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The field of vacuum electronics was launched with the inven-
tion of the vacuum tube in 1904. From that time, until the
introduction of the transistor in the 1960s, vacuum tubes
dominated electronic circuit design. Although solid-state de-
vices have taken over most of modern electronics, there are
still a number of important applications in which vacuum
tubes play an essential role. Basically, a vacuum tube is an
active electronic device that is used to control electron beams
for a variety of purposes. Figure 1 shows the essential compo-
nents of a vacuum tube, the cathode, the anode, and a system
of control elements.

Cathodes have been studied extensively, because of their
important role in electronic devices. After nearly a century of
research and development, cathode design has progressed to a
fine art. Cathodes may now be tailored to meet the particular
requirements of current, power, stability, brightness, life,
beam energy, and frequency modulation for a wide variety
of vacuum electronic devices. As technology presses on, new
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Figure 1. Basic elements of a vacuum tube, showing the cathode, the
anode, and a system of elements used to control the electron beam.
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sion, Fig. 2(d)), a combination of thermal and field (thermal-
field emission, Fig. 2(c)), by the absorption of electromagnetic
energy (photoelectric emission, Fig. 2(e)) or by the interac-
tions with energetic electrons or ions incident on the cathode
surface (secondary emission). The various modes of electron
emission are illustrated by the potential energy diagrams
shown in Fig. 2. As this figure shows, cathode performance is
governed by three factors: work function, temperature, and
the intensity of the electric field at its surface.

Thermionic cathode design was advanced considerably by
the introduction, in 1950, of the barium oxide dispenser cath-
ode. Since that time, a number of important improvements
have been made in the design of the dispenser cathode so
that, in spite of some of its shortcomings, it is currently the
cathode of choice in many applications, including cathode ray
and microwave tubes. A more recent development, the lantha-
num hexaboride thermionic cathode, is now finding wide ap-
plication in such devices as electron microscopes and scan-
ning Auger microprobes.

Field emission cathodes, studied extensively during the
1950s and 1960s, have found application in electron optical
systems and scanning tunneling microscopy. In recent years,
the multiple-needle field emission cathode, consisting of a
two-dimensional array of closely packed field emission tips,
has begun to attract interest as an electron source in flat
panel displays and microwave amplifiers. With its ability to
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deliver high current density, high brightness beams, the ther-
Figure 2. Potential energy diagrams illustrating the various meth- mal-field cathode is finding application in systems requiring
ods of extracting electrons from a metal (a–e) and a semiconductor finely focused beams, such as electron-beam-lithography sys-
(e). Observe that the work function, �, is the energy required to re- tems, electron microscopes, Auger electron spectrometers, and
move an electron from the Fermi level (FL) to the vacuum level Evac. other electron microprobe systems.
Electron emission occurs by two basic mechanisms, the excitation of Great strides were made during the decade of the 1960s
electrons to energies above the vacuum level and by quantum me- in developing very efficient photocathodes that are now used
chanical tunneling. As shown, emission occurs as (a) Thermionic extensively in photoelectronic optical systems such as photo-emission at low electric field; (b) Schottky emission, in which a moder-

mutipliers, video cameras, and other image converting de-ate electric field at the surface of the thermal emitter lowered the
vices. Performance of these cathodes is quite remarkable, andenergy barrier; (c) Thermal-field emission, in which electrons are
very high current densities have been achieved.emitted both thermally and by quantum mechanical tunneling

Two highly experimental cathodes are worth consideringthrough the barrier; (d) Field emission by tunneling at very high elec-
for the fact that they are cold emitters and potentially capabletric fields, but at low temperature; (e) Photoemission from a metal,
of emitting high currents. The first employs techniques thatresulting when an incident photon transfers its energy to an electron

in the conduction band; and (f) Photoemission from a semiconductor were developed for the microelectronic industry to fabricate
occurs as electrons are ejected from the valence band at low temper- an entirely new class of cold electron emitters known as ava-
ature. lanche and metal–semiconductor–metal (MSM) cathodes.

Still in the developmental stage, these cathodes are multifilm
structures that are capable of emitting electrons by quantum
tunneling at room temperature. The second takes advantageapplications are being found for which existing cathodes are
of the large currents generated in a plasma or glow discharge.no longer adequate, calling for smaller dimensions, higher
By extracting the electrons from the ions in the plasma thesespatial resolution, greater currents, higher current densities,
cathodes are capable of producing high currents.increased beam brightness, higher power, greater resistance

It is almost certain that further developments in electronto poisoning, longer life, higher frequency response, and
beam devices will impose requirements that existing cathodesgreater stability. Demands for improved cathode performance
are unable to deliver. To the degree that this is true, thereassure a continuing search for new and better cathodes.
will be a continuing need for research directed toward theTo understand electron emission, it is useful to think of
development of improved cathodes. In the following sectionsthe cathode as a potential energy box containing a pool of
the basic theory of electron emission will be given, followedelectrons (see Fig. 2). The potential outside the box is called
by a brief overview of common cathode materials, along withthe vacuum potential. For an electron to be liberated from the
a brief discussion of the state of the art of practical cathodes.box, it must either be given enough energy to raise it to the

vacuum level or it must find a way to tunnel directly from the
THEORYcathode into vacuum. The energy required to raise an electron

from the surface of the pool to the vacuum level is defined
Thermal-Field Emissionas the work function. In general terms, cathodic emission of

electrons may be promoted thermally (thermionic emission, In general, electron emission from a metal cathode surface
depends upon three physical conditions, the work function, �Fig. 2(b)), by the application of a high electric field (field emis-
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Table 1. Current Density Equations for Thermal-Field Emission of Electrons

Regime Temperature-Field Range Current Density, (A/cm2) Eq. No

Thermionic Emission (low F, high T) (2)JT � 120T2 exp��1.16 � 104 �

T�
(Richardson–Dushman equation)

Schottky Emission (F � 160T1.33) (3)JS � 120T2 exp��1.16 � 104�(1 � y)
T �

(Schottky equation)

Extended Schottky (160T1.33 � F � 1100T1.33) JES � JS
�q

sin(�q)
(4)

Emission

Field Emission (F � 9400�0.5T) (5)JFE �
1.54 � 10�6F2

�t2(y)
exp��6.83 � 107�1.5v(y)

F �
(Fowler–Nordheim equation)

JTF � JF
�p

sin(�p)Thermal-Field Emission (9400�0.5T � F � 4 � 104�0.5T) (6)

In these equations, the current density, J, has units of A/cm2 when � is measured in eV, F is in V/cm and T is in K. The parameters
appearing in the equations are defined as:

y � 3.79 � 10�4 �F
�

q � 5.04 � 10�3 F 0.75

T

p � 8840
T��t(y)

F

t(y) � 0.9967 � 0.716y � 0.0443y2

v(y) � 1.10138 � 0.2676y � 0.7555y2

(eV), the temperature, T (K), and the electric field intensity, where N(W) is the number of electrons per unit energy arriv-
F (V/cm). Electron emission is described customarily in terms ing at the cathode–vacuum interface from inside the metal
associated with various ranges of temperature and field as and D(W) is the transmission probability. An analytical solu-
illustrated in Fig. 2. Thermionic emission (TE) occurs at low tion of Eq. (1) does not seem possible over the entire range of
fields and at temperatures sufficiently high to promote metal- temperatures and fields; however, approximate solutions may
lic electrons to energies above the vacuum level. In Schottky be obtained for particular ranges of temperature and field and
emission (SE), electrons are thermally emitted above a poten- these are presented in Table 1. Temperature-field domains
tial barrier that is lowered by an applied electric field. As over which these solutions are valid are illustrated in Fig. 3.
higher electric fields, the potential barrier may be made thin
enough for emission to occur as a combination of thermionic
emission above the barrier and tunneling through the barrier,
a process known as thermal-field emission (TFE). Field emis-
sion (FE) occurs at low temperature by tunneling through a
potential barrier made quite thin by a very high electric field
at the cathode surface. Photoelectric emission (PE), promoted
by the absorption of photons incident on the cathode surface,
is also strongly affected by temperature and electric field in-
tensity. Secondary emission cathodes have been omitted from
this article.

Theoretical analyses of electron emission over a wide range
of temperatures and fields have been reviewed in a concise
manner by Swanson and Bell (1). For more detailed treat-
ments, the reader will want to consult reviews by Nottingham
on thermionic emission (2) and by Good and Muller on field
emission (3). In general, the current density of electrons emit-
ted into a vacuum from a metal surface, in the absence of
photon interactions, may be expressed by the integral equa-
tion,

108

107

106

100 400 1000
Temperature (K)

E
le

ct
ri

c 
fie

ld
 in

te
n

si
ty

, 
F

(V
/c

m
)

4000

Schottky
emission

Extended
Schottky
emission

T-F
emission

4.
2 

H(T
,  

 )φ

0.
15

 F
(T

)

F(T
)

H
(T

,  
 )φ

Field
emission

Figure 3. Various emission domains shown in terms of the electric
field intensity at the surface of the emitter and the temperature.

J = e
∫

W
N(W )D(W ) dW (1)
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Photoemission These equations have all been derived for the case in which
the applied electric field is zero. Extending the theory of

Photoemission occurs by the ejection of electrons from either
photo-emission to include the effect of electric field reveals

states at the surface of a material, or from states lying within
two important points: First, unlike the case of thermal emis-

its interior, by energy transferred from an incident photon.
sion, Schottky lowering of the potential barrier is not signifi-

An in-depth discussion of photoemission from solids will be
cant in photo-emission and second, photo enhanced field emis-

found in the work edited by M. Cardona (4).
sion is possible, a fact that has been used to advantage in

The fundamental requirement for photoemission is that
investigating surface states and surface band structure (5).

the energy given to the electron by the incident photon be
Because of its limited practical application at the present

sufficient to excite it from the Fermi level to the vacuum level
time, photo-field emission will not be considered further in

[Fig. 2(e)]. In the case of emission from a metal at absolute
this article.

zero, the excess photon energy is converted to kinetic energy
of the emitted electrons according to the equation

Space Charge

A theory of cathodes would be incomplete without at least aEe = hν − eφ (2)
brief mention of space charge. In simple terms, electrons ar-

where � is the frequency of the incident photons. In the case rive at the surface of an electron emitter with kinetic energy
of photoemission from a semiconductor at low temperatures of only a few electron volts. Although they are generally sub-
[Fig. 2(f)], it is necessary for the incident electron to be ex- ject to an accelerating electric field, these electrons may still
cited from the valence band to the vacuum level, usually ex- linger sufficiently long in the vicinity of the cathode surface
pressed in terms of the energy of the band gap, Eg plus the to form, in effect, a negative charge layer near the surface.
electron affinity Ea, in which Eq. (2) must be written as: The presence of this space charge layer serves to reduce the

electric field at the cathode surface and may even produce a
negative potential gradient that inhibits further emission ofEe = hν − (Eg + Ea) (3)
electrons. In general, space charge depends upon electrode ge-

At a temperature above absolute zero, electrons may be ometry, the current density at the cathode surface and the
ejected from states above the Fermi level for metals and form electric potential, all of which are interrelated in complex
the conduction band for semiconductors. This has the effect of ways.
making the threshold for emission less sharp. Space charge theory is derived from a solution of Poisson’s

To determine the photo-electron yield for a metal, one re- equation:
places the supply function N(W) in Eq. (1) by

∇2φ = − ρ

ε0
(9)

N(W + hν) = αZ(hν)N(W ) (4)

where � is the electric potential in V and 	 is the electricwhere Z(h�) is the probability that an electron will be excited
charge density in the cathode-anode region in C/m3. Equationfrom a state W to a state W � h� and � is a cross section (of
(9) may be solved to yield,the order of 10�32 cm2-s/photon) for the excitation of a con-

duction electron by an absorbed photon. With this change, in-
tegration of Eq. (1) gives the current density of photo-emitted (2KJV 1/2 − F2

0 )(4KJV 1/2 + F2
0 )1/2 = 6K2J2d − F3

0 (10)

electrons as,
where, K � 
0 �(2e/m), J and F0 are, respectively, the current
density and electric field at the emitting surface, and V is theJp = 120αI(ν)T2 f (x) (A/cm2

) (5)
cathode-anode potential difference (6). Here, in SI units, m is
the electron mass and e is the electronic charge.where f (x) is a monotonically increasing universal function of

The electric field at the surface of the emitter is dependentthe variable,
upon V but the relationship is complex because of space
charge effects that ensure that F0 also depends on J. This
consideration is important for emission domains in which thex = h(ν − ν0)

kT
(6)

electric field is a significant factor; however, for thermionic
emission in which F0 is small, Eq. (10) reduces to the familiarand I(�) is the incident light intensity in photons/cm2-s. The
Child–Langmuir (C–L) law:function f (x), is given by,

JC = 4V 3/2

9Ks
= 2.330 × 10−6 V 3/2

s
(11)

In this expression, s is a parameter that depends on geometry

f (x) = ex − e2x

22 + e2x

32 − · · · (x ≤ 0)

= π2

6
+ x2

2
−

[
e−x − e−2x

22 + e−3x

32 − · · ·
]

(x ≥ 0)

(7)

with units of cm2. For all but the simplest of configurations,
the parameter, s, is a complicated function of the electrode

It is customary to present photo-electric data in the form of geometry; however, values for a few common electrode con-
the so-called Fowler equation, figurations are presented in Table 2.

In the case of Schottky emission, the presence of space
charge may be quickly recognized by plotting the current den-
sity as a function of the applied voltage on a log–log graph.

log
(

Jp

I(ν)T2

)
= B + f (x) (8)
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Table 2. Approximate Values of the s-Parameter for Various Cathode-Anode Configurations

Geometry Defining Dimensions s

Planar Cathode-anode distance � d d2

Cylindrical
Internal cathode 3 � ra /rc � 10 �0.144r2

a(ra /rc)1.50910�[log(ra /rc)
0.824]2

Internal cathode ra /rc � 10 �ra rc

Spherical
Internal cathode 3 � ra /rc � 100 �r2

c[�0.340 � 2 log(ra /rc)]

The resulting graph shows two regions, defined by JC � JS Cathode Material Characteristics
(space charge limited or Child region) in which the graph has

Thermionic cathodes are often characterized by plotting cur-
a slope of 3/2, and JC � JS (temperature limited or Schottky

rent density against the evaporation rate. Another useful way
region), characterized by a nearly zero slope. This effect is

to characterize a thermionic cathode material is to define a
illustrated in Fig. 4. Note that cathodes operating in the

figure of merit based on the Richardson equation:
Child region are not dependent upon the work function. Read-
ers are directed to the literature (7) for treatments of space

α = 2 log Tm − 5 × l03φ/Tm (12)charge for the case of field emission.

in which the evaporation rate is roughly correlated with the
CATHODE MATERIALS melting temperature, Tm. Table 3 gives values of � for a few

promising thermionic cathode materials.
Practical cathode design is primarily a problem in materials The list of materials used as field emitters is comparatively
science. While it is clear that a low work function is necessary much smaller than those used for thermionic cathodes. In
to achieve the greatest emission current, a real cathode must general, practitioners in field emission have looked to the re-
also exhibit a number of other important characteristics, in- fractory metals or compounds for use as field emission cath-
cluding a low rate of evaporation at the operating tempera-
ture, a high resistance to contamination and poisoning, a
strong resistance to sputtering, thermal stability, mechanical
durability, and in the case of photocathodes, a high quantum
yield. As knowledge of materials science increases, it is possi-
ble to envision a time when cathodes will be purposefully en-
gineered to possess the desired characteristics (low work func-
tion, low vaporization, chemical inertness, hardness, etc.) by
creating exotic alloys or modifying the emitting surface by ion
implantation. To some degree, this is the approach taken by
the developers of thermionic dispenser cathodes and photo-
cathoes in which the emitting surfaces are carefully modified
by certain work function-lowering compounds or alloys.
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Figure 4. Schottky plots for a hypothetical thermionic cathode,
showing the space charge limited (Child) and the temperature limited
(Schottky) regions.

Table 3. Figures of Merit for Some Thermionic
Cathode Materials

Material ���(eV) Tm(K) �

Oxides
CaO 1.8 2840 3.7
SrO 1.4 2700 4.3
BaO (on tungsten) 2.1 2190 1.9
BaO (on irridium) 1.5 2190 3.3
ThO 2.8 3460 3.0

Borides
LaB6 2.7 2800 2.1
LaB6 (310) plane 2.4 2800 2.6
CeB6 2.7 2560 1.5
YB4 2.6 3070 2.7
GdB4 2.0 2920 3.5

Carbides
TiC 3.3 3430 2.3
ZrC 3.4 3800 2.7
ZrC (210) plane 3.3 3800 2.8
NbC 3.5 3920 2.7
HfC 3.4 4160 3.2
TaC 3.6 4150 2.9
CeC2 2.5 2810 2.4

Metals
Al 3.0 933 �10
Ba 2.5 1123 �10
C 4.7 3770 0.9
Cs 1.8 302 �25
Hf 3.6 2500 �0.4
Ir 5.4 2720 �3.1
Mo 4.3 2895 �0.5
Ta 4.1 3293 0.8
W 4.5 3695 1.0
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Table 4. Most Commonly Used Materials for Field
Emission Cathodes

Material f (eV) Tm (K) Application

Tungsten 4.5 3695 most widely used
Molybdenum 4.3 2895 field emitter arrays
Silicon 4.85 1687 field emitter arrays

Eg � Ea � 4.15
W–Zr–O 2.5–2.7 Schottky/T-F emitters
W–Hf–O 2.7 Schottky/T-F emitters
LaB6 2.4 2800 Cold and Schottky

emitters
ZrC 3.4 3800
HfC 3.4 4160

odes because of their high thermal and electrical conductivity
and their resistance to vacuum arc and sputtering damage by

Ea = 0.3 eV Ea < 0 eV
0.9 eV

Eg = 1.1 eV

(a) (b)

(c) (d)

Ea = 4.05 eV
Ea = 1.3 eV 1.9 eV

0.9 eV

back-streaming ions. Materials that are most frequently used
Figure 5. Potential energy diagrams illustrating the conversion ofas field emission cathodes are listed in Table 4.
the (100) plane of silicon from a normal electron affinity to negativeA complete listing of materials used as photocathodes is
electron affinity surface. Adsorbing a layer of cesium onto a clean,far to extensive to include here. Suffice it to say, photocathode undoped silicon surface, (a) Will have the effect of reducing the elec-

development has become a very sophisticated science. The tron affinity to 1.3 eV, (b) By co-adsorbing a layer of oxygen the elec-
major considerations are the work function for metals, the tron affinity is further reduced to 0.3 eV. (c) Repeating steps (a–c) for
energy band gap, Eg, and electron affinity, Ea, for semiconduc- strongly p-doped silicon results in a negative electron affinity (9).
tors and the quantum efficiency, Q in emitted electrons per
incident photon. The properties of a few practical photocath-
odes are presented in Table 5. An extensive review of photo-

In the simplest possible terms, this method of achievingcathodes has been published by Sommer (8).
NEA is illustrated in Fig. 5, using Si as an example. The (100)
crystal plane of silicon has an energy band gap of 1.1 eV andNegative Electron Affinity Materials
an electron affinity of about 4.0 eV as shown in Fig. 5(a). In

Because of their application in photo and tunnel cathodes, it Fig. 5(b), adsorption of a layer of Cs, with a work function of
is important to call attention to a class of materials that have 1.9 eV, effectively reduces the electron affinity to about 1.2
negative electron affinity (NEA). A NEA material is a semi- eV. Activating the cesium surface with oxygen reduces the
conductor in which the conduction band edge lies above the electron affinity yet further to 0.9 eV, as shown in Fig. 5(c).
vacuum level. First observed in the 1960s, NEA is achieved Then, as illustrated in Fig. 5(d), strong p-doping of the silicon
by modifying the surface of a semiconductor in order to lower brings the Fermi level near the valence band edge, giving an
the vacuum level relative to the conduction band edge. This electron affinity of less than 0 eV. It is possible to obtain NEA
is usually done by the adsorption of a thin film of a low work by this method for the (100) plane of silicon but not other
function material onto a p-type semiconducting surface. In orientations. One example of a NEA surface has been re-
principle, NEA is achieved when the work function of the ad- ported by Santos and MacDonald (10).
sorbed layer is less than the band gap energy.

THERMIONIC CATHODES

Basic Considerations

Historically, the electronics industry was founded upon the
use of vacuum tubes powered almost entirely by thermionic
cathodes. Even today, thermionic cathodes are the electron
sources of choice in the vast majority of vacuum electronic
devices now in service, including cathode ray tubes, micro-
wave amplifiers, x-ray sources, and the various specialty vac-
uum tubes used in electronic circuits. The practical attrac-
tiveness of the thermionic cathode lies in the ease with which
it may be mass produced, its reliability, and its long life. Of
the thermionic cathodes in service, the dispenser cathodes are
the most commonly used. Excellent reviews by Thomas et al.
(11), Cronin (12), and Shroff and co-workers (13) cover the
state of the art of dispenser cathodes.

Table 5. Properties of a Few Practical Photocathodes

Wavelength
Eg � Ea at Peak Quantum

Cathode or Sensitivity Yield
S-number Material � (eV) 
p (nm) at 
p

S-1 Ag–O–Cs 800 0.005
S-10 Bi–Ag–O–Cs 1.6 400 0.10
S-11 Cs3Sb 2.1 450 0.20
S-20 Cs–Na2KSb 1.5 400 0.30

K2CsSb 2.1 400 0.30
K2CsSbO �2.1 400 0.35
LaB6 � � 2.7 0.0001
GaAs(Cs–O) Ea � 0 860 0.17
InGaAs(Cs–O) Ea � 0 1000 0.0015
Si(100)–Cs–0 Ea � 0
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The Dispenser Cathodes 8. Scandate type: A mixed matrix cathode in which bar-
ium scandate is mixed with the tungsten powder prior

Definitions. Table 3 shows that Group I and II metal ox-
to sintering. These cathodes are activated without fur-

ides have high figures of merit; however, because they tend
ther impregnation.

to be structurally weak and evaporate rather quickly at op-
erating temperatures, they are customarily used as dispenser Other designs are continually being researched. For example,
cathodes. Dispenser cathodes have been designed to compen- the controlled porosity dispenser uses a W–Os or W–Ir foil
sate for evaporation by ensuring a constant supply of oxide. with tiny, closely spaced laser milled holes in it for the even
A typical dispenser cathode is shown schematically in Fig. 6. dispersing of the oxide over the surface. Still other workers
Since the introduction of the L-type cathode in 1950, several are investigating the use of thin layers of an alloy on the cath-
types of dispenser cathodes have been developed. These are ode surface.
described as follows:

B- and S-Type Cathodes. B- and S-type cathodes consist of
1. The L-type cathode is the first dispenser cathode used an indirectly heated porous plug (matrix) made by sintering

commercially. This cathode consists of a thin wafer of 4 mm tungsten powder to give a porosity of 17–20%. Impreg-
porous, sintered tungsten referred to as a matrix. Just nation is achieved by immersing the plug in a melt of the
behind the wafer is an oxide filled cavity that serves as impregnant, which is usually a mixture of BaO � CaO � Al2O3

a reservoir for dispensing the oxide. As the cathode is in the ratio of 5 : 3 : 2 (B-type) or 4 : 1 : 1 (S-type). These im-
heated, oxide migrates through the matrix, coating the pregnants have been chosen to eliminate excessive Ba evapo-
emitting surface with an oxide layer, which then reacts ration. Activation of the cathode to maximize emission is ef-
with the tungsten surface to create a Ba–O dipole layer, fected by heating in vacuum for several hours.
which in turn reduces the work function. The mechanism for lowering the work function is complex

and the electrical, kinetic, and chemical properties of these2. B-type: Instead of the cavity used in the L-type cathode,
cathode systems are not completely understood. It does seemthe B-type cathode, introduced in 1950 , uses a sintered
clear, however, that the cathodes are activated by chemicaltungsten (or other metal) matrix that is impregnated
reactions occurring at the cathode surface. During activation,with an oxide eutectic. During use, the impregnated ox-
Ba and BaO are believed to be formed by the following reac-ide diffuses to the surface where it is activated to pro-
tions:duce a thin low work function surface layer. The B-type

cathodes are characterized by specifying the proportions
of BaO : CaO : Al2O3 impregnant to be 5 : 3 : 2. 3Ba3Al2O6 + W → BaWO4 + 2BaAl2O4 + 3Ba

Ba3Al2O6 → BaAl2O4 + 2BaO3. S-type: The S-type cathode is identical to the B-type but
with a BaO : CaO : Al2O3 impregnant in the proportions

Following activation, a decrease in emission from dispenser4 : 1 : 1.
cathodes is often observed over time. This is believed to be

4. M-type: Invented in 1966, this cathode is a B- or S-type due to (1) The depletion of BaO on the emitting surface, (2)
cathode with a surface coating, or top layer, of osmium Poisoning of the cathode surface by exposure to oxygen and
[M(Os)], ruthenium [M(Ru)], or iridium[M(Ir)]. At 1300 water vapor, (3) Poisoning by the deposition of anode material
K, these cathodes generate three times the emission of on the emitting surface (4) The migration of carbon to the
the B-type cathode. emitting surface from within the bulk material, and (5) Sput-

5. MM-type: Often referred to as a mixed matrix cathode, tering by back streaming ions formed by the ionization of re-
the MM-type cathode is made by mixing a second metal sidual gases.
(Os, Ir, Ru) with the tungsten prior to sintering. To achieve a current density of 40 A/cm2 to 50 A/cm2, a

standard B- or S-type cathode would have to be operated at a6. CMM-type: This is an osmium MM cathode coated with
temperature of 1770 K. At this temperature, the expectedan additional surface layer of osmium.
useful life would be only about 40 h. This limitation led to the7. CD-type: A standard dispenser cathode with an os-
development of the M and MM cathodes.mium-tungsten alloy substrate.

M- and MM-Type Cathodes. It is a well-known fact that the
higher the work function of the refractory metal substrate the
lower the minimal attainable work function produced by the
adsorption of Group I and II metal oxides adsorbates on that
substrate. This fact has been used to advantage in dispenser
cathode design and has led to the development of the M- and
MM-type cathodes. In the M-type cathode, a noble metal (Os,
Ir, Ru), having a relatively high work function, is evaporated
as a top layer onto a standard B-type structure. In the MM-
type, or mixed matrix, cathode, noble metal powder is mixed
with the tungsten prior to sintering to form the porous base.

Scandate Cathodes. A scandate cathode is a mixed matrix
�
�
�
�Porous tungsten

plug

Supporting
structure

Heater
cathode in which barium scandate is mixed with the tungsten
powder prior to pressing to produce the metal substrate.Figure 6. A typical dispenser cathode.
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Being strongly field dependent, they may be switched on and
off with frequencies as high as Ghz. Since the emitted elec-
trons emerge from the apex of a very sharp needle, field emis-
sion cathodes are essentially point sources. They exhibit ex-
tremely high brightness through the combination of high
current density and small emitting surface. The last three
characteristics make them especially well suited for use in
electron optical systems.

Several characteristics of field emission cathodes have lim-
ited their application. First, field emission is strongly depen-
dent on work functions making them extremely sensitive to
the adsorption of residual gases in the vacuum chamber. Sec-
ond, the strong dependence on the electric field can be a prob-
lem when sputtering of the emitter surface by back-streaming
ions creates surface irregularities. These irregularities cause
local field enhancement that results in unstable emission.
Third, resistive heating at the emitter tip at high current den-
sities may lead to a runaway condition that ends in a vacuum
arc and destruction of the emitter. Finally, although emission
current density may be quite high, total current is usually
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small because of the small emitting area, typically of the or-
Figure 7. Richardson plots comparing the performances of a number der of 10�8 cm2. In spite of the limitations, field emission cath-
of dispenser (B, S, M, MM, CMM) and LaB6 thermionic cathodes.

odes are finding wide application in scanning tunneling elec-
tron microscopes (STEM) and scanning electron microscopes
(SEM) and in the two-dimensional field emitter arrays usedThese cathodes, activated without further impregnation have
in certain flat-panel displays.excellent emission properties, low evaporation, long life, a

The physical properties most important for field emissionwork function of 1.78 eV at 1220 K, and yield current densi-
cathodes are high thermal and electrical conductivity, a highties as high as 100 A/cm2.
melting temperature to permit the emitter to be cleaned ther-
mally, a surface that is chemically inert, and a material thatBoride Cathodes
is resistant to sputtering by back-streaming ions. These re-

Certain rare-earth metal borides are known to have excellent quirements have restricted the choices to the refractory mate-
emission properties. The most commonly used are LaB6 and rials. Tungsten field emitters have been used extensively but,
CeB6 whose work functions are about 2.7 eV. The highest cur-

although it is quite refractory and has excellent thermal and
rent density is obtained from LaB6. With a figure of merit of

electrical conductivity, a clean tungsten surface reacts readilyaround 2.1 (Table 3), LaB6 would appear to be only moder-
with the residual gases in the vacuum and it is not very resis-ately favorable as a cathode material in comparison with the
tant to sputter damage. Recently, there has been considerableGroup I and Group II oxides. However, because of its higher
interest in using LaB6, ZrC, and HfC emitters in cold fieldmelting temperature and lower evaporation rate, it has been
emission applications. These materials have lower work func-possible to obtain current densities of 100 A/cm2 LaB6 cath-
tions, chemically less reactive surfaces, and they are more re-odes. Furthermore, LaB6 is very robust in comparison to the
sistant to sputtering.oxides, accounting for the considerable attention it has re-

More information concerning the application of field emis-ceived as a cathode material, particularly in focused beam ap-
sion may be found in the reviews by Dyke and Dolan (14) andplications. The chief reason that the LaB6 cathode has not
Gomer (15), as well as those of Swanson and Bell (1) and Goodbeen used more widely is the higher heating power required.
and Muller (3).Figure 7 compares emission characteristics of the various

types of thermionic cathodes (B, S, M, MM, CMM, scandate,
and LaB6). Field Emitter Arrays

Because the total current from a single tip is quite small (of
FIELD EMISSION CATHODES the order of 10 �A), high current field emission can only be

realized by using arrays of multiple needles. However, this is
Basic Considerations not as simple as might at first be imagined because, as the

emitters are brought near one another, the field at each emit-Field emission of electrons occurs by quantum mechanical
ter surface is reduced by the mutual shielding of the neigh-tunneling through a potential barrier made narrow by an
boring emitters. Thus, the total current is determined by twoelectric field of the order of 10 MV/cm. In order to achieve the
competing factors: the linear increase in current with an in-required electric field intensities, it is customary to use a very
creasing number of emitters and a reduction in current duesharply etched needle as the cathode. Field emission cathodes
to the shielding effect. The shielding effect may be avoided byhave a number of attractive features: They may be operated
providing each emitter with its own closely spaced anode, ancold, which eliminates the need for a heating power source.
approach taken in the design of the so-called Spindt cathodeCurrent densities as high a 10 MA/cm2 have been obtained

for dc operation and up to 0.1 nA/cm2 for pulsed emission. and its close relatives.
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Metal surface film

SubstrateInsulating film

Figure 8. Spindt-type, multiple tip array, field emission cathode.

Spindt Cathode

Shown schematically in Fig. 8, the Spindt cathode consists of
an array of metal cones (usually molybdenum) deposited by
evaporation onto a silicon substrate. An important factor in
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the design of the Spindt cathode is that each emitter is cen-
tered within a small aperture in a control grid, which elimi- Figure 10. Schematic drawing of a Schottky cathode.
nates the shielding effect of the other emitters. Spindt cath-
odes have been fabricated with packing densities as high as
5 � 106/cm2 and cathodes with up to 40,000 individual emit- changeably. Cathodes operating in the ES mode are the domi-
ters are made routinely. Because of the close proximity of the nant electron source in focused electron optical devices, that
control grid, these cathodes operate at only a few hundred require high brightness, high angular intensity, low energy
volts and at current densities of 50 A/cm2. Lifetimes in excess spread, low noise, and long life. Prominent applications in-
of 50,000 h can be expected under controlled conditions. Work clude e-beam lithography systems, electron microscopes, mi-
is still ongoing in an effort to overcome the present limita- cro-electronic, and Auger microprobes. The most commonly
tions of the Spindt cathode. Other configurations, including used TF cathode is the zirconiated (Zr/O/W) tungsten emitter,
wedges, are also being investigated. These and other issues which is commonly arranged as shown in Fig. 10.
are discussed in the excellent reviews of Iannazzo (16) and The performance of a TF emitter is determined by a combi-
Forman (17). nation of tip radius, electrode configuration, and the op-

erating parameters, all of which are interdependent. The op-
EXTENDED SCHOTTKY AND THERMAL-FIELD CATHODES erating parameters, defining the operation of a TF cathode

are the temperature T, the suppressor voltage Vs, and the ex-
Cathodes that operate in the extended Schottky (ES) and tractor voltage, Ve. For a Zr/W/O, cathode operating at a tem-
thermal-field (TF) modes are discussed together, since the perature of 1800 K, Vs ranges between �1200 V and �300 V.
transition from one to the other is continuous, depending The value of the extractor voltage is dependent upon the de-
upon the particular values of the applied electric field and sired angular intensity, I� in A/sr. As an example, values for
temperature (Fig. 9). Often, these terms are used inter- I� and Ve can be approximated for one commercial Zr/O/W

cathode (FEI Co., Beaverton, OR) by the empirically derived
formulas:

� = 2.8 × 10−25V 4.2
e

r 1.1z3.0 (13)

Ve = 6.9 × 105r0.27z0.71�0.24 (14)

where Ve is in V, r, and z are in cm, and I� is in mA/sr. These
expressions are valid for 4kV � Ve � 8kV, 0.3 � r � 1 �m,
and 250 � z � 500 �m. A good source for learning more about
the TF cathode is the paper by Swanson and Tuggle (18).

PHOTOCATHODES

Photocathodes are used extensively in photomultipliers and
various other photo-electronic imaging devices. In addition,
considerable interest has been shown in the use of photo-
emission to generate high current, high power electron beams
for application in such devices as free electron lasers and gyr-
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atrons. Photocathodes offer several advantages over thermi-
onic and field emission cathodes: (1) Heating or high electricFigure 9. Schottky plots for a Schottky-TF emission cathode for dif-
fields are not required; (2) The electron beam may be easilyferent work functions and tip radii. A temperature of 1800 K is as-

sumed in all cases. modulated by modulating the incident light intensity; (3) The



88 CATHODES

shape and size of the cathode may be altered to suit the par- gases and fatigue due to exposure to the incident light beam
may lead to deterioration of the cathode with time.ticular application; and (4) The energy spread of the electron

beam is relatively small. Elimination of the need for heating A summary of photocathode characteristics is presented in
Table 5. A few remarks about the different types of photocath-simplifies the fabrication of cathode structures and reduces

greatly cathode power requirements, for example, 6 J of pho- odes follows.
ton energy per microsecond pulse as compared to 2500 W of

Metal Photo-Emittersheating power over a duration of minutes for a 16 cm2 LaB6

cathode. Photo-emission from metals has been studied extensively
Before reviewing the basic types of photo-emitters, it is (19). The emitting surface of most practical metal photocath-

helpful to present the basic photo-emission equation con- odes consists of a thin oxide layer. Except for the alkali met-
taining the quantum yield, Q, which is defined as the number als, these emitters are generally stable to environmental ef-
of emitted electrons per incident photon. Using this definition fects, but their energy thresholds are relatively high and their
of quantum yield, the emitted current density is given as quantum efficiencies are low (10�4% to 10�3%). For these rea-

sons the nonalkali metal photo-emitters are of limited use-
fulness. The alkali metals have narrowly peaked quantum ef-Jp = eI

hν
Q(v) = 8 × 105λIQ(v) (A/cm2

) (15)
ficiency curves in the visible spectrum but they are
problematical because of their low vapor pressures.

where 
 is the wavelength in meters and I is the intensity of
the incident light in W/cm2. With Q � 10�3 and 
 � 0.532 Multi-Element Photo-Emitters
mm, this yields a current density of 100 A/cm2 at an incident

Multi-element semiconductor photocathodes are used widelylight power density of 230 kW/cm2. The energy density in a 1
in photo-electronic imaging devices. The most common ofms pulse is 230 mJ/cm2.
these are the so-called multi-alkali photocathodes of whichThe quantum yield depends on several factors: First, it de-
Cs3Sb, Na2KSb, Na2KSb(Cs), GaP(Cs), Ga(As, P)(CsO[F]), andpends on the surface and bulk electronic structure of the cath-
GaAs(Cs, O[F]) are examples. All of the listed compounds ei-ode, described in terms of the work function the band-gap en-
ther contain or are activated by an alkaline metal and theyergy and electron affinity. Second, the yield factor varies
are all responsive to visible radiation. These compounds tendconsiderably from one cathode to the next, often displaying a
to decompose at high temperatures and they must be oper-maximum for wavelengths well below threshold. Third, the
ated at pressures lower than 10 nPa . Quantum efficienciesquantum yield will depend on temperature. Fourth, because
for these cathodes lie in the range of 1% to 3% and as a result,the photon interaction often occurs at depths of a few hundred
quite high current densities have been reported. For example,angstroms inside the cathode, the transmission of both the
current densities in excess of 600 A/cm2 have been reportedelectron and the photon within the cathode material has a
for Cs3Sb cathodes in 60 ps pulses at acceleration potentialsignificant influence on the quantum yield. As an illustration,
differences of 1 MeV. Large pulsed currents have also beenFig. 11 shows the quantum yields for selected cathode materi-
produced from GaAs(Cs, O) at the Stanford Linear Accel-als plotted against wavelength.
erator.Photo-emitters designed for high current applications must

have three important characteristics: a low work function, rel- LaB6 Photo-Emitters
ative insensitivity to the adsorption of residual gases, and the

The lanthanum hexaboride cathode surface seems to be moreability to withstand the high temperatures generated by ab-
tolerant to the presence of oxygen than other photocathodessorption of the incident electromagnetic radiation and by re-
and this cathode may be operated under poorer vacuum con-sistive heating. For long-term operation, consideration must
ditions and at higher temperatures than the semiconductoralso be given to the fact that poisoning by adsorbed residual
photo-emitters. They may be made quite large. Photocathodes
made of LaB6 typically exhibit quantum efficiencies on the
order of 10�2% when irradiated with radiation of wavelength
of 308 nm.

Negative Electron Affinity Photo-Emitters

In recent years, certain NEA photo-emitters have attracted
attention. The most prominent of these are the Si(100)(Cs–O)
and GaAS(CS–O) NEA photocathodes. Quantum efficiencies
for these cathodes are relatively high, with GaAS(CS–O) hav-
ing a quantum efficiency of 17% and they have high spectral
sensitivities in the infrared frequency range. Erjavec (20) has
summarized the properties of these emitters.

THIN FILM TUNNEL CATHODES
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Metal-Semiconductor-Metal Cathode
Figure 11. Relative quantum yields for four different photocathodes,

Several schemes have been proposed for the fabrication ofshowing differences in their spectral sensitivities. Quantum yields
have been normalized to the same value. cold electron emitters using techniques developed by the
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tially as hot electrons with an effective electron temperature
of as high as 5700 K. As shown in Fig. 12(b), electrons tunnel
from a p� region through a very thin n�� layer directly into
vacuum. Although the energy spread of the emitted electrons
amounts to 1.2 eV, the aperture acts as an energy selector to
limit the spread of the emitted beam to about 0.35 eV.

The small dimensions of the avalanche cathode means that
very fast switching of the emission current is possible. The
fast writing times possible and the ability to produce arrays
of these cathodes makes them suitable for use in electron li-
thography systems and flat panel displays.

Metal-Semiconductor-Metal Cathode

Cold emission can also be realized by tunneling through a
thin insulating or semiconducting layer sandwiched between
two metal layers, the metal substrate and a metal surface
layer. These cathodes are referred to respectively as metal–
insulator–metal (MIM) and metal–semiconductor–metal
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(MSM) cathodes. For emission to occur, the insulator and sur-
Figure 12. Van Gorkom-Hoeberechts avalanche tunnel diode. (a) face layer must be very thin and emission is enhanced if the
Cross section. (b) Potential energy diagram. surface layer has a low work function. The development of the

MIM cathode had its beginning in 1961 when Mead demon-
strated the feasibility of cold electron emission into vacuum

semiconductor electronics industry. In one way or another, from a layered metal-insulator-metal device. In these devices,
these schemes rely upon quantum tunneling to extract elec- the insulating and surface films are a few tens of angstroms
trons from a thin film structure. Because of the experimental in thickness. Electrons thus injected into the conduction band
nature of these cathodes they will only be introduced briefly of the insulator are accelerated by the strong electric field in
here. Many of the basic concepts governing the operation of the film, acquiring sufficient energy to escape through the
the tunnel cathodes can be illustrated by considering two metal surface film into the vacuum. Current densities of a few
types of cathode, the avalanche and the metal-semiconductor- milliamps per square centimeter are typically observed, with
metal (MSM) cathode. The interested reader will find a more emission efficiency below 1%. Interestingly, the transfer ratio
in-depth review of the subject in Ref. 21. may be significantly improved by depositing a low work func-

tion layer as the metallic surface film.
Avalanche Diode Emitter In general, the performance of the early MIM cathodes was

not spectacular, which undoubtedly explains why they at-Electron emission from a reverse biased silicon p–n junction
tracted so little attention in ensuing years. Nonuniform emis-was first reported in 1957. Research conducted since that
sion, noise, and electrical breakdown are limiting characteris-time has led to the development by van Gorkom and Hoeber-
tics but the more serious short-coming of these cathodes isechts (22) of a practical avalanche p–n junction cathode.
the disappointingly low transfer ratio for emission. Replace-Emitters based on this principle are capable of delivering cur-
ment of the insulator with a wide band-gap, low (or negative)rent densities of up to 8000 A/cm2 into a vacuum from a spot
electron affinity semiconductor has been proposed as a way tosize of 3 �m or less. High brightness is another feature of
overcome some of the problems of the MIM cathode. The usethese cathodes, being approximately 9 MA/cm2sr (at 10 kV).
of a wide band semiconductor offers the possibility of engi-A larger emitting area is possible but at the expense of cur-
neering the band-gap to overcome some of the disadvantagesrent density. The long-term stability of the emission is sur-
of the earlier devices. As illustrated in Fig. 13, an ohmic con-prisingly good, in spite of adsorption of oxidizing gases from
tact may be formed at the substrate-semiconductor interfacethe vacuum. Besides their very high current density and

brightness, avalanche cathodes have other desirable features:
they are easily and rapidly modulated, they use little energy,
and they are relatively easy to manufacture, using techniques
common to the microelectronic industry.

A schematic of the Van Gorkom and Hoeberechts ava-
lanche diode is shown in Fig. 12. Electron emission occurs
from an area in which an avalanche breakdown is created by
the strong electric field produced at a reverse-biased p–n
junction. The emission characteristics depend mainly on the
geometry, the doping and the purity of the surface. The best
results are obtained with cathodes that have a very shallow
p–n junction (about 10 nm below the surface) and a very
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small emitting area. Emission is enhanced by coating the
emitting surface with a monolayer of cesium, yielding an Figure 13. Energy diagram for a metal-semiconductor-metal, nega-

tive electron affinity tunnel cathode.emission efficiency of up to 5%. Electrons are emitted essen-
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ing and exciting collisions with the helium atoms. As they
give up their energy, the electrons approach thermal equilib-
rium with the plasma. The effect of this motion is to create
an almost electric field free plasma in which the secondary
electrons created by ionization thermalize to a very low elec-
tron temperature (�1 eV). Electron currents in excess of
100 A (current density equal to �10 A/cm2) may be extracted
from the plasma in 10 ms pulses and accelerated to energies����

Electron beam

HV+

HV–

Extraction grid

Aluminum cathodes

Helium plasma

greater than 1 keV in the gap between the two grids.Figure 14. Reflex glow-discharge electron source.
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