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SRI Internationa, two were successful and were delivered for use in the test gun. One chip
was lost during assembly of the test gun due to breakdown of the chip, apparently from RF
leakage while a welding process was being performed. After modifying the construction
procedure, the test gun was successfully assembled. However, during tests this chip

failed catastrophically at one percent of the current emission which was required to
demonstrate feasibility of the approach.

Although it is certain that refinement of the fabrication and handling procedures, which
would come with experience, would produce improved results, i.e., higher emission current
and reduced gate current, the difficulties encountered to date suggest strongly that the
state-of-the-art in the fabrication and use of thin film field emitters is not

sufficiently advanced to reliably produce the required 10 amperes of modulatable current.
The difficulties involved in getting even one percent of the rated current density from

the feasibility model casts grave doubts about using the technique in the near term for pro-
ducing 16 times higher current (1600 times higher than that observed prior to catastrophic
failure of the chip). Recommendations for further research in this area are included in

this report.
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1.0 SUMMARY AND CONCLUSIONS

1.1 Objective

The objective of this research program was to determine the
feasibility of using a Spindt type thin film field emitter to
produce amperes of low voltage modulated current at tens of kv
beam voltage for a space application. The specific requirement
was for a pulse modulated column of electrons of 10 amperes cur-
rent at 50 kv beam voltage.

The thin film field emitter has two attributes which make it

ideal for this application.

1) The total gate voltage with respect to cathode required
to obtain the necessary current, even at 50 kv ac-
celerating voltage, is approximately 100 volts and the
on/off voltage swing can be as little as 25 or 30
volts.

2) The thin film field emitter requires no heater power.

The unknowns which were to be examined in this first phase

of the two-phase research program were:

1) Is the thin film field emitter capable of producing the
required 10 amperes of total current? This type of
emitter has successfully produced extremely high cur-
rent densities (up to 100 amperes/cm“), but always from
small emitters which produced milliamperes of total
current.

2) Is such a device reliable and rugged enough to stand
the rigors of application in close proximity to a space
vehicle with its many sources of contamination?

1.2 Approach

A pre-Contract design effort determined that a 2-inch
diameter emitting chip would be required to provide 10 amperes of
current with conservative emission current density. A conceptual

design was developed consisting of an array of emitting regions,
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producing beamlets which were to be accelerated through a gridded
or perforated anode at approaimately 3 kv voltage, followed by
post acceleration to 50 kv. Feasibility was to be demonstrated
by using a smaller (1/2-inch by 1/2-inch) standard emitter chip
of the type produced by SRI International for their field emis-
sion research program. This chip, which contains a square array
of 21 emitters was to be tested to the same current density per
emitter as would be required of the Phase 2 chip. The latter
would *rave 16 times more emitters in its 2-inch diameter. The

prograil was made up of the following tasks:

1) Electron Optics: It is important that essentially all
of the current from the field emitter pass through the
perforated anode to prevent back bombardment of the
emitter by ions produced by interception on the anode.
This requires that the emitter diameter, center-to-
center spacing, cathode-anode spacing and size of the
openings in the perforated anode be properly designed.
An analytical solution to the beam trajectory problem
was used to develop a model which was then analyzed in
greater detail using a numerical solution and a com-
puter code.

2) Using the computer-derived optics, a gun tester was de-
signed and developed which provided for the mounting of
the emitter chip in a ceramic pellet which provided the
proper registry of the electrodes. The appropriate
voltages were applied through a high voltage header.

3) Emitter chips were fabricated and pretested by SRI In-
ternational, then transported fully mounted in the
ceramic pellet. This pellet was transferred to the gun
tester at STAR Microwave for final processing and
evaluation at high current.

1.3 Results

The test vehicle, which was based on the results of the
computer-derived electron optics model, was designed and fabri-
cated on schedule. Out of five emitter chip starts, two were
delivered to STAR Microwave. One of these made it to hot test.
The other was lost due to breakdown of the chip, apparently from
RF leakage in the gun tester welding process. The second chip,
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which made it to final test, failed catastrophically at one per-
cent of the current emission which was required to demonstrate
feasibility of the approach.

1.4 Conclusions and Recommendations

Although it is certain that refinement of the fabrication
and handling procedures, which would come with experience, would
produce improved results, i.e., higher emission current and
reduced gate current, the difficulties encountered to date sug-
gest strongly that the state-of-the-art in the fabrication and
use of thin film field emitters is not sufficiently advanced to
reliably produce the required 10 amperes of modulatable current.
The difficulties involved in getting even one percent of the
rated current density from the feasibility model casts grave
doubts about using the technique in the near term for producing
16 times higher current (1600 times higher than that observed
prior to catastrophic failure of the chip).

If the research effort is continued, it is recommended that
the following investigations and changes in procedure be
implemented:

1. - Each of the emitters which went through preliminary
test at SRI International, and the emitter which
started through final test at STAR Microwave, were
plagued by excessive gate current. The source of this
current needs to be identified and eliminated.

2. Once assembled, baked out and evacuated, the emitter
should be subjected to all of the tests, both prelimi-
nary and final, without being removed from its original
enclosure. The risk of contamination in opening a
preliminary test container and transferring the pellet
to the space gun tester is too great.

3. Careful analysis should be made of the environment in
which the thin film field emitter is to be used in
space. Deterioration in the vacuum from the -8 scale
to the -6 scale, as indicated by the ion pump current,
resulted in significant deterioration in the emission
of the chip at STAR Microwave An equivalent poor
vacuum in space could produce equal or greater perfor-
mance deterioration.




1.5 Organization of the Report

Section 2 is the description of the experimental test
vehicle, the tests which were to be performed, the problems en-
countered and the test results. Appendix 1 is a more detailed
description of the theory and construction of the Spindt thin
film field emitter. Appendix 2 presents the analysis and results
of the computer study which were used to design the electron op-
tics of the space gun.

2.0 INVESTIGATION OF FIELD EMISSION SPACE GUN

2.1 Design of Space Gun

Figure 1 is a schematic drawing of the proposed Phase II 50
kv, 10 amp space gun with its 2-inch diameter thin film emitting
chip. Figure 2 shows details of the emitter geometry, i.e.,
center-to-center spacing, of the emitting areas and the cathode-
to-perforated anode spacing, as determined by the computer study
(see Appendix 2). From the computer study it was learned that an
anode hole diameter of approximately .080 inches would be
required to obtain essentially 100% transmission of the current
from the .040 (1 mm) emission areas at a cathode-to-anode spacing
of .040 inches.

The .040 inch cathode-to-anode spacing was chosen as the
minimum practical spacing for 3 kv accelerating voltage between
the cathode and the anode. The required 80 mil holes in the per-

forated anode leave only a 20 mil web between holes, if the
center-to-center spacing of the 1 mm emitting areas is .1l inches.
This is the spacing which is used in the standard SRI Interna- 1
tional 1/2-inch by 1/2-inch chip. From this we concluded that |
the density of the emitters could not be significantly increased
above that already used by SRI International in making its emit-
ting chips. Hence the density, diameter and spacing of emitters
was to be the same for the Phase II two-inch diameter emitter as
it was for the Phase I 1/2-inch by 1/2-inch emitter. For 10 amps
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total current from a 2-inch diameter cathode of the proposed
geometry, each emitter is required to provide a modest current
density of 3.8 amps/cmz. The total current required of the 1/2-
inch by 1/2-inch emitting chip, operating at 3.8 amps/cmz, is
0.625 amps.

Figure 3 illustrates the operation of the space gun. Emis-
sion is through the 3 kv perforated anode with acceleration to 50
kv by the second anode, which is shaped to maintain essentially
parallel flow from the throat of the electron gun. Figure 4 is
an assembly drawing of the feasibility tester which was built to
evaluate the 1/2-inch square standard thin film field emitting
chip.

The chip is mounted in a ceramic pellet and is held in place
by a retaining ring which is attached to the pellet by two
SCrews. A braze lug and lead are attached to one of the two
retaining screws and welded through the ceramic header to provide
the gate voltage. The perforated anode is held in registry 40
mils above the emitting chip (20 mils above the retaining ring)
and is also bolted to the pellet. The anode voltage is applied
to one of its two restraining bolts, again by way of a lead
through the high voltage header. The cathode voltage is applied
by way of a lead attached to the back of a plate which supports
the emitting chip from behind. This lead also passes through the
high voltage header. Current is turned off and on by applying
relatively low voltage (less than 100 volts) between the gate

film and the cathode. The resulting emission is then accelerated

a: through the anode by applying a voltage on the order of 1000 to
r: 3000 volts to the perforated anode.

N i

3 The feasibility tester does not contain the second ac-

celerating anode (50 kv). Rather, the emitted current is col-
lected on the six-inch long barrel of the space gun tester, which
can be conveniently cooled with air or liquid.

The feasibility tester was designed to operate in the same
mode as the second phase space gun, i.e., with a grounded anode,
negative cathode and with the gate modulated positive with
respect to the cathode.




Anode #2

Anode #1

Acceleration of Emission Beamlets Through

perforated Anode.
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2.2 Experimental Results

The computer design of the gun optics was completed on
schedule, as were the piece parts and subassemblies. The history
of the emitting chips best describes the further history of the
program. Five chips were fabricated by SRI International.

Chip No. 1 - This chip was subjected to preliminary testing
at SRI International. It showed a gate current exceeding 10% of
the emitted current, which is unacceptably high. Examination
showed that a large fraction of this unaccounted for gate current
was caused by unintended or phantom emission. Emitters are
deposited in a five by five array as illustrated in Figure 5.
Because the four corners provide footpads for the retaining ring,
they are masked to prevent the deposit of emitting cones. It was
found that the masking was not perfect so that some emitting
cones were being produced at the corners. These, of course, emit
directly into the footpads of the retaining ring, and appear as
gate current. The masking problem was corrected and a second
chip was fabricated.

Chip No. 2 - In preliminary tests at SRI, this chip showed
improved gate current, but the gate current was felt still to be
too high. Some adjustments were made in the chip manufacturing
procedure and a third chip was fabricated.

Chip No. 3 - This chip was mounted in the ceramic pellet
supplied by STAR Microwave. These original pellets were of
machined MACOR glass ceramic. The chip was tested to 1 mA cur-
rent. It was found to have adequately low gate current and was
shipped in its wvacuum container to STAR Microwave. The assembly
procedure at STAR Microwave was to open the Conflat flange seals
on the evacuated chamber and to transfer the pellet to the space
gun housing. The leads were threaded through the high voltage
header and heliarced to the feed-through. The 6-inch long col-
lector was then to be heliarced in place. This was to be fol-
lowed by evacuation, 24-hour bake-out and test.

Assembly proceeded with only minor perturbations through the
stage where the leads where heliarced to the feed-throughs to
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Figure 5. Overall geometry of the Spindt cathode chip with
21 cathode elements.
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produce a vacuum-tight assembly. It was observed after heliarc-
ing that the face of the emitting chip was covered with arc marks
that, under a microscope, gave the appearance of lightning from
emitting hole to emitting hole. A resistance check showed that
the emitter was shorted, i.e., the resistance between gate film
and cathode had decreased from megaohms to a few hundred ohms.

The pellet and emitting chip assembly was returned to SRI
International for analysis. It was concluded there, as it had
been at STAR Microwave, that the breakdown was caused by the
heliarcing, a welding technique which makes use of RF to initiate
and maintain the welding arc. It is believed that enough high
power RF coupled to the chip leads to produce the observed break-
down and destruction of the emitting chip.

With this discovery, +the space gun was redesigned to
eliminate the need for heliarcing the leads through the high
voltage header. This was accomplished by using much longer feed-
through tubulations which were closed off by pre-welding at the
external ends. The intent was to simply slip the leads from the
pellet into the dead ended tubulations, recognizing that the
leads would have to make contact in the small diameter tubula-
tions somewhere in the available two inches, so that the electri-
cal connection was assured. A further step in the redesign was
to move the heliarc flange which completes the assembly of the
six~-inch collector to the gun housing to a point well removed
from the emitting chip. This change, plus the use of careful
grounding of the gun housing was felt to be adequate to make it
safe to use the heliarc for this less critical weld without fear
of RF damage to the chip.

Analysis of the failed chip at SRI uncovered a second
problem. It was found that the chip face was covered by micron
size bits of mica. It was surmised that these had to have come
from the machined macor pellet, the body of which is made up of
glass, interspersed with microscopic mica which makes the
material machinable.

Because the presence of these micron size particles would
surely cause failure of the emitting chip, it became necessary to
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order new pellets made from alumina.

Chip No. 4 - The fabrication of Chip No. 4 was delayed be-
cause of a planned refurbishing of the Clean Room facility at SRI
International. When Chip No. 4 was fabricated, it was lost prior
to preliminary testing as a result of a fracture in the brittle
silicon substrate. It seems that this is a fairly common occur-
rence.

Chip No. 5 - This chip was fabricated, mounted in the new
alumina pellet and tested successfully to 1 mA current at SRI In-
ternational. It was successfully mounted at STAR Microwave in
the redesigned space gun. The only area of uncertainty was the
discovery that the temporary housing had gone to air at some
point between initial testing and its arrival at STAR Microwave.

The space gun was baked out for 24 hours at 450°C, pinched
off from the main pump, and the appendage ion pump was activated.
A measurement of the resistance between gate film and cathode
showed less than 10 megaohms. This, according to SRI Interna-
tional, was 1less than normal, but usable. In the tests which
followed, the chip failed so prematurely and unexpectedly that we
were not yet fully instrumented. Hence, the only data from the
experiment is the following narrative account put together from
notes which were made at the time.

The first step in the testing procedure was to apply voltage
between the anode and the p:2llet with no applied gate voltage.
Applying this cathode-anode voltage caused some gassing up of the
space gun which was evidenced as increased appendage ion pump
current, At about 400 volts there was an arc of undetermined
origin. Measurement of the resistance between cathode and gate
showed that the megaohms had become a few kilo ohms. It was sug-

gested by C.A. Spindt, in a telephone discussion of the problem
with SRI International, that this could possible be cleared by
using a capacitor discharge of between 20 and 40 volts between
cathode and gate film.

The discharge accomplished the desired result and resistance
between cathode and gate film returned to greater than 1 megaohm.
After successfully reaching 1 kv between the chip and anode, a
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rectified sine wave voltage was applied to the gate film. This
produced the characteristic pulses of current, familiar in SRI
reports. The current was monitored by passing the leads through
current viewing transformers.

It was discovered that the gate current was extraordinarily
high, being approximately 40% of the cathode current. This was
orders of magnitude higher than the expected leakage current
based on gate/cathode resistance. We were not yet equipped to
measure anode current. With gate current remaining a steady 403
of cathode current, the latter was increased by increasing the
rectified sine wave voltage to about 30 volts, which produced 3
mA of cathode current. At this point, there was another break-
down. Cathode/gate resistance was again measured and found to be
less than a thousand ohms. A charged capacitor was again used to
clear the short and a cathode/gate resistance in excess of one
megaohm was again achieved. The process of gradually increasing
the gate voltage was resumed at which time a new phenomena was
observed. An increase in gas pressure, as evidenced by ion pump
current, resulted in a decrease in both cathode and gate current
at a given cathode/gate voltage, i.e., emission was being
poisoned.

The chip was allowed to age at a fixed amplitude of rec-
tified sine wave gate voltage until the tester pumped down, at
which point emission had recovered. The increase in gate voltage
was then resumed, a volt at a time, until at about 35 volts,
cathode current had reached 5 mA and gate current 2 mA (still
40%). There was another burst of gas and both cathode and gate
current went off scale on the oscilloscope.

Cathode/gate resistance was found to be less than 500 ohms.
Attempts to clear the short with a charged capacitor were futile.
The gun was opened up and examined under a microscope. One of
the corner-most emitters (see Figure 5) was largely destroyed
(see Figure 6). The remaining 20 emitters appeared visually to
be relatively unaffected. The reason for the breakdown and
destruction is not known.
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Figure 6: Pellet Assembly Being Examined Under Microsoog
Emitter Under Lighted Anode Hole Experieoncoed
Massive Failure of Figure 7.
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Permission has been granted from the publisher to reproduce the following
article, "Physical Properties of Thin Film Field Emission Cathodes" which is
to be used as an appendix to this report on Contract F19628-85-C-0088.

APPENDIX I

THEORY OF SPINDT THIN FILM FIELD EMITTER

The following article describes the theory of the field
emitter which was investigated for use as a source of amperes of
modulated current. The article is reprinted from the Journal of
Applied Physics, Vol. 47, No. 12, Dec. 1976. The authors are
C.A. Spindt, I. Brodie, L. Humphrey and and E.R. Westerberg.
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Physical properties of thin-film field emission cathodes

with molybdenum cones

C. A. Spindt, |. Brodie, L. Humphrey, and E. R. Westerberg

Stanford Research Institute. Menlo Park, California 94025
(Received 18 March 1976; in final form 15 July 1976)

Fieid emission cathodes fabricated using thin-film techniques and clectron beam microlithography are

described, together with effects obtained by varying the fabrication parameters. The emission originates

from the tip of molybdenum cones that are about 1.5 pm tall with a tip radius around SO0 A. Such
cathodes have been produced in closely packed arrsys comtaining 100 and 5000 cones as well as singly.
Mazimum currents in the range 50-150 wA per cone can be drawn with applied voitages in the range
100-300 V when operated in conventional ion-pumped vacus at pressures of 10~* Torr or less. In the
arrays, current densities (averaged over the array) of above 10 A/cm’ have been demounstrated. Life tests
with the 100-cone arrays drawing 2 mA total emission (or 3 A/cm’) have proceeded in excess of 7000 h
with about a 10% drop in emission current. Studies are presented of the emission characteristics and
current fluctuation phenomena. It is tentatively concluded that the emission arises from only one or a few

atomic sites on the cone tips.
PACS numbers: 79.70. +-q, 29.25.Bx, 52.80.Vp

. INTRODUCTION

Several years ago Spindt and his co-workers at SRI*-?
developed methods for fabricating arrays of minute
cones for use as field emission cathodes by evolving new
techniques in thin-film technology and electron beam
microlithography. Since that time the technology of fab-
rication has been advanced, taking advantage of im-
provements in silicon thin-film technology instigated by
the growing needs of the semiconductor industry. The
technology now allows the cathodes to be made in arrays
of up to 5000 cathodes at packing densities up to
6.4 x10%/cm?.

Apart from the precision with which individual cones
may be positioned and the ability to pack large numbers
of identical cones into small areas, a major advantage
offered by these cathodes is the very low voltages at
which they operate. These voltages range from 100 to
300 V for useful emission, compared with values rang-
ing from 1000 to 30000 V for coaventional etched wire
emitters. This low-voltage operation is achieved by
placing the accelerating electrode close to the tip and
making the radius of the tip very small. The low voltage
of operation of these cathodes makes them less vulner-
able to damage by ionization of the ambient gas.® Hence,
the low voitage allows the cathodes to operate continu-
ously with very stable emission properties and long life,
at pressures higher than those necessary for conven-
tional field emitters, and without resorting to strate-
gems of intermittent or continuous heating. Further-
more, the arrays are capable of operating at effective
current densities (averaged over the area of the array)
of greater than 10 A/cm? continuously, far higher than
can be obtained with thermionic cathodes with a rea-
sonable life expectancy.*

Molybdenum is a particulariy good material to use for
the sharp pointed cones, from which the electrons are
emitted. A high degree of reproducibility has been
achieved with this material, even though the cathodes
cannot be heated to the temperatures necessary to com-
pletely remove absorbed and dissolved gases {rom the
region of the emitting area. Molybdenum is not con-
sidered to be necessarily the ideal material for the
cone, and studies are now being made using materials

with lower work functions to further decrease the
operating voltages. However, molybdenum has proper-
ties that are very useful in fabricating cones and a large
amount of the data has been accumulated on this mate-
rial. The purpose of this paper is to describe the manu-
facture and properties of this type of thin-film field
emission cathode and compare its performance with
conventional etched molybdenum cathodes.

1l. DESCRIPTION OF THE TFFEC AND ITS METHOD
OF FABRICATION

The thin-film field emission cathode (TFFEC) con-

MOLYBOENUM
GATE FiILM

e

suuco~/{-- A

DIOXIDE \
INSULATING
LAYER
MOLYBDENUM SILICON
@ CONE SUBSTRATE

(b)

F1G. 1. Schematic diagram and scanning electron micrograph
of a thin-film fleld emission cathode (TFFEC).
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FIG. 2. Thin-film field emission cathode fabrication.

sists basically of a conductor/insulator/conductor sand-
wich (Fig. 1). The top conductor or gate film has holes
of from 1.0 to 3 um in diameter in it, through which a
cavity can be etched in the insulator. This cavity under-
cuts the gate and uncovers the substrate conductor. A
metal cone. whose base is attached to the substrate and
whose tip is close to the plane of the gate film is then
{formed in the cavity.

Heavily doped silicon is preferred as the substrate,
since silicon dioxide can be grown on its surface to
thickness of around ! um with excellent adherence, no
porosity, and high-field breakdown strength. A film of
molybdenum (about 0.4 um thick) is vacuum deposited
on the silicon dioxide to provide the gate electrode. The
cone height, tip radius, and gate aperture are variables
of the fabrication technique that offer some control over
the current-voltage characteristic, as discussed in
Sec, OID,

The present method of fabrication is as follows:

(a) Obtain standard S-cm-~diam silicon wafers, 0,75
mm thick of highly conducting (0.01 12/cm) silicon, as
are used for semiconductor fabrication.

(b) Oxidize the wafers to the desired thickness —
usually about 1.5 um—using standard oxidation
techniques.®

(c) Cut wafers into squares of a size suitable for
handling by scribing and breaking.

(d) Coat the oxide with a uniform layer (0.4 um thick)
of molybdenum. Electron beam evaporation {s more
convenient for this purpose than sputtering.

(s) Coat the squares on the molybdenum side with an
electron-sensitive resist, PMM (poly-methyl-

methacrylate), to a thickness of about 1 um, using
standard spinning methods. *

(f) Expose the resist-coated surface in vacuum to a
pattern of electron beams focused to form an array of
spots in the desired configuration. The electron projec-
tion techniques were devised by Westerberg, and the
details of these techniques are given elsewhere.’ The
exposed spots are usually about 1 um in diameter.
Square arrays on 25.4- and 12, T-um centers have been
made.

(g) Remove the PMM that has been exposed to elec-
trons, by dissolving these areas in isopropyl alcohol,
exposing the underlying molybdenum. Then, selectively
etch the molybdenum through to the silicon dioxide
layer.

(h}) Remove the remaining PMM. Then, etch the sili-
con dioxide down to the silicon base with hydrofluoric
acid solution. At this point, the structure takes the form
illustrated in Fig. 2(a). The molybdenum layer is
undercut by removal of silicon dioxide, since the acid
does not attack molybdenum.

(1) Mount the substrate in a vacuum deposition system
and rotate the substrate about an axis perpendicular to
its surface. A parting layer of aluminum is deposited
at grazing incidence, In this way the size of the holes
can be decreased to any desired diameter [Fig. 2(b)].

(§) Deposit molybdenum through the partially closed
holes by electron beam evaporation from a small source
at normal incidence. The size of the hole continues to
decrease because of condensation of molybdenum on its

(c) (d)

FIG. 3. An array of 5000 thin-fiim fleld emission cathodes on
0.0005 -in. centers. (a) Cathode chip mounted on a ceramic
holder. () Portion of the 5000-tip array magnified. (c) High
magnification of part of the array. (d) Ultrahigh magnification
of atip in the array.
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FIG. 4. Micrograph of cathode array showing the results of
sandwich breakdown between two of the cones and the gate film,

periphery. A cone grows inside the cavity as the molyb-
denum vapor condenses on a smailer area, limited by
the decreasing size of the aperture. The point is formed
as the aperture closes. Considerable control of the cone
height, angle, and tip radius is obtained by choice of
the starting aperture size, the thickness of oxide layer,
and the distance of the evaporation source from the
substrate.

(k) Dissolve the parting layer of aluminum, releasing
the molybdenum film deposited during the cone forma-
tion step. After a thorough cleaning, the cathode is
ready for mounting in a vacuum tube.

Using these procedures, cathodes with 1, 100, and
5000 emitting cones have been grown. The 100-cone
array was arranged in a 10 x10 matrix with 25.4 um
spacing, the total cathode area covering a square that is
0.25 mm on each side. The 5000-cone array was
arranged in a circular area 1,0 mm in diameter, with
the emitting cones placed in a rectangular matrix with
12.7 um spacing. Figure 3 shows a 5000-cone array at
various magnifications. The data shown in Figs. 3(c}
and 3(d) were obtained with a scanning electron
microscope.

The cathodes were mounted on a ceramic header and
spaced at a suitable distance from a metal collector
electrode. Tests are made in ion-pumped systems at
ambient pressures of 10~ Torr or less. Stringent high-
vacuum procedures (including a 350~450°C bakeout)
were necessary to avoid disruption of the cathode early
in life. This disruption appears to be caused by a local
gas discharge forming between the tips and the gate
electrode. After such disruption the cathode takes the
appearance shown in Fig. 4.

%

..s

:.r,: Note that single elements can be disrupted without
: Y] destroying the whole array. Also, the site where the
t " discharge occurred usually remains open-circuited be-

tween the base and the gate so that the device is still
operable. Outgassing of the active components of the

- tube, including the cathode itself, is the main source of
::-.: gas for this discharge. This effect can be essentially
e eliminated by bombarding all the active parts of the

:-,* tube (including the cathode) with electrons f{r-m a sepa-
ATy
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rate tungsten thermionic filament, appropriately dis-
posed in the tube.

An important difference between the TFFEC and the
conventional etched wire fleld emitter is that TFFEC
cannot be heated to temperatures above 700°C, due to
distortion caused by the stresses set up by the different
‘thermal expansions of the component layers. Thus, the
adsorbed gases on the surface of the tip and sources for
their replenishment by surface or solid diffusion are
never completely removed. Furthermore, the growth of
a single crystal at the tip, with the usual field/heat

emission enhancement effects due to buildup at the crys-

tal boundaries, is not evident.

Field emission micrographs from a single TFFEC
point were made, and one or a few lobes were observed
without regular structure. Twinkling and movement of
the lobes were observed.

111. EMISSION PROPERTIES

A. Theoretical background

The generally accepted Fowler-Nordheim theory?® for
a clean metal surface relates the field emission current
density, J, to the electric field at the surface, £, in
volts/cm and the work function ¢ in electron volts by
the equation

__AE® ( @32 ) A
J._mexp -B—-E vly) om?’ 1)

where
A=1,54x10"%,

1.2~ APPROXIMATE

2y =
tdiy) = 1.1 \ -
Pt
N

I e i ————

2y}

0.8

viy)

APPROXIMATE N
vly) = (0.95 - y2) N
0.6 — Ny —

0.4 |~ -

n2 =

)
\

\

5
0 l | | I A
o] 0.2 04 0.6 08 1.0
Y

FIG. 5. Comparison of approximate forms with exact solutions
tt'?r the Fowler-Nordheim field emission functions v(y) and

(y).
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B=6.87x107,
v=3.79 x107*E'/*/s .
v is the Schottky lowering of the work-function barrier.

The functions v{(y) and ¢(y) have been computed® and,
as can be seen from Fig. 5, we can use as a close
approximation over the operating range of most cathodes
the following values:

#(y)=1.1 and wv(y)=0.95=+2 3)

Typically, the field emission current / is measured
as a function of the applied voltage V and we can substi-
tute J=I/a and E=3V in Eq. (1), where @ is the emit-
ting area and 3 is the local field conversion factor at
the emitting surface. Combining these relationships
gives

I=aV?exp(=b/V),

where
B(1.44 x10°7)
e FYeas ’

5=0.95Bo*' /8.
By differentiating Eq. (4) we obtain

dl I b

=V ( 2+ 7)-
Thus, by measuring [/, V, and dl/dV at any given point
on the current-voltage characteristic we may obtain the

value of b at a specific current / from Eq. (7). Substitu-
tion of b/ V in Eq. (4) gives a.

(4)

aAg?
1.1e

a=

(8)

n

Since we have three unknown constants to determine
in a given fleld emission situation-namely, a, 3, and
o —it is impossible to separate them with a knowledge
of a and 4 only. An independent method must be found
of measuring one of them or finding some other rela-
tionship between them.

Following Van Qostrom'® and Charbonnier and
Martin, ‘! we note that

2 -7
ao'=(°'1951) aAB 0,9@(3(1.4;“0 )) ,

ab® = o(5.96 x10%)0? exp(9. 89/ 0"/ ?). (8)
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The function g{¢) = ¢* exp(8.89/4*/?) is plotted in
Fig. 6 over the range ¢ =1 to ¢ =12, This shows that
if a fixed value of g(¢)=2250 is chosen, then the error
will not be greater than +10% over the range ¢=3.4to
¢=11.6. Fortunately, this covers the work-function
range of many practical field emitters, Using the above
value for g{¢) enables us to estimate the emitting area
a to £10% from the relation

a=ab®/(1.34x10'%) cm?, 9)
Combining Eqs. (4) and (9) we obtain
a _ (b*/Vexp(d/V :

This relationship is plotted in Fig. 7 for values of b/V

in the range 5—15. This covers the practical range for

field emission. Figure 7 shows clearly that to estimate
a within a factor of 3, 5/V must be obtained with a pre-
cision of better than +10%.

Equation (7) gives

(11)

so that the individual measurement of V, [, and 4l,'dV
must be precise to about 1% for this method to have an
error even approaching that of Eq. (9) for the emission
area. In practice d//dV is difficult to measure with the
required precision.

As can be seen from this analysis, the order of
magnitude of the apparent emitting area a can be ob-
tained by the measurement of /, V, and d//dV, provided
the cathode is aged to the point where good Fowler-
Nordheim plots are obtained.

o/l = (b/V)2eb/V/1.34 x 1013
105 —
10-6
107 -

afl
10-8

109 —

10-10 =

10-11 1 1
[} 5

b/V
FIG. 7. a/I as a function of b/V.
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FIG. 8. Fowler-Nordheim plots for representative cathodes.

B. Current-voitage characteristics

In Fig. 8 Fowler-Nordheim plots for different variet-
ieg of cathodes —namely, single-cone TFFEC's, arrays
of 100 TFFEC'’s, and arrays of 5000 TFFEC's—are
compared with an etched molybdenum wire. The etched
wire was not heat treated, so the condition of its tip was
similar to that of the TFFEC cones. Etched wire
emitters show considerable variability in their emission
performance from one sample to another. Although they
all evinced straight-line Fowler-Nordheim piots, the

TABLE [. Estimates of apparent emitting areas by the Fowler-Nordheim method.

B e e = S e

voltage to draw 1 uA of emission varied from 1000 to
2500 V.

As will be seen, reasonable straight lines are ob-
tained for the TFFEC's and, in the samples chosen, are
nearly parallel to each other. The displacement is
approximately equal in ratio to the number of emitting
points. Differences among the cathodes are attributed
mainly to different dimensions in the samples of cone
heights, gate hole diameters, and tip radii.

An important conclusion from these results, verified
by seanning electron microscope studies, is that the
individual cones in any given array must be almost
identical, with a very small spread in the field conver-
sion factor 8 among them. We note from Dyke and
Dolan’s tables'® that a deviation of E (= 8V) of only 20%
from the average would increase or decrease the emis-
sion of an individual cone by a factor of more than 10
(assuming a work function of about 4.5 eV and fields of
about 5 X107 V/cm).

The maximum current that can be drawn from a single
TFFEC tip is usually in the range 50—150 uA for a
well -aged tube. If the current exceeds this value the
cone completely disrupts in a manner analogous to the
disruption of field emitting whiskers in vacuum break-
down. "* Currents up to 5 mA (corresponding to an effec-
tive current density of 8 A/cm?) have been drawn from
the 100-cone arrays on 25.4-um centers and, under
pulse conditions, currents of up to 100 mA (correspond-
ing to a current density of 12 A/cm?) have been drawn
from 5000-cone arrays on 12, T-um centers. In the
latter case the main difficulty in reaching an anticipated
50 A x5000 =250 mA (or 30 A/em?) current has been
associated with the anode of the tube, which was not
designed to dissipate the powers involved.

C. Estimation of the emitting area

We attempted to measure the emitting area of the
cones using the method described in Sec. IIIA. Average
values of d//dV were obtained by precise measurements
of the change of [ with V around the point under consid-
eration and by using the lock-in amplifier technique.
Results for the above cathodes are shown in Table I.
Apparent emitting areas of the TFFEC’S are of the
order of 1.2 x107** ¢m?/cone compared to values of
160 x10™*% and 71 x1C-*% cm® for two etched points.

If these results are taken at their face value, it would

Total appar- Average apparent

Number of dar .2 @ ent emitting emitting area per
Cathode tips (n) 14 { v v 1 (a) tip (a/n)
18-11-2T 1 139 1.92x109 1.3x10% 7.41 7 %109 1,3 X105 1,3%10°%
17-1-3G 100 136 3.0x10%% 2.0x10% 7.07 4.3x107 1.3 %103 1.3x107
20-6-3G 5000 137 1.0%x10= 7.1x10% 7.72 1.0x10% 1.0x10" 2,0x10m5
Etched
wire No, 1 1 2244 1.0x10% 5.4%10% 10.1 1.6x10 1.6 %103 160 x 105
Etched
wire No. 2 1 1415 1.19x10% 9.5x10 9.3 6x10% 7.1%1044¢ 71 x 108
T e ——— —
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FIG. 9. Field conversion factor 3 as a function of the polar
angle § for the cone tip of a TFFEC.

appear that only a few atomic sites at the very tip of the
cones are contriouting to the emission. The observation
is well known'?-** that field emitters that have not been
treated by the usual field/heat methods to clean and
‘“build up” the tips give anomalously low areas. This
phenomenon has been attributed to the fact that the sur-
face remains contaminated with adsorbed gas. Experi-
ments in which gas is introduced after the tip has been
cleaned appears to corroborate this conclusion. Gomer
(Ref. 16, p. 50) has shown that the empirical assump-
tion of a linear variation of work function with electric
field, as might be expected from an adsorbed monolayer
or other surface and band structure effects, leads to an
apparent reduction in emission area by a factor

F=exp(3y£b/20,) (12)

by assuming ¢ = ¢, +7E, where ¢, is the work function
at zero field. The assumption of a linear variation of
work function with field is directly analogous to the
commonly assumed linear variation of work function
with temperature in thermionic emission that is used to
interpret the thermionic constants. '* Gomer’s derivation
also shows clearly that if f were smaller than 107 this
variation would begin to cause noticeable deviations
from the Fowler-Nordheim law.

Due to the perfection with which the cathodes are
made, we could measure the dimensions of the critical
parameters that govern the fleld at the cone tip with
considerable precision using the scanning electron
microscope (SEM) down to the resolution of the instru-
ment used, which was about 100 A.

A representative set of dimensions (see Fig. 10) was
as follows: thickness of gate electrode, ¢t =0.4 um;

diameter of hole in gate electrode: D=1.3 um; thick-
ness of insulating layer, d=1.4 um; cone height, h
=1,4 um; cone base diameter, 5=1.0 um; tip radius,
r=0.05 um. These dimensions were used to compute
the electric field around the tip. This computation was
made using a CDC 6400 digital computer and the relaxa-
tion methods to solve Laplace’s equation in the inter-
electrode region. By using successively smaller mesh
sizes, the equipotentials could be obtained to any de-
sired degree of accuracy.

In Fig. 9 the calculated field conversion factor S8 is
plotted as a function of the polar angle § measured from
the center of curvature of the tip. It is seen that the
field is essentially constant for 30° and then begins
slowly dropping off. The value of 8 at the center, name-
ly, 8 =1.25%10° cm™, compares with a value for an
isolated sphere radius 0.05 um with a concentric
spherical anode of radius 0.65 um of 8 =2.17x10*
cm™, This reduction from the isolated sphere case of a
factor of 1.7 is reasonable, in view of the presence of
the shank and the fact that plane-parallel electrodes are
used. This compares with a reduction factor of § men-
tioned by Gomer*® for a conventional free-standing tip
with the anode essentjally at infinity.

The effective emitting area can be roughly defined by
the angle where the field has dropped off by 10% and the
current density has been reduced by a factor of 5. Using
this criterion the emitting area would be defined by a
spherical cap radius of 0.05 yum and a half-angle of 53°
or 6.3 x10™** c¢cm?®, This area is more than 10* times
greater than that estimated from the current-voltage
characteristics. The field at the tip with 139 V applied
would be 1.74 x10” V/cm?® To obtain 1.92x10" A from
the above area, corresponding to a current density of
3x10°* A/cm?, would require the work function to be
about 2.6 eV. Polycrystalline molybdenum has a work
function of 4.35 eV, '3 and the types of contamination
encountered in normal vacuum systems is likely to in-
crease the work function. For example, a monolayer of
oxygen adsorbed on molybdenum increases the work
function by 1.5 eV, although nitrogen decreases the
work function by 0.7 eV. However, it seems unlikely
that the tip could have a work function as low as 2.6 eV,
since this would require the adsorption of a highly
electropositive material such as barium. If we assume
that the area given by the current-voltage characteristic
is correct, then the current density at 139 V would be
1.7x10* A/cm?®. Using this current density and the work
function for clean molybdenum, 4.35 eV, we estimate
from Dyke and Dolan’s tabulation of the Fowler-~
Nordheim equation that the electric field at the surface
wouild be 8 x10” V/em. This high field value would argue
that the emitting atoms form a protuberance on the Hp
of the cone with a field magnification factor of 8/1. 74
=4, 6. This magnification factor is close to that of a
hemisphere on a plane which is 3.

Thus it is seen that the results are consistent with the
hypothesis that the emission area is close to that given
by the F/N method of Sec. III A and that the high field
over a small area is caused by a protuberance on the
tip. The results are inconsistent with the hypothesis
that the tip is smooth and that the area reduction factor
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TABLE 11, Effect of changes of cathode dimensions in the

100-cone array. (Dimensions inum.)

Cathode x r D V for 100 uA
17-13-15 0 0.050 1.3 120
17-18-1 E 0 0.050 1. 180
17-18-11 0 0.060 1.9 225
17-13-15-F +1.05 0.050 1.3 50
17-13-15 E 0 0.050 1.3 120
17-13-15 G +0.14 0.050 1.3 80
17-13-20 G -0.28 0.050 1.3 200
17-13-15 B +0.84 0.085 1.9 100
17-18-11 0 0. 060 1.9 225
17-18-1 H +0.28 0. 060 1.9 130
17-18-1D 0 0.100 1.7 180
17-18-1 E 0 0. 050 1.7 180
17-13-16 G -0.075 0. 050 1. 125
17-13-16 H -0.075 0.130 .6 120

is explained by a linear work-function dependency on the
field. This is because a smooth surface would require
that the work function of the surface be 2.6 eV which is
unreasonably low, and an area reduction factor of over
10* would require substantial deviation from the Fowler-

Nordheim law which is not observed.

D. Effects of cathode dimensions on performance

The 100 emitter arrays were tested to ascertain the
effect of change of geometry on the emission. The
geometry was measured using the SEM and the emission
was characterized by determining the voitage required
to obtain 100 LA of emission current after the tube had
stabilized. The SEM was also used to determine
whether or not any tips were lost during processing.
Some results grouped to illustrate the effects of three
of the variables are given in Table [I. In this table ¢ is
the distance of the tip above (+) or below (=) the lower
plane of the gate electrode, and the other parameters,

r and D, are as illustrated in Fig, 10. From these re-
suits, we see that the tip emission is strongly dependent
on the diameter of the hole in the gate electrode [Fig.
11(a}| and on the position of the tip with respect to the

/

FIG. 10. Parameter definition.
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lower plane of the gate electrode [Fig, 11(b)]. If the tip
is made to protrude through the hole, the cathode can
be made to operate at as low as 50 V to obtain an emis-
sion of 100 1A, One surprising aspect is that variation
in the tip radius appears to have a second-order effect
on the emission over the range 500—1500 A.

The resuits indicate that protruding cones, with D as
small as possible, should be used. However, as a
practical limit, it has proved difficult to form cones
that protrude through the hole in the gate electrode with
values of O less than 1 um without reducing the oxide
thickness.

E. Maximum emission per cone

The current that can be drawn from an individual cone
is limited by the initiation of a vacuum arc, which com-
pletely disrupts the top of the cone. Figure 12 shows the
effect of a particularly violent disruption of a singie
cone in a 5000-cone array TFFEC. It will be noted that
despite the splatter of material only one cone was
affected and no chain of disruption events was set in
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FIG. 11. (a) Voltage for 100 yA as a function of D: =500 &,
x=0. (b) Voitage for 100 u4A as a function of x. Case (i} r
=600 A, D=1,9 um; case (ii) r=500 A, D=1.3um.
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FIG. 12. Disruption of a single cone in a 5000-array TFFEC.

motion. The conditions for this type of disruption have
been discussed in a number of papers.'’'* The current-
ly accepted mechanism for this voitage range is that,
provided there is no substantial release of gas due to
electron bombardment of the anode causing a large in-
crease in ambient pressure, disruption occurs when the
hottest part of the cone approaches the melting point of
the material of which it is composed. This is an un-
stable situation causing a runaway gasification of the tip
analogous to an exploding wire. The temperature is
governed by the heat-generating mechanisms of Joule
heating and of the Nottingham effect,'? and the heat-loss
mechanisms of conduction down the shank and of radia-
tion. The Nottingham effect tends to hold the emitting
surface at a critical temperature T, ™ where the
energy lost to the surface by electrons tunneling from
abave the Fermi level is exactly balanced by the energy
given up to the surface by electrons tunneling from be-
low the Fermi level. To a close approximation T, is
given by

T,=5.32x10"E/0''* °K. (13)

The tips of TFFEC devices disrupt when the emission
drawn from them is in the range 50—150 A, If the
larger area desired for the cone tip in Sec. IIIC is
used, 50 uA corresponds to a current density of

J=(50x107)/(8.3 x10°1)

=8x10° A/cm?. (14)
This current density with a work function of 2.6 eV
would require E=2.2x10" V/cm giving T, ~790°K. On

the other hand, if the smaller area is used, the current
density is

J=(50x107%)/(1.2x107!%)
=4.1x10° A/cm?,

This current density and a work function of 4.35 eV
would require E=15x10" V/cm giving T, ~3800°K, The
surface is always at a lower temperature than T, be-
cause of the dominant effect of conduction.? Thus, to

52585 J. Appt. Phys., Vol. 47, No. 12, December 1976

account for tip disruption caused by melting, use of the
smaller emitting areas with the high T is indicated,
since the melting point of molybdenum is 2893 °K.

IV. EMISSION STABILITY

A. General background

Time variations of emission from a source can be
divided into four classes as follows:

(a) A slow deterioration in the average emission
characteristics that takes place over long periods of
time. This limits the useful life of the cathode, which
may be defined by some arbitrary factor such as the
time for the average emission at a given voltage to de-
crease by a chosen amount. For use in 2 microwave
tube, cathode lives of from 10000 to 100000 h may be
desirable. In demountable electron optical devices such
as a scanning electron microscope, cathode lives of a
few hundred hours may be acceptable.

(b) A sudden increase or decrease of emission which
then remains unchanged for periods of time from 10™
to 10? sec. These have been called “short-term fluctua-
tions", and are observed mainly on the single-cone
TFFEC's and the etched wires.

(c) A low-frequency noise containing frequencies in
the range 10 Hz to 100 kHz. These fluctuations make up
the “flicker” noise.

(d) The shot noise, which is directly related to the
discrete nature of the electron and usually becomes
dominant at frequencies above 100 kHz.

The single cones, the character of the flicker noise
changes dramatically in bursts that last from 10~ to
10% sec. These bursts are usually associated with the
change of emission noted in (b). For arrays the super-
position of the burst noise from individual cones causes
the burstlike characteristic to be substantially modified
(measured as a fraction of the total current). In the
100-cone arrays bursts are rarely seen, and the effect
is essentially nondetectable in the 5000-cone arrays.

In Sec. IV B, measurements on these effects are dis-
cussed in more detail.

B. Life

Five single-cone TFFEC's were put on life test in a
50-1/sec ion-pumped system at a pressure of more than
10”® Torr. Each TFFEC was operated continuously at
a current of 1 A with a collector potential of 120 V.
During the initial measuring period, the gate potential
for 1-uA emission dropped until a steady value (around
120 V) was reached. The cathodes then continued essen-
tially unchanged for 3300 h when the life test was
terminated.

Life tests were also made with three of the 100-cone
arrays. These data were obtained in sealed tubes with
a 2-1/sec ion appendage pump as shown in Fig. 13. The
tubes were processed before they were sealed as de-
scribed in Sec. II, with a pressure in the tube of about
10" Torr, as measured at the appendage pump. An
alternating potential at a frequency of 60 Hz was applied
to the gate that, by its action, produced a rectified cur-
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FIG. 13. Schematic of life test tube.

rent, thus reducing the anode dissipation. After an
initial aging period of a few hundred hours the pressure
reached a barely detectabie level on the appendage ion
pump, indicating a pressure of less than 10°° Torr. The
emission was held at a 2 mA peak corresponding to an
average of 20 LA peak per cone and an overall peak

current density of 3.2 A, em?. This was a stringent test,

since the peak current per cone approached the disrup-
tion value. The results are shown in Fig. 14.

The collector power supply for each of the cathodes
failed during the life test, causing the electron current
to be collected by the thin molybdenum gate electrode.
For two of the cathodes [see Figs. 14(a) and 14(b)] this
event occurred early in life and both cathodes slowly
but completely recovered from this experience over a
perind of about 1200 h of operation, indicating that the
effect was most likely due to impurities released from
the gate film being adsorbed on the cone tips rather
than any changes in the geometry of the tips or the dis-
ruption of some of the cones, both of which would have
caused a permanent change. Nevertheless both these
cathodes showed evidence of a subsequent gradual
decline of emission performance with time, amounting
to about 10% in 7000 h of total life. The third [Fig.
14(c)| cathode had its anode supply fail after 4400 h of
operation at which time it showed an erratic decline,
but has remained stable at 1.2-mA emission for the
last 1000 h, [f Brodie’s theory’ of tip erosion by ion
sputtering is applied, an approximate life of

2x10%% 2x10°!
P ~ (20 %107%)(5 x1071%)

L= =2000 h

is obtained. This assumes a current of 20 uA per cone
and a pressure of 5x10°'° Torr. This value of L is of
the correct order of magnitude, bearing in mind that
the ac voltage applied to the gate is rectified so that the
cathode is actually operated for less than one-half the
time.

On the other hand, the erratic decline for cathode
17-18-3E appeared to occur in steps, which argued that
cone disruption in groups was taking place at the higher
emission density per tip, at which this cathode was
operating after the collector supply accident. For this

reason, the gate voltage was reduced and although the
total current was also reduced it has remained stable
for a further 1000 h.

While much more work on cathode life is necessary
before definitive conciusions can be made, lives of
several thousand hours at overall emission densities of
3.2 A/cm? can be expected in good ion-pump vacua for
the 100-cone TFFEC arrays.

Life tests on the 5000-cone arrays have been planned
but no data are available at the time of this writing.

C. Short-term fluctuations

Figure 15 shows the types of short-term fluctuations
typically observed with single-cone TFFEC devices,
as recorded on a strip-chart recorder moving at the
rate of 0.2 cm/sec. The cathode in this case was well
aged by operating it for several hundred hours on a 500-
1/sec ion~-pumped system, which was monitored with a
quadrupole mass spectrometer. During the entire ex-
periment, the pressure was 107° Torr or better and the
quadrupole showed that the residual gas was mainly
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FIG. 14. Life test resuits: (a) cathode 17-13-17-D: () cathode
17-13-17-G; (¢) cathode 17-18-5-E.
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T T T AN B S T T verse-biased p-n junctions, and junction transistors.?

po Tunnel diodes are similar to the field emitters de-
L 1 1 L 3§  scribed in this paper, in that electrons are injected into
o 20 0 0 % & 0 a0 9 1o thecrystal lattice by field emission. In our field emit-
TIME — seconds ters, the electrons were injected into 2 vacuum and {t
o) was also found with the single-cone TFFEC's that bursts
of bistable and-mujtistable .modes occurred. These
bursts can usually be associated with the short-term
fluctuations described above. The duration of a given
0 | " Ly burst can be from less than 1 sec to minutes, and the
0 10 20 X2 © S0 6 bursts can be followed by relatively quiescent periods
within the same time range.

1B LARBA
Jig30001

The noise bursts consisted of a series of current
pulses, either positive or negative, superimposed on the
constant operating current. The character of the pulse
remains similar during a burst but sometimes varies
0 0 S0 & 70 from one burst to another. Observation of these pulses
TIME — seconas on an oscilloscope is limited by the time constant of the

“ input circuit. In our initial experiments, this time con-
stant was fairly large—on the order of 0.5 msec; this
caused pulses of the form shown in Fig. 17(a). By using
an FET source-follower amplifier, the input circuit

time constant was reduced to less than 2 usec. Oscillo-
0 e 30 :" ¢ 0 e 10 graphs taken in this way (Fig. 17(b)] demonstrated that
tME = econa the pulses of Fig. 17(a) were actuaily composed of
) ) sequences of pulses of equal height whose duration
_1;;.6“)&5 Short-term fluctuations observed with single-cone varied from a value shorter than the new response time
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hydrogen. Nevertheless the current is rarely “steady”,
and is almost always showing bistable changes that
appear to come in groups. The puises within a group
are usuaily of the same amplitude but the amplitude may
vary from group to group. For example, in Fig. 15(c)
where the average emission current was about 2 LA,
large bistable changes of 0.5 uA or 25% of the average
current were observed and lasted from 0.1 to 5 sec. A
similar large-amplitude change is seen in Fig. 15(d).
Figure 15(b) shows a clear bistable sequence of smaller
amplitude 0.12 A at an average current of 1 uA, (i.e.,
a 12% fluctuation) that lasts from 0.1 to 2 sec. Note
that even during the relatively quiescent period shown
in Fig. 15(a), the changes are always in the form of
steep sided steps (within the response time of the re-
corder.) Similar behavior is observed with the conven-
tional etched point. With the 100- and 5000-cone arrays,
the bistable character of the short-term fluctuations is
lost and the variation of current with time has a more

0 5 10 15 20 25 30 35 40 45 50
TIME — seconds
(s) 100 CONE ARRAY

y random appearance. Figure 16(a) shows a 100-cone
array operating at 1 mA or 10 uA per cone; the rms
\ deviation is about 1% indicating that the noise is caused
1) by the fluctuations of individual cones, as is to be ex-
q pected. For the 5000-tip array, the fluctuation of in-
f_‘ dividual cones is always too small, compared with the
f‘: total current, to be observed on this scale Fig. 16(b)}.
. D. Burst noise .
. 1. '
. Burst noise has a wareform of bistable or muitistabie 0 5 10 15 20 25 30 35 40 45 SO
; levels that can best be described as a nonstationary TIME — seconds
fluctuation superimposed on otherwise white noise.** (b) 5000 CONE ARRAY
] It was first Ob“”e‘} in the waveform of germanium FIG. 16. Short-term current fluctuations from TFFEC array
o point-contact diodes’® and has subsequently been ob- after 450°C bakeout and 100 h aging. (a) 100-cone array;
- served in tunnel diodes, resistors, forward- and re~ (b} 5000-cone array,
APP-1-11
p 5257 J. Appl. Phys., Vol. 47, No. 12, December 1976 Soingt et /. 5287

L]

O A TN N A L I L R o LR Rt PRy AR T A
- . o et R I U LN v,...,wwff-r.-»-m\ AL AL
i ,uf.uﬁ.&fb i latg g PN AN a ey e e %A'rm W S



TYPE 1LS
SPECTRUM
\ ANALYZER
® 15 Hz-1 MMz
bt
~e BAND-PASS
-y FILTERS
i SOURCE-FOLLOWER CENTER
i AMPLIFIER SCOPE FREQUENCIES
O !\ TEKTRONIX 100,000 Hz
I 1A7A 10,000 Hz
T 3
VeN COLLECTOR ; V | PLUG-IN 5000 Hz
0. 100 «q & AMPLIFIER 2500 Wz
P > KEITHLEY 802 1000 Hz
e ] ELECTROMETER 250 Hz
;_-_f. 67 v = T 100 w2
»
'
r ,. f- ——————— - v —
N | POWER 1 < ERERENN
o | SUPPLY 600 V | EIGHT
oy MICRO-CATHOOE : 3 .L 1 I| RCEHA(f)NI!h(‘JEELR
9. _W-T/Wl 34 == c
» LOAD T |
(8 A R |
?_': ESISTO : A
————————————— -
Fol
vy F1G. 18. Noise measurement system. 5
~ APP-1-12
v
°® . 5258 J. Appl. Phys,, Vol. 47 No. 12, December 1976 Spindt et #/. 5258
e
’.r_..~
AN
M P A, S e P A -
ﬂ'-"-fﬂ‘-\,\ '.J.'.‘_",. P S g B L R ST o DT PE N A R L ) ]
AU o ) NP . > Ly A A R '_‘. > ey e RS A
Aﬁu.\. S W WYV, WS, Sl Ai A < ’\:: i:.?..-: ."ihnt\{

T

10.0
26
=R
gse 48
03 » 3.2

b 1.8
0

CURRENT
FLUCTUATION
x 10® A

10
2
-l
wa?®
€32 4
S
2 x
93 0
%

} I ISR S B

) SR
0 20 40 60 80 100 120 140 160 180 200
usec

I | L

- ) Iy =5 x10°7 A
FIG. 17. Bursts of current pulses from single-cone TFFEC's.

(i.e., less than 2 usec) to 20 usec. These short pulses
might consist of unresolved pulses of even shorter
duration, but we have not been able to reduce the time
constant further. These results were all obtained in the
500-1, sec ion-pumped system with well-aged cathodes

operating in a vacuum of better than 10° Torr, the
residual gas being mainly hydrogen.

The most striking facts about these bursts of pulses
is that most are of equal height (or bistable) and come
in groups, which can last for several milliseconds,
although there is a random time distribution of pulses

" within the groups. Furthermore, the millisecond groups

themselves come in bursts, with durations from frac-
tions of a second to minutes,

When the amplitude of the basic (short) pulse is large
but the duration of the pulse is less than the response
time of the circuit, the pulse appears as a spike with a
sharp front and a characteristic decay. The fact that the
circuit has not fully responded means that the peak does
not represent the full height of the pulse, and in certain
modes, this effect causes the trace to have a more ran-
dom appearance (Fig. 17(c)|. However, it seems likely
that sufficient time resolution would show these pulses
to be of equal height.

The superposition of the short pulses from individual
cones makes the burst effect less distinctive in the
arrays, although it is still observable. However, in this
respect the etched wires behave similarly to the single
cones,

E. Flicker noise spectra

Figure 18 gives a schematic diagram of the equipment
used to measure the noise spectra in the range 100 Hz to
100 kHz. The cathodes were all operated in the 300-
l/sec ion-pumped system described above at pressures
below 107*° Torr with the residual gas being mainly
hydrogen. [t was necessary to measure the noise output
at the different frequency ranges contemporaneously to
avoid the effects caused by sudden changes in noise
properties, particularly those shown in the single-cone
cathodes.

Eight fixed-frequency hixh-~@ bandpass filters were
constructed with center frequencies of 100, 250, 500,
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1000, 2500, 5000, and 10000 Hz. A Tektronix [L5 was
used as the 100000-Hz fiiter. In addition, a Tektronix
ILS spectrum analyzer was used for monitoring the
overall spectral distribution. The output impedance of
the measurement circuit was too high to achieve good
frequency response above 5000 Hz. However, the addi
tion of an FET source-follower amplifier placed be-
tween the collector and the noise measurement equip-
ment extended the flat frequency response to 500 kHz.
The output of each bandpass filter was fed into an aver-
aging circuit with a time constant of 10 sec, then into

a channel of an eight-channel recorder. The recorded
signal was thus proportional to the average rms value
of the signal at the frequency of the filter. The system
was calibrated using a saturated thermionic diode as a
shot noise source and checked using sine waves of
known amplitude.

In general, the flicker noise is described by the mean
square current fluctuation i}y ,, at a given frequency f
in a given frequency range 4f when held at an average
current /.

In general
=AW, NOf (15)
= W'(f, af, (16)

where A is the emitting area, J is the average current
density, and W is the noise intensity distribution func-
tion. The objective of the measurements is to obtain W
as a function of f and J. As outlined in Sec. I C, the
estimation of the emitting area is open to differing
interpretations. For this reason, we use Eq. (16) for
the empirical description of the flicker noise. Plots of
W' versus f at various values of / are obtained for each
cathode.

Resuits for the single-cone cathode (18-11-2T), used
for the previously illustrated Fowler-Nordheim piot,
are shown in Fig. 19. In general, the spectrum differs
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FIG. 20. Noise as a function of current for single-cone TFFEC
in quiescent mode (18-11-2T).
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from mode to mode and the figure shows the spectra for
the noisiest and the most quiescent modes at different
current levels. Usually the most quiescent mode showed
a spectrum close to 1/f and a current variation close to
I'-® (Fig. 20). The noisiest mode showed a spectrum
closer to 1. r? and was not strongly dependent on the
current over the measured range (4.5 x10"%to 1.5 x10¢
A). The current range was bounded at the lower end by
the sensitivity of the noise neasuring apparatus and at
the high end by the desire to avoid any instabilities that
might occur as the cone disruption current was
approached.

The fact that the noise is not strongly dependent on the
current in the noisiest mode is most extraordinary. The
circuit was carefully checked to see that this noise was
not being injected from some spurious source. Among
other tests the field emission triode was replaced with
a low-noise metal-film resistor to emulate the same
operating conditions in the circuit. In the latter case,
the noise was reduced to a very low level, and no evi-
dence was observed to expiain the existence of high
noise bursts. Hence, we concluded that it was a genuine
property of the field emitting source. Even in the
‘quiescent’” mode, the flicker noise is many orders of
magnitude above the shot noise in the f{requency range
measured for that current.

The etched molybdenum wire cathodes showed similar
behavior (Fig. 21), with the noisiest mode roughly pro-
portional to 1/7? and the quiescent mode to 1/f. The
noisiest mode appeared to be somewhat quieter than the
noisiest mode of the single cone and did not appear until
currents of 5 x10~” A were drawn. For the quiescent

mode, the noise versus current behavior (Fig. 22) is
also similar to the single-cone TFFEC, being propor-
tional to I''* (Fig. 22) except that the noise from the
etched wire is a factor of 10 smaller for a given cur-
rent. If we use Eq. (1) to describe the noise and assume
that the emitting surfaces are similar in both cases,

we obtain

We=A W(f,1/A)) 17

and

Wy=AgWU/, [/Fg), (18)

where ¢ refers to the single-cone TFFEC and £ to the
etched molybdenum wire. If we further assume that
Wa(J*/f"), then

L/ és.( é.;)'.

W'E AE Ac
From the measurements shown in Fig. 22 we obtain
v=1.5, and W,/ W, =10, hence Az A, = 10? =100. This
compares with a ratio obtained by the Fowler-Nordheim
method (see Table I) for the same cathodes of 55. Bear-
ing in mind the spread in the data from which these
results were derived, agreement within a factor of 2
seems reasonable and supports the idea that the correct
emitting areas are given by the Fowler-Nordheim
method.

The spectra for the 100-cone arrays also show mode
behavior, but the modes are not so sharply separable
and exhibit curious spectra, as illustrated in Fig. 23.
Presumably, each individual cone can be in a quiescent
or noisy mode at different times, and the sum of the

(19)

10-20 = 1 T TIIIII] | R Il”ll]’ T 1 I‘Il%
— / 1
10-2! E /3
— SINGLE CONE / /
I TFFEC 3
. S
10-22 =
z — a
N\ - a a
< -
| - ETCHED
. o) Mo WIRE
2 10-23 — Ky
o a
10-24
-
vozs bty o vvoul 11w
10-8 10°7 10-6 1075

| — A

FIG. 22. Comparison of noige as a function of current at 1000
Hz for the single-cone TFFEC (18-11-2T) and the etched
molybdenum point,
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TABLE . Comparison of flicker noise spectra for various field emission cathodes.
- - -~ J

Cathode Current range (A) Frequency range y x Ref.
Clean single-

crystal tunsten 4.5%x10% to 1.2x10 100 Hz to 10 kHz 0.75 2 27
Tungsten with

adsorbed residuai 3.2x10% to 2.6 x10% 100 Hz to 10 kHz 1-1.3 R 27

gases
Tungsten with

adsorbed barium 1.4%x10~ to 8x10~ 100 Hz to 10 kHz 1.2—1.4 1 27
Tungsten with

adsorbed potassium 6x10™ to 2x10% 100 Hz to 10 kHz 1.2 1.86 29
Zr/W at 900—

1576°K 10 to 10~ 2—-10 kHz 1-1.3 2.2 30
TFFEC molybdenum

single cone 10 to 10 100 Hz to 10 kHz 1 1.5 ..

{quiescent mode)
Etched molybdenum )

wire (quiescent 10~ to 10~ 100 Hz to 10 kHz 1 1.3 s

mode)

noise currents from each is stationary for long enough
to take a spectrum in a given condition. Figure 24 shows
spectra for the 5000~cone array when operating at a
current of 8.6 x10™ or 1. 72 x107" A per cone. Spectra
were taken in the noisiest mode, in the quietest mode,
and when elevated to a temperature of 275 °C. The
character of the spectrum essentially remains the same
regardless of its condition. Up to about 5000 Hz, the
spectrum shows a 1 r? characteristic. However, at
around 5000 Hz, a new noise source, generated in the
system, begins to become effective, which increases

103 ST ARL) IR BN L
10-14 A
E \ \msv MODE
— | ]
=
E \.' o
10-18 = \\_
E . o
= F QUIESCENT i
% - MIODE '\ =
10-'6 E .
a
. AN
2 [ ]
\ﬁ
10-17
-
10-18
vovo bl 4yl ol i
10 102 103 104 105

I — A

FIG. 23. Noise spectra for 100-cone array TFFEC (17-13-19F)
at /=5.04%10" A iwhere W’ for shot noise =1,6x 10~ A/ Hz).

with increasing frequency, with a broad peak covering
50-100 kHz. Figure 25 shows that the current depen-
dency of the noise in the 1,f? portion of the spectrum 1s
proportional to /, but proportional to /% at 100 kHz where
the new noise source has become dominant. Note that
there is no evidence for the existence of this new noise
source in either the single- or 100-cone array. In the
low-frequency half of the spectrum for the 5000-cone
array, the total noise appears to be dominated com-
pletely by the cones in the noisy mode, since they
always show a close to 1, 7? spectrum.

.\TT HH'HI
[ ]

10-1S IRELR

T T

10-16

10-'7
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T MODE M
o~
‘,‘ 10-'8 \; /‘2
° .
X \ ‘4i/j
\L&
[ ]
10-'9
t0-20 e = 275°C
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FIG. 24. Noise spectra for 5000-cone array TFFEC (20-6-1H)
at [=8,5%10™ A (where W” for shot noise=2, 75x10~2 A? Hz).
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FIG. 25. Noise as a function of current ior 5000-cone array
TFFEC (20-6-1H).

In the case of the 5000-cone array, the difference in
modes must be caused by the change in the number of
cones in the noisy mode, since the contribution of the
cones in the quiescent mode make a much smaller con-
tribution to the total noise. The fact that the noise at a
given frequency as a function of current shows a linear
variation argues that the probability of the cone being
in the noisy mode is proportional to the current being
drawn from it. If ail the cones were in the noisy mode
at a level measured from the single-cone experiment,

a saturation in noise would be expected when all the
cones are in their noisiest state. Extrapolation of the
data in Fig. 25 suggests that this would occur at about
3.5 mA when the noise would be 5000 times that of the
single cone in its noisiest mode at a corresponding {re-
quency. Unfortunately, the power limitation of the
collector prevented these current levels from being
reached on a continuing basis to check for this effect.
However, at 2 x10°" A per cone the hypothesis suggests
that about 30% of the cones are in the noisy mode at any
given time, or each cone spends about one-third of its
time in the noisy mode when drawing this current.
Chart recordings of the single cone operating at 2 x10°7
A showed that in a 300-sec (5-min) period it was in the
noisiest mode for about 100 sec (comprised of three
bursts each of approxamately 30—40 sec duration). This
result is consistent with the suggested expianation of the
behavior of the 5000-conz array at the low-frequency
end. The fact that the noise at the high-{requency end
(100 000 Hz) increases as the square of the current
demonstrates that its mechanism of generation is totaily

different from that at the low-frequency end of the
spectrum.

Other investigators have studied fleld emission flicker
noise,?”~% but, unfortunately, none using molyhdenum
cathodes. No mention of the mode behavior reported
here has been made even on contaminated points, and
no data has been given from which the emission area
could be estimated. However, the flicker noise showed
the usual variations with frequency and current, when
the shot noise had been subtracted, taking the form

() g @l */f7, (20)
A comparison is given in Table II.

V. THE NATURE OF THE EMITTING SURFACE

The evidence given in this paper indicates that emis-
sion from the tip of the cones of the TFFEC arises from
just one or a few atoms located on the tip. This evidence
is summarized as follows:

(a) The areas given by the Fowler-Nordheim method
are of the order of a few unit cell dimensions
(Sec. M C).

(b) The electric fields at the tip, assuming a smooth
spherical cap, are too small by a factor of 4 to account
for the observed field emission without requiring an
unreasonably low work function for the surface. The
necessary enhancement factor is of the right order to
be accounted for by an adsorbed molecule (Sec. IIC).

(c) The apparent area reductior factor to be expected
on the basis of a linear variation of work function with
field is too large to be obtained without substantial
deviation from the Fowler-Nordheim relationship. No
such deviation is observed with the single-cone TFFEC
(Sec. mIC).

(d) Disruption of the cones at high current requires
that the critical temperature of the Nottingham effect
be above the melting point of molybdenum. This only
occurs if the small areas given by the Fowler-Nordheim
method is used (Sec. lIIE),

(e) The images observed in the fleld emission micro-
scope for the single-cone TFFEC consists of one or a
few “lobes” that show no regular pattern, as is usually
observed with the larger single-crystal faces of con-
ventional thermally grown points (Sec. II). The lobes
are mobile. The resolution and interpretation of such
lobes as images of atoms is consistent with work by
Rose, * Becker’? and others, as critically reviewed by
Dyke and Dolan® and Good and Mueller?!; and by studies
of field emitting whiskers.*

(f) The equal heights and rapid rise times of the burst
of current pulses in all the time domains studied (Secs.
IV C and IVD) indicate the effect of single atoms, such
as the rearrangement of atoms at the tip, the arrival
and departure of atoms at the emitting area (by surface
migration, solid diffusion from within the cone or
arrival and departure to the vacuum external to the tip),
or a change in the vibrational state of the adsorbed
atom. The last change would alter the average distance
from the surface of the adsorbed atom in a manner
analogous to the nuclear separation of the diatomic
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molecule and would thus cause a small local work-func-
tion change. The small-amplitude high-frequency pulses

could arise from this source and the less common large-

amplitude events from the gross movement of atoms
from site to site.

(g) An alternative explanation worth discussing is the
possibility that microneedles or whiskers are formed
on the tips of the molybdenum cones similar to those
recently reported by Okoyama, ** who obtained dendritic
growth on tungsten by the reduction of tungsten oxide.
The dendrites were grown on 10-u-diam tungsten wire;
however, the ends of the whiskers were of similar di-
mensions to those of the cones grown in the experiments
reported in this paper, having a tip radius of curvature
in the range 0.05<0.2 4. In other words, the tips of
Okoyama's whiskers corresponded to the tips of the
vapor-grown cones reported here. It seems unlikely
that additional whiskers can grow from tips with radii of
onlv 0.03 . {(or about 100 lattice spacings) since such
whiskers would have to be only a few lattice spacings in
diameter and a few atom spacings high to account for
the observed field magnification factor. Thus, it would
be a matter of semantics as to whether such protrusions
were described as atomic bumps or whiskers. Consid-
erable theoretical and experimental work has recently
been done to explore the vibration spectra of adsorbed
molecules by observing the energy distribution of field
emitted electrons. A review of this technique called
FEED has recently been given by Gadzuk and Plum-
mer.’” There can be no doubt as to the existence of an
effect due to vibrational levels particularly at the tem-
peratures that are likely to exist at the field emitting
area.

Note added in proof. Life tests with the 100-cone
arrays drawing 2 mA total emission {or 3 A, cm?) have
now continued in excess of 12000 h as of Qctober 1976.
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APPENDIX 11

The analysis of beam optics was done by STAR Microwave Con-
sultant, J.M. Baird of The University of Utah. The approach was |
to use a best case/worst case analytical solution of the parallel
plan approximation to the actual geometry (no hole in the anode).
This was then used to define the geometry to be studied numeri-
cally using an electron gun computer code.

The computer solution appears as Figure 6 to this Appendix.
It is based on an assumed distribution of emitted current as

follows:
Emission Half Angle % of Total Current Enclosed
o° 80
+30° 5,5
+45° 5,5

The resulting plot shows that current with 30° half angle
would pass through the anode, while current with 45° half angle
would be partially intercepted. Unfortunately, the chip which
reached final test failed catastrophically before anode intercep-

tion could be measured for verification.
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BEAM SIZE ANALYSIS IN THE SPINDT CATHODE SPACE-GUN

J. M. Baird, University of Utah
for Star Microwave Inc.
December 1985

l. Intoduction

This report gives the resuits of calculations aimed at determining the
beam expansion between the cathode and the anode of the Star Microwave
"space-gun” which utilizes the new field emission Spindt cathodes. This
gun has the design goal of achieving an average current density of | A/cm?2
from an array of 21 Spindt cathode elements spaced in an array covering a
chip area of about | cm? as shown in Figure 1.

Each of the 21 cathode elements contains an array of 5000 point field
emitters. These micoscopic field emitting diodes have a characteristic
angular spread in their emission of about 30 degrees. Although there is no
distinct beam boundary, it is believed that approximately 90% of the
current falls inside this angular envelope. We have used the angle of 30
degrees to define a beam edge for the overall emission from each of the 2!
cathode elements.

The Spindt cathode elements emit the desired current leveils at about 100
volts and it is therefore necessary to place an accelerating anode over the
Spindt array chip to increase the beam voltage to the final design vaiue of

\ about 1000 volts. To form a useful electron beam, this second anode must
by have an array of 21 holes which are centered over the Spindt cathode

.:r elements to allow the accelerated beamlets to pass through.

w0

X
hY

»

The aim of the analysis reported here is to determine of the size of the
holes in the accelerating anode which will allow a high percentage of the
beam to pass through The approach used is to determine the beam

7% expansion between the surface of a Spindt cathode element and the

.‘ 5
TN

-
> accelerating anode as a function of gap spacing, and thereby provide a
N~ basis for making a judicious design choice for both the spacing and the
N hole size.
%‘
V:; The geometry of the Spindt element beamiet which is analyzed is shown in
},;- Figure 2. For the first order calculations given here, a laminar flow beam
"
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is assumed to leave the cathode element with an initial edge ray angle
©,=30", and to be accelerated across the gap under the influence of both E.

and E, electric fields as illustrated in the figure. The strength of these

fields depends on the assumed level of space-charge and the applied
potential across the accelerating gap.

A first order analysis for design purposes comes from examining the two
extremes of beam expansion. in the worst case, E. is assumed to have

the maximum possible vaiue while EZ is assumed to have the minimum

possible value near the cathode. To make this case readily solvable, we
have assumed that the full space-charge in the beam can be attributed to
each component of the field separately. This over-estimate will certainly
give an absolute upper bound on the beam size at the anode. In the best
case analysis, the space-charge is totally neglected. This makes E.=0,

and maximizes the accelerating Influence of E,*. The resuiting beam edge
trajectory gives an absolute lower bound on the beam size at the anode.

The results of these best and worst case solutions show that for
cathode-anode spacings on the order of 0.040 inches or smaller, the two
absolute bounds are close enough together to provide a basis for making
some initial design choices.

The remainder of this report gives the details of this best and worst case
analysis.

* Although E, near the anode is actually lower under the

zero-space-charge assumption, it can be shown that its increased value in
the cathode regton where the beam is moving more slowly reduces the
transit time across the gap and therefore minimizes beam spread.
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11. Theory Used for Beam Edge Spreading Calculations.

The velocity of the edge-ray electrons is governed by the force equation
dv =
LA (1
gt =Mt

where v is the velocity vector, E is the electric field vector, and 4= q/m

is the charge to masgs ratio which is negative for electrons. In cylindrical
coordinates with angular symmetry Equation 1 becomes

awv,

-_ :1]Er
gt (2)
Vs _
TTF -TlEz
where
115 = V
dt
(3
dz .,
gt —

define the radial and longitudinal velocities in terms of the time
derivatives of the edge ray position (ry,z).

It is useful to change independent variables by dt = dz/v, to get

= dv, _ T

e dz = V.

o de - Fl

e dz ~ HVT (4
o ar, _ V.

- dz = Vs

\d...

The presence of v, in the denominators on the right hand side of these

equations does not present a probiem for our analysis because the initial
velocities of electrons leaving a Spindt cathode are never zero.

‘I‘-‘."v';-’?‘.
PR Wl e R

There are two sources of electric field to accelerate the beam in
-~ Equations 4 The first is the potential rise across the cathode-anode
7 gap, Vg = Vo-Vy. The second is the space-charge in the beam. Poisson's
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Equation describes how the electric field components change due to
space-charge.

V-E = —2—

or
OE [ OE, _ P (5)
ar oz €o

For our purposes, there is no simple way to analytically determine E,. and
E, for the proposed geometry, but we can look at two extreme cases which
produce bounding limits on the value of r, (the radius of the edge ray at
the anode) and thereby bracket the desired solution.

A maximum bound for Fy will occur when E,. is maximum and Ez is such

that the electron takes the longest possible time to cross the gap. An
absolute maximum value for E. comes from attributing all of the

space-charge in Equation 5 to the oE./or term. Equation 5 then
becomes

%E-’ = -E& (6)

which can be integrated to give

lo (7)
TTEo Ty V2

Ermax) =

where we have used p= Io/(nrb"’ v,) and |, is the total element current

(which is negative for an electron beam). Equation 7 gives the usual
electric field used to determine the "universal beam spread curve”; i.e., the
edge trajectory of a uniform laminar fiow beam as it moves under the
influence of its own space-charge. This is the maximum possible Er and

certainly represents a large over-estimate when d ¢ 2r1 in which case the

two electrodes are close enough together to partially shield the beam edge
from the effects of the space-charge in the central part of the beam.
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It can be shown that the Ez(z) associated with the maximum possible
transit time is one in which its value at the cathode, E], is minimum. The
deepest possible reduction of E, at the cathode can be found by associating
all of the space-charge in Equation S with the E, term. This leads to

3

5%‘ = -2- (8)
If we were to assume that current density J (=pvz) is 3 constant along
with ¢(0) = V=0, and E,(0) = 0, this would lead to the standard
space-charge limited flow in a planar diode which gives E,(z) a z'/°.

Since our beam does expand, however, so that J=J(z) is not a constant, and
since V, is not zero for the Spindt cathode injected beam, we must

numerically integrate EqQuation B to obtain quantitative resuits. If we
combine Equation 8 with Equations 4 and add the definition of

potential, E = -v¢9, the result is a set of five first order differential
equations in five unknowns (rp,v,, v, 9 E,).  Once again we use

p= Io/(nrb2 vy) (where |, 1s a constant and ry, and v, are treated as
functions of z) to get

dn _ v,
'::: dZ V.
o dv._ Tk,
dz i 9)
dav, - Ml
dz ~ Trforan?
dé _ _
az - "t
_g_[z = ______T]lo

b4 TT€o T2V,

..;:2 S

»®
4
X

'~

This set of equations forms a closed set which can be numerically
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integrated over the interval O < z < d using the five known boundary
conditions

$(0) =V,

¢(d) = Vv,

Ve(0) = vsin(84) (10)
v4(0) = v,c0s(8)

rp(0) = ry

where v is determined from the Inftial energy eV ;= mv,2/2.

Note, however, that this is not a simple initial value probiem. Since the
equations are nonlinear, this requires that a search be made for the proper
initial condition E,(0)= £, which corresponds to the desired downstream

boundary condition ¢ (d) = Vo,

This search for the initial value of E, was handled as follows. We assume
that ¢(d) is implicitly a function of the initial condition E, and we expand
in a Taylor's series about the desired point

$
Vz = ¢ = ¢(°'£lo) + AE' %E (1)

4t

where £, =E |, + AE,. We can then solve Equation 11 for E, to get

_ VvV, — $o.e o)
" (0%/8E)),,,

AE, (12)

Equation 12 is used to numerically estimate a correction AE | which

when added to the initial condition E, will make ¢ (d) move closer to the
desired value of V2. when this algorithm is applied iteratively, the initial
condition £, converges to the desired value.
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The definition of the derivative was used to numerically estimate a value
N for (a9 /2E)=d¢ . f

o AL $ ok, — ok,

«‘ QE = _a_E_| B E].— Eu

&
S
P a.t ‘o

(13) f

where (Ep - E, a) s made numerically small. This numerical procedure

r worked well for values of d 2 2r, where rapid convergence to a fractional
error of 10~ was obtained. For d < r| convergence was slower but still
obtainable down to d =r,/2.
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an Trade-off Calculati

A fourth order Runge-Kutta method was used for the numerical integration
of Equations 9 across the gap. The physical parameters used in these
calculations were as follows:

Vy = 100 Voits (injection potential at the cathode)

Vo = 1000 Volts. (accelerating potential)

©, = 30 degrees (initial beam edge angle)

ry = 0.5 mm (Spindt cathode element radius)

o= ~49.16 ma (element current to give - 1A/cm? overall
average current density from the chip)

The initial guess for the value of £, was the field in the gap in the absence
of space-charge (i.e, E;,=-(Vo-V;)/d )and the correction procedure
defined by Equations 12 and 13 was used to iterate £ until the
boundary condition ¢ (d) = V, was satisfied.

To determine the edge-ray trajectory for the best case, the current |

was set equal to zero. This is equivalent to neglecting all space-charge in
the beam so that the edge-ray trajectory is the same as that of a single
ballistic electron traversing the gap with the edge-ray initial conditions.
In this case, there is no need to search for the E| boundzry condition

because the initial guess is the desired value.

The results of these calculations are shown in Figures 3 through S.
Figures 3 and 4 show the best and worst cases of edge ray spreading as
the beam moves across the gap. These two figures pertain to gap spacings,
d, of 0.040 inches and 0.080 inches respectively and the plots are
normalized to these values. These figures show the typical data obtained
from solutions at any specific gap spacing.

Figure 5 presents a summary of ten different cases of gap spacing. In
this figure the value of 2r, (the diameter of the beamlet at the anode) is

plotted versus the cathode-anode spacing. Here all quantities are plotted
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V. Conclysions and Recomme ions.

A first order calculation has been made which shows that an anode hole
diameter of about 0.065 inches with a cathode-anode spacing of 0.040
inches will provide a reasonable starting point for design of the Spindt
cathode space-gun.

To help eliminate the uncertainty in the anode hole size we are pursuing a
much more elaborate numerical simulation of this design at the present
time. This simulation is being done using an established 2-D computer gun
code in which the emission from the Spindt array eiements can be
simulated by multiple electron rays launched at a variety of angles from
each emission point on the cathode. In addition, we are using a realistic
anode hole boundary which will show how the anode hoie affects the beam
spreading and interception.

This type of simulation provides the very best analysis and design tool
available provided that the distribution of velocities from the Spindt
cathode are known. At the present time, however, the uncertainty of this
velocity distribution will severely limit the ability of these gun
simulations to predict the actual values of beam interception to be
expected.

it is strongly recommended that a effor m experimen

determine the velocity distribution of electrons which are emitted from a
indt field emission di

One method of accomplishing this measurement would be to have a Spindt
cathode fabricated with only one emission diode (or several widely spaced
diodes) and then to make beam analy zer measurements of the spatial
distribution of the electrons emitted. It is recommended that this be done
S0 that future applications of Spindt cathodes can have a firm basis from
which to carry out computer simulations.
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Figure 1. Overall geometry of the Spindt cathode chip with
21 cathode elements each of which contains a
microscopic array of 5000 field emission diodes.
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Model used for analysis of best and worst
cases of beam edge ray expansion

Initial
velocity Er (2)

vector
\

> Final Beam

r 11 Radius
One Element Anode
of Spindt
Cathode f \ § (d)=V
botential / Z=0 E-Beam edge ray z=d )=V
< d —>

$(0)=V,

Figure 2. Geometric model of Spindt element and electron
beamlet used for analysis.
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Figure 3 Best and worst case trajectories for a cathode-anode
spacing of d = 0.040 inches
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