (E ≈ exciton
binding energy/exciton size ≈ 0.8 MV/cm). This threshold for
exciton separation and subsequent carrier multiplication can be
seen by the abrupt increase in current at Vbias = 3.75 V. It
should be noted that the differential conductance associated

with the avalanche process is so steep that the device reaches
the thermal emission regime extremely quickly, as labeled in
this plot. This occurs when the current reaches the μA range,
and thus the voltage range over which avalanche emission is
the dominant mechanism of light emission is actually quite
small compared with thermal emission, as discussed in the
following paragraph.
Figure 3a shows the minimum bias voltage needed to reach

the light detection limit of our experimental setup plotted as a
function of the gate voltage for the same CNT FET device
shown in Figure 2. We also measured the current and EL
intensity as a function of bias voltage at different gate voltages.
We measured the current and EL intensity as a function of bias
voltage at different gate voltages. By monitoring the light
emission as a function of current, we are able to find the bias
voltage at which avalanche and sub-avalanche light emission
occurs at each value of gate voltage and then we connected
these points to get the triangular region. Here, we see that
there is a relatively small “triangular” region over which low
power avalanche and sub-avalanche emission is observed, with
a current of less than 5 nA and an electrical power less than 20
nW, which are both well below the threshold current and
power for thermal emission.8,10,23,11,23 Outside this “triangular”
region and above the solid curve, which is shaded in this plot,
the electrical power is always larger than several μW and the
CNT exhibits thermal emission under these conditions. Figure
3b shows a 3D plot of the relative electroluminescence
efficiency (i.e., light intensity/electrical power) plotted as a
function of the gate and bias voltages, in which there is a sharp
feature corresponding to avalanche emission. Figure 3c shows a
plot of the maximum differential conductance (MaxDC) under
different values of the applied gate voltage, which is caused by
the carrier multiplication in the avalanche process. Here, the
peak in the MaxDC occurs at the same gate voltage as the
avalanche emission and highest EL efficiency. These data sets
show that there appears to be a “sweet” spot around Vg = +7 V,

Figure 2. Semi-log plots of (a) the electric current and (b) EL
intensity plotted as a function of applied bias voltage at a gate
potential of Vg = +7 V. The value of the maximum differential
conductance is labeled in the plot (a).

Figure 3. (a) Minimum bias voltage at which light emission is observed plotted as a function of gate voltage. Three regions are labeled on the plot:
avalanche region, thermal emission, and below light detection limit. (b) 3D plot of the relative EL efficiency plotted as a function of applied gate
and bias voltages. (c) Plot of the maximum differential conductance at different values of gate voltage. This data set was measured at the same time
as the data in Figure 2 from the same CNTFET device.
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which has the highest light emission onset voltage, the highest
electroluminescence efficiency, and the largest maximum
differential conductance.
Figure 4 shows similar data from another CNT FET device.

Figure 4a shows the minimum bias voltage needed to reach the
light detection limit plotted as a function of gate voltage over a
relative narrow range (5−10 V). This data also shows a
“triangular” avalanche light emission region and a shaded
thermal emission region. Beyond the avalanche light emission
region, the current increases abruptly, as shown in Figure 4c,
and thermal heating becomes the dominant mechanism of
emission. Figure 4b shows a 3D plot of the relative
electroluminescence efficiency plotted as a function of the
gate voltage and bias voltage, in which another sharp peak
appears corresponding to avalanche emission. Figure 4c shows
a log plot of the electric current vs applied bias voltage at a gate
potential of Vg = +7 V for this FET device, exhibiting a steep
current jump with a large differential conductance of 30 μA/V.
These results provide new mechanistic insight regarding

light emission in carbon nanotubes that extend beyond our
previous work.12 Here, we have identified a regime of sub-
avalanche light emission that we were previously unable to
resolve. In addition, we have provided a detailed map of the
light emission as a function of the bias and gate voltages, which
exhibits a sharp singularity in the electroluminescence
efficiency as a function of these variables. This singularity
exemplifies how stringent the conditions required are to
observe avalanche and sub-avalanche emission (drops off by
2−3 orders of magnitude over just 0.1 V)
In conclusion, in mapping out the electrical bias and gate

conditions for light emission in suspended carbon nanotubes, a
narrow region occurs corresponding to avalanche breakdown
which appears with extremely low current (<5 nA) and
electrical powers (<20 nW). Here, we find a sweet spot with
the highest electroluminescence efficiency, the highest light
emission onset voltage, and the largest maximum differential

conductance occurring under the same gate and bias voltage
conditions, which provides solid evidence for the avalanche
emission mechanism. We also observe efficient light emission
below the threshold bias voltage of avalanche emission (i.e.,
sub-avalanche light emission) by impact ionization. Above the
threshold for avalanche breakdown, the electroluminescence
efficiency quickly decreases by 2−3 orders of magnitude, and
thermal emission becomes the dominant mechanism of light
emission.
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