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ABSTRACT

Field emission—the quantum-mechanical tunneling of electrons from the surface
of a material into vacuum by means of a strong electric field—has been studied for
over a century. However, the usage of devices based on this mechanism has been
limited to a handful of niche applications such as high-power RF systems and field
emission displays. The preference for solid-state devices relies on their low cost,
long lifetimes, reduced power consumption, ease of integrability, and simple and
scalable fabrication. Nonetheless, with the advent of modern fabrication techniques,
it has been possible to build field emission devices with nanoscale dimensions that
offer several advantages over traditional semiconductor devices. The use of vacuum
allows ballistic transport with no lattice scattering. As device capacitance can be
engineered by tuning the geometry, these devices are appealing for high-frequency
operation. Vacuum is also inherently immune to harsh operating conditions such
as high temperature and radiation, which is desirable for aerospace, nuclear, and
military applications. In addition, even though field emission requires substantial
electric fields, by exploiting the nanoscale gaps that can be easily fabricated with
state-of-the-art lithographic capabilities, we can expect operating voltages compara-
ble to CMOS. Thus, vacuum emission devices have the potential to greatly improve

upon the limitations of current technologies.

In this work, we experimentally demonstrate various design paradigms to develop
nanoscale field emission devices for high-temperature environments and high-
frequency operation. First, we propose suspended lateral two- and four-terminal
devices. By removing the underlying solid substrate, we aim to increase the resis-
tance of the leakage current pathways that emerge at elevated temperatures. Tungsten
is the chosen electrode material due to its low work function and ability to withstand
high temperatures. Our next architecture consists of a multi-tip two-terminal array,
which exclusively relies on the inherent fast response of field emission. Due to the
strong non-linearity in the emission characteristic, frequency mixing is measured.
Lastly, we combine field emission with plasmonics to conceive devices that can be
modulated both electrically and optically at telecommunication wavelength. By tak-
ing advantage of the strong confinement and significant optical field enhancement
of surface plasmon polaritons, we seek to minimize the applied voltages required
for field emission as well as the necessary laser powers for photoemission towards

the development of high-speed, low-power, nanoscale optoelectronic systems.
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Chapter 1

INTRODUCTION

Electronics constitutes the backbone of modern life. For the last 100 years, it has
transformed almost every aspect of society. It has facilitated global communication,
increased human lifespan, enabled space exploration, simplified trade, and improved
numerous areas such as defense, education, utilities, and food production and dis-
tribution to name a few. Due to its versatility, the applications of this technology
are so extensive that it is easier to think of where electronic devices are used than
where they are not. From phones and navigation devices, to heart-rate monitors and
chicken feeding systems, electronics has become an indispensable and ubiquitous

part of humankind, making it impossible to imagine a world without it.

In the first half of the twentieth century, all electronic devices used vacuum tubes in
their circuits. Some of the most important technological accomplishments attributed
to vacuum tubes include the development of the radio, television, radar equipment,
and long-distance telephone. Vacuum tubes were also a key component in the
world’s first electronic general-purpose programmable digital computer, the ENIAC
(more formally known as the Electronic Numerical Integrator And Computer). This
computer was built between 1943 and 1945 for the U.S. Army. It used almost 17,500
vacuum tubes, weighed 30 tons, covered around 170 square meters of floor space,
and consumed 150 kilowatts of electric power [[1]. Due to its unprecedented ability
to be programmed to execute complex sequences of operations at electronic speed,

the ENIAC launched a new era: the Information Age.

However, the emergence of the transistor and later integrated circuit (IC) technology
quickly replaced vacuum tubes in almost all areas. Solid-state electronic (SSE)
devices were less fragile, more energy efficient, smaller, and, above all, able to
be mass-produced. Consequently, vacuum electronic devices based on thermionic
emission were displaced to a handful of niche applications such as microwave power

amplifiers, cathode ray tubes, and high-temperature and radiation environments.

Today, transistors are deeply embedded in almost all electronic devices. They can
be manufactured so small that billions of them can be packed into a single micropro-
cessor. Yet, despite the apparent pushover of the transistor, vacuum technology did

not perish. Paradoxically, the same fabrication and processing tools developed to
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reduce the size of solid-state ICs also enabled the miniaturization of vacuum tech-
nology, giving rise to the fields of vacuum micro and nanoelectronics. By reducing
their physical dimensions, vacuum devices can leverage some distinct inherent ad-
vantages including ballistic electron transport and resilience in harsh environments.
The resurgence of this technology appears to be timely, as SSEs seem to be reach-
ing their technical limitations. The steady shrinkage of the transistor has become

detrimental, as issues related to heat dissipation and quantum effects are emerging.

In this chapter, we reference some key historical events to better understand the
context that brought about the electronics revolution of the last century, beginning
with the invention of the vacuum tube. We also discuss the current state of SSE
devices as well as their technical limits. Finally, we provide an overview of some

exciting prospects for vacuum nanoelectronics to help overcome these limitations.

1.1 Over a Century of Vacuum Tubes

The first measurement of atmospheric pressure has been attributed to E. Torricelli in
1643. He carried out his famous experiment with a mercury-filled tube, becoming
the first person to successfully produce a vacuum. A couple of years later, O.
von Guericke made the first functional piston pump, the precursor of all vacuum
technologies. While some improvements were made, the design of the solid-piston
pump remained unchanged for about 200 years. Yet, the second half of the 19
century saw an accelerated development of vacuum pumps and pressure gauges,
as well as advancements in seal technology, largely fueled by the demands of the
growing incandescent lamp industry. Two of the most important inventions include

the mercury-piston pump as well as the McLeod gauge [2]].

In 1883, T. Edison was studying the cause of uneven blackening inside his carbon
filament incandescent lamp that affected the efficiency and lifetime of the bulb. He
experimented by adding an extra electrode to the setup, observing that current would
only flow to it when it was positively biased. This observation became known as
the “Edison effect” and is regarded as one of the most important experiments in
thermionic emission. However, unable to satisfactorily explain his discovery, he
did not conduct further research on this topic. In 1904, J. Fleming used Edison’s
findings to develop the first practical vacuum tube device, the thermionic diode.
It consisted of an evacuated glass bulb with two terminals: an electron-emitting
cathode and an anode. Current would flow through the cathode electrode causing

it to heat, leading to some electrons gaining enough kinetic energy to escape via
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thermionic emission. The anode electrode would be positively biased to collect
these emitted electrons. However, if a negative voltage was applied, no current
would flow through the anode. This unidirectional behaviour was then used to
rectify high-frequency electromagnetic waves, which became particularly useful
in telegraph-receiving stations to detect radio signals. Because of this invention,

Fleming is considered by many to be the “father of electronics” [3} 4].

In the years that followed, significant progress was made to the diode. In 1906,
L. De Forest added a wire grid between the anode and the cathode, known as the
control grid, and invented the triode. By adjusting the grid voltage, the electron
current between the other two terminals was controlled, thus enabling signal am-
plification, which was crucial for long-distance radio and telephone communication
[S]. A fourth grid, known as the screen grid, was added between the control grid
and the anode to reduce the capacitance between these two terminals caused by
the Miller effect [6]. An additional grid, called the suppressor grid, was placed
closer to the anode to prevent secondary electron emission from the anode to the
screen, which caused instability. These devices became known as the tetrode and the
pentode, respectively. Further improvements to vacuum tubes included the replace-
ment of carbon filaments with tungsten filaments and later by thoriated tungsten
and oxide-coated filaments, which increased the emission efficiency as well as the
lifetime. Moreover, multiple advances in vacuum techniques were made, including
the invention of the rotary oil pump, the molecular drag pump, and the mercury

diffusion pump, as well as the introduction of getters [7, 8.

The hegemony of the vacuum tube lasted almost half a century. The urge to
operate at higher frequencies than those attainable with vacuum tubes, as well as the
significant advancements made in quantum mechanics during the 1920s, especially
the development of electronic band structure, encouraged the research in SSEs. In
1947, J. Bardeen, W. Brattain, and W. Shockley demonstrated the first working
point-contact transistor at Bell Labs. A year later, Shockley also developed the
junction transistor. Two other breakthroughs in SSE technology came with the
invention of the metal-oxide-semiconductor field-effect transistor (MOSFET) by D.
Kahng and M. Atalla, and the introduction of the IC by J. Kilby [9]. Due to their
smaller size, higher efficiency, longer lifetimes, ability to be mass-produced, and
ease of integration, transistors quickly displaced the bulky vacuum tubes. Only in a
handful of niche applications did vacuum technology still prevail, such as microwave

power amplifiers and X-ray tubes.



1.2 Dennard Scaling and Moore’s Law and the Future of Electronics

For more than 50 years, the semiconductor industry has followed Moore’s law, which
states that the number of transistors per die doubles approximately every two years.
This prediction was originally proposed by G. Moore in 1965 and has since been
the operating principle at the forefront of microchip development, as it describes a
commitment of developers to continuously advance the performance of ICs. Owing
to the exponential improvement outlined in Moore’s law, the primitive and exclusive
personal computers manufactured in the 70s quickly gave rise to the advanced and

ubiquitous smartphones available today [[10, /11].

The success of Moore’s law can be greatly attributed to the ability to shrink solid-
state devices. The basic principle of geometric scaling was originally proposed by
R. Dennard in 1975, and it is commonly referred to as Dennard scaling. A summary
of Dennard scaling is outlined in Table [I.T| where « is a unitless scaling factor. The
core concept consists in simultaneously scaling three variables of a device, namely
its physical dimensions, doping concentration, and voltage. All linear dimensions
are reduced by the common factor k. This includes horizontal dimensions such
as channel length and width, as well as vertical dimensions such as gate insulator
thickness. In addition, the substrate doping concentration is increased by k, and
the voltages applied are reduced by k. As a consequence, the electric field of the
scaled device remains constant, which is vital to maintaining reliability in terms
of hot-carrier injection. Additionally, both the current and capacitance decrease
by «, which in turn decreases the circuit delay by « and the power dissipation

2

by «“. Ultimately, this results in the power per unit area, i.e., the power density,

Device or Circuit Parameter  Scaling Factor

Physical dimension L, W, 7, 1/k
Doping concentration N, K

Voltage V 1/k

Current / 1/k

Capacitance C = €A/t 1/k

Delay time per circuit VC/I 1/k

Power dissipation per circuit V/ 1/«?
Power density VI/A 1

Table 1.1: Basis of Dennard scaling for circuit performance (adapted from [12]]).
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remaining constant. This geometrical scaling allowed the number of transistors per
chip to double with every new technology generation as well as to operate at higher

maximum frequencies so that the overall performance was improved [12].

Continuous advances in semiconductor process technology were made to shrink the
device dimensions. Most notably, new and improved lithographic techniques were
developed to pattern smaller feature sizes. Lenses of higher numerical apertures
and illumination sources with shorter wavelengths have been introduced. One major
breakthrough has been the launch of extreme ultraviolet (EUV) lithography in chip
manufacturing, which uses a wavelength of 13.5 nm to obtain higher resolution
[13]]. Moreover, significant progress has been made in the fabrication techniques
to grow thinner gate oxides and to reduce defect levels at the ambitious dimensions

demanded.

Furthermore, in 1991 the National Technology Roadmap for Semiconductors (NTRS)
was created. The NTRS was a major cooperative effort of the semiconductor in-
dustry to coordinate what manufacturers and suppliers were doing so that targets
and expectations for coming technology generations could be set. Every couple
of years, a report predicting the rate of transistor scaling and technical challenges
for the incoming years was released. In 1998, the NTRS was extended to include
countries in Europe and Asia, becoming the International Technology Roadmap for
Semiconductors (ITRS). In this way, the semiconductor industry ensured that new

chips would stay on track with Moore’s law.

However, reducing operating voltages to achieve high performance became steadily
more problematic. As threshold voltages were reduced, subthreshold leakage cur-
rents—the current that flows from the source to the drain in a transistor when it is
supposed to be off—exponentially increased. Consequently, static power dissipation
became a dominant component of the total power consumption. In Fig. [I.1] the
effect of reduced gate length in dynamic and subthreshold-leakage-power density is

shown.

Moreover, gate oxide thickness reached its physical limit when Intel released its
65 nm generation transistor in 2005. The thickness of the gate dielectric of the
device was 1.2 nm, which is equivalent to about 5 silicon (Si) atomic layers. At
this thickness, gate leakage currents due to direct tunneling and hot-carrier injection

from the substrate to the gate oxide became significant.
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Dennard scaling also considered that channel doping concentration could be con-
tinuously increased. At sufficiently high dopant concentrations, carrier mobility
decreases as a result of increased impurity scattering, which deteriorates device
operation. In addition, direct band-to-band tunneling increases reverse bias-pn

junction leakage from the source/drain into the body [17].

Ultimately, the rapid growth in overall power consumption due to increased leakage
currents became unfeasible. Thus, as fundamental thermal limits were reached
by the early 2000s, Dennard voltage scaling came to an end. Because it became
impossible to simultaneously increase the number of transistors per chip as well as
the maximum operating frequency, clock frequencies plateaued as illustrated in Fig.
[[.2][18]. To keep up with Moore’s law, multi-core architectures were introduced.
In this type of parallel architecture, the operating frequency scaled down inversely
proportionally to the number of cores, so that several processors working at a lower
frequency were equivalent to a single processor working at its aggregate frequency.
In 2001, IBM introduced the first commercially available dual-core microprocessor

chip, the Power4 [[19]]. Performance was also improved by increasing caches sizes,
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Figure 1.2: 42 years of microprocessor trend data [|18]].

as they are more energy efficient than main memory access [20]. Another ingenious
concept to conserve power was developed, namely dark silicon, wherein a fraction
of the die is underutilized [21]]. Furthermore, much research has been conducted in
developing new materials with higher dielectric constants and in stress engineering
for enhanced channel mobility. Lately, new transistor designs have been driving
the latest generation process nodes in which planar devices have given way to 3D
architectures, including fin field-effect transistors (FinFETs), and most recently,
gate-all-around transistors (GAA), as shown in Table[1.2][22].

Even though dimensions are still shrinking and device performance is still improv-
ing, quantum and fundamental 3D topological limits will be reached soon. This can
be seen in Fig. [1.3|[22], which predicts metal and gate pitch scaling ebbing away
in the upcoming years. Thus, it seems that completely new computing paradigms
should be embraced. Two very promising candidates are neuromorphic engineer-
ing and quantum computing. Yet, these technologies are still in their early stages
and have a long way to go before they can be released for mass use and become
mainstream. In the meantime, there is room to explore other options, especially for
the applications in which solid-state devices do not excel. One such alternative are

nanoscale field emission devices, which is the focus of this thesis.
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Logic del:;fﬁtlf;h“"l"gy G48M36 | G4SM24 | G45SM20 | G4OMI6 | G38MIGT2 | G38MI6T4
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range'' labeling (nm) eq eq
LOGIC DEVICE GROUND RULES
MPU/SoC MO 1/2 pitch 15 12 105 3 3 3
(nm)
Physical gate length for
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Lateral GAA
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3D
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Notes: GxxMxxTx notation refers to Gxx—contacted gate pitch, Mxx—tightest metal pitch in nm, Tx—number
of tiers, MPU—microprocessor unit, SoC—system on chip, HP—high performance, 193i—193nm immersion

lithography, DP—double patterning, FeFET—ferroelectric field-effect transistor, Ge—germanium,

SiGe—silicon germanium, RMG—replacement metal gate, VLSI—very large scale integration, W2W—wafer to
wafer, D2W—die to wafer, Mem-on-Logic—memory on logic

Table 1.2: Overall technology progression forecast (adapted from [22]).
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1.3 The Emergence of Vacuum Micro and Nanoelectronics

After the invention of the transistor and subsequent ICs, it seemed that the days of
vacuum technology were over. Solid-state devices were smaller and easier to fabri-
cate and integrate. However, somewhat ironically, the same fabrication techniques
that advanced SSEs also allowed for the miniaturization of vacuum technology, and

thus, the field of vacuum micro and nanoelectronics was born.

The first person to conceive the idea and lay down the foundations of vacuum
microelectronic devices was K. Shoulders of Stanford Research Institute (SRI)
[23]. In 1961, he suggested reducing the size of electronic components by three
orders of magnitude using microfabrication techniques and envisioned vertical and
lateral field emission micro-triodes. Unlike the mature thermionic cathodes that
needed an external source of heat to emit electrons from their surface, these devices
just required a high enough electrostatic field that would cause the electrons to
quantum mechanically tunnel and escape into vacuum. Even though devices based
on field emission had existed for some time before (for instance, the field emission
microscope had been invented by E. Miiller in 1936), they had various weaknesses.
The main issue was that they required high voltages (i.e., thousands of volts) due
to their large cathode-to-anode separation, which often led to vacuum arcing and

destruction.

In Shoulder’s foresight, the smaller device dimensions would substantially reduce

the operating voltage and considerably improve switching times. Another major
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consequence of lower voltage operation would be a significant increase in lifetime,
as sputtering damage due to ion bombardment would be minimized. Among the
fabrication techniques, he comprehensibly described various material deposition
methods, electron-beam lithography, dry etching, electron-beam microscopy, and
integration with ultra-high vacuum (UHV) systems. These ideas were very innova-
tive at the time as many of these microfabrication techniques had not been thoroughly

developed yet. Overall, his objective was to fundamentally show vacuum ICs.

In spite of Shoulder’s clear vision, it was not until 1968 when C. Spindt, who
also worked at SRI, successfully fabricated and tested the first thin-film field
emission cathodes [24]. The device consisted of a molybdenum/aluminum ox-
ide/molybdenum sandwich with an array of open micro-size cavities fabricated on
top of a sapphire wafer. A single conical molybdenum emitter tip was deposited at
the center of each cavity. In this way, each emitter was surrounded by its own gate to
modulate the emission current, which was in turn collected by an anode positioned
above the array. The first set of devices consisted of an array of approximately 50
cathode tips over an active area of about 103 cm?. Due to the sharp geometry of
the emitter and the small gap between the emitter and the gate electrode, high local
electric fields were produced at gate voltages of around 100 V. Another advantage
of these emitters was that noise from a single emitter was statistically reduced by
virtue of the large number of identical emitter tips. This field emitter array (FEA)

became known as the Spindt emitter.

In the years that followed, the Spindt cathode was further improved, with packing
densities increased to 1.5 x 107 cm? and current densities over 1000 A/cm? being
measured. In addition, lifetimes of over 8 years of continuous operation with tip
loading of 20 uA/tip (which was later increased to 50 uA/tip) were reported [25].
In 1972, N. Thomas et al. demonstrated Si-based FEAs. Silicon was a very
convenient material for FEAs as it enabled manufacturers to take advantage of the
highly developed microfabrication technology for mass production of Si ICs, such
as preferential etching and polishing techniques [26]. Furthermore, in 1986 H. Gray
and co-workers fabricated the first planar Si field emitter array vacuum field effect
transistor [27]. In this device, the solid channel of a standard Si FET was replaced
with vacuum, while the source consisted of an array of micron-size Si field emitters.
This transistor not only produced voltage and power gain from gate modulation but
also promised ultra-short transit times due to the faster electron transport inherent in

vacuum at micron-scale cathode-to-anode separations. A breakthrough in electron
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field emission came in 1982 when G. Binnig and H. Rohrer at IBM Zurich Research
Laboratory invented the scanning tunneling microscope (STM), which allowed to
image surfaces with atomic resolution [28]. A couple of years later, they were
awarded the Nobel prize for their invention. In terms of commercial attention, FEAs
only started to become popular in the late 80s when LETI successfully demonstrated
a flat panel field emission display (FED) using molybdenum FEAs [29,|30]. Thanks
to their high brightness, resolution, and quick response, research in FEDs was very

promising.

As fabrication techniques continued to improve, devices could be manufactured
with nanoscale dimensions, resulting in further reductions of turn-on voltages. For
instance, Han et al. reported a surround gate nanoscale vacuum channel transistor
with a sub-50 nm vacuum gap and a turn-on voltage under 5 V [31]]. Additionally,
when the cathode-to-anode separation is smaller than the mean free path of electrons
in air under atmospheric pressure, the vacuum requirement can be effectively relaxed.
The first successful operation of a field emission device at atmospheric pressures
was demonstrated by Driskill et al. [32].

1.4 Could Nothing Be Better Than Something?

Devices based on field emission have several advantages as compared to their solid-
state counterpart. First, field emission devices enable ballistic transport of electrons.
In contrast to solid-state devices that employ semiconductor channels, field emission
devices use vacuum as their transport medium. In semiconductors, electrons suffer
from phonon scattering, which limits the maximum velocity a charge carrier can
attain. The saturation velocity for Si is in the order of 1 x 107 cm/s and for
gallium arsenide it is 1.2 x 107 cm/s, while the velocity of an electron in vacuum is
theoretically about 3x 10'? cm/s [33]]. Consequently, higher cutoff frequencies could
be achieved in vacuum devices. Additionally, due to the lack of energy dissipation
in the channel, vacuum enables higher power operation than equivalent solid-state

devices.

Second, vacuum devices are inherently more resilient to extreme temperatures. In
semiconductors, the concentration of intrinsic carriers n; depends exponentially on

temperature 7', as given by
n; = ncnve_Eg/szT (1.1)

where n. and n, are the effective density of states for electrons in the conduction

band and holes in the valence band of the semiconductor, respectively, E, is the
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bandgap energy, and k is the Boltzmann constant. Fig. [I.4]illustrates the effect of
temperature on the concentration of intrinsic carriers for various semiconductors.
Thus, at sufficiently high temperatures, dopant atoms become overwhelmed by the
uncontrollable concentration of intrinsic carriers, which ultimately renders the de-
vice ineffective at controlling carrier flow. Additionally, the leakage current of a
reverse-biased pn junction is tied to the concentration of intrinsic carriers in semi-
conductors. Hence, at high temperatures, junction leakage current becomes a major
problem in device operation, as performance is degraded and power consumption
is subsequently increased. In order to circumvent these issues, the semiconductor
industry has moved toward wide bandgap materials such as silicon carbide (SiC)
and gallium nitride (GaN). In this way, while the maximum operating temperature
for Si devices is around 300 °C, this limit is extended to approximately 600 °C in
SiC [34]]. Metal field emitters, on the other hand, do not rely on chemical doping
for their device operation. Therefore, they are relatively insensitive to temperature
changes until the onset of thermionic emission. At the other extreme, vacuum de-
vices are also better suited for low-temperature operation. This is because, at low
temperatures, semiconductor devices freeze out due to the lack of thermal energy to

fully ionize impurity atoms.

Moreover, vacuum devices are more resistant to radiation. Incident energetic heavy

particle radiation can dislodge atoms and create a vacancy-interstitial pair, i.e., a

10'

1010

10°

2H-GaN
10°

107

Intrinsic carrier concentration (cm™3)

10710 1 ] 1 1 1 1
200 400 600 800 1000

Temperature (K)

Figure 1.4: Intrinsic carrier concentration as a function of temperature for various
semiconductors [34]]. The shaded grey area corresponds to typical doping range.
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Frenkel pair, in a crystalline semiconductor. This displacement damage creates
deep-level traps in the band gap that serve as scattering and trapping centers, which
increases junction leakage currents, reduces carrier mobility, and decreases minority
carrier lifetime. This effect is particularly detrimental for minority carriers and
optoelectronic devices. These collisions are irrelevant in vacuum devices as they
can be manufactured with amorphous materials. Ionizing radiation can generate
electron-hole pairs in gate oxides, which are quickly separated by the electric field.
However, slow holes get easily trapped in oxide and interface traps. As a consequence
of this charge buildup, parasitic fields are slowly created, which may irreversibly alter
device properties such as the threshold voltage. Another type of radiation-induced
damage is single-event effects caused by direct ionization. When a high-energy
charged particle travels through a device, a high-density electron-hole plasma is
created along its path due to the energy it loses by ionizing the device material. This
can cause the device to malfunction, especially if it happens in a depletion region.
The collected anomalous charge can also cause latch-ups, which can permanently
damage ICs if the current is not quickly limited. The incident-charged particle can
also damage thin gate oxides by creating a conduction path through it, which can
lead to dielectric breakdown and subsequent device destruction. Several of these

problems become trivial when vacuum is used instead of a gate dielectric [35, 36].

Field emission devices also enjoy some advantages over thermionic vacuum tubes.
Cold field emission is a quantum mechanical process that does not require heating,
thus reducing power consumption and eliminating the need for thermal management.
As heating is not necessary, the distance between the electrodes can be very small. If
the dimensions of the device are smaller than the elastic mean free path of electrons
in air, which is around 200 nm at low electron energies [37]], and the voltages are
kept under the first ionization potential of molecules present in air (12.1 eV, 12.7
eV, 14.4 eV, and 15.6 eV for O,, H,O, CO,, and N, respectively) [38]], the device
can potentially be operated at atmospheric pressures. Field emission devices can
nowadays be easily miniaturized by employing the same fabrication techniques that
are used to manufacture solid-state devices, offering a cost reduction in comparison
to vacuum tubes. If CMOS-compatible materials are chosen, field emission devices

could be integrated with SSEs for enhanced functionality.

In this way, field emission devices combine the advantages of traditional vacuum
tubes and modern solid-state nanofabrication technology. Potential applications

include sources in electron beam lithography (EBL) [39], microwave power ampli-
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fiers [40], X-ray sources [41], free electron laser [42], and logic circuits for space
communications. Due to its non-linear current-voltage (IV) characteristic and fast
response time, field emission devices could also be used for high-frequency multi-
pliers and converters. Lastly, the nanoscale vacuum transistor could potentially be

a candidate to keep up with Moore’s law.

1.5 Objective of This Work

The objective of this work is to experimentally study the phenomenon of electron
field emission. Two- and four-terminal devices for use in high-temperature envi-
ronments are designed, fabricated, and electrically characterized. In addition, two
types of structures are demonstrated for high-frequency operation: a two-terminal
device for frequency mixing, and a plasmonically-enhanced field emission device

at telecommunications wavelength.
There are six chapters in this thesis and they are organized as follows:

Chapter 1 provides a brief introduction to vacuum technology. The history of the
rise and fall of early vacuum devices is presented, followed by a discussion on
the current state of SSEs. A description of the development of micro and nano
field emission electronic devices is given, and the potential advantages over both

solid-state and thermionic devices are discussed.

Chapter 2 details the theoretical background of various electron emission mecha-
nisms. The processes of Fowler-Nordheim field emission, thermionic emission, and
photoemission are analyzed. Bulk-limited conduction mechanism and space charge

effect are also succinctly introduced.

Chapter 3 presents the fabrication, experimental results, and analysis of suspended
lateral two-terminal diode-like and four-terminal triode-like vacuum field emitters
for high-temperature environments. A description of early efforts as well as a

discussion of suggestions for improvement and avenues for future work are included.

Chapter 4 experimentally demonstrates the use of multi-tip field emission devices
for frequency conversion. Device design paradigms based on simulation results are
detailed. In addition, preliminary results illustrating the effect of praseodymium thin

film coating to reduce the work function and enhance emission current are reported.

Chapter 5 describes the efforts in combining Fowler-Nordheim emission with plas-
monics to develop high-frequency optoelectronic devices. The design for efficient

photonic mode to hybrid plasmonic mode conversion as well as nanofocusing is
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presented, along with the fabrication steps and results for the proposed structure.

Various ways to further optimize the architecture are examined.

Chapter 6 concludes the proposed research in nanoscale vacuum field emission

devices.
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