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SUMMARY

The use of unidirectionally solidified composite
materials provides a unique opportunity to form high packing
density (>1 x 106 pins/cm?) arrays suitable for application
as high-field electron emitters. Multiple-pin field emission
cathodes show great theoretical promise to fulfill the need
for a high current density (>10 A/cmz) electron source. The
purpose of this work was to assess the capabilities of 002«w
composites applied as multi-pin field emission cathodes, to
evaluate the effects of variation of certain geometrical
diode and array parameters on emission performance, and to
compare the experimentally demonstrated capabilities with
theoretical predictions.

Results from three specific areas of investigation are
ﬁresented. The first assesses the effects of anode-cathode
geometry on emission performance, particularly the means by
which diode design can influence the uniformity of the
emission from the cathode. The second quantitatively deter-
mines the value of the field enhancement factor for the arrays
as a function of interelectrode spacing, pin tip radius, and
pin packing density. The results are compared with the
theoretical predictions of the only available theory, and
allow certain coaclusions to be reached concerning the geo-

metry of the emission sites. In the third portion cf the
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study the maximum macroscopic current density obtaihable

from the arrays is reported and compared with a realistic
model developed on the basis of the experimental results. 1In
this section several possible reasons for failing to reach
the predicted performance levels-aré discussed, and the
probable mechanism of failure which limits the achieveable
current density is described.

Pulsed and dc modes of emitter operation were used in
this research, and it is concluded that under the conditions
of this investigation there are no differences between the
two operating modes.

Macroscopic current densities of up to 1.2 are A/cm2
demonstrated, and the effects of variation of diode and array
geometry on the gross emission current are qualitatively
reported. Only use of minimum interelectrode spacings is
conclusively shown to have a beneficial effect on performance.

The model of the emission performance of the arrays
developed on the basis of the experimental results predicts
macroscopic current densities of up to 100 A/cmz. The
difference between the predicted performance and that
experimentally observed is concluded to result from non-
uniform current contribution from individual pins of the array.
The percentage of pins contributing to the emission current
is estimated to be one percent or less.

The model proposed here differs significantly from

those previously presented by other investigators. All others
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have assumed that the radii of the emitting areas are
approximately equivalent to the pin tip radii as observed by
the scanning electron microscope, i.e., in the range of SOOR
to 50005. It is concluded in this work that the most
probable value of the emitting area radii lies between 755
and ZBSR. Thus the emitting areas are shown to be much
smaller than previously assumed. |

Operation of the U02—W field emission cathode arrays
has been demonstrated at levels commensurate with a limited
number of commercial applications. Performance matching that
of the best alternative sources has not been obtained. A
reasonable theoretical model, however, demonstrated that
such performance is readily within the capabilifies of these

arrays.



CHAPTER I
INTRODUCTION

The intent of this research was to investigate the field
emission properties of multiple-pin arrays formed from uni-
directionally solidified U02—W composites. There were three
principal objectives. The first was to determine what the
effect of the anode-cathode geometry was on the emission
performance. The second was to gquantitatively study the
effects of interelectrode spacing, pin tip radius, and pin
packing density on the field enhancement factor qf the pins
in an array. The third was to determine the maximum macroscopic
current density"obtainable from.arrays of this kind, and to
compare this value with available theoretical predictions.

Field emission from single tips has been thoroughly
studied, and has proven to be a valuable scientific tool in
numerous fields of investigation. To make field emitters a
viable electron source for most engineering applications,
however, the total current available must be increased signif-
icantly over that available from single pin emitters. The
concept of using multiple pins to achieve this has been
investigated by numerous workers, but few have utilized arrays
of extremely high packing density, i.e., greater than 1 x 105
pins/cmz. The few investigations reported have used unidirec-

tionally solidified metal-metal composites and have been very



cursory.

This study represents the first quantitative comparison
of experimental field emission performance of high density
arrays with a valid theoretical model. It is also the first
attempt to quantitatively determine the effects of the varia-
tion of diode and array parameters on the field enhancement
factor. These effects are compared with the behavior predicted
by the only available theory.

A brief history of the study of and advancements in
field emission is included for introductory purposes. This
section is followed by a comprehensive review of the Fowler-
Nordheim theory and its development. A description of the
general results reported by several workers usiné single-pin
emitters is given; followed by a detailed look at the theoretical
treatments of and experimental results from numerous investi-
gators of multiple-pin field emitter arrays. The survey of
the literature is completed by a brief description of a few of
the applications in which use of field emitter arrays is
currently being investigated.

The second chapter of this dissertation gives complete
descriptions of all experimental techniques and apparatuses
used. The growth process used for producing the unidirectionally’

solidified UO,-W composites from which the field emitter arrays

2
were formed is briefly described. Emitter fabrication is
discussed in detail, and chemical etchant compositions developed

in the course of earlier work by the author are presented.



Details of the two vacuum systems and three test diodes used

are described, and all associated electronics for both dc and
pulse testing are reported. The final sections of the Procedure
delineate the exact data collection and data treatment techngiues
which were used in the course of performing each of the various
experiments,

The results of a theoretical investigation of the effects
of anode-cathode geometry are reported. The results obtained
in this portion of the study were important to the diode designs
used in the subsequent experiments, and also proved to be
valuable later in the discussion where an explanation of certain
experimental results is provided by the findings of this initial
investigation.

A series of experiments are reported in which the effects
of interelectrode spacing, pin tip radius, and pin packing
density on the field enhancement factor are studied. The con-
clusions reached in this portion of the investigation provide
the basis for the final section of the discussion.

In this final section the theoretical capabilities of
the arrays are defined on the basis of a model derived from
the previously reported experimental results. The experimental
results obtained from gross current emission tests are compared
with this model, and it is evident that actual performance is
far below expectations. The possible reasons for this discrep-
ancy are discussed and conclusions drawn as to the most probable

cause. The physical indications of individual pin failure are



reported.

All samples used in this research were unidirectionally
solidified U0, -W composite materials. The samples consisted
of a uniform array of less than one um diameter tungsten
fibers arranged in parallel fashion within the uranium dioxide

6

matrix. Fiber packing densities ranged from 2 x 10" to

20 x lOs/cmz.

History

The process by which electron emission is obtained from
a metal or semiconductor due to the presence of a high electric
field at the surface is called field emission. It was first
observed by Woodl in 1897. A theoretical development based on
qguantum mechanical tunneling was published by Fowler and
Nordheim2 in 1928 and later modified by Nordheim3 to account
for the image-force. The modifications proposed by the latter
pfbvided good quantitative agreement with experimental results

4

obtained by Dyke and co-workers. Although current densities

of up to 108 A/sz have been realized before disruption

of the field emitter tip by thermal proceses, the total current
capable of being drawn from a single tip is limited to con-
siderably less than one ampere due to the extremely small area

available on the tip (radius typically of the order of 10“5

cm) if electric fields of the required level (107 < E < 108
V/cm) are to be achieved at reasonable operating voltages

(25 kV or less).



One obvious approach to the problem of increasing the
total available current is to increase the number of field
emission tips, operating them in parallel with each providing
an equal contribution to the total current. Multi-pin field
emission arrays have been investigated by a number éf workers.

% and Shirokov6 utilized pocket-comb

Dyke and co-workers
structures consisting of a small number of emitter tips (40 or
less) arrayed in line along a common support wire. Garber,

et al.,7 have studied mechanically constructured arrays of 0.1
and 0.2 mm diameter tungsten wires, and Okulov, et al.,8

have studied a mechanically constructed composite of 0.1 mm
diameter W pins in a Cu matrix with a packing density of 3 x
103 pins/cmz. Bugaev, et al.,9 have studied serfated blades
forming large area (200 cmz) arrays of very low density (4
tips/cmz). All of these consider multiple pin arrays of low
density, <1 x 104 pins/cmz. A thin-film sandwich structure

3 tips/cm2 packing density has been developed

by Spindt and co—workerslo. Recently, unidirectionally

array of 6.5 x 10

solidifed eutectic composites have attracted the attention of
several investigators since these materials provide considerably

6 to 107 pins/cmz)

greater packing densities (of the order of 10
than those obtainable with the previously mentioned techniques.
Among the groups performing this work brief reports by
Cline11 on emission from the Ni-W eutectic, and Pfleiderer and
Rehme12 oh emission from CrSb and NiSb needles in InSb matrices

have appeared. Cline does not report the packing density of



the W pins in the Ni-W material, but from his published photo-
micrograph it is estimated to be approximately 107 pins/cmz.
Pfleiderer and Rehme report the density of the CrSb tips as
4 x 105 pins/cm2 and that for the NiSb tips as 8 x 106 pins/cmz.
More extensive investigations of the applications of
unidirectionally solidified eutectics as multi-pin field emission
arrays have been carried out by Feéney, Chapman and co-
worker513’14'15. In contrast to other work using metal-metal
eutectics the work of this group has used oxide-metal eutectics
exclusively. Field emission has been reported from Zroz-W,
Gd203-MO and UOz—W composite arrays. Use of samples with pin

6 to 50 x 10° pins/cm® has been

packing densities from 7.5 x 10
reported. The UOZ-W system has been utilized most extensively
and has provided the best emission results. This fact is
largely attributed to the relative ease with which a variety
oflpin tip geometries can be obtained, and a number of chemical
etching, heating and ion milling techniques have been devised
for this purpose. Current densities (referral to total array
area) of up to 500 mA/cm2 have been reported. Theoretical
studies of the current densities available from these arrays
have been developed using several simplistic models, and have

estimated that current densities of over 100 A/cm2 should be

attainable.

Survey of Literatﬁre

Before delineating the extent of the literature avail-

able concerning field emission from multiple-pin arrays, it is



advantageous to outline the available field emission theory
and the results of some of the investigations which have been
performed utilizing single pins. Also a section is included
concerning the potential significance and applications of the
particular type of materials investigated in the present study.

The Fowler-Nordheim Maodel

The Fowler-Nordheim equatioﬁz'3 provides a description
of the field emission process from metals on the basis of the
following assumptions:

1) The temperature of the metal is 0°K;

2) The free-electron approximation applies inside the

metal;

3) The surface of the metal is smooth and uncontaminated;

4) The potential barrier near the surface consists of

a classical image force potential and a potential
| due to the applied electric field.
The form of the potential barrier or the potential energy of an

electron outside the metal (x > 0) is defined by,

v(x) = - 1= ~ ©BEx (1)

where e is the electron charge, E is the applied electric
field, and x is the distance from the metal-vacuum interface.
The Fowler-Nordheim model is based upon tunneling through this
potential barrier, and expresses the relationship between the
current density, J; the applied field strength, E; and the work

function, @#. Only, W, the component of the energy of the



electrons inside the metal which is normal to the surface,
i. e., in the x-direction, is considered.

A supply function, N(W) dW defines the number of elec-
trons with the x-component of their energy in the range W to
W + dW incident upon the barrier per unit area per unit time.
The product of this supply function and an energy-dependent
probability for penetration of the barrier, D(W), defines the
number of electrons in the energy range W to W + dW which
tunnel into the vacuum from the metal and is called the normal

energy distribution:
P(W)dw = D(W)N(W)dw (2)

The Fowler-Nordheim equation results from integrating the

normal energy distribution over all accessible values of W;

J = f[- P (W)dw (3)
W

a

where w, ® the electron energy at the bottom of the conduction
band. It should be noted that although not true in a strict
sense, the assumption is made that even though electrons are
escaping from the metal, equilibrium of the electrons inside
is assumed.

The supply function can be derived from the Fermi-Dirac
energy distribution, and has the form:

4mm_KkT

.
h3

N (W)W = enfl + exp(- %—@-)1 aw (4)



where, k = Boltzmann's constant
h = Planck's constant
o, - electron mass

temperature in °K

For low temperatures |(W-—¢)/kT] >> 1 and if W < ¢,

KT 2n [1 + exp (- BB = ¢ - W,

yielding,

4ﬁme(¢ - W)

1,13

N(W)dw = (5)

The barrier penetration probability, D(W), is found by

solving the Schroedinger equation with the potential energy

V(x) as given in equation (1). Applying a WKB approximationl6
and manipulating gives,
D(W) = exp [-c + E%Q (6)
where
4(2me¢3)1/2
€ = 3heE tGa)
a=—2F (6b)
2(2m_9) t(y)
tly) = £(y) - 2/3 y [2£0), (6c)

dy

and
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B TR
y = {2 (7)

Substitution of the results obtained in (5) and (6)

into (2) gives,

4wme(¢—W)
3

w-9¢

P(W)dw = —aﬂ]dW (8)

exp [-c +
h

and finally integrating over all W as indicated by (3) results
in,
1/2 ., 3/2
o 3p2 4(2m ) ¢ £(y)

J & peehstieses GRE = ] (9)
8nh¢t2(y) 3heE

Substituting numerical values for all constants and
expressing J in A/cmz, E in V/cm, and ¢ in eV results in the

following expression,

-6_2 _ 7 ,3/2
J = 1.54 § 10 "E exp [ 6.83 x lOE ¢ f(y)] (10)
ot” (y)
Substitution of constants in equation (7) yields the
following expression for vy,
-4 _1/2
& = 3.79 x io E . (11)

The functions f(y) and t(y) appear in equation (10) as a result
of inclusion of the image force. £f(y) is an elliptic function

defined by the following:
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£(y) = 2~1/2 /1 + /1 -9 E&XY - 1-/1-9HrEdD] a2

where K and E are complete elliptic integrals of the first and

second kinds and,

k< = o, (13)

t(y) is a function whose value is always near unity and is
defined as shown previously (6a).
Values of f(y) were calculated be Nordheim3 and corrected

by Burgess, Kroemer, and Houstonl7; and values of t(y) have

been reported by Good and Mﬁllerlg. Their values of these
functions for several values of y are reported in Table 1.
Also given here are values of s(y), a function arising in the
expression for the slope of a logarithmic plot of the Fowler-
Nordheim equation, as reported by Burgess, et al.l7 The
function s(y) and its significance will be discussed more
thoroughly later.

It is appropriate at this time to consider several
important points related to the field- emission process. The
first of these is the effect of temperature. The Fowler-
Nordheim theory is developed assuming the metal to be at 0°K.
This condition is unfulfillable in practice, however, and the

effect of failing to fulfill this assumption must be considered.

Increasing the temperature above 0°K will add a "thermal tail"



Table 1. Values of the Functions f(y), t(y), and s(y).
Y f(y) t(y) s (y)
0.00 1.0000 1.0000 1.0000
0.05 0.9948 1.0011 0.9995
0.10 0.9817 1.0036 0.9981
0.15 0.9622 1.0070 0.9958
0.20 0.9370 1.0111 0.9926
0.25 0.9068 1.0157 0.9885
0.30 0.8718 1.0207 0.9835
0.35 0.8323 1.0262 0.9777
0.40 0.7888 1.0319 0.9711
0.45 0.7413 1.0378 0.9637
0.50 0.6900 1.0439 0.9554
0.55 0.6351 1.0502 0.9464
0.60 0.5768 1.0565 0.9366
0.65 0.5152 1.0631 0.9261
0.70 0.4504 1.0697 0.9149
0.75 0.3825 1.0765 0.9030
0.80 0.3117 1.0832 0.8903
0.85 0.2379 1.0900 0.8770
0.90 0.1613 1.0969 0.8630
0.95 0.0820 1.1037 0.8483
1.00 0.0000 1.1107 0.8330

12



13

to the supply function (equation 5) elevating some electrons
in the metal to energies greater than the Fermi energy. The
effect of temperature, T, has been shown by Murphy and Goodlg
to be defined by the following,

uT

J(T) = J(0) sin T

/ (14)

where

== . (14a)

The value of d is as defined in equation (6b). The relative

increase in the current, I, can be shown to be defined by,

2 . 2 |
AT _ 7.279 x 108 T ¢ t (v) (15)
i g

The effect on the emission is minimal for temperatures of less
than 1000°K and is therefore not of concern in most field
emission experiments.

Another important consideration is the energy-distribution
of the emitted electrons. Young20 has derived the Fowler-
Nordheim equation using the total energy distribution to define
the supply function rather than the normal energy distribution
as used by Fowler and Nordheim.2 This total energy distribution
is of importance in electron optics problems concerned with non-

planar geometries as noted by Young20

and is considerably
narrower than the normal energy distribution. The half-width

of the total energy distribution as derived in the reference
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cited above is o (0) = 0.693d (again, d is as defined in equa-
tion (6b)) compared with a value of 2.45d for the normal
energy distribution. A significant advantage of field emission
devices over thermionic electron sources is recognizable when
the total energy distribution of the latter is investigated.
The same total energy supply function described above can be
used for the thermionic case, and when integrated over all
energies results in the Richardson-Dushman equation. The half
width of the total energy distribution in this case is found to
be 2.45kT. Since d and kT are numerically very nearly equal it
is apparent that the half-width of the total energy distribu-
tion for field emission is about one-third that for thermionic
emission. It should be noted that the advantage shifts to the
thermionic sources in cases where the normal energy distribu-
tion is of importance. The normal energy distribution half-
width for thermionic sources is 0.693kT, and is approximately
one-third the width of that found for field emission sources.
The actual numerical value of the total energy distribution
half-width for a field emitter operating at a field of 6 x lO7
V/cm with ¢ = 6.0 and for the normal energy distribution half-
width for a thermionic source at 3000°K and ¢ = 6.0 is 0.18 eV.
Tha values of the energy distribution half-widths gquoted
above for field emission are theoretical values for a temperature
of 0°K. From the earlier discussion of the effect of tempera-
ture on field emission it is apparent that increased tempera-

ture has an effect on the energy distribution as a result of
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the "thermal tail" added to the supply function at energies
above the Fermi level. Van Oostrom21 has shown that a field
emitter operating at a current density of 1 x 106 A/cm2 should
have a total energy distribution half-width of 0.158 eV at 0°K
and 0.256 eV at 300°K. Experimental results in the same
reference show excellent agreement with the predicted values.
Based.on the theoretical results of Young20 previously mentioned
a thermionic source would be expected to display a total energy
distribution half-width approximately three times greater.

A final consideration important to field emitter opera-
tion is noise. Two primary types are of interest, shot noise
and flicker noise. Noise measurements are usually expressed
in terms of the mean square noise power which is-related to the
spectral density function W(£) (f is frequency). According to
early work by Schottky22 in regards to shot noise in thermionic
emission, W(f) is independent of frequency and linearly depen-
dent on the emission current. These effects have also been
observed for field emission from clean surfaces over the

5

frequency range 102-10 Hz and a factor of ten change in

23,24 The similarity between shot noise in thermionic

current.
and field emission sources is not unexpected. It is a modula-
tion of the current density occurring as a result of the random-
ness in time of individual electron departures and the
similarity of the supply functions for the two types of emission

infers that this behavior should be observed. When adsorbed

gas layers are present on the emission surface flicker noise
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becomes dominant. It has generally been found to be related

to £ by,

W(f) o 1/£F, (16)

24 and 0.8 < g < 1.3

where 0.95 < £ < 1.2 for gas adsorbates
for adsorbed potassiumzs. Gomer26 has considered the noise
generation mechanism for an adsorbed layer on a field emitter.
His model consisted of deriving an expression for fluctuations
in the work function and the instantaneous current. Fluctua-
tions in work function were assumed to be caused by adsorbate
concentration fluctuations. Further consideration was given to
the generation of noise by adsorption state transitions and
adsorption-desorption reactions. Swanson and Martin27 present
experimental evidence that the frequency and current dependence
of the flicker noise can be described by the diffusion and

state transition model of Gomer.

The Fowler-Nordheim Plot

In performing experimental field emission work, the gross
curreht, I, in amperes and the potential difference between the
anode and cathode, V, in volts can be measured directly. The
Fowler-Nordheim relationship (10) as derived expresses current
density, J, as a function of applied field, E, and work

function, ¢. Rewriting with the aid of the following expressions,
I = JA (17)

and
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E = gV, (17a)
where A = emitting surface area in cmz,
B = geometrical parameter in cm_l,

allows expression of I as a function of V, as follows,

-6 2.2
Towle54 2 1077 BVIA g

ot? (y)

-6.83 x 10’ ¢°/2 £(y)
BV

I. (18)

Although numerous investigators have used this equation in

logarithmic form to plot log I as a function of V_l obtaining

essentially straight lines, it is more common to rewrite the

equation as follows,

1.54 x 107° g%a, _ 2.97 x 10" 4%/ £(y)
ot (y) & '

log I/V? = log [ (19)
A plot of log (I/VZ) versus 104/V as shown in Figure 1 is called
tﬁe Fowler-Nordheim plot. A theoretical plot assuming constant
values of ¢, A and B will not of course produce a perfectly
linear relationship due to the effect of the image force cor-
rection terms, but the deviation is minimal and for most
experiments is undetectable.

The slope of this curve, m, at anv point is given by

" 7 .3/2

where
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Figure 1. Example of a Typical Fowler-Nordheim Plot.
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s(y) = £(y) - y/2 [9—%1’—)—] : (20a)
The function s(y) is tabulated in Table 1 as previously noted.
This equation allows the determination of ¢ or B if the other
is known utilizing only the experimentally determined slope of
the F-N plot.

Single Pin Geometries

From the Fowler-Nordheim model it is apparent that the
performance of the field emitter is critically dependent upon
two parameters, the work function ¢ and the electric field E.
Considerations such as strength, high melting point, and avail-
ability in suitable form have lead most investigators
to choose tungsfen as the best suited material choice for field
emitters. The work function is fixed by this selection at a
fortuitously low value assuming a clean surface as stipulated
for the Fowler-Nordheim model. It is then apparent that the
remaining parameter under the experimenter's control is the
value of the applied electric field. The field was defined
previously (l17a) as a function of the applied voltage and a
parameter, B, which is dependent on the geometry of the
emitter tip and the anode.

Several investigators, in attempting to verify the
Fowler-Nordheim model, have devised methods of approximating
the value and distribution of the field over the tip of an

emitter. M'Iiller28 and Haefer29 used a hyperboleocid of revolution
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and Becker used a paraboloid of revolution arriving at the fol-

lowing expressions,

B = = gn%2£/r) for the paraboloid (21)
B = = 2n%4£/r) for the hyperboloid, (22)

I

where 2 tip to anode distance

r = radius of curvature at apex.

Drechsler and Henkel31 superimposed the potential
gradient at the surface of a sphere onto that of a hyperboloid
utilizing a form factor, o, defining the relative contribution

of the sphere as a fraction of one and l-a defining the contri-

bution of the hyperboloid. Their expression for 8 is then,

a 2(1-a)

B = (& * s an(at/D (23)

where 0 < a < 1

Dyke and co—workers32 have utilized a model in which one
of the equipotential surfaces surrounding a core formed by a
sphere on an orthogonal cone can be made to fit the emitter
profile as determined by electron microscopy. The field at
this surface due to a potential applied between it and an
anode deécribed by another equipotential in the same system
can be quite accurately calculated. Use of an anode essentially
paraboloidal in shape is required to closely approach the
calculated condition in an experimental set-up. This model
has been utilized to give proof of the correctness of the

Fowler-Nordheim theory to within 15% of the field, however,
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fitting of an equipotential to an emitter profile using this
method required considerable experimentation with three para-
meters.

Each of the methods mentioned above can be considered
to be a modification of the equation for the field at the sur-

face of a free sphere of radius, r, at potential, V, which is,

E =V/r. (24)

In this case B then is equal to r_l. At the apex of an

actual tip the field is reduced from the value for the sphere
due to the presence of a conical or cylindrical shank for which a

general expression can be written as,

E = Ef (25)
and
=2
B = kE (26)

k therefore is a factor which defines the degree of field
strength reduction due to the shank of the pin and its influence
on the field. It is expressed in the previous approximations

by the following,

k = 3 2n(22/r) for the paraboloid, (27)

X = % en(42/1) for the hyperboloid, (27a)
_ 1, in(a/n .

K s ¥ 5T1=q) for the spheroid (27b)

hyperboloid,
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and has been reported by Charbonnier33 and Swanson and Martin27,

all of Dykes' group, to follow the empirically derived relation-

ship,

k = 0.59 ¢9°33 (3/r)0-13 (28)

where, € = emitter cone half angle in degrees.

For accurate field calculations, such as those required
for verification of the Fowler-Nordheim equation, it is neces-
sary to utilize an experimental anode approximating an
equipotential of the system used to match the emitter profile.
However, the above equations do provide a reasonable estimate
of k and B for a point at the apex of the assumed shape even
under a flat anode. It is therefore possible to approximate
the maximum value of é, i.e., that found at the apex of the
pin, but considerably more difficult to accurately define the
field distribution over the remainder of the tip.

Multi-Pin Cathode Arrays

The maximum currents obtained from single pin emitters
afe of the order of 0.5 A corresponding to operation at a
current density approaching 108 A/cmz. This performance is
achieved only under pulse operating conditions utilizing duty
cycles of 0.1%, and a reduction in current by a factor of 100
is necessary to assure reasonable lifetimes under 100% duty
factor conditions. Thus for any applications involving
operétion under dc conditions requiring emission currents

greater than a few mA the single pin emitter becomes impractical.



23

This limitation was noted quite some time ago and out of it
grew the concept of multiple-pin field emitter arrays. Ideally
the construction of an array of n pins should result in an
increase in the maximum available field emission current by a
factor of n for identical conditions of voltage and inter-
electrode spacing; however, this is not realized in practice
for the reasons discussed below.

It is apparent from the Fowler-Nordheim equation that
the value of 8 must be matched from pin-to-pin within 1% if a
variation in current density of no more than 10% is to be
achieved. Since the value of R is directly dependent upon the
tip radius (23) we see that a variation in r of less than 1%
must be achieved on tips of r < 0.1 uym. Inability to achieve
this uniformity would-have a drastic effect upon performance of
the array. The pins of smalles£ tip radius would begin to emit
at a lower applied voltage than their larger radiused neighbors,
and could then exceed the maximum operating current density of
appfoximately 106 A/crn2 before other (larger radiused) pins
began to emit significantly.

In addition to the potential problem of non-uniform
emission, a significant increase in the voltage required to
establish the needed field strength even at the tips of pins
of comparable size wculd be expected. This results from the
packing of the pins into an array. The packing effect is
thoroughly described in the following discussion.

The theoretical treatment of the potential distribution
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over an array of conducting pins in an insulating matrix is
extremely complex and does not yeild an exact analytical solu-
tion for the electric field in terms of the geometrical para-
meters of the array. The related problem of the potential
surrounding a square array of charged surface states on an
insulating dielectric substrate has been considered by Leﬁine34.
The potential was determined by imaging the surface states
through a grounded conducting planar anode and by solving the
appropriate Poisson equation by using a harmonic mode expan-
sion of the potential distribution in each cell, which consisted
of a surface state and its image. The resulting undetermined
coefficients in the series expansion were computed by applying
the Neuman boundary conditions at every common cell interface.
The resulting form of the solution for the potential distribu-
tion was a double Fourier series. These results have been
applied to the pin array problem by Levine35 and NorgardBG.

By utilizing ‘the methods of reference 34 and making several
simplifying assumptions, Levine has derived an expression for
the value of B at the tip of an individual pin in an array as

a function of the geometrical parameters-of the pin and array.

It is expressed as follows,

Tl ¥ a) ! v

where o 4wgr

a

I

and d

interelectrode spacing,
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]

% - pin tip radius,

pin tip separation distance.

1l

a
In this analysis, the effect of pin height was not considered,
thus the value of B calculated for given values of 4, r,'and
a probably represents the upper limit value of B, corresponding
to a pin height sufficient to assure that all electric flux
lines are gathered to the pin tips and none reach the pin shank
or the matrix surface.

Norgard36 has implemented the solution to the Laplace
equation on a high speed computer and obtained a numerical
solution for the potential distribution in the interelectrode
space. Testing of this technique using simple geometries for
which the exact, analytical solution is available show good
convergence. The numerical technique has been utilized to
solve the case for a single pin located on a flat substrate
under a flat anode, and studies have been made of the effect
on B of varying the tip shape from that of a prolate spheriod
to that of a hemisphere. Limitations in computer capacity
made it impossible to extend the grid size to that required to
define a multiple-pin array with the necessary precision. As
a result of this limitation, it proved impossible to apply
this tecﬁnique directly to a study of the effects of packing
pins into an array. Instead, a simple consideration identical
to the concepts used by Pfleiderer and Rehme12 was applied and
fielé enhancement factors reported as a function of pin height

and pin radius for packing densities of 1 x 106 and 2 x 106
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pins/cm2 assuming a prolate spheroidal tip.

The only other investigation of this type found in the
literature was that of Pfleiderer and Rehme12 reported in con-
junction with their work on eutectic composites which was
noted previously. They assumed elliﬁsoidal spikes and calcu-
lated the potential distribution around an isolated spike.
Rather than calculating the potential distribution over a spike
array, they then added an approximate consideration for the
packing effect based essentially on the mean environmental
anode area attributable to each spike and the cross-sectional
area of the spike. As opposed to Levine's treatment, the
authors were able to obtain an expression describing the effect
of pin height but neglecting the interelectrode spacing. It
should be noted that the field enhancement factor as defined
by Pfleiderer and Rehme and Norgard differs from the usual
definition which was reported in Equation l4a. The field
enhancement factor, &, as defined by these authors is a
dimensionless parameter which is multiplied by the flat-plate
field, F= V/d, to define the field strength at the tip of a

spike as given by the following equation,

E = ¢ v/d (30)
where V = applied potential,
d = interelectrode spacing.

Experimental works attempting to determine the applica-

ability of the available theoretical treatments described above
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are extremely limited in numbers and depth. Pfleiderer and
Rehme12 have calculated the values of £ for their InSb-NiSb
and InSb-CrSb arrays and have attempted to show that the
macroscopic flat-plate field, i.e., F = V/d, required for the
onset of field emission can be predicted. They assume that
field_emission will occur at a field, E = £ V/d, of 1 x 107
V/cm and on this basis predict a macroscopic field of 1.7 x
105 V/cm should be required.

Their experiments with InSb-CrSb, however, showed that

5

a field of 1.4 x 10~ V/cm was sufficient to give an array cur-

rent density of 2 mA/cmz. No information or consideration was
given concerning the work functions of the materials studied,
and this factor in itself could make the assumed field required
of 1 x 107 V/cm-open to guestion. One observation of these
authors which should be noted, however, is that only a small
number of pins, five percent or less, contributed to the
emission current.

Garber, et al.7, showed the effect of packing on perfor-
mance of arrays formed from 0.1 mm and 0.2 mm diameter W wires
by assessing the increase in voltage necessary to achieve com-
parable operation of each individual needle in an array versus
that required for an identical single pin. Their results are
shown in Figure 2 where the dependence of B, defined as the
ratio of the working voltage for the array to the working

voltage of an isolated needle, on linear packing density of

the needles is illustrated. It is important to remember that
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Figure 2. Packing Effect for Arrays of 0.1 and 0.2mm Diameter
Wires. S is the distagce between emitter points.
(After Garber, et al.’)
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the maximum packing density achieved in these mechanically
constructed arrays is 1 x lO4 pins/cmz, and that this is approxi-
mately 5 x 102 times lower than the minimum density available

in the UO,-W system.

2
Bugaev, et al.g, have used the method of conformal
mapping to obtain a simple, analytical expression for the field

amplification factor at emitters férmed from blades and then
add a secondary factor for the effect of addition of rounded
tips to the blade edges. This expression is applicable only
to this peculiar serrated blade geometry and for extremely low
tip packing densities of about four tips/cmz. The expression

for Uys OF the amplification factor of the blade is as follows

(in the author's notation),

- ¥bfnr * l// b/mr

H, = = =7 = ’
1 1 3 L + bd lﬂ 1E,nr

(31)

where d = interelectrode spacing,

b = blade separation distance,
r = radius of blade edge,
H = blade height,

and under the conditions of H/d < 1/3, b/d <1, r/H << 1,

r/d << 1 and H/b > 1/2. The amplification factor for the tips
on the blade edges, Mo is found from equation (28) by substi-
tution of R, the tip radius, for r and 1, the distance between
tips, for b. The overall field enhancement factor, u, is then

defined as the product, Hy Hye Utilizing this expression to
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calculate the total expected emssion current for a given set
of operating conditions, it was found that the expected result
was a factor of two greater than that experinentally observed.
This was assuned to be the result of considerably |ess than
100% of the pins actually produci ng em ssion current.

The studies nentioned above constitute the only
theoretical and experinental treatnents of the effects of
packing of field emssion tips to formarrays which are
readily available in the literature. Several other authors
have reported on field emssion fromarrays in less specific
terns and the reports of these follow

Dyke and Dolan4'5'37 have reported the results of dc and
pul se operation of pocket-conb structures consisting of up to
40 tips arrayed in line along a.support wire. The |argest
arrays tested gave up to 30A at 100 kV under pul se operating
conditions. In order to realize the highest reported currents,
it was necessary to operate with pul se durations of no nore
t han one m crosecond.

Shirokov also reported on field emssion from pocket -
conb structures very simlar to those of Dyke and Dol an
consisting of ten and 23 points. Qperation of the ten pin
conb under dc conditions yielded approxinmately 3 mA and pul se
operation (pulse duration of 1-2 ysec) of the 23 point sanple
yielded nearly 1.5 A

Several Russian investigators since Shirokov have

reported extrenely high emssion currents fromarrays. It



