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ABSTRACT 
There are various mechanisms of light emission in carbon nanotubes (CNTs), which give rise to a wide range of spectral emission 
characteristics that provide important information regarding the underlying physical processes that lead to photon emission. Here, 
we report spectra obtained from individual suspended CNT dual-gate field effect transistor (FET) devices under different gate and bias 
conditions. By applying opposite voltages to the gate electrodes (i.e., Vg1 = –Vg2), we are able to create a pn-junction within the suspended 
region of the CNT. Under forward bias conditions, the spectra exhibit a peak corresponding to E11 exciton emission via thermal (i.e., 
blackbody) emission occurring at electrical powers around 8 µW, which corresponds to a power density of approximately 0.5 MW/cm2. 
On the other hand, the spectra observed under reverse bias correspond to impact ionization and avalanche emission, which occurs at 
electrical powers of ~ 10 nW and exhibits a featureless flat spectrum extending from 1,600 nm to shorter wavelengths up to 600 nm. 
Here, the hot electrons generated by the high electric fields (~ 0.5 MV/cm) are able to produce high energy photons far above the E11 
(ground state) energy. It is somewhat surprising that these devices do not exhibit light emission by the annihilation of electrons and holes 
under forward bias, as in a light emitting diode (LED). Possible reasons for this are discussed, including Auger recombination. 
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1 Introduction 
Our ability to control, produce, and enhance light emission from 
carbon nanotubes (CNTs) is based largely on photoluminescence 
measurements in which an intense laser is used to photoexcite 
the nanotubes. Over the past ten years, several research groups 
have reported that oxygen doping of CNTs using ozonolysis 
produces localized exciton states, which exhibit long photo-
luminescence lifetimes (> 1 ns), enhanced photoluminescence 
intensities (~ 20×), and promising g(2)-factors up to room 
temperature [1–11]. Kato’s group recently reported single photon 
emission at room temperature from air-suspended CNTs [12]. 
Prior to these studies, however, single photon emission in 
carbon nanotubes and other nanoscale materials (quantum 
dots, TMDCs) had been relegated to cryogenic temperatures 
[9, 13, 14]. Hogele et al. demonstrated that carbon nanotubes 
emit non-classical light at 4.2 K through the observation of 
photon antibunching in the photoluminescence of a suspended 
single carbon nanotube [9]. This was the first report of 
quantum correlations of photoemission in a single CNT,   
and the probability of multiphoton emission was found to be 
smaller than 3%, indicating that carbon nanotubes could be 
used as a source of single photons for applications in quantum 
cryptography and quantum information processing. Strauf ’s 

group also observed photon antibunching with g2(0) =    
0.15 from cavity-embedded (6,5) CNTs dispersed in a sodium 
dodecylsulfate (SDS) solution at 9 K [14]. It should be noted, 
however, that in these previous studies light emission was 
produced by optical pumping.  

While the study of optically-pumped light emission from 
CNTs has evolved to an unprecedented level of control and 
sophistication, electrically-driven light emission from individual 
carbon nanotubes has lagged way behind. Early reports of 
electroluminescence (EL) from individual carbon nanotube 
devices around the early 2000s included several papers from 
the IBM group, who reported an electroluminescence efficiency 
of ~ 10−4 photons per injected electron–hole pair [15, 16]. Typical 
electrical powers dissipated in these devices (P = IV) were on 
the order of 10s of μW [16–22]. While several mechanisms of 
light emission have been discussed in these early EL studies, 
including electron-hole annihilation and impact ionization, it 
is likely that the main mechanism of emission in these early 
studies was from thermal emission due to substantial heating. 
At these applied powers, substantial Joule heating occurs as 
evidenced by monitoring the G band shift in their Raman 
spectra [20, 21, 23–25]. As a result, thermal emission caused 
by heating (~ 1,000 K) is likely the main mechanism of light 
emission occurring in these previous works.   
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In 2018, avalanche photoemission was reported from 
individual suspended carbon nanotubes under large applied 
electric fields, resulting in efficient generation of light without 
heat at applied electrical powers of just 4 nW [21, 22]. This 
corresponds to unipolar light emission, thus circumventing 
the difficulty associated with injecting electrons into CNTs 
due to their small electron affinities and large associated 
Schottky barriers. Thermal emission by Joule heating was ruled 
out by Raman spectroscopy, however, no spectral characterization 
was done of this avalanche photoemission process. 

In the work presented here, we have recorded the light 
emission spectra from suspended dual-gate CNT field effect 
transistor (FET) devices under both forward and reverse bias 
conditions. Here, we are able to tune through various 
mechanisms of light emission from thermal emission to impact 
ionization and, eventually, avalanche electroluminescence.  
In addition to the spectral profiles, we compare the relative 
electroluminescence efficiencies of these two basic emission 
mechanisms. 

Figure 1(a) shows a diagram of the dual-gate CNT FET 
device. In the microfabrication process, a pair of 100 nm thick 
platinum gate electrodes are first deposited on an undoped Si 
substrate using photolithography and electron-beam metal 
deposition. A 600-nm thick SiO2 layer is then deposited using 
plasma enhanced chemical vapor deposition (PECVD). A trench 
is etched through the SiO2 layer approximately 1 μm wide and 
600-nm deep using reaction ion etching (RIE). Photolithography 
is then used to pattern 29 pairs of platinum source and drain 
electrodes on top of the SiO2 layer with 100 nm in thickness. 
The gap between the source and drain electrodes is 2 μm, and 
the gap between the two gates is 200 nm. Figure 1(b) shows a 
scanning electron microscope (SEM) image of a suspended 
CNT across a pair of source and drain electrodes. Figure 1(c) 
shows optical microscope images of a typical dual-gate CNT 
FET chip [26–28]. Catalyst windows (5 μm × 5 μm) are patterned 
in a photoresist layer on top of the source and drain electrodes 
near the trench enabling us to deposit ferric nitrate Fe(NO3)3/ 
Al2O3-based catalyst. The final step of the sample fabrication 
process is chemical vapor deposition (CVD) of CNTs at  
825 °C by bubbling hydrogen and argon gas through pure 
ethanol [29]. For the electrical characterization of these devices, 
a semiconductor parameter analyzer (HP, Inc) is used. EL 
images are collected with a thermoelectrically-cooled InGaAs 
camera (Xenics, Inc) with a 1,100–1,600 nm effective wavelength 
range. EL spectra are collected using a homebuilt spectrometer 
system with a liquid nitrogen-cooled InGaAs array (Princeton 
Instrument, Inc) over the same effective wavelength range. 

 
Figure 1 (a) Schematic diagram, (b) SEM image, and (c) optical microscope 
images of a dual-gate, partially suspended carbon nanotube FET.  

The current-gate voltage (I–Vg) characteristics of a suspended 
dual-gate CNT FET device are plotted in Fig. 2(a). Here, the two 
gates are shorted together and a constant bias voltage +0.2 V 
was applied (i.e., single-gate configuration). This I–Vg curve 
indicates that this is an ambipolar device with a charge neutral 
point at Vg = 1.75 V. However, the contact resistance associated 
with n-type conduction (Vg = +10 V) is approximately 1,000× 
higher than that of p-type conduction (Vg = −10 V). Figure 2(b) 
shows the current plotted as a function of bias voltage obtained 
by setting the two gate voltages to equal and opposite values  
of Vg1 = −Vg2 = 10 V, which results in the formation of a 
pn-junction within the CNT. By reversing the gate voltages, we 
can achieve reversible rectifying behavior, indicating that the 
rectifying behavior is not simply due to one of the Schottky 
contacts associated with the Pt/CNT junction. Calculated 
conduction and valence band profiles of a dual-gate CNT FET 
device showing the formation of pn-junctions at (a) Vg1 = −Vg2 = 
−15 V and (b) Vg1 = −Vg2 = 15 V under a bias voltage of 3 V are 
shown in Fig. S2 in the Electronic Supplementary Material 
(ESM). Figure 2(c) shows the electric current and the EL intensity 
plotted together as a function of bias voltage while gating 
another device in the np-configuration (i.e., Vg1 = −Vg2 = +10 V). 
Under forward bias, the current increases abruptly above Vb > 
0.5 V, however, electroluminescence is not observed until Vb > 
2 V when the current is above 2 μA. This corresponds to a  

 
Figure 2 (a) Current-gate voltage (I–Vg) characteristics measured from a 
suspended dual-gate CNT FET device obtained by shorting the two gates 
(i.e., Vg1 = Vg2) and applying a constant bias voltage of 0.2 V. (b) Current 
plotted as a function of bias voltage by gating the device in the pn (Vg1 = 
−10 V and Vg2 = 10 V) and np (Vg1 = 10 V and Vg2 = −10 V) configurations. 
(c) Current and EL intensity plotted as a function of bias voltage at Vg1 = 
−Vg2 = 10 V.  
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regime in which the electrical power exceeds 4 μW and light 
emission occurs via thermal emission. Under reverse bias,  
we observe light emission for bias voltages below −3 V with 
currents less than 4 nA (P = 12 nW), which corresponds to  
the sub-avalanche regime in which light emission occurs via 
impact ionization. This avalanche behavior is described in detail 
in our previous papers [21, 22, 30]. Here, we should note that 
while the electric current remains almost a constant in the 
reverse biased region, the light emission intensity increases 
sharply with the increase of the bias voltage. This occurs because 
the increased bias voltage leads to a higher electric field, which 
enhances the impact ionization emission of light. 

The thermal emission spectrum taken under forward bias 
(Vb = 3.5 V, Ib = 2.3 μA, P = 8 μW) is plotted in Fig. 3(a) and 
exhibits a wide peak corresponding to a thermally-broadened 
E11 exciton transition. For most of our devices, the typical 
electrical power required for thermal emission to reach the 
light detection limit of our optical system is approximately   
3 μW. Photoluminescence (PL) spectra taken from two repre-
sentative dual-gate CNT FETs are plotted in Fig. S1 in the ESM. 
Figure 3(b) shows the spectrum of sub-avalanche light emission 
taken under reverse bias at Vb = −3.6 V and Ib = 4 nA (P =  
14.4 nW), which exhibits a flat spectrum extending significantly 
beyond the ground state E11 transition. Here, sub-avalanche 
light emission occurs at relative light emission efficiency   
(EL intensity/electric power) that is 150× higher than thermal 
emission. It is somewhat surprising that these devices do not 
exhibit light emission under lower forward bias currents (< 1 μA) 
by the annihilation of electrons and holes, as in a light emitting 
diode (LED). One possible reason for this is the high non- 
radiative recombination rates in the nanotubes, as evidenced 
by the relatively high reverse saturation currents, which are 
typically above 1 nA [31]. Auger recombination, which is a 
non-radiative process, is another possible mechanism by which 
the light emission efficiency is reduced by more than one order 
of magnitude at high gate voltages [32–35]. Also, the high 
n-type contact resistances, which result in a substantial voltage 
drop across the contact instead of the pn-junction itself. 
Figures 3(c) and 3(d) show visible-light-range spectra of thermal 
emission and sub-avalanche light emission collected from 

another dual gate CNT FET device using a silicon CCD 
detector. Figure 3(c) shows the spectrum of thermal emission 
taken in the forward biased region at Vb = 3.7 V and Ib = 2.0 μA 
(P = 7.4 μW), which exhibits a peak around 785 nm, corresponding 
to a thermally-broadened E22 exciton feature. Figure 3(d) shows 
the spectrum of sub-avalanche light emission taken under 
reverse bias at Vb = −3.8 V and Ib = 4 nA (P = 15.2 nW), which 
exhibits a featureless flat spectrum. Here, again, sub-avalanche 
light emission also exhibits a much higher (~ 200×) relative 
light emission efficiency (EL intensity/electric power) than that 
of thermal emission within the visible wavelength range.  

Photon emission from avalanche breakdown in silicon was 
reported in 1956 by Chynoweth and McKay. In this work, 
photon emission up to 3.2 eV was observed from a silicon 
pn-junction under reverse bias [36]. This is almost three times 
higher than the band gap energy of silicon, which exemplifies 
how electrons accelerating in high electric fields can gain 
enough kinetic energy to emit photons many times greater 
than the band gap (or ground state) energy (i.e., E11 exciton in 
the case of a CNT) of a material. More recently, van Drieënhuizen 
et al. reported simulations of above-band gap emission in 
avalanche-mode silicon pn-junctions under high fields (~ 105 V/cm) 
[37]. In carbon nanotubes, however, electrons can accelerate 
in these high fields without scattering because of the limited 
number of scattering states in k-space that conserve momentum. 
That is, CNTs provide a unique one-dimensional system in 
which phonon scattering is suppressed, enabling hot electrons 
to emit high energy photons.  

In conclusion, we report spectra obtained from individual 
suspended CNT pn-junction devices under forward and reverse 
bias. Under forward bias, the spectra exhibit a relatively inefficient 
thermal emission peak centered around the E11 exciton at 
electrical powers of approximately 8 μW. Under reverse bias, 
however, we observe efficient broadband emission extending 
up to wavelengths as short as 600 nm corresponding to impact 
ionization and avalanche emission, at electrical powers of ~ 10 nW. 
These devices do not exhibit light emission by the annihilation 
of electron and holes under forward bias, as occurs in LEDs, 
indicating high non-radiative recombination rates possibly 
due to Auger recombination. 

 
Figure 3 (a) Spectrum of thermal emission taken at Vb = 3.5 V and Ib = 2.3 μA, and (b) spectrum of sub-avalanche light emission taken at Vb = −3.6 V 
and Ib = 4 nA from a suspended dual-gate CNT FET device. Spectra collected from another device within the visible wavelength range of (c) thermal 
emission taken at Vb = 3.7 V and Ib = 2 μA, and (d) sub-avalanche light emission taken at Vb = −3.8 V and Ib = 4 nA. 
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