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Carbon nanotubes have a host of properties that make them excellent candidates for electron emitters. A significant amount of
research has been conducted on nanotube-based field-emitters over the past two decades, and they have been investigated for
devices ranging from flat-panel displays to vacuum tubes and electron microscopes. Other electron emission mechanisms from
carbon nanotubes, such as photoemission, secondary emission, and thermionic emission, have also been studied, although to a
lesser degree than field-emission. This paper presents an overview of the topic, with emphasis on these less-explored mechanisms,
although field-emission is also discussed. We will see that not only is electron emission from nanotubes promising for electron-
source applications, but also its study could reveal unusual phenomena and open the door to new devices that are not directly
related to electron beams.

1. Introduction

Electron emission, that is, the transfer of electrons from one
medium to another, is ubiquitous in electronics. Electron
emission from a material into vacuum (Figure 1) forms the
basis of vacuum tubes and amplifiers [1], which predate
solid-state devices [2] and still continue to be in widespread
use in high-power, high-speed electronics—the mobility of
electrons is, after all, very high in vacuum, where they
do not face scattering by a lattice. But the applications of
electron emission go far beyond signal amplification. From
traditional cathode-ray tubes to modern field-emission flat-
panel technologies, electron sources can enable bright and
fast displays [1]. Electron microscopy has become a popular
platform for material and device imaging [3–7], inspection,
and failure analysis [8, 9], pushing imaging resolution to the
sub-ångstrom scale [10].There have been significant advances
in electron emission and control with temporal resolution
down to the femtosecond domain and beyond [7, 11, 12] for
time-resolved imaging and diffraction analysis. Analytical
characterization techniques such as Auger spectroscopy,
electron-energy-loss spectroscopy, and energy-dispersive X-
ray spectroscopy are now being routinely used and often
incorporated into commercial electron microscopes [13].

Electron-beam lithography is a powerful technique for high-
resolution patterning [14]. In all these systems, the electron
emitter (also known as cathode or electron source) is one
of the crucial components. Medical imaging is another area
where electron sources are in extensive use, notably in X-
ray generation [1] and electron-beam tomography. Electron-
beam welding, machining, and deposition [1] are well-
developed processes that are widely used in the manufac-
turing, automotive, aerospace, semiconductor and energy
sectors.The removal of nitrogen and sulphur oxides from the
emissions of industrial installations can be achieved through
electron-beam flue gas treatment [15], toward the reduction
of atmospheric pollutants and acid rain. Electron beams can
also be used to treat wastewater [16]. In all such systems, the
electron source again plays a central role. Electron sources
also continue to be an integral part of scientific experiments
in accelerators and synchrotrons [1].

An electron source is characterized by a number of key
properties such as total emission current, current density,
brightness, energy spread, spatial coherence, emission area,
lifetime, stability, and noise. Depending on the application,
the specific requirements for the electron source could
vary significantly. For example, while total current might
be more important in electron-beam deposition, brightness
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Figure 1: Electrons traveling from cathode (emitter, source) to
anode (collector) in vacuum.

and stability could present a greater challenge in high-
resolution electron microscopy. Today’s electron-beam sys-
tems have come a long way from their early-20th-century
counterparts in terms of electron-optics design, integra-
tion, and automation. Similarly, much progress has been
made on electron sources; however, remarkably, in many
electron-beam devices, the electron source still remains
one of the performance bottlenecks. Electron emission is
thus an active area of research for scientists and engineers
alike.

The advent of nanostructures and, in particular, carbon
nanotubes (CNTs) has generated a new wave of interest
in electron emission. This paper will explore some of the
developments in this area. A large body of literature exists
on field-electron emission from carbon nanotubes, spanning
almost two decades of work and including several excellent
reviews. Other emission mechanisms such as secondary
electron emission, photo-electron emission, and thermionic
electron emission have been explored only more recently
and, so far, to a limited degree compared to field-electron
emission. The present paper, therefore, focuses primarily on
these less-explored topics. I will start by describing the basics
of various electron emission mechanisms and the important
parameters to consider and move on to discussing what it is
thatmakes nanostructures so attractive for electron emission.
Next, I will present a brief overviewof field-electron emission,
with emphasis on the difference between carbon nanotubes
and bulk emitters in this context. I will then give a more
detailed account of particle-assisted electron emission from
carbon nanotubes, that is, electron emission as stimulated
by other electrons, phonons, or photons. I will then discuss
thermionic electron emission from carbon nanotubes, as well
as the effect of light in heating nanotubes, the resulting light-
induced thermionic emission and the combined effect of light
and heat in electron emission. Next, I will review some of
the applications of such electron sources and discuss how
the unusual properties of nanotubes enable novel concepts,
notably in energy conversion and solar electricity generation.
It will be seen that the rich physics of the electron emission
phenomena in nanostructures inevitably lead us to new
observations and ideas with implications beyond the realm of
electron sources per se. I will thus close the paper by propos-
ing a device that I call the optophononic transistor/switch,

which has been inspired directly by what we have learnt
from light-induced electron emission experiments on carbon
nanotubes.

2. Electron Emission Mechanisms and the
Parameters of an Electron Source

In its simplest form, an electron emitter could be a small
metal surface.There exist several mechanisms throughwhich
electrons can be emitted from a material into a vacuum.
These could involve interactions with fields, waves, or other
particles. In thermionic emission [17], the electron source
is heated to very high temperatures, typically higher than
1,000∘C. Some of the electrons in the high-energy tail of the
Fermi-Dirac distribution thus have sufficient kinetic energy
to overcome the material workfunction and escape into vac-
uum. Heating can be accomplished through various means
such as resistive heating or absorption of electromagnetic
radiation. Often the electrons will be in thermal exchange
with the lattice, in which case one might view phonons
as assisting electron emission. This is typically the case
when the system is allowed to relax, such as in continuous,
constant-current operation. Using fast optical pulses, it is
also possible to create a situation where the electrons have
a temperature different from that of the lattice, in order,
for instance, to study their relaxation dynamics [18]. Field-
electron emission (field-emission for short) consists of the
application of an electric field to the surface of the cathode,
with a strength on the order of V/nm or higher near the
surface, such that the electrostatic potential profile bends
down significantly immediately outside the cathode, and the
electrons face a thin potential barrier through which they
can tunnel quantum mechanically [19, 20]. Photo-electron
emission (photoemission for short) or the photoelectric effect
takes place when the absorption of energetic photons by
electrons takes the latter to high energy levels, making them
overcome the material workfunction and emit into vacuum
[21]. This process could include the absorption of a single
photon with sufficient energy, or the absorption of multiple
photons, the total energy of which would add up to help
the electron emit (multiphoton photoemission). Another
mechanism through which light may lead to electron emis-
sion is optical field-emission [22]. In this scenario, it is
suggested that the amplitude of the electric field of the light
wave is high to the point that this field can modulate the
width of the vacuum barrier sufficiently for a period of
time during each cycle of the wave, and electron tunneling
(field-emission) can occur.The relative strength of the multi-
photon photoemission process and the optical field-emission
process can be quantified through the Keldysh parameter
[23–26] or the Keldysh parameter together with a scaled light
frequency for a wide range of applicability [27]. Electrons
can also be ejected from a cathode by absorbing energy
from ions or other energetic electrons striking the material.
This is called secondary electron emission [5, 6], which can
be found prominently in scanning electron microscopy and
focused ion beam processing. Figure 2 depicts some of the
basic emission mechanisms schematically.
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Figure 2: Three common electron emission mechanisms from a metallic source into vacuum: (a) thermionic emission, (b) photoemission,
and (c) field-emission.

Combinations of the above are also possible. In Schottky
emission [28], the source is heated, but an applied electric
field also reduces the height and width of the vacuum
barrier. Depending on the relative strength of the two stimuli,
one may say that thermally assisted field-emission or field-
assisted thermionic emission is dominant. The former would
consist of the tunneling of electrons that are populating
higher energy levels because of the elevated temperature,
while the latter would involve the electrons overcoming
the barrier height, which has been reduced due to the
electric field. Schottky sources can combine some of the
benefits of thermionic and field-emission sources. Joule
heating resulting from the field-emission current itself can
also lead to Schottky emission [29]. Similarly, light and
applied electrostatic field can have a combined effect: in
photo-field-emission, electrons are excited to higher levels
through the absorption of light and subsequently tunnel
out of the narrower sections of the vacuum barrier [22].
Field-assisted photoemission can also take place when the
barrier height reduction by the application of an electric
field makes it possible for those electrons photoexcited to
higher energy levels to escape, or when a high enough
electric field is applied during a photoemission experiment
such that the tunneling current is also substantial [30]. The

effects of light and heat can also be combined. In photon-
enhanced thermionic emission, the higher energy levels are
populated through the absorption of photons, significantly
enhancing thermionic emission [31]. Alternatively, thermally
enhanced photoemission could take place, where electrons
in the higher-energy regions of the Fermi-Dirac distribution
absorb photons, gaining the necessary additional energy to
overcome the vacuum barrier. Naturally, light could also be
used to heat a cathode and induce thermionic emission.
The combined effect of secondary and field-emission is also
possible through electron-stimulated field-emission [32, 33],
where electrons strike the tip of a nanoscale emitter under
a strong applied field, leading to highly enhanced emission
of further electrons. An applied electric field can also affect
the emission and trajectories of secondary electrons emitted
from a cathode, enabling voltage-contrast imaging in electron
microscopy [34–36]. Finally, it is only natural to expect that
more than two stimuli can also be employed, as in combining
several of field, light, heat, and primary energetic particles all
at once, to induce electron emission.

Various models and theories have been developed for
the study of electron emission. Some of the most cele-
brated ones include the Richardson-Laue-Dushmanmodel of
thermionic emission [37, 38], the Fowler-Nordheim theory
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of field-emission [20] and subsequent developments [39],
the Murphy-Good theory that includes the effects of both
heat and field [40], and more advanced treatments including
significant recent work by Forbes and colleagues [41–51];
the (generalized) Fowler-DuBridge model that describes the
combined effects of heat and multiphoton photoemission
[52–54], Spicer’s three-step photoemission model [55, 56],
and Jensen’s general formulation that covers thermal-, field-
and photoemission [57]; and models for the analysis of
electron scattering in solids (needed in the context of sec-
ondary electron emission) such as those byBrowning, Joy and
colleagues [58, 59].

Depending on the application in mind, several param-
eters characterize an electron source. The total emission
current and the emission current density (current per unit
area) are crucial in most cases. The brightness (the emission
current density per unit solid angle) and spatial coherence
are other important parameters and so is the emission spot
size. Sometimes a continuously emitting source is required,
while in other cases a pulsed or otherwise time-varying
beam is needed, where transient behavior and switching
time become critical. Lifetime, stability, and operational
environment are other important considerations. Can the
source operate only in a clean, high-vacuum environment
or is it tolerant of poorer vacuum conditions and, if so,
how are its lifetime and stability affected by such nonideal
environments? Depending on the emission mechanism, the
parameters defining the stimulus are also relevant. For
example, for a field-emitter, the necessary electric field to be
applied to produce a certain emission current could be of key
importance; for a thermionic emitter, the amount of input
power required—be it in the form of electricity or light—to
reach a certain temperature could be a prime consideration;
in a photoemitter, the power, wavelength, polarization, and
coherence level of the illuminating light source, as well
as quantum efficiency (the ratio of the number of emit-
ted electrons and the number of incident photons), play
key parts.

3. Nanostructures as Electron Sources

Nanostructures have captured the attention and imagination
of researchers in areas as diverse as electronics, optics,
mechanics, biomedical technology, and energy, for both
fundamental studies and applications. Electron emission,
with its crucial role in several of the above areas, has been
a popular topic. The rich and still largely unknown physics
of nanostructures, primarily due to the strong presence of
quantum effects in them, could open the door to novel or
enhanced emission mechanisms and characteristics. Con-
versely, given the richness of the electron emission problem,
which involves the solid state, vacuum, and the interface in-
between, electron emission studies could teach us a great
deal about nanoscale physics and thus impact other areas;
for example, many spectroscopic techniques rely on electron
emission as mentioned before. Indeed, the study of electron
emission from nanostructures could lead to new discoveries
and applications that are themselves not directly related to

electron emission. One such example will be discussed later
in this paper.

There are also specific and concrete reasons that make
nanostructures appealing systems for electron emission. Per-
haps in no other nanomaterial are these reasons more promi-
nent than in carbon nanotubes (Figure 3) [60]. A carbon
nanotube is made of one or several coaxial tubes composed
of carbon atoms in an SP2 bonded, hexagonal lattice. The
diameter of these tubes could range from a fraction of a
nanometer to tens of nanometers. Depending on the nan-
otube diameter and chirality (the direction along which an
imaginary graphene layer is to be rolled to produce a certain
nanotube), a nanotube could be metallic or semiconducting.
Carbon nanotubes have a wide array of promising electronic,
mechanical, optical, and thermal properties that have put
themat the center of attention in theworld of nanotechnology
for over two decades, with researchers investigating them
for nanoelectronics [61], sensing [62], composite materials
[63], energy harvesting [64, 65], and biomedical technologies
[66].

Several of the attributes of nanotubes make them ideal
candidates for electron emission devices. These advantages
can at first be more readily appreciated in the context of
field-emission [67]. A nanotube, with a nanoscale diameter,
can have a length that is millions of times larger than its
diameter: freestanding nanotubes can be made to lengths of
micrometers individually or millimeters [68, 69] and beyond
in self-supporting arrays (vertically aligned CNT forests).
When an electric field is applied to such a high-aspect-ratio
structure, it is significantly enhanced near its tip—a fact
that we know from basic electrostatics. As a result, one can
induce field-emission from carbon nanotubeswith an applied
electric field on the order of V/𝜇m. This is much smaller
than what is needed for field-emission from a flat cathode
surface, as the enhancement provided by the nanotube will
bring the local field at the tip to the necessary range for
electron tunneling.This property is important for low-voltage
applications such as portable vacuum electronics and field-
emission displays.

Consider a high-aspect-ratio electron emitter tip carved
out of a bulk material. Such a structure will typically have
many unterminated atoms and dangling bonds, which could
significantly weaken it near the surface. During the rather
violent electron emission process and, in particular, when the
tip is also heated due to the electron emission current, these
loose atoms could move around and even leave the material.
This leads to fluctuations in the emission current, as well
as a reduction of the emitter lifetime. A carbon nanotube,
on the other hand, could have a chemically complete and
stable structure; even at its tip, it could be capped with a
complete carbon dome (half of a buckyball) or terminated
with hydrogen atoms. In addition, the strength of the SP2
carbon-carbon bond gives nanotubes unparalleled mechani-
cal strength.The result is that a higher level of stability, longer
lifetime, and operation under poorer vacuum conditions
might be expected from carbon nanotube field-emitters.

An individual carbonnanotube canwithstand the passage
of electric currents up to tens of 𝜇A.This translates to a max-
imum current density on the order of 109 A/cm2, several



ISRN Nanomaterials 5

(a) (b)

Ch = na1 + ma2

a1

a2

(c)

Figure 3: Perspective view of an open-ended multiwalled carbon nanotube (a) and a capped single-walled carbon nanotube (b). (c) shows a
graphene lattice and its unit vectors, together with a chiral vector (defined by the indices 𝑛 and𝑚) along which the lattice could be rolled to
create an (𝑛,𝑚) single-walled carbon nanotube.

orders of magnitude higher than those of the best of con-
ventional conductors. This is enabled by the relatively low
resistance of nanotubes to the passage of electrons—mean-
free paths on the order of 𝜇m have been observed at room
temperature [70]—and their mechanical strength and ability
to endure high temperatures. Emission current density is
itself directly crucial in many cases and also affects the emit-
ter’s brightness, which is another critical parameter. Reduced
brightness levels of 109 A/(m2⋅Sr⋅V) have been reported from
carbon nanotubes [71], an order of magnitude higher than
that of some of the best electron sources in commercial use.

Despite all their benefits, nanotube-based electron emit-
ters also face important challenges. For example, device-to-
device reproducibility is still relatively poor—a situation that
affects many areas of application: nanotubes with different
diameters, chiralities, and cap structures could have signif-
icantly different emission properties. With the advantage of
having a well-defined nanoscale emission spot also comes
the difficulty that the adsorption of one or a few molecules
from the environment could affect the emission properties
significantly. Similarly, depending on the application, it may
be extremely challenging to realize the full benefits of a
nanotube emitter: for instance, in an electron microscope
or lithography system, one may desire to have the emission
spot precisely located on the electron-optical axis. How-
ever, this is far from trivial. Another difficulty arises from
the fact that the nanotube has to be interfaced with the
macroscopic world and the contact point could present
a bottleneck to the passage of current. The mechanical
strength of the contact point is also critical. Long free-
standing nanotubes are also prone to vibration. Nonethe-
less, most such challenges may be tackled systematically
and overcome to satisfactory degrees as needed for various
applications.

4. Field-Emission from Carbon Nanotubes

Given the obvious suitability of carbon nanotubes for field-
emission, the latter has been by far the most widely studied
emission mechanism in them. In addition, a field-emission
experiment is fundamentally a simple one to conduct,

requiring only a modest power supply and vacuum chamber
for basic studies (Figure 4(a)). Field-emission was among
the first applications considered for carbon nanotubes, and
pioneering studies go back to the early days of nanotube
research [72–74]. Field-emission experiments have involved
single-walled [75–77], double-walled [78] and multiwalled
[79–86] carbon nanotubes and included devices made of
individual nanotubes or collections of nanotubes, sometimes
mixed with other materials. A large number of the studies
have primarily focused on current-voltage characteristics,
while others have also investigated the emission spots using
field-emission microscopy (Figures 4(b) and 4(c)) [87, 88].
Numerous applications [84] have been demonstrated using
nanotube-based field-emitters including flat-panel displays
[89–92], electron-beam systems [93–95], mass spectrometers
[96], vacuum tubes [84], lighting devices [97], and X-ray
imaging tools [98–100], to name but a few. On the theoretical
side, studies based on continuum models [101, 102] and
atomistic simulations [103–111] have been performed, both
for the investigation of the electronic structure and for the
direct calculation of the emission current [101, 109].The effect
of adsorbates on the field-emission current from nanotubes
has also been studied theoretically [110, 111].

The area of field-emission from carbon nanotubes is so
vast that it is impossible to do it justice in a section in this
paper and, for an in-depth overview, the reader is referred
to the excellent book edited by Saito [67] and review articles
dedicated to field-emission [71, 112, 113].However, there is one
particular aspect of this topic that I would like to highlight.
Many works in the literature have used the Fowler-Nordheim
model to fit measurement data from carbon nanotube field-
emitters. While this is an important model and widely useful,
one has to keep in mind that it was originally developed for
a metallic emitter with a flat surface. These conditions are
not necessarily satisfied by carbon nanotube-based emitters
and, as a result, this model may not be appropriate for study-
ing field-emission from nanotubes under all circumstances.
This issue has too often been overlooked in the literature,
sometimeswith negative consequences for the understanding
of the experimental results. For example, despite the clear
deviation of the measured data from a straight line on the
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Figure 4: (a) A field-emission setup: only a simple vacuum chamber and power supply are needed for basic studies; (b) a more advanced
apparatus, equipped with aluminum coating capability and an imaging screen for field-emission microscopy (FEM) of carbon nanotubes;
(c) emission pattern from a multiwalled carbon nanotube recorded using the apparatus shown in (b) ((b) and (c) reprinted with permission
from [88]. Copyright 2010, American Vacuum Society).

so-called Fowler-Nordheim plots in many cases, forcing a
straight-line fit has sometimes been practiced, leading to
unreasonably high estimates of the field enhancement factor.
Fortunately, this has not always been the case. Several works
such as [77, 114, 115] have pointed out the deviation from
linear Fowler-Nordheim behavior in field-emission experi-
ments on nanotubes. Such deviations have been explained
through cooperative effects among the tips in an emitter
consisting of a collection of nanotubes [116], the difference
in the energy band structure of nanotubes and conventional
emitters [117], field penetration and induced apex dipoles
[118], the nonlinear nature of the tunneling potential barrier
as well as its angle dependence [119, 120], variation of the
local field [121], and the slowing down of the rate of reduction
of the barrier width/height as the applied field increases
[109].

5. Particle-Assisted Electron Emission from
Carbon Nanotubes

5.1. Secondary Emission from Carbon Nanotubes. When a
beam of energetic electrons strikes a solid, the impinging
electrons collide with the nuclei, electrons, and quasiparticles
(such as plasmons) inside the material and are scattered.
Many such scattering events take place and the “primary”
electrons follow a random-walk path deep into the material,
until they lose all of their kinetic energy due to the scattering
events. The trajectories of all these electrons, which can
be simulated using a Monte Carlo approach [122], when
combined, typically form a teardrop shape (Figure 5(a)).
This is the interaction volume of the material with the
primary electron beam. When the collisions are with other
electrons, the latter could gain enough kinetic energy to exit
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Figure 5: (a) Scattering of energetic primary electrons incident on a
bulk solid, and the resulting secondary electrons exiting the surface;
(b) in a carbon nanotube, due to the low interaction volume, a low
level of scattering of the primary electrons is expected.

the material (in essence, an ionization process could take
place). By convention, those electrons being ejected from the
material with kinetic energies of less than 50 eV are called
secondary electrons (note that, in a general sense, secondary
electrons could also be produced by ion irradiation). These
typically exit the sample from depths of less than a few
tens of nanometers and so contain information about the
surface. Secondary electrons are thus used for surface image
formation in scanning electron microscopy (SEM).

Let us now consider a carbon nanotube being bombarded
by an energetic primary electron beam, perpendicular to its
axis. Given the hollow structure and nanoscale diameter of
the material, it hardly presents any appreciable interaction
volume with the primary beam (Figure 5(b)), in contrast
to the situation in a bulk. Therefore, one would expect
little scattering, if any, to take place and, as a result, a
very low secondary electron emission yield. Yet, surpris-
ingly, carbon nanotubes are readily visible in the scanning
electron microscope, often with good contrast. Of course,
image formation and contrast mechanisms in an SEM are
complex phenomena, influenced by artifacts such as charging

and contamination [5, 6]. Certainly, charging and voltage
contrast appear to play an important role in scanning electron
microscopy of carbon nanotubes [123–125]. Electron-beam-
induced current has also been reported to play a part
[126].

The fundamental question of whether a carbon nanotube
can produce a substantial number of secondary electrons is an
important and interesting one. Indeed, it has been proposed
that direct interaction with the primary beam should lead to
appreciable, although modest, secondary electron emission
[127, 128]. On the other hand, an abnormally high secondary
electron emission yield has also been reported for carbon
nanotubes [129]. Our own experiments have revealed that
nanotubes have a low secondary electron yield, consistent
with the conclusions of [127, 128]. It appears that the high
yield reported in [129] is an artifact of the interpretation of
the experiments, as we have detailed in a comment [130].
Nonetheless, even the modest secondary electron yield of <1
that we have measured is somewhat surprising, given the
small interaction volume of the nanotubes with the primary
beam.

Secondary electron emission from carbon nanotubes has
also been studied theoretically. Using first-principles quan-
tum mechanical simulations, we have shown that placing an
external electron inside the hollow structure of a nanotube
can have a dramatic effect on the electrostatic potential land-
scape, shifting the nanotube energy levels up considerably
and facilitating the emission of the electrons occupying those
levels [128, 131]. Using a discrete-energy-loss Monte Carlo
approach, we have simulated electron trajectories, electron
energy loss, and secondary electron emission fromnanotubes
[132], obtaining secondary emission yield values in good
agreement with our experimental measurements, reconfirm-
ing that secondary electron emission from nanotubes is weak
[127, 133].

The interaction of primary electron beams with carbon
nanotubes has also been studied extensively using the dielec-
tric response function, with focus on inelastic scattering of
electrons with primary energies of less than 30 keV, which
are those typically relevant to SEM [134, 135]. The findings
have been used in a Monte Carlo framework to simulate
electron transport and energy dissipation in collections of
multiwalled carbon nanotubes [136]. Analytic expressions
for electron/proton inelastic scattering and energy loss in
carbon nanotubes have also been reported [137].Monte Carlo
modeling has also been used to study electron trajectories
and backscattering in aligned carbon nanotube arrays (CNT
forests) [138, 139]: we have observed that, due to their mostly
empty volume, CNT forests allow for an unusually high
electron penetration range. The effect of different scattering
models on electron penetration and backscattering studies in
nanotubes has also been investigated [140] by implementing
the various models in a Monte Carlo code [141].

Aside from regular secondary and backscattered electron
emission, nanotubes allow for uncommon phenomena to
occur. We have demonstrated that, if a nanotube placed on
a dielectric surface is biased just below the threshold of
field-emission and its tip irradiated with a primary electron,
the extra energy provided by this primary electron can
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Figure 6: Electron stimulated field-emission from carbon nanotubes being imaged in an SEM: (a) several single-walled carbon nanotubes
resting on a silicon dioxide surface and connected to an electrode on the right side. The white square is the catalyst island used for nanotube
growth; (b) upon the application of an electric field near the onset of field-emission, the nanotube tips appear as bright spots, indicating the
emission of a large number of electrons every time the primary beam of the microscope scans past those points; (c) the tips become brighter
under slightly higher applied electric field (reprinted with permission from [32]. Copyright 2004, AIP Publishing LLC).

trigger the emission of a large number of electrons from
the nanotube tip, with an electron gain of >2,000 [142].
We call this phenomenon electron stimulated field-emission
[32, 33]. If an array of nanotubes is used, electron gains of
up to 19,000 can be obtained [143]. Given the high gain,
these devices effectively act as a nanoscale current-controlled
vacuum transistor. When these experiments are performed
in an SEM, since a high number of electrons are emitted and
collected by the secondary electron detector every time the
primary beam scans past the nanotube tip, the tip appears as
an extremely bright spot on the image (Figure 6) [32]. This
methodmay thus provide a convenient way of visualizing the
emission spots of other nanoscale emitters as well.

Secondary electrons can also be emitted as a result of
irradiation of nanotubes with ions. Studies of the effect of
electronic excitations in ion collisions and energy loss distri-
bution of proton beams incident on nanotubes [144–146] are
important in this context. One consideration in experiments
involving the interaction of energetic electron or ion beams
with nanotubes is potential damage and atom dislocation.
These effects could also be exploited in a beneficial way for
engineering and tailoring the structure of nanotubes. For a
review on this topic, the reader is referred to [147].

5.2. Phonon-Assisted Electron Emission from Carbon Nan-
otubes. Other particles can also induce electron emission
from carbon nanotubes. As mentioned before, in the case
of thermionic emission, if the electrons are at thermal
equilibrium with the lattice, that is, if electrons and phonons
are in a state of ongoing energy exchange, one may view
the electron emission phenomenon as being at least partially
assisted by phonons. On the other hand, the effect of phonons
on electron emission could potentially be more direct: in
experiments on electron emission from the side surface of a
nanotube biased through electrodes on the two ends, it was

observed that electrons “overflowed” from the surface, which
was explained by the electrons’ absorption of hot optical
phonons [148].

5.3. Photoemission from Carbon Nanotubes. The workfunc-
tion of carbon nanotubes is generally understood to be in the
4-5 eV range [149, 150], although values outside this range
have also been reported. For the photoelectric effect to take
place, therefore, photons with energies greater than this value
are needed. This is in the ultraviolet (UV) or X-ray ranges.
Photoemission from carbon nanotubes using high-energy
photons has been studied by many, primarily in the form
of spectroscopy for the investigation of the electronic struc-
ture of nanotubes under various conditions [151–156] and
photoemission microscopy [157, 158].The photon energies in
these cases are high enough to probe deep electronic levels.
However, photoemission experiments using photon energies
very near the nanotube workfunction, for electron emission
from the Fermi level or the conduction band, as is the case
in photocathode applications, have been relatively scarce and
started much later compared to field-emission studies. As
well, these have often involved a collection of nanotubes,
rather than individual nanotubes.

In experiments involving the illumination of a nanotube
film using pulsed laser beams, it was observed that the
wavelengths of 532 nm and 355 nm (corresponding to pho-
ton energies of 2.33 eV and 3.49 eV, resp., both below the
workfunction) could only heat the nanotubes and induce
thermally assisted field-emission, whereas the wavelength
of 266 nm (corresponding to a photon energy of 4.66 eV)
led to an additional, field-assisted photoemission regime
[159]. In experiments on arrays of aligned, millimeter-long
multiwalled nanotubes with macroscopic lateral dimensions,
we observed that a continuous-wave laser with a wavelength
of 266 nm illuminating the nanotube forest (Figure 7) can
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Figure 7: (a) A forest of vertically aligned carbon nanotubes, grown
through chemical vapor deposition on a silicon substrate using
an iron catalyst layer on an alumina buffer layer, is illuminated
by ultraviolet light in photoemission experiments. Inset shows a
scanning electron micrograph of the side of the forest, revealing
the overall alignment of the nanotubes; (b) the electron emission
current of the device as a function of cathode-anode voltage with
and without illumination (reprinted with permission from [160].
Copyright 2010, AIP Publishing LLC).

induce photoemission with a quantum efficiency of ∼10−5;
increasing the applied collection voltage to go beyond the
purely photoemission regime led to a quantum efficiency of
∼10−3 [160]. These values are 2–4 orders of magnitude higher
than those reported for randomly distributed nanotubes and
are quite remarkable for a metallic system. Another finding
was that, when the incident light was polarized to have its
electric field parallel to the axis of the nanotubes, it was
absorbed much more efficiently and was thus expected to
lead to a higher electron emission current. For perpendicular
polarization, the light penetrated much deeper into the nan-
otube forest before being entirely absorbed. An interesting
observation was made in experiments with a similar light
source but on a sparse collection of individual nanotubes
resting on a silicon dioxide surface and connected to metallic
electrodes on one end [161]: we noticed that the high level

of photoemission current measured could not be explained
based on the laser intensity, surface area of the nanotubes, and
a reasonable value for quantum efficiency. It appeared that
a strong enhancing mechanism should be at play, possibly
based on optical antenna effects, leading to an overall higher
level of optical absorption than expected [161].

Indeed, photoemission from nanostructures represents
an interesting regime of operation. Photoemission, itself, is
a quantum mechanical phenomenon, and can be explained
by considering the particle nature of light; in traditional
photoemission experiments on bulk solids, thewave nature of
light may not be directly manifest. However, considering that
typically the dimensions of nanostructures are comparable
with the wavelength of light in the UV-visible-IR (infrared)
range, wave phenomena such as diffraction, interference, and
antenna effects could be prominent in nanostructures [162–
166]. Consequently, photoemission from them could reveal a
rich combination of effects, where both the wave nature and
the particle nature of light are strongly manifest. A similar
situation exists in photodetectors and light emitters based on
carbon nanotubes. This combination and the design space
that it opens up allow for engineering novel devices and
imagining new applications. For example, we have discussed
the possibility of creating micro/nanoscale networks for on-
chip wireless interconnect at optical frequencies [167, 168].
A closely related topic is the use of plasmons to enhance
photoemission properties [169–174].

When a strong electric field is applied to carbon nan-
otubes under photon irradiation, the resulting field-emission
current could dominate over the photoemission current.
If the field strength is lower than the levels required for
pure field-emission, the combined effects of light and field—
the so-called photo-field-emission effect—may be observed.
When we illuminated carbon nanotube forests with a visible
laser (532 nm in wavelength, corresponding to a photon
energy of 2.33 eV), we observed a range of applied electric
fields where the emission current could be explained by
photo-field-emission [175]. In that range, the field-emission
current matched the theoretical prediction using a value for
effective workfunction equal to the nanotube workfunction
minus the photon energy. This suggests that photon absorp-
tionmay lead to a substantial number of electrons populating
energy levels higher than the Fermi level by the photon
energy, and subsequently tunneling under the influence of the
applied electric field.

6. Thermionic Emission from
Carbon Nanotubes

The strong carbon-carbon bond in nanotubes, the mechani-
cal strength it provides, and the resulting fact that nanotubes
can withstand high temperatures make them promising
candidates for thermionic electron emission sources. On the
other hand, their low resistance to the flow of electrons
suggests that it may not be trivial to generate enough heat
in them using resistive heating. Moreover, given their high
thermal conductivity, one expects that any heat generated in a
region of a nanotube should spread out significantly, making
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it difficult for it to reach the high temperatures needed for
thermionic emission, given its relatively high workfunction.
Nonetheless, in practice the situation could be different from
this picture in major ways. For example, structural defects in
a nanotube could lead to higher levels of electron scattering
and enable resistive heating. In fact, heating of an individual
nanotube and thermionic emission have been reported [176].
Resistive heating and thermionic emission from nanotube
bundles, yarns, and sheets have also been demonstrated [177–
179]. These experiments also allowed the estimation of the
nanotubeworkfunction. During field-emission, Joule heating
due to the emission current can itself lead to substantial
heating of the nanotube [180]. Such a behavior has also been
reported in [29] and shown to result in Schottky electron
emission.

6.1. Light-Induced Thermionic Emission from Carbon Nan-
otubes. A cathode could be heated to thermionic emission
temperatures through illumination by electromagnetic waves
such as visible or IR light. However, because of the good
thermal conductivity of typical cathode materials, they act
as heat sinks: the heat generated at the illuminated spot will
spread into a wide area outside the spot. Therefore, it is
difficult to heat the cathode appreciably, unless a large amount
of optical energy is used. This can be achieved using the
high intensities available frompowerful pulsed lasers, and the
resulting heated area will bemuch larger than the illuminated
spot. The high-intensity light source requirement and the
challenges associated with the need for thermal management
and prevention of heat spread to the rest of the device or
system make these cathodes complex and expensive. Carbon
nanotubes are understood to have high or at least moderate
thermal conductivities [181–186], to the point of being pro-
posed for applications in thermal management [187]. One
thus expects that, similar to the situation in other optically
heated thermionic cathodes, the light-induced heating of a
nanotube forest should be challenging. Surprisingly, this is
not the case and CNT forests can be heated efficiently with
extremely low optical powers.

Consider the experiment depicted in Figures 8(a) and
8(b). A carbon nanotube forest withmacroscopic dimensions
is illuminated on one side using a laser beam. The beam
diameter is on the order of tens to hundreds of micrometers,
substantially smaller than the lateral dimensions and height
of the forest, all of which are on the order of millimeters.
Since the thermal conductivity of nanotubes is high along
their length (the vertical direction), it is expected that the
generated heat diffuses along this direction, heating an entire
stripe from the top to the bottom of the forest. However,
we have observed that, quite counterintuitively, the heat can
remain essentially localized to the illuminated spot [188].
Figure 8(c) shows the resulting incandescence from the hot
spot. (Note that the laser light has been blocked by a filter
in front of the camera taking this photo, and only the
incandescence is seen.) We have called this unusual effect
“Heat Trap” and explained it as follows.

First of all, one has to consider the fact that, in all thermal
conductors, lattice thermal conductivity is itself a function

of temperature (𝑇): as temperature increases to hundreds of
degrees Celsius and beyond, thermal conductivity typically
drops as 1/𝑇. This is due to the nature of the phonon
scattering events. In nanotubes, a steeper drop, including a
second-order temperature dependence term in the denomi-
nator, has been observed [189–191] and attributed to umklapp
and second-order three-phonon scattering [189, 192, 193].
Imagine that we start by illuminating a spot on the sidewall
of the nanotube forest with a very low optical intensity. The
resulting heat will dissipate easily through the length of the
nanotubes, and the temperature will not rise noticeably. If
we gradually increase the intensity, at some point a threshold
is reached where the rate of heat generation will be slightly
higher than that of heat dissipation, and the temperature
will rise by a small amount. With this increase will come a
decrease in thermal conductivity, which will in turn reduce
the amount of heat transfer out of the illuminated spot and
lead to a further increase in the local temperature.The system
will thus enter a positive feedback cycle that rapidly drives
down the thermal conductivity and increases the tempera-
ture. Under this condition, the heated area effectively acts
as a thermal insulator and accumulates the generated heat,
hence the name Heat Trap [188]. The result is that, due to the
low heat loss to the surroundings, a small amount of optical
power is sufficient to heat the illuminated region to extremely
high temperatures and induce thermionic emission. Note
that Heat Trap can also happen when the top surface of
the nanotube forest (where the nanotube tips are exposed)
is illuminated. This may be understood more easily since,
in this case, the heat transfer in the transverse direction
(perpendicular to nanotube axes) is obviously low as it
relies on inter-nanotube thermal conductivity, rather than
conductivity along the length of the nanotubes.

A natural question is whether a similar effect would not
also be expected in regular bulk materials, as their thermal
conductivity, too, drops with temperature. The answer is
that, in principle, it could be, but given the slower negative
dependence of thermal conductivity on temperature in these
materials, the optical intensity required to reach the Heat
Trap threshold would be expected to bemuch higher, and the
resulting hot spot would not be as localized to the illuminated
spot as is the case in nanotube forests. We believe this is the
reasonwhy this effect has not been reported in bulkmaterials.
(However, it is conceivable that this phenomenon could be
produced in other nanostructures.) There is also another
significant difference between a nanotube forest and a typical
bulk conductor. Consider the power equilibrium equation at
the illuminated spot under steady-state conditions.

Input optical power = power lost due to incandescence +
power lost due to thermionic electron emission + power lost
due to heat dissipation to the surroundings.

In the case of an isotropic bulk, heat dissipation occurs
uniformly in all directions into the volume. In the case
of a nanotube forest, on the other hand, where thermal
conductivity is much higher along the nanotube axes than in
the perpendicular direction, heat dissipation happens highly
anisotropically, essentially in one dimension (Figure 9), and
the last term of the above equation takes a different form
than in an isotropic bulk. This effect also contributes to the
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Figure 8: Laser-induced localized heating of the side of a carbon nanotube forest through the Heat Trap effect: (a) schematic of the
experimental apparatus; (b) device diagram showing the focused nature of the illumination. Note that the illuminated spot size is significantly
smaller than the lateral dimensions of the carbon nanotube forest, which are on the order of millimeters; (c) photo of the nanotube forest
(highlighted by the dashed box) showing the incandescence glow from the locally heated spot.The photo was takenwhile a filter in front of the
camera blocked the laser light, so that only the incandescence of the hot spot is seen (reprinted from [188]. Copyright 2011, with permission
from Elsevier).
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Figure 9: Comparison between heat dissipation out of an illuminated spot in an isotropic bulk conductor (a) and a carbon nanotube forest
(b) (reprinted from [194]).
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Figure 10: The temperature of an illuminated spot as a function
of the intensity of incident light for a carbon nanotube forest
and a regular isotropic bulk conductor; the intensity required for
significant heating in the nanotube forest is over three orders of
magnitude smaller than that in the bulk.This is due to the Heat Trap
mechanism (reprinted from [194] with modifications).

Heat Trap threshold intensity being much lower in nanotube
forests.

Figure 10 shows simulation results for a comparison
between the nanotube forest and an isotropic bulk in terms
of the temperature attained versus illumination intensity,
where a steep temperature rise can be seen in the nanotube
forest at an intensity that is several orders of magnitude
lower than that required for any appreciable heating in the
bulk conductor [194]. In comparative experiments, we have
observed that, under intensities on the order of ∼50W/cm2,
which are sufficient forHeat Trap and the heating of nanotube
forests to a few thousand degrees, a tungsten surface is
not heated to any noticeable level [188]. In the case of the
nanotube forest, we have measured temperature gradients as
high as 1,200K/mm between the illuminated region and the
remainder of the structure [195].

We have also studied the dependence of this localized
heating effect on the wavelength and polarization of the
incident beam of light.The response is relatively independent
of the wavelength in a broad range of UV-visible-IR: when
illuminating the CNT forest with laser beams with wave-
lengths of 405 nm, 514.5 nm, 658 nm, and 1064 nm, similar
levels of electron emission currents were obtained for similar
levels of illumination intensity in all cases [196]. It was also
observed that the effect of combining beams with different
wavelengths is essentially the same as that of using a single
wavelength with intensity equal to the sum of those of all the
individual beams.This broad spectral response has important
practical implications as shall be discussed later but is not
surprising as carbon is known to be a good absorber of
electromagnetic radiation. In particular, nanotube forests

have been shown to be extremely black in a wide range of
wavelengths [197, 198].

We have found that the thermionic emission current is
sensitive to the polarization of the incident beam of light:
when the electric field vector of the light beam is aligned
parallel to the axis of the nanotubes in the forest, the
measured emission current is significantly higher than when
the field vector is perpendicular to the nanotubes [196]. This
may be explained based on the optical absorption depth in
the forest in both cases: simulations show that, for parallel
polarization, the entire optical power is absorbed within a
few tens of nanometers of the sidewall surface, while for
perpendicular polarization the absorption is much weaker
and the beam can penetrate several micrometers into the
forest [196]. As a result, the electrons emitted in the former
case are closer to the surface and can escape thematerialmore
efficiently, hence the higher emission current.

6.2. Photoemission, Thermionic Emission, and Nonlinear
Photoemission from Carbon Nanotubes. The combination
of light and heat in inducing electron emission from mate-
rials has been of interest since the first half of the last
century as exemplified by the Fowler-DuBridge theory [52–
54]. Typically, a photoemission experiment can be augmented
by adding a substrate heater to allow for the study of
the effect of temperature on the photoemission current, as
the light source itself may not be intense enough to lead
to substantial temperature rise. For example, photo- and
thermionic emission have been reported from potassium-
intercalated arrays of carbon nanotubes using such a setup
[199]. On the other hand, in some cases, intense pulsed lasers
are used, which can heat the source to thermionic emission
temperatures, but typically these are of higher wavelengths
(such as IR) and their photon energies are not sufficient
to induce the photoelectric effect, unless several photons
are absorbed by a single electron to cause multiphoton
photoemission. With carbon nanotube forests, we have an
interesting regime of operation due to the Heat Trap effect
that enables their localized heating with a low-power beam
of light, even that of a continuous-wave UV laser with a
maximum power of only a few hundred milliwatts. Indeed,
as we illuminated the forest with this laser beam, at very low
intensities (before the Heat Trap threshold), we observed a
linear photoemission (one-photon photoemission) behavior.
As the intensity was increased, a second-order nonlinear
regime was observed [200] that fit the two-photon photoe-
mission term of the generalized Fowler-DuBridge theory
quite well. Eventually, by increasing the intensity further,
the temperature rose to the point that thermionic emission
took over. The resulting current-temperature graph exper-
imentally confirms the behavior predicted by the Fowler-
DuBridge theory in a very broad range of temperatures. The
exploitation of such combined effects of light and heat in
a cathode has been proposed for solar energy conversion
[31].

6.3. Applications of Light-Induced Thermionic Emission from
Carbon Nanotubes. Heat Trap allows the nanotube forest
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to reach thermionic emission temperatures with input opti-
cal intensities as low as a few mW. This opens up new
possibilities. In addition, given the localized nature of the
hot spot, there is no concern about damage to the rest
of the cathode structure, and hence there is no need for
additional thermal isolation that can add weight, complexity,
and cost. As such, this electron source may enable simple,
compact/miniaturized, and inexpensive vacuum electronic
devices; it could also be useful in electron-beam systems.

Consider the particular example of electron-beam lithog-
raphy. Although it is versatile and capable of extremely high
patterning resolution, its usage is still limited in the semi-
conductor fabrication industry because of its low throughput,
which primarily results from its “direct write” nature. Among
the approaches to improve the performance of electron-beam
lithography is the usage of shaped [201–203] and multiple
[204–211] beams. For example, rather than using a focused
beam with a nanoscale spot size to create an entire pattern
point by point in a full-direct-right strategy, one may employ
a wide beam shaped with various apertures to project large
portions of the pattern with simple shapes such as rectangles
and triangles. A fine scanning beam could subsequently
complete the patterns in corners, edges, and other areaswhere
higher patterning flexibility is needed. Such a strategy would
be beneficial especially in cases where many repetitions of
simple shapes are needed, such as in integrated circuits. The
usage of multiple beams in parallel (Figure 11) could also
increase the throughput. This could be achieved by having
the different beams write different sections of the same chip,
or each a different chip, all simultaneously. Shaped- and
multiple-electron-beam lithography have been pursued by
major industrial players such as IBM, KLA-Tencor, MAPPER
Lithography, and IMS Nanofabrication. In order to shape the
electron beam, one may, for instance, use shaped apertures.
For multiple parallel beams, the use of multiple electron
sources, multiple apertures with addressable blanking capa-
bility to turn individual beams on and off on demand, and
arrays of addressable reflectors have been considered. Most
of these approaches are based on manipulating the electron
beams directly and only after the electrons have been emitted.

Alternatively, it is possible to use photocathodes, where
the electron beams are controlled by the corresponding
optical beams from outside the vacuum chamber. This could
afford the system additional simplicity and flexibility. For
example, onemay use themature, flexible, and programmable
technologies of shaping optical beams (think of today’s
projectors) to emit electron beamswith corresponding shapes
from a photocathode. Similarly, an array of addressable,
focused optical beams could create multiple parallel electron
beams. Photocathodes, on the other hand, face challenges of
low quantum efficiency or ultrahigh vacuum requirements.
It would thus be desirable to accomplish a similar task
using optically induced thermionic emission. However, in
regular bulk cathodes, as discussed, extremely high optical
intensities would be needed for each beam, rendering a
multi-beam configuration impractical. More importantly, the
fundamental property of heat spread to a wide area makes it
impossible to create a shaped electron beam from a shaped
optical beam, or multiple closely packed electron beams
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Continuously moving table
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Wafer

Figure 11: Diagram of a multiple-electron-beam lithography tool
(reprinted with permission from [206]. Copyright 1996, American
Vacuum Society).

from multiple optical beams. Here again, the localized light-
induced heating of carbon nanotube forests through Heat
Trapmay offer a solution.We have demonstrated the creation
of multiple electron beams with spot sizes comparable to
those of the exciting optical beams, and electron beams with
a linear (rather than circular) cross section, all from a single
thermionic cathode—the carbon nanotube forest [212].

This localized heating effect also has implications beyond
the realm of conventional electron beam technologies. Note
how the heated region in this case acts as a poor thermal
conductor, retaining the heat locally and maintaining a high
temperature gradient, in excess of 1,000K/mm [195]. At the
same time, the material seems to retain reasonable electrical
conductivity, as suggested by the fact that electron emission
occurs from the hot spot. For efficient thermoelectric power
generation, one needs amaterial with good electrical conduc-
tivity and poor thermal conductivity in order to obtain a good
figure of merit. This has been the key goal in thermoelectric
research for a long time, but this combination has proven
to be difficult to achieve. The opposite situation—that of
good thermal conductivity and poor electrical conductivity—
is more readily available, such as in diamond. Some of
the research in the area of thermoelectrics thus focuses
on materials with structures that could suppress phonon
transport. Our explanation of the Heat Trap mechanism
relies on the rapid drop of lattice thermal conductivity with
temperature. It, therefore, implies that, at high temperatures,
a type of phonon “traffic jam”might be taking place, reducing
thermal conductivity. As a result, it seems that Heat Trap
might offer possibilities in efficient thermoelectric conversion
of light to electricity.

A close cousin of thermoelectric power generation is
thermionic power generation. The basic idea is simple and
dates back to the early 20th century [213–217]. Consider the
apparatus depicted in Figure 4(a), including a cathode and
an anode in vacuum. If the cathode is heated to thermionic
emission temperatures, some of the emitted electrons will be
collected by the anode and fed to an external circuit, even if
a voltage bias is not applied (or a reverse bias is applied). In
principle, cathode heating could be achieved by a source of
light, such as sunlight, the device acting as a thermionic solar
converter.This structure would naturally use a broad portion
of the solar spectrum, which is a significant advantage over
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(a) (b)

Figure 12: Solar thermionic convertor at the NASA Marshall Space Flight Center facility: (a) shows the convertor chamber, as well as the
heliostat in the distance; (b) shows the view from the other side of the convertor chamber, where the concentrator array located behind can
be seen. Note the size of the structure compared to the vehicles in the background (lower left corner of (a)) (reprinted with permission from
[219]. Copyright 2006, AIP Publishing LLC. High-resolution images courtesy of Steven F. Adams).

photovoltaics. In addition, given the exponential dependence
of current on temperature in thermionic emission, a small
improvement in focusing the sunlight, which would presum-
ably lead to a temperature increase in the cathode, could lead
to a large increase in the emission current and conversion
efficiency. Indeed, conversion efficiencies greater than 50%
have been predicted [218]. The device can also deliver high
power density and current density, which are both important
from the points of view of cost and portability. In addition,
given the lack of sensitive crystal materials, it can be robust
to radiation.

The above characteristics make thermionic electricity
convertors attractive for solar electricity generation. Interest
in solar thermionics became strong starting over half a
century ago, and there has been particular interest for space
power applications, especially given the prospects for high
output power per unit volume or mass. For example, NASA
has had several programs on solar thermionic conversion,
including the Solar Energy Thermionics (SET) program and
theHigh PowerAdvanced LowMass (HPALM) program, and
demonstrated conversion efficiencies of around 7% as early
as in the 1960s [219]. However, there have been significant
challenges, including those having to do with the heating
of the cathode: as discussed, very high optical intensities
are required to heat a bulk metal to thermionic emission
temperatures. This can be appreciated by the fact that large
light collection and focusing equipment have been required
(Figure 12), which are typically available only in specialized
facilities such as NASA’s Jet Propulsion Laboratory Table
Mountain facility or the Marshall Space Flight Centre [219].
Even so, inmany of the tests performed, the cathode has been
heated using electrical heating, rather than actual heating by
sunlight.Moreover, the heat spread to the rest of the structure
creates practical problems and necessitates the use of heat
isolation and cooling strategies, which add to the complexity,
size, and cost of the device.

Given that low optical intensities can induce thermionic
emission from carbon nanotubes and the heat remains con-
tained within the illuminated spot, the Heat Trapmechanism

could provide a solution to the above challenges. On average,
the sunlight intensity is 0.1Wcm−2 on the surface of the
Earth. Given the typical Heat Trap threshold intensity of
∼50Wcm−2, a focusing factor of 500 in area should be
sufficient for solar thermionic emission from nanotubes.This
could be achieved easily using an off-the-shelf glass lens.
Indeed, we have demonstrated solar thermionic emission
using a simple configuration (Figure 13(a) compared with
Figure 12) [194]. If a positive voltage is applied to the anode
relative to the cathode, the device acts as a solar electron
source. If a negative voltage is applied to the anode, the
electrons have to overcome the resulting potential barrier
using their own kinetic energy, thus delivering power to the
system. Figure 13(b) shows both regimes of operation. In the
absence of an external voltage and by connecting the anode
and cathode through a resistive load, the device delivers
power to the load. For example, our prototype generated
1.3 V across a 10MΩ resistor. Although the efficiency of
this early prototype was low, its power density and current
density were already comparable to those of state-of-the-art
photovoltaic convertors [194]. Moreover, there is significant
room for improving the efficiency due to the exponential
nature of thermionic emission. A promising approach to
efficiency increase consists of tipping the balance between
energy loss through incandescence and electron emission,
toward the latter. For this, it is desirable to operate at lower
temperatures to reduce black body radiation; however, in
order to achieve a high electron emission current at lower
temperatures, the material workfunction must be reduced,
which may be accomplished using, for example, surface
adsorbates or structural modifications.

Another crucial issue in thermionic conversion is the
so-called space charge effect: the Coulomb repulsion of the
already-emitted electrons hinders further electron emission
from the cathode. This poses a serious limit on the ultimate
achievable efficiency, and mitigation strategies consist of
using a plasma environment (rather than vacuum), where the
positive charge of the gas ions balances the negative charge
of the electrons, as well as using very small anode-cathode
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Figure 13: (a) Solar electron source based on a carbon nanotube forest in a portable glass vacuum chamber under test on a sunny day
in Vancouver, BC. A glass lens approximately 5 cm in diameter is sufficient for inducing solar thermionic emission. Compare the size and
simplicity of this device with the structure shown in Figure 12; (b) current-voltage characteristics of a nanotube-based thermionic convertor,
showing both the power consumption and the power generation regimes of operation (reprinted from [194]).

gaps [218] to improve electron collection and reduce the time
the electrons spend in the gap. More elaborate engineering of
the gap region is also possible through the use of additional
electrodes to apply electric or magnetic fields and modify the
emitted electron distribution so as to minimize space charge
effects [220].

7. Beyond Electron Sources:
What Else Do We Learn from Carbon
Nanotube Electron Emitters?

Given the rich nature of the electron emission problem and
the fact that there are still many aspects of it that we do not
fully understand, it is only logical that the study of carbon
nanotube electron emitters should have implications in other
application areas as well. Here I will propose an idea that
has naturally developed from the Heat Trap effect discussed
above.

Phononics consists of the use of phonons (rather than
electrons) as carriers of information or the control of phonons
toward other goals such as thermal management. For exam-
ple, if one could use phononic devices to control, direct,

and utilize the heat generated in electronic circuits to add
processing power, one would achieve an improvement over
the present situation, where we face the major problem
of removing the heat from the circuit, only to send it to
waste. Directional thermal effects were first observed many
years ago, but the past decade has seen several advances
in the field of phononics, with models for thermal diodes
[221, 222] and experimental realizations of micro/nanoscopic
solid-state thermal rectifiers [223, 224]. Researchers have also
proposed thermal transistors, gates, and memory [225–227].
There have also been significant efforts on phononic crystals
[228].

A compelling idea would be to combine optical signals
with phononic devices, in a manner similar to the way optics
and electronics have combined to form the field of optoelec-
tronics. Consider a simple structure such as the one shown in
Figure 14. The idea is to use a gate signal to control the flow
of phonons from the source to the drain electrode (the word
electrode might be appropriately replaced by “phonode”),
similar conceptually to the manner in which an electric field-
effect transistor operates. The current in this case would
consist of phonon flow, and the voltages would be replaced
by the temperatures on the source and drain. Instead of
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Figure 14: Proposed structure for an optophononic transis-
tor/switch: when the gate signal (light beam) is off, a temperature
difference between the source and drain leads to phonon flow
through the channel (carbonnanotube bundle); when the light beam
is on with intensity above the Heat Trap threshold, a section in the
middle of the nanotube bundle heats to high temperatures, leading
to a local decrease in thermal conductivity and reduced phonon
flow. Modulating the light intensity around the Heat Trap threshold
would lead to themodulation of the phonon flowbetween the source
and the drain.

the gate voltage, an optical signal would be used, similar
to a phototransistor. Assume that the channel is made of a
bundle of parallel carbon nanotubes. Without a gate signal,
the channel would have good thermal conductivity and, if the
source temperature is higher than the drain temperature, a
net phonon flow from the source to the drain would result.
The higher the temperature difference between the source
and the drain, the higher the rate of this flow would be.
Now, if we illuminate the gate region with a beam of light
with intensity around the Heat Trap threshold, we would be
operating in a regime where the thermal conductivity of the
channel is a strong, nonlinear function of the light intensity
(recall the positive feedback cycle in Heat Trap). Therefore,
the phonon flow between the source and drain could be
modulated strongly using small variations in the intensity of
the incident optical beam.We could call this an optophononic
transistor/switch (one might also be compelled to use the
name thermophotonic). This concept is to be distinguished
from acoustooptics, optophonics [229] or photoacoustics
[230], although such phenomena might also take place in the
proposed device and influence its behaviour.

8. Summary

The goal of this paper was to present an overview of the
area of electron emission from carbon nanotubes, not only
covering the much-studied topic of field-emission, but also
emphasizing some of the less-explored emission mecha-
nisms including secondary emission, photoemission, and
thermionic emission. I attempted to highlight the fact that
nanotube electron emitters are such rich physical systems that
their study could lead to findings with ramifications beyond
the traditional realm of electron-source devices. I hope the
paper can help spark further interest in the area.
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