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Abstract

Field emission is the phenomenon whereby electrons tunnel through a material’s surface potential

barrier if subjected to a large electric field. Devices based on this principle have potential as electron

sources that are smaller, faster and more efficient than thermionic emitters, and that can operate at room

temperature. In this paper, we review the historical development of field emitters, their inherent benefits

and drawbacks, the applications for which field emission would be most appropriate, and the challenges

still to overcome.

1 Introduction

The generation of free electrons is absolutely integral

to modern physics experiments - from particle ac-

celerators to microscopes. And yet, most of today’s

electron sources are close cousins of the cathode ray

tube with which J.J. Thomson discovered the elec-

tron, in 1897. The principle driving these devices

is thermionic emission, or liberating electrons from a

solid filament by heating it to over 1000K and supply-

ing a current. Thermionic emitters have undergone

enormous improvements over the decades, in cur-

rent density, work function, size, and noise to name

but a few metrics. And for a time they formed the

primary building block of information technology, in

’valves’ or ’vacuum tubes’. But thermionic emitters

suffer a handful of fundamental limitations; the high

temperatures required can be an issue in itself, but

also makes thermionic emission power intensive and

inefficient. The sluggish response of hot cathodes is

another problem - emission current must be modu-

lated by a tertiary grid electrode rather than at the

source.

Field electron emission, inwhich electrons subject

to a large electric field tunnel through a solid’s sur-

face potential, started to gather serious interest as an

alternative to thermionic emission in the 1970s. The

theory of the phenomenon was initiated by Fowler

and Nordheim in 1928, but it took developments

in vacuum technology and microfabrication to make

field emission (FE) a viable electron source. In prac-

tice, the strong fields needed are achieved using

sharp-tip cathode geometries. Beginning with the

work of C. Spindt and colleagues, prototypes of large

arrays ofMo and Si FE tips became increasingly soph-

isticated up to the close of the 20th century, driven in

large part by the interest in replacing cathode ray

tube (CRT) electron sources in televisions and com-

puter displays. The chief draws of field emitter arrays

(FEAs) were their small size, their speed, the ability

to address individual FE tips, and their ease of man-

ufacture.

After the discovery of carbon nanotubes (CNTs)

- generally attributed to Ijima in 1992 - these quickly

became an object of interest to FE researchers. Their

very high aspect ratio, and chemical stability made

them promising emitter candidates. Over the next

decade, researchers continued to improve carbon,

metal, and semiconductor FE prototypes and tech-

niques, but commercial implementations were very

rare. After the mid 2000s however, the possibility of

field emitter displays (FEDs) becoming a commercial

reality became increasingly clouded by manufactur-

ing difficulties, and the success of liquid crystals and

light emitting diodes (LEDs) in this sphere. Aven-

ues for practical FE research do remain: in particular,

for microwave amplification, but also electron micro-

scopy, x-ray generation, radiation-resistant electron-

ics and even space propulsion.

Following this brief introduction, this review ex-

amines the different theoretical electron-emission re-

gimes, and the most widely-used technologies in sec-

tion 2. Section 3 discusses the more mature FE sub-

strates, while section 4 examines carbon nanotubes -

their production, characteristics, and challenges. Sec-

tion 5 outlines the most promising potential applic-
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ations of FE, and finally section 6 offers concluding

remarks.

2 Background

In this section, we briefly discuss field emission the-

ory in the context of thermionic and Schottky emis-

sion, and then go on to profile the alternatives to

thermionic emission which have already seen some

adoption.

2.1 Theories of electron emission

For electrons to leave a solid, they must overcome

the surface potential (SP) barrier; at large distances

this is the classic image charge potential [1]. This can

be achieved by thermal excitation of the electrons, or

by applying an electric field of such strength that the

SP becomes narrow enough for electrons to tunnel

through. The applied field also reduces the height

of the SP somewhat, so it can be used in concert

with thermal excitation. The first process is ther-

mionic emission, and is described by the Richardson-

Dushman exponential relationship [2]; the second is

field emission, and the third is known as the Schottky
effect. These phenomena are shown schematically in

fig 2.1.
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Fig. 2.1: Schematic representation of the difference
between a) a cold metal surface, b) thermionic emission,
c) Schottky emission, and d) field emission. Note the 1/G
image potential and the effect of a linear applied field. Ad-
apted from [3]

In 1928, Fowler and Nordheim applied

the Wentzel-Kramers-Brillouin approximation and

newly-minted Sommerfeld theory to a model with

a triangular SP (’FN theory’) [4]. The form of their

equation, linking the current density � with the ap-

plied field � is, in S.I. units
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where ) is thematerial’s work function, � is its Fermi

energy, and −4 and < are the electron charge and

mass, respectively. � is the field-enhancement factor
and is determined by emitter geometry: sharp fea-

tures amplify applied fields in accordance with clas-

sical electrostatics [5]. Commonly, (1) is put into the

straight line form
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where � is the emission current, + is the applied

voltage, and � and � are parameters which depend

on ), ) and other practical details.

Strictly, (1) equation applies only tometals, but (2)

is encountered in experimental current-voltagemeas-

urements of a variety of substrates so it is often taken

as a hallmark of FE. An example experimental plot is

shown in fig 2.2. Discussions of the subtleties of FE

theory can be found in [2, 6, 7], but we do not pursue

them here.

Fig. 2.2: Experimental field emission data. (a) linear-linear
plot showing the FN exponential relationship, (b) Fowler-
Nordheim plot. Reproduced from [8].

2.2 Dominant emission technologies

It is the author’s view that experimental FE proto-

types must be placed in the context of the current

electron emitter state-of-the-art. Thermionic emitters

have not been totally replaced in any field where free

electrons are used, but some other technologies have

seen uptake.

Typical thermionic emitter operating paramet-

ers are cathode temperatures in the range 1000 to

3000 K, DC current densities around 10A/cm
2
(and

higher in pulsed-mode), and lifetimes of several

thousand hours when operated at typical vacuums

of 10
−8

mbar [6]. Single-tip sources based on the
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Schottky effect are popular in electron microscopy

and lithography. Almost always made from W and

ZrO, they can achieve exceptional brightnesses of

10
4
A cm

−2
V

−1
(total emission∼100 µA) and are typ-

ically operated at ∼1500 K and 10
−9

mbar [6, 9]. Also

popular in microscopy are FE sources with a single

W tip - ’cold cathode tungsten’ (CCW). These are val-

ued for their small source size but typical currents

are 100× smaller than Schottky emitters’. As will be

explained in section 3, CCW emitters suffer from gas

adsorption and ion sputtering in operation, and so

require vacuums of 10
−10

mbar [9, 10]. Fig 2.3 shows

a selection of electron micrographs of these techno-

logies.

For completeness, we mention a further emission

technique popular in accelerator physics. Photoe-

mission, based on the photoelectric effect explained

by Einstein, is valued for its control over the time

of electron pulses, and electron momentum and po-

larisation. In this context, FE is usually seen as an

irritating source of noise [11], but some groups are

considering it as an alternative to photoemission for

power-constrained accelerators and synchrotrons [12,

13].

Fig. 2.3: SEM images of four electron emitters in commer-
cial use. (a) (top two panels) shows a twisted W thermi-
onic cathode. (b) (left two panels) shows two lanthanum
hexaboride thermionic cathodes. (c) shows a W/ZrO
Schottky emitter. (d) shows a cold cathode W field emitter.
Panel (c) is adapted from [6]; the remainder from [9].

3 Metal and semiconductor field
emitters

3.1 Spindt field emitter arrays

Although FE had been used as an imaging tech-

nique in surface physics since its discovery [14], early

attempts to use it as an electron source, based on

etched wires, were plagued by short lifetimes and

high voltage requirements [15]. In his first paper on

the topic, in 1968, C. Spindt presented a small number

of Mo tips in a field emitter array (FEA) that could

emit 6 µA for a week without degradation [16]. A

SEM image from this work is shown in fig 3.1a.

Now, ’Spindt array’ has come to denote an array of

metal (usually Mo) tips, separated from a surround-

ing gate electrode by a layer of insulator, forming a

diode. Fig 3.1 shows several examples. The general

process for manufacture of a Spindt emitter is out-

lined in fig 3.2; for more detail see [14].

Fig. 3.1: Electron micrographs of four different molyb-
denum Spindt arrays. (a) is the first reported field emitter
array. Note that (c) has a scale bar showing a gate pitch
of about 1 µm. Adapted from (a) [16], (b) [8], (c) [17] (d)
[18].

A selection of experimental data for Spindt arrays

are shown in table 3.1, otherwise, operating para-

meters are pressures of 10
−9

mbar and room temper-

ature. Generally, an array of fewer tips necessitates

greater tip current to be useful and thus larger current

densities are reported. Current densities as high as

10
3
A/cm

2
can be achieved with techniques to create

very small gate spacings, such as laser interferometry

[14].
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Tips �tip (µA) � (A/cm2) + (V) Reference
100 100 278 326 [19], 2015

50,000 6 40 160 [20], 2004
50,000 2 15 75 [21], 2009

Table 3.1: Select Spindt FEA data. �tip is the tip current, �
is the current density, and + is the cathode-gate voltage.
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Fig. 3.2: Fabrication of a Spindt FEA. (a) A sandwich of a
metal (to form the gate) on insulator, on a silicon substrate
is created using e-beam evaporation deposition. (b) An ar-
ray of holes is bored into the metal using lithography. (c)
Insulator is chemically etched out from under the hole. (d)
A mask is deposited onto the metal surface by spraying
with e-beam deposition from an oblique angle, while the
sample is rotated. (e) Aluminium oxide (for example) is de-
posited likewise; simultaneously, Mo is deposited normally
via e-beam deposition. (f) Finally, the mask is etched away
to reveal the tip. Adapted from [14].

The emission signal from Spindt FEAs is inher-

ently noisy. Besides the omnipresent shot noise of

individual electrons, fluctuations in emitted current

are caused by three types of processes. (i) Ion sput-
tering: the strong electric involved can accelerate pos-

itive ions in the vacuum chamber toward the cath-

ode. The collision causes a ’blip’ in emission and

can cause individual tips to fail. (ii) Adsorption of

gases onto the cathode. Naturally, this can be mitig-

ated with improved vacuums. (iii) FE is dependent

on atomic-scale emitter geometry; transitions of indi-

vidual atoms can create ’bistable’ noise, an example of

which is shown in fig 3.3. In single-tip emitters like

CCW, these effects are very undesirable, hence the

ultra-high vacuums mentioned in section 2.2; the ac-

cumulation of adsorbed gases is mitigated by ’flash-

ing the tip’ - heating it over 1000 K for a few minutes

periodicallywithout applied voltage [9]. In FEDs, the

major impetus for FEAdevelopment, noise from indi-

vidual tips could be mitigated by using more tips, or

by implementing ballast resistors in the Si substrate,

and so less research has been done on noisy Spindt

tips.
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Fig. 3.3: Bistable noise from a Spindt field emitter. The
peak-to-peak amplitude is about 1 µA which represents
5% of the total current. Adapted from [14].

3.2 Silicon field emitter arrays

From the start, Spindt arrays were constructed with

microfabrication techniques, so naturally there was

interest in creating FEAs from silicon. Thomas et al.
reported the first practical realisation in 1972 [22].

Si FEAs are fabricated using a plethora of available

semiconductor etching, deposition and lithography

techniques; a detailed discussion of the benefits of

each is beyond the scope of this article but a typical

fabrication process is outlined in fig 3.4. The wealth

of Si microfabrication techniques allows advanced

circuitry to be constructed around each emitter, in-

cluding multiple gate electrodes, and, in the silicon

substrate, resistors, diodes, and even MOSFETs [14].

Some examples of Si emitters are shown in fig 3.5

The emission characteristics of Si FEAs are very

comparablewith those ofMo arrays. For example, [8]

presents extensive testing of two Si FEAs, with elec-

trical characteristics as given in table 3.2. Degradation

of Si FEAs occurs by the same mechanisms as metal-

lic emitters. There is a wealth of evidence of reduced

emission current upon introduction of gases to the va-

cuum environment; fig 3.6 illustrates the effect of oxy-

gen exposure. As with Mo, re-lowering the pressure

for a few hours without applied voltage is sufficient

to desorb gases from the emitter [23]. Arc discharge,

in poor vacuum or due to micro-protrusions on emit-

ter tips, can be a source of more catastrophic failure

in semiconductor or metal gated FEs. Fig 3.7 shows

the aftermath of an arc discharge event in a Si FEA.

Tips �tip (µA) � (A/cm2) + (V)
28,000 0.70 2 700
18,300 0.27 2 75

Table 3.2: Silicon FEA data for two arrays, from [8]. �tip
is the tip current, � is the current density, and + is the
cathode-gate voltage.
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Fig. 3.4: Fabrication of a silicon field emitter array. (a) dots
of nitride mask are deposited. (b) the silicon is etched,
isotropically or anisotropically, leaving a stump under the
mask. (c) oxidation attacks flat surfaces more than pro-
trusions, sharpening the tip. (d) (optional) a directive etch
can elongate the stump. (e) SiOx (insulator) deposited
with electron-beam techniques. (f) metal (gate) layer de-
posited likewise. (g) oxide etched to reveal tip. Repro-
duced from [14].

Fig. 3.5: Selection of silicon field emitters. (a) and (c)
show ungated Si arrays, (e) shows an array with anode
gates, and (b) and (c) show doubly gated arrays. (c) and
(d) are adapted from [24], the remainder from [14].

Fig. 3.6: Effect of oxygen adsorption on a Mo FEA. Four
different pressures were investigated, and are shown next
to the corresponding trace, in torr (1 torr ≈ 1.33 mbar).
Reproduced from [25].

Fig. 3.7: Failure of a silicon FE tip due to arc discharge
and resultant heating. Reproduced from [24].

3.3 Cold cathode tungsten and more exotic
materials

As mentioned in section 2.2, individual tungsten tips

are a popular emitter for electron microscopy. Thus

far, CCW represents the only FE technology which

has had commercial success; both Mo and Si FEAs

discussed in this section have never been success-

fully commercialised. The popularity of CCWmeans

there is much excellent literature on the topic, which

the reader is directed to for more information [6, 9,

26, 27].

In the 1990s, there wasmuch interest in diamond-

like carbon and graphite as FE materials [14, 24].

The focus has largely switched to carbon nanotubes

(CNTs), however, due to their exceptional aspect ratio

and ease of production.
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4 Carbon nanotubes

Four years after Ijima’s discovery of carbonnanotubes

[28], the first CNT field emitter was reported by de

Heer et al. in the form of an electron gun made from

a sheet of carbon nanotubes [29]. The current dens-

ity was reportedly 0.1mA/cm
2
at 200 V. These data

are obviously inferior to the state of the art in Si and

Mo FEAs but, as we shall detail, CNT results soon

improved. CNTs quickly drew the interest of FE re-

searchers because of their very high aspect ratio (up

to ∼1000), and the chemical stability of carbon which

was evident in diamond, graphite, and fullerenes

already. Some examples of CNT FEAs are shown

in fig 4.1

Fig. 4.1: Examples of carbon nanotube field emitters. (e)
and (h) show ungated arrays, (c) shows gate electrodes
at the CNTs’ feet, and the remainder show a raised anode
gate layer. (a, b, c) adapted from [10]. (c) from [30]. (d, f)
from [31]. (e, g) from [32]

Both Ijima anddeHeer’s experimentsmadeCNTs

using electric arc discharge (EAD), but, currently, the

most successful technique for CNTs is chemical vapour
deposition (CVD); the process is outlined in fig 4.2.

CVD has the advantages that it allows control over

the placement of CNTs, and their length, is scalable,

and a variant of it, plasma-enhanced CVD (PECVD),

allows one to control the direction of CNT growth

[10].

C2H2
C2H2

E

Substrate

Mask

Catalyst

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 4.2: Manufacture of carbon nanotubes via chemical
deposition. (a) A photomask is deposited onto the sub-
strate (Si, for example). (b) Photolithography (or electro-
lithography for very fine spacing) is used to bore an ar-
ray of holes in the mask. (c) The catalyst (often Ni) is
deposited in a uniform layer. (d) Lift-off of the mask in
solvent leaves ’dots’ of catalyst. (e) Chemical vapour de-
position (CVD) with a feedstock (often acetylene or meth-
ane) starts the growth of CNTs on the catalyst dots. (f)
Plasma-enhanced CVD lowers the temperatures neces-
sary for growth (allowing a wider range of substrates and
catalysts) and using the DC applied voltage causes nan-
otubes to align with the field. For more information see
[10].

Because CNTs are grown on a catalyst bed, and

several catalysts are suitable, a large number of sub-

strates can be used for CNT FE. Silicon, in particular,

allows the construction of gate electrodes [33] and

ballast resistors [34]. It is common to use an anode

distant from the emitter plane too, in which case lar-

ger voltages are needed. A selection of electrical char-

acteristics for CNT emitters are collated in table 4.1; it

is clear that it is possible to achieve current densities

comparable with Si and Mo FEAs, although, to the

author’s knowledge, the Spindt array literature still

contains the largest such values.
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Density (cm−2) �total (mA) � (A/cm2) Anode voltage (V) Turn-on field (V/µm) Reference
105 - 0.6 401 30 [33]

- 10 10 3500 6 [34]
- - 0.001 400 1.67 [35]
- - 0.001 800 3.16 [35]

106 2.5 1 - 6 [36]
107 10 4 - - [36]

- - 0.001 - 3 [37]
106 0.4 4 3000 1.5 [38]

- 0.55 0.275 401 - [30]

Table 4.1: Performance of a selection of carbon nanotube field emitters. Various constructions are included: gated,
ungated, ordered array and carpeted types. �total is the total supplied current, � is the current density. Note 1: these
data are from gated arrays so the anode is significantly closer to the CNTs.

4.1 Performance

The issues facingMoand Si FEAs that have prevented

their commercial adoption were not related to raw

current output, but rather stability and uniformity

[14]. CNTs emit more stably, but improving uniform-

ity still requires the incorporation of ballast resistors

or other circuitry to restrain individual tips which are

dominating the emission [10, 30, 34]. This circuitry

is only possible when CNT placement is highly con-

trolled: EAD, or CVD with a uniform bed of cata-

lyst, produce a ’carpet’ of nanotubes in which there

is great variation in tip current. Li et al. made qual-

itative measurements of the uniformity of 11 × 11

and 20 × 20 arrays of CNTs by directing the emission

at a sheet of polymethyl methacrylate (PMMA) [39];

their results are shown in fig 4.3 and demonstrate the

heterogeneity of CNT FEA emission without added

circuitry.

Fig. 4.3: Uniformity of emission from CNT arrays tested
with a PMMA target screen. (a) and (c) depict an 11×11 ar-
ray, (b) a 20×20 array. Note that if all nanotubes were emit-
ting uniformly, there would be dots in each of the squares,
of the same size. Adapted from [39].

Fig. 4.4: Current saturation of CNT FE due to surface
adsorbates. The top panel shows data from an unclean
single CNT; the dotted line is a fit of the FN equation. The
lower panel shows the result of cleaning the nanotube by
heating it to 900K for several seconds. The inset is a plot
in the FN form (2). Adapted from [40].

As for stability, there is a large body of evidence

showing that CNT FE deviates from the FN form,

(2), at high electric fields, to form a current plateau

[10, 14, 34]. Dean and Chamala were the first to ex-

plain this [40]: the current saturation is due to gas

molecules adsorbed onto the CNT. They found, with

individual nanotubes, that saturation occurred after

reaching about 2 µA. Clean nanotubes, in contrast,

follow the FN theory well but in fact operate at a

lower current for the same voltage. This saturation is

shown in 4.4. In some contexts the saturation offers

a desirable stability, in contrast to the FN exponential
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variation with the electric field; in other contexts, the

reliability of the FN form may be preferable. It re-

mains to be seen how consistently CNTs can be made

to saturate, by changing the pressure for example.

In contrast to metal and semiconductor FEAs, the

main failure mode of CNTs is not ion sputtering; the

chemical stability of carbon resists this [14]. There are

twoprimary failuremechanisms forCNTs: (i) detach-

ment from the substrate at the foot [41, 42], and (ii)

resistive heating at high current densities [42]. The

latter is perhaps less pernicious because larger CNT

arrays can be used to spread the current load, and

the measures already described to increase uniform-

ity assist in this also. Failure at the nanotube base

is still poorly understood and there are no agreed

mitigation measures.

5 Applications of field emission

5.1 Field emission displays

The drive to realise field emission displays was the

major impetus for FE research for most of its history.

The first US patent for an FED was granted in 1970

[43]; the first working FED prototype was realised in

1986 [14]. The concept was to replace the electron

guns in CRT displays with an array of field emitters

very close behind the phosphor, which would be ad-

dressed as pixels (see fig 5.1). Soon after the first

report of CNT field emitters [29], there was signi-

ficant interest in creating CNT FEDs [44, 45]. Even

after reports of early liquid crystal displays (LCDs),

FEDs were still perceived to be superior in bright-

ness, response time, contrast, power consumption,

and operating temperature range [14]. Commercial

companies investing in FED research included, but

were not limited to, Samsung, Sony, Motorola, and

Philips; a selection of prototypes are shown in fig 5.2.

Ultimately, however, the stability and uniformity

issues mentioned in this paper, and manufacturing

issues - particularly those related to maintaining a

vacuumover a large area - led LCDandLEDdevelop-

ment to outstrip that of FEDs [10, 14]. All commercial

FED research has since shuttered.

Fig. 5.1: Operation of a field emission display. Repro-
duced from [14].

Fig. 5.2: Field emission display prototypes. (a) Sony port-
able DVD player, adapted from [31]. (b) Samsung 4.5"
FED, adapted from [44]. (c) Motorola 4.6" FED, adapted
from [46]. (d) Motorola 15" 640 × 480 FEDs and handsets,
adapted from [31].

5.2 Microwave amplifiers

Another application for which field emitters have

been considered is microwave inductive output amp-

lifiers (IOAs). In these devices, an electron beam,

which has been modulated at the cathode by an in-

put RF signal, interacts with (a) a standing wave, in

the case of a klystrode, or (b) a travelling wave, in the

case of a twystrode to amplify the modulating signal.
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Alternatively, the e-beam is not pre-modulated but

interacts with the input signal over a longer stretch of

waveguide; this is a travelling-wave tube (TWT), which

does away with the need for a cathode gate [14, 47].

A discussion of the amplification mechanism is far

beyond the scope of this work but may be found in

[47], for example.

The advantages of FE over thermionic cathodes in

this arena aremany: the ability tomodulate the beam

with an electrode very close to the emitter, reducing

device size; faster response and thus compatibility

with higher frequencies; and lower power consump-

tion [14, 36, 48]. The noise of FE emission presents

a relatively small obstacle to IOAs, because it is gen-

erally low frequency [14, 49]. A greater concern is

the intermittent failure of field emitters, Mo, Si, and

CNT based. Although several FE IOA prototypes

have been reported [21, 32, 36, 50], more data on life-

times are needed before FEmicrowave amplifiers can

be commercialised.

5.3 Electron microscopy

As mentioned in 2.2, cold cathode tungsten, a

field emitter, is commercially available, and popular,

choice of high resolution electron microscopy elec-

tron source. A point source is needed for this work

[9], so FEAs are unsuitable, but individual CNTs have

attracted attention, because they are impervious to

the ion sputtering which necessitates such high va-

cuums for CCW. The current challenge is to reliably

attach individual CNTs to a metal tip [10]. There has

been some progress in this regard [51], however.

5.4 Other applications

The list of unmentioned potential applications for FE

is long, and prospects are better in some areas than

others. For brevity, we list the most relevant along

with references for the interested reader.

• X-ray generation [52–54]

• Gas ionisation sensors [55, 56]

• Synchrotrons and accelerators [12, 13]

• Space propulsion [57, 58]

6 Conclusion

This review has presented the current state field elec-

tron emission technology, paying heed to more pop-

ular electron emitters, and to the theory of field emis-

sion. The focus has been on carbon nanotubes, as

these are the newest and, in some respects, most

promising field emitters, but the older Spindt and

silicon arrays have been described as well. The most

touted potential applications of FE have been out-

lined, and the suitability of FE analysed for each.

In the author’s opinion, FE research and develop-

ment cannot be separated from the context of com-

mercial interest in display technology. The fact that

the rise of LCDs and LEDs have precluded the suc-

cess of FEDsmaywell have slowedFE research. Other

applications remain where FE has apparent advant-

ages, principally low power and small size, but a

lack of understanding of FE noise and intermittent

failure, and manufacturing difficulties, are currently

the main obstacle to wider commercialisation of field

emitters.
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